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lessons learned fromzearller versions.

~
' The Wind Power BOOk |s the end result
———pfall thisceffort. - T

S R

__of Michael Riordan, the artistictalents-of - —

" 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 eftorts of colleagues and
frierds. The most influential colleagues
. have been Dr. 's:Peter Lissaman, Richard
.Schwind, and Uinch Hdtter. My most.
heTpfuI friends and associates have been
* Bift Goddard, W.C. Strumpell, Ken’
. Jehnson, and (the1a“te) Richard Dehr. All
thett | have learned in these years has
been distilled II‘I{IO The Wind Power Boek
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

..

* production effort. Certainly the most

important of these contributions has

typed the three versions of the ;

_manuscript necessary to produce thus
" book. -

i writing this book, | have tried to
reduce complex mathematics jato simple
graphs and arithmetic probjems that will
allow innovative peopl/i use the

the wind-mac

fundamentals an engirieer has available.
Simple examiljs(mfs‘?rate each step in

e design process. The .

“spproach used is bt one of exact _
science, but rather one of approxumatlon_—f-

using the best possible guesses and
estimates. 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

im _ . + My annual average wmdspeed falls
come from Heten Ann Park, my wife, who -~ '

-~

energy. Brownsville is one such place.

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, | instalied 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 powet 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 - -

-
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So you want to design and build a wind

power system? Maybe youre tired of paying
ever-increasing electric bills and worried
about the future availabihty of electricity as
fossil fuels become depleted. Maybe you've
just bought land tar away trom the nearest
power hne and you'd like to- harness the
wind to pump water for your cattle. Or maybe
youre a New Age entrepreneur who plans
10 generate eleclncal power at several windy
sites and sefl it to the utilities. If so. you are
entenng the ranks of a growing number of
people turning back to one of the cldest
sources of energy and power.

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

ally. sails assisted their draft animals in such

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

few centunes before Christ, and by 700 ko

they were building verntical-shaft windmills.
or panemones, to power their grain-grinding
stones. Other Mideast ciyilizations, most
notably the Moslems. picked up where thé
~ Persians teft off and built their own pﬁ
mones. Returning Crusaders are thought 10
have brought windmillideas and d%gns o
Eurcpe. but it was probably the Dutch who
deveioped the nhonzontal-shaft. propellor-
type windmitis common to the Dutch and
English %umrys:des Wind and water power
soon became the prnme sources of mechani-
calenergy in medieval England. During thus
perod. the Dutch relied on wind power for

Artist’s conception of a vertical-axis Persian windmill. B8, 700 -~
_acnires ke s wwere grinding graim in the Middie East

water pumping. grain grinching and sawmill
operation

Throughout the Middle Ages. technical
improvements continued 1o occur In such
areas as Dlade aerodynamics, gear design
and the overall design of the windmilf. 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 utitity ines. But because of
stiff competition from cheap fossil-fuel gen-
erators. these expenmental machines were
eveniually decommissioned.

One of the most memorable wind ma-
chines was the Smith-Putnam machine butlt
near Rutland. Vermont. during the 1940's.
This huge machine "with 175-focot blades
was designed to deliver 1250 kW 1o the
Vermont power gnd. For a short time it
delivered 1500 kW. But wartime material
shortages and lack of money brought an
end 10 this project after high winds broké
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
hustorical record. Rather. the lessons learned
from these errors have been incorporated
into the evolving designs. No doubt there (s
a principle of natural selection surreptitiously

at work in the area of windmill design. Today.. - .

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

if you want 10 design and construct a
successiul wind power system, you should
be aware of the valuable lessons learned
from past successes and fallures. The experi-
ence gleaned from scratched knuckles.
broken wrenches. holes drilled in the wrong
place. and toppled towers 1s contained In

Rated at 1250 kilowatts, the giant Smith-Putnam Wind Generator
produced electricity for the Vermont power gnd during World War .
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line or kerosene generators 1o charge their
batleries. and the addition of wind power
helped reduce fuel costs and wear-and-tear
on generators. Out of all this backyard acliv-
ity grew the pre-REA windcharger industry.
Some half-mitlion wind systems once existed
in the United States‘alone, but it's not clear
from historical records whether this number
inciudes the water pumpers along with the
windchargers. '

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

Rural electnfication put mostwindcharg-
ers out of business. In the Midwest you can
drive for miles on an empty dirt road. follow-
ing a tong electrnic 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 instalied and
wind generalors came down. Sears catalogs
touted alt the marvelous gadgets one could

buy and plug into the newly installied 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'less grid
power needed.

In another application, wind pox}"v,_er can

provide heat for warmirg households, dairy

barn hot water, or just about anything else

for which heatis used as long as the heat is
not needed in a carefully controlled amount.
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-
cdl power into heat directly.

Energy Budgets

Wind machine design must begin with a
realistic assessment of energy needs and
available wind resources. When confronled
by inexperienced people cbserving my wind
machine. I'm most often asked. "Will it power
my house?” Taking this question (o 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?” .

1
:
X
F oy
E |

A windcharger ot the 1930's. Hundreds of thou-
sands of midwestiern Amencan farm homes were
powered by the wind before utlity nes were in-
stafled by the REA '
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A clear d.fsn'nc;h'oh must be made between

energy and power—iwo giffgrent byl closely

ed quantities: Brielly, pqwer is m(a rate at
WhICh energy is extracted, harnesged con-
verted of consumead. !fequag Jhe-ameunr of
energy per unit time, or i

Energy.
Time
An equivalent relation between these three

ToA
« Power =

‘entities Is.

Energy = Power X Time . |

The amount of energy exrrac:ed or con- -

sumed is therefore proportional to the e!apsed‘_ __

time. For example, a typical light bulb draws
100 walts of electrical power. One walt {1 W)
1S the basic unit of power in the metric
system. Leave the light bulb on for two -
hours, and it wilt consume 200 walt-hours
{100 watts times 2 hours equals 200 watl-
hours, or 200 Wh). Leave it on for ten hours ™
and it consumes 1,000 wall-hours, &r one

" kilowalt-hour (1 kWh), the more fammar memc

umtof energy.. Lt

. In the English sysrem energy is measured
-in’loat-pounds, British Thermal Upits, ahd.a
" host 6f pther units that don’t concern us -

here. One foot-pound (1 ft-1b) is the amount

of mechanical energy needed o raise one
pound one footl high. One British Thermal
Unit (1 Btu) is the amount ol thermal energy
needed 10 heat ohe 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 rause a 550-pound
werght one foot in one second.

!oor ,oounds

I horsepower = 550 -
P S(‘E“ond

gnergy and Power R

3

Note that the units of power are expressed in
units of energy per {ime; as one would expect.
Conversions between metric and £ nglish
units require that you know a few conversion
factors. For exampie, @re horsepower equals
746 walls, and orfe miowart hour is equaf to
3,413 Btu Thus, ‘ .

100

10, OOO
10,000 Bty = 5413 .ka = 293 kWh .

‘Many more conversion factors are presented

in Appendix 1.2, along with a brief explana-
tion of how to use them.

Rarely is it ever a simple task 1o estimaie
the wind energy avaiable at a particular site;
the windspeed is constantly changing. During

~one minute, 300 walts of power may be
generated by a windmuill, or 300 watt-minuies

of energy (which equals 5 Wh). During the

" next minute' the wind may die and you get  *°

absolutely no energy or power lrom the

machine. The power output 1s'constantly -

changing with the windspeed, and the

+accumularéd wind energy is-incréasing -with -
time. The wind energy exiracted by (he
maehine. s thé sufmmation or total of all the

minute-by-minite (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 windmili §s
generaling 5 Wh and another 30 minutes

when there 1s no energy geneérated, then the |

machie generales 150 Wh (5 X 30 = 150)
ol wind energy. If there are 24 such hours a

day. then 3600 Wh or 3.6 kWh are gem‘-)r}a_red .

that day.

w

o

- Blank--stares, -mumbled—eonfusion, some—

times ignorant silence tollows. Then, “Well,

W!lll -power the average house'ﬂ“ -
Apparently many people would like to

_install a $1,000 wind machine and “swilch

"ot good old- ‘EdiiSon. This is a fanlasy. 11~

omight be reasonable to use the wind. g

« power your houseiif old EdBon is a $30, 000 .
_power line, away trom your new country
"homie, but most end uses for wind power

will be somewhat less extravagant.

A successful wind power system begins
with a good understanding of the intended
application. For example, should you decid
that water pumping is the planned use, you

must determine how high the water must be.

lifted and how fast the water must How lo suit
your needs. The force of the wind flowmg

through the blades of a windmill ACIS.0n.a. .-
water pump to lift water. The weight of the
water being lifted and the speed at which:
the water flows determine the -power that -
. miust be delnvered to. the pump system. A
~‘deeper welf means.a heavier load of water, .
' spee@mg up lhe flow’ meané more waterto -~

be lifted per second They both mean more

" power required to do the job, or a Iarger

foad.

This concept of load is crucial to the
understanding of wind power. Imagine that
instead of using a windmill you are tugging
on a rope lo lift a bucket of water from the
well. This lifting creates a load on your body,
Your metabolic process must convert stored
chemu:al energy lo mechanical energy, the

" rate at which your body expends this mechan-
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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) at which you are
lifting it combine to define the power (in foot-
pounds per .second) produced. How fong
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 ciearly defines the load you will place
on your wind power system. Knowing some-
thing about that foad will allow you to plan
an energy budget “What the #$%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 portions 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 eise you fancy. Energy

should be managed.the same way, and if
you live with wind power for very Iéfng you' il
soon set up an energy budget. L

_ Setting .up an energy budget mvolves-
“estimating, calculating, 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. {f 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

‘Wind Resources

1
: i
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-ost from your
house when it's windy. Such a system works

only when it's needed. Your energy budget
teo__mvemhabhvy Rretich

(Y=
W'III Now Ul:' III IIUdl Ullllb—pluuaUly DHiLiare

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
- per month. in short, you really need to get a - .o
_handle on -your energy :needs before yo’u S

can proceed to the desugn 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-

E)

il

i

o ¥

e
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Energy and power are derrved 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

Jenergy 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
“tho™) and the instantaneous windspeed V.

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

given by the formula:
kinetic encrgy
unit volume

= 1 X p’x V2.

_ To find t% kinetic energy in a particular

volume ofj air, you just muftiply by that volume.
The vofur%e of air that passes through an
fmagmary surface—say the disk swept out by
a horizontal-axis windmill—oriented at right
angles-to the wind direction is equal to:

VOiume = A X V‘x t,

where t is the e!apsco' time (.-n segonds) and

| Alis the area (in square feet or square

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

© during time t isqust:

Available Energy = 2 X p XVPXAXLE.

s

f_ Wmd power (s the amount or‘ energy which

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

£

"

~ Wind Energy and Wind Power
is-given by the formula: ..

Available Power = 2 X p X V2 A

‘Both energy and power are proportional to

the cube of the windspeed.

If all the available wind power working
against a windmiftrotor could be harvested
by the moving blades, this formula could be
used Yirectly to calculate the power extracted.
But getting such an outpyl 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 afr, wh:’ch‘\ _

.\‘

would otherwise pile up. Under ideal condi-
tions, the maximum power that can be

extracted from the wind is only 59.3 percent

of the power available or

L
4

Maximum Power = 0.5 93

. .XB
5 XpXV XA,

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

only 70 percent of maximum power. Bearings

will lose dnother few percent to friction;
generators, gears, and ofher roratmg machin-
ery can lose half of whatever power remains.
Pushrods, wires, batteries and monitoring
devices will lose still more. The overalt “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: ' '

Efficionc " Power Delivered
(eNCY = “Available Power

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

e

Extracted Power = ¥ X p X V3 X A >< E..

—Ihe final output of a wind machine is greatly :

rediuced from the power that is really avail-
able in the wind. In practice, values of £
commeonly range from 0.10 to 0.50, aithough
higher and fower 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.
SO that the resuit is expressed in horsepower,

watts-or kifowatts. The final formula com-
bines everyrhing so far presented:

-

~,
-~
1.

e

Power /z)(pr3>(AXE><K(Eq 1) .

This is a very important formula—perhaps
the most important in this book. The remain-
ing chapters help you, to obtain the various

. factors needed to use this formufa fn your
desrgn@rocedure

I

N,

Wind Power Convoraion’Factars

" ’ Values of K to get wind power in:
For:" . Horsepower | Watts | Kliowatts
¢ | Windspeed in mph
Rotor area in {2 0.00578 431 | 0.00431
Windspeed in ft/sac ) .
Rotor area in fi2 0.697 520 0.520
Windspeed in meters/sec 0.00183 1‘36 0.00136

Rotor area in imeters)?
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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. {'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. TVe 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 elfectively established.a
standard for the performance of youg 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.Asyou ~ °
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 o 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. |f you are off by a tactor of

4Ww0 on your windspeed estimate, you'll be

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

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

Folks who have. lived insan area for a

long time can.usually tel! 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.

Systern 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 storage
tank. Sysiems ike this pumped water for the first
rairoads to cross the United States; farmers still use
them throughout the world. -

The Wind Power Book

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

- heater and room heaters probably become
activ& all at once. An enormous surge in

Edtson has. Their generators idle along all
night domg virtually nothing until everybody
wakes up atonce. tf you had a wing-electric

system, it would be really nice if the wind at

our site were strongest when the loads on

5 ‘,jge system were the greatest. Chances are
G S ver‘y great; however, that your loads don't

foommde with the wind. Hence, you can

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

The methods of energy storage are
legion, but onlyafew are practical. If wind is
being used to pump water, your energy
storage might be a familiar old redwood
water tank. Electrical storage has tradition-
ally taken the torm 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 toads, as well as provide

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

__'small hydroelectnc lurbme will produce

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

hoist, litting a /56 Oldsmobile up to 100 .. -

feet. As it descends, the motor that lifted it
becomes a generator. Such 2 mechanism
could provide you with 500 watts of electridity
for about 15 minutes—maybe enough to

‘burn the toast! There are as many possibili-
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ties for energy storage as there are crackpot, ‘ ‘
== inventors around, and some of these possi-- Evaluate site Evaluate your | _,
bilities are jUSt as CI’&ZY. - v for wind resource energy needs . : |
‘Some systems provide energy storage - - S e B s
. as an inherent part of the design. The wind \ ‘ —— 1
furnace, where wind power is being used ) _ :
exclusively to produce heat, is a good exam- ‘ wmj Er:f;:,hm
ple. Heat storage is energy storage—you | | wype . -
may store energy by heating water, rocks or - - ’
a large building with the excess heat. But f | |
probably you will 'be heating with wind
power when you need heat the most. Wind i Calculate - 4
"chill can draw heat from .a house much . 7| winomit size |
~ more quickly than occurs under no-wind oo ‘ : - ’
. conditions. So little, if any, storage would be : i ! } ;
necessary. But for most applications, some . o
energy Storage IS mandatory - “’ o ' Select e e —— e TG N 5 - N
Wind System'design is a process of bal- windmill hardware . other components o
ancing energy needs against wind energy _ : 1 . T
- availability. Besides picking a good site and - l 5 - |
b ~buyingor buitding the right wind machine, — 1 I : :
| you have to select a suitable storage system, :vesftlgr?\ . " Evaluate _ eneﬁ;ﬁ"ﬁ;&‘a&mﬂ ) "
plan all wiring or plumbing, build a tower, | design Syglem cost measures
support it with guy wires, and get building T S SRR
-permits and neighbor approval. This design 1 ' . . »
process can be conveniently summarized ) | —
in the accompanying flow chart. To follow Evaluate :_\\ Socal.legal | .,
this chart, you start where it seems appropti- - © overall design " | _ _ P - impact - L : ‘
ate and follow the arrows, completing the S _ 4 = :
task in each box before proceeding to the g ‘ : \
next. This book is organized to help you use -
this flow chart in your design process.  Final - ™ }
Whether you intend to design and build the.. .. | system design ’ ey
“ghitire systen or jUst assemble it from factory-

. - ‘. . . -

built parts, this book will help you achieve a Steps involved in planning and designing a successful wind power

wind power systgm worthy of your efforts. system. . : . ;
- 2 .‘. .%.. .
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Wind power has a surprisingly wide range
of applications. Dairies, apple growers, hog
farms, schools, electronic teilemetry users,
and many rural home owners are examining ,
| their resources and needs and trying to
.+ balance them in their wind system designs.
_But few, if any, of these. systéms will ever
\ < _supply-100 percent of user energy needs...
\ ‘Harnessing theiwind to supply anywhere
' \ from 2510 75 percent of designated energy
-\ needs is a more reaschable expectation. -

aed

- leferent applications require different
“\._ wind system geometries (including design,’

| m‘gtenals and implementation). For example,

.to pump water or compress air you'll need

lots bf torque produced by a rotor with high

total blade surface area operating at low
rpm. {you 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.

S Remember thata“mix’ ofenergysources
is avatlable to the modern w:nd -energy user.
their dead battenes Wlth a gas or kerosene

_~generator. Or they.carted them to town tobe -

recharged at a repair shop while an after:

;‘ ‘L 2 ‘noon was spent “out on the town.” Today's
I energy mix means that a wind-energy user
-i_7- can supplement wind power with many
‘other sources. Jumper cables from the family
T auto-widl -boost-a--12=volt battery bank. A
gasoline,-kerosene, or dlesel generator or
even the iutility lines are tvplcal back-up

. energy sources for today's wind systems.
5 As’you study and use the information in

R A S\

this book, you'll discover the'} many wa%/__/
which the desired appllcatlon determine :

~ the system design.iIn this chaptér various

wind systems are introduged along with
some cogent experiences. First we'll look at
a wmd-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 WeHes |s an inventive tinkerer who

has installed’ a nun]ber 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 ralsed_from deep in the

‘ground: Wind power supplies the pressure

needed to transport that water along 300
feetof plastic pipe and up 2 feet of elevation

to a stock-water tank used as a reservoir for

a small goat dairy and. a trickie irrigation
system for the organic gardens at the ranch.
Much of this water pressure oceurs 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),

’: g
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Installation of a sailwing rotor at the Park ranch in California. This
16- foot diameter rotowas. eventually replaced by a larger-version.

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

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

store componénts and materials would be

used. The entire_rotor, support structure,

and pump are made from iron and plastic -

plumbBing components. The sail spars are
made from electrical conduit tubing. And
the “tower’ i a redwood fence post :.wnh
clothesling-cable guy wires.

Ongﬁally the three sails spanned a

-diameter of 16 feet, but they now span 20

feet. In water pumping systems, the wind

rotor {blades, hub and powershaft) must statt’

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

load ‘usually calis for a fairly iarge 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

doesrlw\‘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
.22 . . loads on the guy wirés or cables that sup- |
;== - portthe tower, becaiise there is more surface -
© % ..+ areaforthe wind'to push against.
~ Sail shape alsosplays an important role
. - in determining the ability of the wind machine
e to purnp water. These sails billow and flap
.- Taboutin the wind a bittoo much. It's probably
~ impossible to achieve perfection in sail
_ desidn, but governmentand private re\search
- programs are exploring windmill sail declgns s
" to improve performance. -
: The sails on thesrig at my ranch are sewn
‘from sailboat-quality dacron cloth; although
S canvas_or other rnaterials could be used:
} " Ddcron is lightweight ahd very strong. [t's
 alsoone of the few fabrics that can last a few
:yearsin an extremgoutdoor climate. Freezing
weather and stfong- sunlight. combine to
~ -destrdy 'the fabric eventually, but it lasts
[' o - long engugh to make a sail machine worth-
while.Screendoor springs connected to the
sails hold ‘them taut for normal operation.’
E These springs stretch under sail loads
" imposed by high winds, allowing the sails to
“luff,” or flap, out of the wind. This simple
“governor” protécts the sails from damage.
Because the governor lessens the sail loads,
tension loads in the guy wires that support
the tower remain low enough during high
winds that short stakes such as goat-tether
P - stakes are adequate for tie posts.
. A-simple crankshaft translates rotary

/ L The sail-wing machine in action, pumping water from an artesian
*blade motion into the up-down stroke needed well close to ground level. -

1 . H
] h - R e




Sucker rod and water pump used with the sail-
wing. The sucker rod pushes down on leather pump
~ seals. driving a pulsing strearm of -water into the
plastic pipe at rear,

28

to drivera water pump. This pump, a piston 3
inches in diameter with leather pump seals,
is a "single-acting” pump. That is, it pumps
only on the down stroke. This pump pushes
water into the pipe in pulsing streams. How-
ever, peak water flow rates can be too fast

§ - for efficient operation. The faster that water
. flows in a pipe, the higher the friction and

the resulting back-pressure against the

~.pump. By installing a surge chamber {(a~

simple tank with trapped air} in the water
line near the pump, we created an air space
where strong water pressure pulses could
expand and slow down the peak flow rate.
Maore 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-

ethyléne, a waler lock was created that

- stopped the pump. Occasmnally this occurred
_ddting high winds and broke a "sucker

rod"—the lang, thin tube that connects the
crankshaft to the pump. Solutions included
a stronger sucker rod-and—finally—burying
the water pipe.

Performance has been adequate. The )
““'storage tank requires about 400 gallons of”

pumped water per week. The wind resource
at the site is minimal, about 8 mph annual

~average, but evening breezes of about

11 mph drive this sail machine long enough

to keep the stock full. P' ..

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

' 'i"he Old Farm Water-Pumper

A gtant step up from-a simple, homemade
waler—pu“rqper is the old multiblade pumper
still availabte today—new or recycled. Such
machines ha’i-’rel been in use since about
1860. Dozens of-them can still be seen in-
windy areas. This tachine.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 hadn't checked ‘the oil level in
his machine for 25 years! It's not surprising
that most of the problems with these ma-
chines are caused by lack.of owner care.

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

ou buy a new one, some parts are likely to
be missing. Don't try to fake it. You need alf
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 mdustry In the first,
s i yYOU @sSeMble the tower on the ground and .
- {iltit up. In the second, you assemble the
tower from the ground up. Both ways'work,
and the method you choose will prdbably
depend on the site. If you have lots of room
for the machinery necessary :to tilt up a
tower, that's the easier way to go. If not, you
~can erect the tower straight Op, but it'll be
~more difficult because of havmg to handle
T=" unsupported tower. parts ‘atop a partially
assembled tower. E;therway the tower must
be absoluteiy Vertical. Otfierwise, the wind- _
mill, which rotates about a /olfy, or yaw, axis .-
(the vertical shaft that allows the windmill to
Tt Change its drrecho*n) le not aim properly
mfb“'thec«wmg%.-" o o
There are seVemways to hoist a wmd '
machine aloft/ You can do it by Using-a-
_ ~ block-and- tackle atthe top of the tower. You
~—eaﬁea+ry—ﬁ—up piece-by piece—not -mueh--
- -fun, blt a |ot of exercise. Or you can lift |t up
with” a‘ia;:ge crane or hoist. _

Next you'll needi-mnstali the 3ucker rud“
whieh’ drwes the $ell pump‘rn its up-down
motion. Tradltlonai!y sucker rods have been
made of steel or wood. Wind blows against
theé.e 1ong, slenderrods and causes them to

sbend. When the cyclic, tension- compreSSlon
/ 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 T ic h"" e
y t " . . . i co
a one-way “foot valve” and pushing it through he reconditioned,water-pumper at the Park rareh

_ . was carried aloft piece by piece and réeassembled
/ a pipe to the surface. Usually pumps are at the top of the tower.

installed deep in the ground. Mine is 60 feet

g'lL
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~With a diameter of 8 feet, this wind machine can lift about 500 gallons of
water per hour in a 15 miph wind.

_43‘

down, some are as deep as several thousand
feet. Unfortunately, dirt plays havoc with
pump seails 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 fédkmer who owns several hundred
of these machines has a work crew whose
only JOb is 1o overhaul a different pump
each week

- The miultivlade water—pumpef 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 s0 this’water-
pumpet probably won't run the well dry. Its
task is to fill two 400-galion 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
b!owmg

This’ lnstallataon ifustrates aIJ\ef the ele-

ments of-a complete wind system. It has a

wind energy converter—the “windwheei,” or .

rolor—that converts the kinetic' energy, or

~ force, of the wind-into rotary torque in a

powershatt. Acrankshaftconver’ts thatrotary

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 carry-trepumped water
from the well to two storage tanks. And a-

back-up gasoline-powered pump provides
power when water needs exeeed the capa-
bmt:esg'rthe wind resource

Wind-Electric Systems

Apartfrom water-pumping y&ihdmitls. (and
European grain-grinders), wind¢hargers were

ol
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_the only other large-scale application of wind

power, A typical windcharger/battery system
of-the 1930's consisted of a three-bladed -
wind generator—mounted atop a 50-foot

steel tower—that charged a bank of mckel -~

iron or lead-acid batteries. Often the batieries
were also charged by a back-up. geﬁerator
powered by gasoline or kerQS'ene

ey, i
_Early loads included radio sets and

lights—loads operating at 32 volts. Just
before t@rr{etpof rural electrification, 110-

md systermis became plentiful. As -

volt
emand for convenience items rose, farmers

added more batteries to their storage banks
and occasionally upgraded to larger wind
-generators. They added 32-voltdirect 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 instaliations to such

“.an extent that farmers were “ready” for rural

electrification when it came along offering
“all thé power you want.” .
Perhaps the ' most successful wind gen-

__erator built during this era was the Jacobs.

ot

During the late 19303 ‘this- machine, and

‘company, became the sole proprietorship

of thé now famous Marcellus Jacobs, a

creative salesman who was able to market.

the work of his inventive brother. Indeed,
many owners of other wmd machines even-

“'tually switched to a Jacobs.

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

7
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Ciose-up view of an old Jacobs wind generator.
With wooden blades and a rotor diameter of 14 feet,
this model generated up to 3,000 watls of elecmc
power,

Ly

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

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

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

k]
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Canada notyet served by power lines. Some
Montana- installations were still in use as -~
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
... outsmaller ones to get patents they wanted.
¢ Generalors, 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 ru ral etectri-
fication, however, convenience flourished,
and wind-powered farm homes virtually
disappeared. ) ‘

Evolution of a Wind-Electric System

My own ventures intoiwind 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 tb design a
Fiberglass-bladed rotor being tested on the back of a pickup truck. Wind od )\.:vin dmill q g
machines are usually tested. often to complete destruction, before final designs . 99 ) - _ _
are ready. _ : My first blades were constructed with a

2-inch aluminum tube as the main load-
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carrying spar, with a fiberglass skin rivetted
and epoxy-bonded in place around this
spar. This skin was laminated with polyester
resin over a shaped male plug mold and
removed from the plug after the resin cured.
- Ribs were sawed from half-inch-thick ply--
wood to close each end. The result was a
6-foot long blade that weighed 8 pounds.
But the first windmill, tested on the back
" of my pickup truck to simulate a wind tunnel,
was a disaster. The fiberglass-bladed rotor
would not spin fast enough to cause a gen-
erator—even with a §peed-up transmission—
to kick in and start.charging the batteries.
The blade design had too much twist {spiral
turn). In a twisted blade, the airfoil at the root
end (closest to the center of the rotor) points
more into the wind than the airfoil at the tip
. ofthe blade. Because of the excessive twist
- inmyfirst blades, the root end of each blade
*  wasacting like a giant air brake and prevent-
ing the rotor from reaching-the necessary i L
The dessons 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 inithis book; they correct the/ovér-~
twist of my first blades and producg-"blélde B
designs that are efficient and easy to build. Dt P e T S
| also tried a different method df blade N T s I T '

-~

construction thateliminated the need o mix 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 inslead of fiberglass for the blade

offers a smoother surface and less air friction, KIS, -

| chose atuminum for the skin of my next . - - Cw
blades. But unfortunately-sheet aluminum * " : o
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doesn't like to be shaped or curved in more’

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

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

at once. | could only twist my blage. 6
. degrees from end to end without buckling
the skin. That's not very much. With a little
more blade twist, the new Fotor wouldn't
- have taken so long to start spinning.
Electric generators don't produfe cur-
rent until they are spinning ata high rpom. My
first rotor developed strong starting torque
because of the large amount of twist, but

could not spin fast enough to powg agen-

- erator. The secend rotor had less fwist and
was built with a sheet aluminum skin that
was muBh smooth®r than the earlier fiber-
glass skin. Because of the reduced twist,
the second rotor was a bit slower to start
spinning, but once it got going it began to
spin really fast—as high as 400 rpm. The
_improved performance was a directresult of

- optimizing the blade, design and lowering:

necessary, flyball weights and springs need

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 wegked well and will be
used again m future machines. . ,
The next governor | tésted used flyballs
(lead weights) that were rigidly attached ‘to -
each blade;near the hub in such a way that
they would 'move into the plane of rotation
when the rom became excessive.The blades
would then feather—point.directly into the
wind—and rpm would, decrease. This “fly
ball governor” worked fine and is still be%ng
used today. A certain amount of “tuning?is

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

Drag brakes used as a governor on a small,
fiberglass-bladed rotor. At high rotor rpm, these
flaps. extend out from the blade tips, slowmg the
rotation speed and proteciing the rotor. -

3 £ : Doer
. .

-

surface friction!

L2 Migh-Speed operation requirés the use
Fa-good governor to keep the blade rpm
Within structural fimits. The first governor |

rate at which the flyball governor works. in
any case, my experience with several dozen
variations of blades, governors, and gener-

S SR

r—

u‘?éd was a.combination of drag brakes and
=" a flexible hub. The drag brakes, or- flaps,

were designed to extend from the blade lips.

whenever rotor rpm was high enough for
spoiler weight (inertia plus centrlfugaﬁorce)
to overcome the tension of a prestretched

_typical rotor might be designed to spin at

ators shows that a governor is always neces-
sary to keep the rotor spmnlng wﬂhm its
intended operating range.

Rotors ~and generators need to be
matched to. edch other. For examiple, a

PR

300 rpmin a 20 mph wind, but most genera-

spring |Q$|de the blade. And the flexible, tors need to spin much faster than 300 rpm;
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"hence, a speed-up transmssnon IS usually
needed—unless- the\generator is a fow-
speed, very heavy unt borrowed from an
old ‘Jacobs machine and specifically de-
signed to spin at the same speed as the
rotor. :

My early machines u"d automotive al-
ternators that needed 2,509 rpm to generate
full output. The first transmi ,snon was a chain
drive bought at a go- cart shop. Chains,
sprockets and bearings "of all sorts are
readily avaiiable at such places or at tractor
and agricultural machinery shops. However,
chains tend to be noisy, short lived, and
require frequent service.

The next transmission-| tried was a 3-
inch wide toothed belt with a 3:1 speed-up
ratio followed by a second, narrower belt
withe 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. [tis 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. jn 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. Theyare -

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 commermal
project, | have noticed that the participants

1

Automotive alternator and belt transmission used with the second experimental v E
rotor. Some fransmission s usually needed 10 maich rotor and generalor rpm.




kS

36

. The Wmd Puwer Book

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 ithe “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 litile bit.” This happens
before all the nuts and bolts are tightened,

othinAa nlen
_Ihe batteries hooked up or something else

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

- My first bout with this infection occurred

when a friend and | had just installed.our-

first flyball-governed, aluminum-bladed

- machine atop the tower and had to wait fora

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 quite rapidly in a brisk -
wind, but no charging was taking ptace. At
the time, we mistakenly decided the alterna-
tor was at fault. In reality, the voltage regulater
was not designed to work with a dead battery.

Voltage regulators are not designed to
work well with fully charged batteries, either.
These fransistorized contrellers meniter bat-
tery voltage. If they detect that the battery is
félly charged, they'yeduce 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 system is trying to

charge a fully charged battery bank fire-
em-up-itis might lead you to suspect your
new wind syster;n iS'not “putting out what it
‘should be.” I've heard iots of folks complain
about this.

P

Low-Voltage Technology
: t . . i

Jim Cutlen of Laytonvillg, California, paw--
ers his home almost entirely on 12 volts| of
direct current. Numerous sources of eléc-
tricity charge his batteries. On top of his
house there’s a small solar-cell panel. Nearby
is a wind generator. And, when his batterles
need an extra boost, }umper cables from his
car add extral energy (prgsumably while
warming the car up before a trip to town).

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

411 10 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 required, where most
replacement parts could be otﬁ't-ained’_trom_
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 tc be.a.con-

sulting engineer. Davis designed two wind
systems. One generates 160 walts of direct
current in an 11-12 mph wind; the other
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produces up to 500 watts DC under the
same circumstances. Because the 500-watt
wind generator is so light {only 125 pounds),

an off-the-shelf tower was sufficient, and the

entire cost for the system came to less than
$2,000 (mid-1970’s).

In conventional terms, 160 or even 500

watts isn't much power. But Cullen’s house
is anything but conventional. There are more

than 1,500 square feet of living space filled

with three television sets, approximately 20
~ fluorescent lights, a vacuum cleaner, washing

machine, blender, mixer, water pump; a 40-

watt per channel stereo system, and even a
home computer. What makes all of this so
- unconventional is that Cullen has virtually

eliminated the need for 110- or 220-volt AG,

electricity.by converting his apptiances (even!
the washing machine!) to operate directly

fror 12 vels DT, Table saws, drifl 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
producmg 500 watts can provide comfort-
“able and reliable living at modest cost.
Excess DC electricity produced in times of
high wind -can be stored effectively; high-
voltage AC power cannot. Of course, such a
system is ne panacea. You have to become
aware of the energy you use and.plan
accordingly. Things like heating, cooling

Jim Cullen uses both sun and wind to generate electricity at his Laytonville,
California, home. A parel of solar cells aiop the house and the 500-watl wind
generator behind charge a bank of 12-vplt batteries.
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and cooking are accomplished by appropri-
ate alternatives that do'not require eleciricity

Pump power at all.
- required ’
T | L Wind power A Unique Darrieus Water-Pumper
— ""“_( 1 :
5 - At the other end of the spectrum from
O 1

the sail-wing or farm water-pumpers is the
Bushland, Texas, installation of a Darrieus
“eggbeater” rotor tied mechanically to an
~ electric 60-horsepower ifrrigation pump. This
- US. Department of Agnbulture project at a
windy location’is examimmg practical ap-
proaches to water pumping with, the wind.
Since it is a relatively new research project,
few pen‘ormance data are available at this
1 B L8| L01 P T
SR L | E ' A Dameus rotor has two or more curved,
P 0 Nd - L 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 airffoils have a rounded leadirig edge
(the edge that cuts into the wind) and sharp
trailing edge. The Darrieus rotor is linked to
~ 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 availabie, the less power drawn -
by the pump from the electric power grid.
_ _ B This machine is alsg"a cogeneration !
S ; _  system that operates in parallel with the
3' ' ‘ 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-

——Utility power.

-0

" Windspeed—>

. Power curves for the Bushland system. Utility lines
: supply whatever power cannot be provided by the
wind. . 3

e i
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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

fasterithan 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

- demands at the site, the excess etectrical— —

energy is fed back into the grid, effectively
“running the meterbackwards.” 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

Re-rmeler

3

™

DARRIEUS "€ECGBEATER!
ROTOR :

-

-

POWER SHAFT

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

Lihe mdtor is the prime mover driving the well
pump. Second, the motor is the governor for
the wind rotor; it wants to turn only at an rpm
determined by the AC frequency fed to it

from the grid. By careful design, the rotor

will never overpower the motor or cause it to
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,

GEAK BOX

CLUTCH | GEAR BOX

k|

. \\\.\\:S\:‘_\_\\:-\-::‘T?"\\\K\\ ? 7 : / //2
?RR?E;E:A?:;H \\\\\ - 7 / / / / ////

. " //

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 1S avallable, the system delivers it to the utility lines.
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The 2000-kW wind machine at the T\nnd School in Denmark Thls
machine supphes both heat and electricity 16 the school. '

thereby reducing the amoum.cn‘ fuel needed
to drive urngation systems.

The Tvind System

With Denmark’s vigorous history of wind
power, it's not surprising that a. significant

wind system with’cogeneration. capabhilities

LRI WV ELT D A, [Pt

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 megawalts) in @ windspeed ot 33 mph.

The fiberglass blades on this machine
span a diameter of just over 175 feet, makin
it thelargest wind machine in history at

~ time of this writing. Before the Tvind machme I
- the largest was th%Smlth Putnam machine

mentioned in Chapter 1. That machine was

_rated- -at 125 megawaltts. 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 wnh its electrical and

heating needs and to supplement the grid
lines through use of a synchronous inverter.
Alternating current from the generator is
rectified to direct current then reconvertéd
to grid-synchronized AC and fed to the

- school's electric system. The synchroncus

inverter is rated at 500 kW, while the school
demands up.. to 1 50 kW. The balance
betvyeen 500F kW Gi inverted power and
2,000 kW available from.high winds will be
used to heat watey. The excess electricity is

e
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fed ;o coils rmmersed in a hot-water storage
tani=This feature makes the Tvind machine
the world's largest wind furnace!

" 4

University of Massachusetts,
Wlnd Furnace

k]

The wind furnace is an appllcanon of

wind power that is finding wj espread ac-

-ceptance. Heat energy is needed to raise

the temperature of water for agricuitural 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 furnace, 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:, splasti-
ing water with paddles drivep-y the rotor
power shaft) or from the generation of elec-
tricity that can power electncal resistance
heaters.» =

Under the direction of Professor William
Heronemous, students at the“Umversny of
Massachusetis 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

lanks __urj_the basement of the,r‘.“\o_use store '_

Tvind School with the 2000-kW machine_in the background.

all this hot water.

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

plies appropriate current to the field windings

i

5




Above: C!ose-up vie_-\'{v of ..the UKass wind generator.

Right: The University of Massachusetts wind furnace 4nd test home. Both the
wind generator and the scuth-wall solar coHectors warm water stored Ina concrete
tank msude this home.

Ed
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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
peen encQuntered 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

+
industry with a detailed history of one type
oftwind furnace. | '
‘| have included several types of wind
machines here, but certainly not all of them.
A Savonius rotor, a panemone, or a wind-
powered hydraulic pump system—all of

-these and other projects will be discussed

in greater detail. Your task is-'tc_) 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.

;

T
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- Wind Energy
~ Resources

Understanding-aﬁd Measufing-

the Winds at a Site
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The w:nd__can be a fick?fservant. 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 {o know how much wind
energy is actually availabie’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 gre calm when you
need their energy. This’ chapter examines.
some basic principies :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 generai
grasp of average wind behavior, but there is
no substitute for getting out 1o your site and
measuring the wind tesource directly.

Global Wind Circulation

, Wind energy is a form ot solar energy:.

The winds alleviate atmospheric tempera-
ture and pressure differences caused by
uneven solar heating of the earth’s surtface.
While the sun heats air, water and land on
onelside of the earth, the other side i1s cooled

by therma! 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 mdre 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 fatitude, it is flowing
almost due eastward. These are-the “pre-
vailing westerlies,” so called because they
come out of the west.

Air tends 1o 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 worldyover. A similar effect leads

10 the “Polar easterlies” above 50°N latitude.

South of the equator, the earth's rotation
bends southward-flowing air to the east and
northward-flowing air to the west. A similar
pattern of prevailing westerlies, trade winds,
and polar easterlies exists in the Sou%hern’
Hemisphere. . i -

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

W




E

fhe Wind Power Book

i

POLAR EASTERLIES
--SLIBPOLAR LOWS -

WESTERLIES

» HORSELATITUDES -

o . " NE TRADEWINDS
. EQUATORIAL DOLDRUMS
 SE TRADEWINSE "

+

HORSE-UATITUDES? .

O det sweam - |, WESTERLIES'_

"~ suBroLAR LOWS -
POLAR EASTERLIES.
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Global wind circulation patterns. Prevalhng wmds blow from the east in the tropics and from the west in the
mid- iamudﬂs

&

 Surface winds

Horse .fatitudes = 30°

. an ocean will heat up-more. slowly than the
adjacent fand because water has a high
S | _heat capacity, or ability to stote heat. Simj-

Jlarly, an ocean will cool down more-slowly

than the nearby land. These different heat-

- ing and cooling rates create enérmous 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

4

wind-circulation patterns. When a wargn air
mass collides with a cold air mass,qthe re-
sultant frontal activity generates most of the
large-scale winds that drive the local winds
at your windmilt site. Imagine a globe cov-
eﬁred by large bubbles that drift about bump-
ing into each other. Whenever they, bump,
" airis sq ueezed along—producing your local
winds.

High and low pressure sys’itiams 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

frorm-high pressure to low along a curved
path. In the Northern Hemisphere, the wind
blows clockwise around a high pressure
system .and counterclockwise around a low.
Together with the global circulation patterns
‘mentioned before, the large-Ecale winds
drive these same 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 describing the expected wind be-
havior at the site. :

Large-scale’ winds generally dommale
But local winds often enhance or modity

-
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Air Temperature and Pressure y

‘What we call atmospheric pressure is caused
by the we:gm of the air gbove us. Travel toa
mountaintop and fower armosphenc pres-
sure occurs because you are nearer the top
of the giant ocean of air surrounding the
earth.

A barometer is comman!y used to meas-
ure. atmospheric pressure. A “falling barom-
eter” or declinirig barometric pressure, has
always been associated with an impending
_storm because a low pressure system is
¥ ' 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
i the top map. The lines of equal pressure are
called isobars, and the units used are
 millibars. At sea level, 1,013.2 millibars equa:‘s
_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 commoniy
used to measure pressure in the United
States, and millibars is the métric unit of
T pressure used by scientists and afrpfane -~
pilots.
The lower map shows average January
. temperature distributed over the globe. Note
_the correlation between temperature and
~ pressyre. Al temperarure affects air density,
which is related to weight.or pressure of the
atmosphere, Higher temperatire air weighs -
less; air density therefore decreases with
- increasyng temperature. A lighter air mass
exerts legs pressure at the bottom of the
atrmospheric:ocean. So, as air temperature
increases, its pressure decreases.

Fa o,
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" 'mass density of air, p,

the air. temperar

-

-7 ; Air“‘Density

The density of any substance is a measure of

how much of it can fit in a given volume. We
usually want to know how much air, or how

many molecules, interacts with a rotor as the’
wind passes through it Kinetic energy in the

~ wind 18 a function of the air mass and

w:ndspeed Thefeforegrwe need to know the
to calculate wind

energy and powe TJ_]‘IS eensrty is based*om

. scientists and eeng

erenced 103
A “standard fayeis a.n average day that
eers use for purposes of
design. On a stan@@rd day, certain sfandard

values can be used for temperature, pressure

__and density of the air (depending on altitude) .

Naturally, performance calculations on wind
“maechines will vafy somewhat from this stan-

dard, because a standard day is actually very
Trdre; Sumimer days are generally hotter and.
wmrer days cooler. Standard conditions for
air at sea fevet are, in Enghish umts

Temperarure =599 F
Pressure = 14.7 psi--—
- Density = 0.002378,S!ug/fr3.

Here, the s.'ug is the English unit of -
mass, not a sfimy animal resembling a snail.
One slug weighs 32.2 pounds at sea level. To

&

ThE altitude COHBL,I-'OD factor C andt’ rhe

h

remperarure correction factor Cr are taken. P

a

from the two accompanying tables. For
exampie, Suppose'that the average tempera-
ture at your site is 80°F, and the altitude is .
2500 feet-above sea levet Then Ca = 0.912

-and Cr=0.963 from these tables, and

“ p=0912 X 0.963 X 0.002378 slug/ft3
= 0.002088 slug/ft*

~ or about 88 percent of the standard air

density. More frequently, you will have to
know these two correction factors at altitudes
and air temperatures not listed directly in the
tables. In such cases, just interpolate he-
tween the values given. -

Altitude Correction Factc_)_r
Altitude (feet) Ca
0 ' - 1.000
2,500 0912
5.000 0.832
7,500 . 0.7586
10,000 0687

calculate the air density p at a specific wind- . S -
mill site, you need to correct for altitude and Temperature Co"_ecuon Factor
temperature differences from the standard Temperature (*F) ey,
case. Use the following formula: 0 1130
b= Chx cT X 0.002378 stug/H?. 20 , 1083
(Eq. 2} 40 . 1.040
‘ 60 1.000
- 80 0963 ;
100 0929 /
¢ /’

i

the Iargevsca1e thds and Gontrlbute some
energy when none is avalleble from Iarge-
“scale winds. High pressure zones push air

o
=

loward iow pressure zones, ‘and wind is -

created The size and distribution of each

" pressure zone #hanges ‘under the mﬂuence '

of the winds they create: Fast-moving air
Ihdescends“ intor va[leys blows’ through can-

yons, and sails aver mountain peaks—redas- '

trifbullng warm and cold alt masses. Because
pressures .and temperatur,es c;aUse winds
and are chariged by those winds,'it's impos- .|
sible to predict the available wmd power

¢ accurately by studying awatlon wea‘rherfore- _

cast charts. - | _ k
Because of its lower heat Capac‘ny, the .
temperature of a land mass rlses 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. Clrculatory air
flows, called “"sea-land winds,” are created
by that temperature differénce. You experi-
ence these winds as on-shore and.-off-shore
, breezes at the beach. During the daytime,

- -

fal Is —

especially in thé afternoon, the warmer air -

“aver the land rises and the cooler air over *

the water flows in to replace. it—creating
an on-shore breeze. The reverse process
creates off-shore breezes at night. Daytime
sea breezes can be streng enough to be a.
source of wind energy; txpwally they range
Jfrom 8o 16 mph. N@httume breezes are
" slower, typically less,
Cool-air next to*m

WA
|
l
|
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mornmg sun and by the rising tempeérature
of the ground- below. As this' high mountain
alr warms'up, itrises;cooler air from the val-
l—————Jey belowis drawnupward-along fhestope.”
Central valley air flows toward the base of
_the mountaiy and up the slopesA mountam—

-

- -ture difference>™Ahnight, the process reverses
itself: cooled by rapid,radiation of heatto-the:
~dark night sky, high mountain air descendg

o valley wund" :eﬁus created by the tempera- :

“linto the valley, gaining speed as itbecomes

---’iheawer Mountain-valley winds are gener-
_ally thougtit to be too weak to be a source
of.wind energy. In some areas, ;however,
_this mlght not be the case.

\,LalLeys Cool winds flow downhill-under: the
-s,mfluence of gravity, and tend to occur at
night. Warmer winds gdin heat energy. by.
‘compression,as they déscend 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.

rlbly destruotive speeds. ST i

Windspeed Charaeteristice

-Winds at virtually all .si‘tes have some
remarkably uniform characteristics. At any

fvalley can be warmer or cooler than the -

Sea-tand winds ‘occur bet:ause adjacent land and-ocean masses have dlfferent rates of heatlng and
coolmg On-shore breezes occur during the day and oﬁ-shore breezes at mght

The winds of the Chinooks often reach ter-  pmoun taln-valley winds. These gentie breezes occur because the air over high mountain slopes warms up faster
b .

day gpd cools down more rapldlyel night.
given site, there will be a length” of time
when there is absolutely no wind. For some
other length of time, the wind will blow at an
average speed, and for another length of

LY

]

]
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. - ments, taken. At thts hypotheucal site, the

 wind: System and how much tlme and money

PE—

O mph to ltS maxurnum you could easny plol
“a graph_like this.ane. The .vertlcal axns can -,
be éxpressed ‘either as the total time or as
the perceritage of tlme the wind- oceurs at .
" each sp#eéd. The- shape of the curve will -
probably‘d’ﬁer for you; site, but *he message ’)
will be simitar.  *

Whenever many measurements of the "

. ...ndepeed are made, ap average of those
‘measurements ‘should be calculated. Sim-

" ply add up all of the measurements and -

. divide that total by.the number of rpeasure--
average wmdspeed (of,. equwalently, the
méan wmdspeed) is about 12 mph—a few
mlles per hour greater han- tne host fre-
~ quently occurring’ wmdspeed aboutg mph

fer this sie.
WHy should you measure the wundspeed

S

".in sbeh detail? Why not just measure a

‘simple average wmdspeed instead?- The
afhswer to these questlons dependson how
*much reliance you expect to place on your
you have 1o spend Let's look.at wmds*peeo
characteristics more €losely to see how the
illustrated curve—or a.similar curve for your
su}eurelates to wiand energy proouctzon
“Remember that thé available wihd’ power
mpreases as the cube of the w:ndspeqd
‘We. can use- Eqguatior—1-to-catculate the
maximum wind power that might be ex-
tracted at each of the speeds ehown on the
‘windspeed distribution curve’For example,
the top right graph indicates the maximum
_wind power could be extracted by a rotor

Y

. ’ . - - {': . !! ‘. - _' ._‘ - . :‘: N h “
g . » ‘ -
' _-\_ | Y < 5 b
| 2 0f- : i | . '8
o g b a -
s § - )
e
ST g
SRR S
B _ mpns- ) “%
Wlndspaad diStflbUthl'l for a typlcal snte wuth z..
12-mph Mverage winds. This ‘graph andrcales the =
percentage of fime, over a period of one year 1ha1 the -
aMﬂd blows at any gwen speed r 2
L : € -
".; « 7 ' " AN , RN
T e ~rar . W
Ty e ~ T e W T . .
A g P 10 N T
- & Fox i X ) b
' ) ‘.' . R WmdSpeed Imph} )
L < . "= Available wifd power as a Iiunctlon of wmdspeed
mo ‘. L% Anided efficiency of 59.3 percent has beén assumed
.t - ) for a rotor with frontal agea of 100 square feet: |
. tim'e—perhaps only a few minutes over
T _ an entire year—it will blow at its maximum-
o ‘speed. The top left graph show's a typical wing-
g speed-distribution thatwill help you visualizg -
- ; » .. these characteristics..If you measured the
t o e - *  windspeed at your site.for an entire year
LY . € R . .
i . and then_,-added all of the minutes the wind
) S - blew at each of the different speeds, from-




rmportance in energy ‘production. B(it the__ ~
energy curve shaws’ that it’s much less im-
" . portantthan windspeed in the 15 to 20 mph:

range. That's ‘where most of the .energy Is

- available. In fact, there is very little energy
“gvailable below 8 mph or abelve 30 mph at’

ppthet:cal site The curves.atany real

ally a successron of weak and strong pulses -

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

diurnal variation of the windspeed. At our-
hypothetical site, for example, the wind-
speed may be low in the morning, pick up
in the afternoon, and reach its peak at about
8:00 pm, as seen in the following graph.
Two separate curves are shown for two differ-

- . i e L AR _ - T 1 Ty R —"'_1'
T y Lo U SRR L S BN S TR
s, a L ‘o ) ) , e 4, .’ -'C B _“. . 4 .
and Enerqv Hesourt:es RPN T a ‘ ) S | S
(assurarng an eﬂrcuency of 659.3 percent) with - | T . ey
an aréa of 100 square feet, when the wmd- ) . . ~ wo T .
‘=_,speed varies from 0 to 30 mph. 1200 - /*\ o s =10 i
’ -~ Ihis graph ilfustrates’ hovﬁdrama[rcally R " M \ ‘_ ‘_ = ) s ?
'_ wrna“powerrncreases with ifcteasing speed. o0 1 S AR \ - S ey 1000 3 - v
At 10 mph only 300 watis'can be-extracted, = g B \ Lo e R o - Y
“but-at. 30 mph more than 1 8, 000 walts, or 8 S ; / i —Energy distribution” QA g "
" kilowattd, could theoretically bé harnessed. « -8 "800 | e\ , . 718005,
“  Those two graphs describe two rnajor © o b ,’ TN \ B B -~
- - g o : : . .
wifid ¢haracteristics: statistical and. power: 3" 600} e - \ . ~ 600 % : ‘_ :
The statistical ch*araot’errstro is' the amqunt. < Lme - 5 .
~of time you can expect eagth’'windspeedto € *: 7 distribution \ ' - & =
occur, dnd the pewer charagcteristic is the = 400_ . S . 71400 o =
~ amount of poyver you can expect to be avail- N -/ . =2
- able at eagh windspeed. Now rermémber 00k - o — 200 e
" that energy is calculated by muluplyrng‘ e . / N R T o
- power by time. A 10Q-watt light bulb left on ol | >y 10 -
. fortenhoirs Consumes 1,000 watt-hours, qr 0 5% 10 15 20 25 30 3B 40
w1 kﬂowatt—hout of energy. The maximum - : - Wrndspeeu (mph) oY e :
_ energy avarlable at your wind site’ is cal- .
_culated in much the same way—b multi- . Wlndspeed and wind &nergy distributions fur a typrcal wind site. ' » ] B ‘
. plying the power. curve by the time ‘curve, - A BN vt , - . T .
.The resu}t Is an energy dfsi’mbutfon curve, rllustratron but the conclusrons and the’ T et d
Mpls & _fWhiCh is preﬂented here. This - charaelensucs will be fargely the same. - ' ‘-"" )
e va.really want to know. - ..~ What other wind characteristics tGeter- - LR o ’
“THypgletical wind site, a wind-  mine the shape of .such curves? On a )
speed _ _'G-'mph occurs frequently. You second-by-second. basis, the wind is actu- :
might thrnk that thlS speed will be of great TS
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onths— anuar)?'. nd May—to indicate
~that the_diurngl varf
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7 " ent

| r’elated to the energy avanlajle and to how
ion may be different  well that resource coincidgs. with energy~

|

; .. - N )

fmg,,s.use . This might prove. expensive. Sup-
- .pose that the energy need occurs when the
wind power is available. Little or no energy
storage would ‘be required, and the wind -

power sysiem 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 -

N gL W . from month td month. Note that May is the  peeds.
LN ) ‘:é . A - windier month {n this location, a factthatis | How do you 'go about qeterm‘l{‘n\lng the
' 2 : ‘Lﬂ‘ also reflected i 9nother plot of the month- wnndspeed distribution for yiour siteAThere
2 ‘to-month variatiorof the average windspeed. | are four basic options: ’ \
- = These hypo‘\etl | curves indicate that ;" 1.1gnore windspeed dl’efnbunon entire
gl - S | windspeed vapes on &n hour-by-hour, day— ' ‘and base your design/caiculations on™_ - -
LR 4 8 . Noon 4. 8 . q‘ﬂ " by-day, and month-b by- onth basis. From a ; annual average wmdmnped and a cors X
’ . _Time thourly) : = statistical vigwpoint, the lwinds at any site rection factor. | -
The ditirnal variation of windspeed at a hypotheti- . can be destribed by a windspeed distribu- * 2. Using the annual avérage windspeed
cal sité. May wihds blow harder than January winds ~ tionscurve, which tells you to expect a cer- at your site and a mathematical equa-
atisste. 1 tainwindspeed for a certain percentage of tion that describes the windspeed dis-
o - » _thetime. trdoes not tell you whep to expect tribution fairly accurately, calculate the
- | that windspeed.or how long it will persist. ... duration of each windspeed.
_ You can get a fair idea of when to expect 3. Actually measure and record the wind- > ...
= ?.g ’ © .certain windspeeds from a daily and monthly . speed at your site for at least one year.
E‘ . study of the winds at your site—if you choose “4. Measure and record the windspéed’
T 10 ’ i to analyze~them that closely. -+~ for a shorter period—perhaps three
2 " By analyzing your site in terms of IhIS months—and ‘try tojestablish a cor
2 - " daily and monthly variation, you will have an relation with wind dJala from a.nearby -
. f Y Py PR I opportumty to compare energy needs with weather station or airport. _ |
. %‘“ 377 average windspeed” N the wind energy available. At our hypothet- The annual windspeed distribution is,
i g =1 *'_ o T ical site, mpst of the wind energy.is avail- from the overall planning viewpoint, the most -
R P | A S T S W T S VRN , able in the evehing ‘But suppose that the  important fagtor to understand. Daily and
e ff:' Ve Ao ey v Rug Seo O Nox Dec i naed for energy occurs in the morning. Some  monthly windspeed variations are, perhaps,
,, Monthry varlatton of wmdspeed at a hypothetical - form of energy storage i5 required to retain-  the easiest to determine, but wind researchers
site. __ e /e*evenmg 's production for the rext mom-  increasingly favor an assumed annual wind-

speed distribution. You then make design
calculations based on such an assump-
tion, rather than actually measurig the
windspeed tor more than a year.

The Rayleigh distribution provides area-

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

cemparisions have been promising, but

thére are a few problems of interpretation.

Mokt of the NWS anemometers have been
" sited\for monitoring ajrport winds, for mak-
ing foest fire predictigns and for a host of

ough the Ray(lelgh distribution
rk for all sites, it.has been reputed
an error Iessthan 10 percent. In
of be,g;er data it can be used

 leigh windspeed dlstnbunon 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 miph. The vastly greater energy available
- at windier sites makes the required site analy-
sis worth the effort. Energy distributfon curves

‘similar to these will be used later to design.
- a wind machine that a¢higves optimum per-’

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

Measuring the Windspeed
Measuring an actual windspeed distri-

* bution curve means iaking many readings
and filling many “bins” with this data. |i you

\
\ o

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

ke place that reflects the likeli-
hat bin receiving a flying pea.The

each minuté and add a “1"10 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 thi§ 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 ata particular
windspeed. A bin, then, contains the num-
ber of days, hours, or minutes that thé wind-
speed happensto be measured at the value

ssociated with that bin.More frequent read-

"ings will give a better representation of the
actual windspeed distribution. One-minute

readings are quite reascnable for electronic
recording equipment, while hourly or dany
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 filiing

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-

Average annual windspged=10 mph "’.-.--
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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 wmds;oeed i
distribution. Here the single parameter is:
.mean wma’speed At windspeeds be.’ow
10 mph, the Rayleigh: distribution has loy
reliability; it shouid’not be used at all a/g:tes
with mean windspeeds below 8 mph. /

The Rayleigh distribution takes rhef
foHowmg form: -

Hours = 8760’>< 5 x%;Xe—
i ; (Eq. 3)
- where V =windspeed i
4 - V= mean windspeegd
T oa=31416 !
e=2718 , -

This equation gives you.the total number
of hours per year you car'expect the wind to
biow dt.a windspeed V When the mean wind-
speed iswV at that site.”

A grapfiof this complex equation is pre-

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

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

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

-

The Rayleigh Distribution

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

uled intervals. As you might guess, this
process becomes burdensome over an
~ entire year.

- /

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

- -fhe anemometer's sensor. Divide 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 tolal wind energy available at a

~ site. Each windspeed reading is converted

directly into an energy valug that is accu-
mulated minute by minute. Such an approach
eliminates the errors that might occur if you

measured an average windspeed and later

calculated the available wind energy using
the F{ayéelgh distribution,

wind Direétion

&

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
paricular 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,
~ 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. Th|s 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-

ttons—time and energy content—are shown'

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

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

"

Directional windspeed distributions for the Palm-
dale, California, airport. Most of; ‘the time, the wind
here biows from the south ang west.

Energy avalable — *

D1rect|0nai wind-energy dlstﬂbutloﬁs for the Palm-
dale airport. A 1arge fraction of the wind energy
comes from the west—the direction of tughest wind-
speed
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westerly winds. For most wind sites, one  incremented with one count. For example,
direction wilt dominate like this. Such a three- suppose the windspeed measures 10 mph.
dimensional visualization makes site anal-  There are eight possible bins marked 10 mph,
ysis much easier. one for each of eight directions. The wind
. How do you collect the data needed to  vane decides which of those eight bins gets
_ __ construct such a graph? Make bins as be-  the count. This process is repeated each
» _ o " . fore, but duplicate the bins for each of four,  minute for a year; hence, 525,600 counts
- eight, or sixteen directions of the compass.  will be scattered among the bing. That's
The more directions, the more detailed your  more than enough to construct a graph
graph can be, but eight is usually sufficient.  similar to those shown for Palmdale airport.
How is this done with site analysis instru- - —

ments? An anemoemeter measures the wind-
speed and selects, onatimehasisof onceper  Wind Shear

minute, a windspeed bin. A wind vane, which

T

senses wind direction, determines which of The windspeed at a sfte increases dra-
" eight bins of the same windspeed will be  matically with height. The extent to which
_ s o ' windspeed increases’ with height is -gov-
WIND - e erned by a phenomenon called wind shear,
———— ——- a term derived fromthe shearing or sliding
| — —— effect of fast-moving air malecules slipping
—_— —_— over the slower ones, Friction between faster
| — ARt LAVER —- and slower air leads to heating, lower wind-
_————— ] o pr—— speed, and much less wind energy available
e ) < — near the ground.
T em—- L e o ———— The region of sheared air between unre-
—_— _— tarded ‘air flow and the ground surface is
| — — "known as the boundary layér. It has a defin-
— — able and often predictable thickness. Ac-
—_— B : . — curacy of prediction depends on your ability
— o Ty e to estimate surface friction factors or.meas-
Y -;}a- (C‘ g H'ﬂh;{ﬂe'? q,%“% Wl 2, {"‘f,, - ure the windspeed at several heights simul-
"_... o L V £ taneously. Even wind fiowing over a smooth
i /,,,, T ' s LT surface will develop a boundary layer. The
//// //”/% - /////’ ////%/////f///f;//;/;’j,ﬁ/ i T - further the wind t?avelswthe thicker the -
Wind shear above an orchald, When the wind blows over a rough surface. the boundary fayer of siower-moving boundary layer. Minimum thickness occurs
air thickens above it. < over a large, calm lake, or an ocean that
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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
. protiles is shown in The diagram on page 56:

the wind approaches an orchard with a wind-
" speed profile ilfustrated 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 resultung boundary layer,
say near tree-tdp level, woutd 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 percentagey of maximum unre-
stricted windspeed
tude. Over urban ar
i$ often more than

s, the boundary layer
quarter-mile thick. But

over level ground or open water, the wind

reaches its maximum speed at less than
1,000 feet. . .

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 anémomeer will be 60

 percent of the unrestricted ahinual average,

curring at each alti-

These percentages can help you estl—'

windspeed at 100-foot 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 vaﬁe 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-

HEWGHT
{FrET)

2,000

uRaAV AREA
& =0 40

~ ~=and the windspeed at the lower height will

be another 10 percent lower. To. get the

Windspeed profiles over different terrain. Rougher lerrain has a hlgher surface fnchomcoefﬁcnent it therefore

develops a thicker boundary layer above.

L
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culate the effects of wind shear. This formula

- is presented'in Appendix 2.2, along with mose
" quantitative mformanon about windspeed -
profiles.
@“ : G, - Turbulence
a | | Gust amplitude
_____ B n PN TN © An understanqu of atmospheric tur-
£ ﬂbﬂ\j S — /==  bulenceis wnportantforthestructuraldesugn
3 _ Average of a safe wind machine. Wind machines
R windspeed average the short-term pulses dssociated
R - ‘ with gusts, so power oulput appears smooth,
‘ ‘ L even though the actualiwindspeed is not.
. ' | l A very strong wind gust may destroy the
0 ] 2 3  machine. | Vo |
B F Time (seconds) What does a wind gudst, or short-term
o turbulent variation, look likg? 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 cauges a theoret-
: ical increase in wind power, but usually this
, " ‘increase lasts for less thana second. A
v e CoT # | typical windmill cannot respond that quickly,
NUMBER OF GUSTS PER YEAR TO and such short gusts have Iltﬂe effect on . -
TWICE THE DEPARTURE SPEED - the power output.
Mean Windspeed -For structural design, it's important to
| . - o *_have some means of predicting the num-
Departure | =02 «=03) : er of gusts you'can expect at yoursite that
| Speed "|10]12[14}16j) 10 | 12 | 14 | 16 *have large amplitude. Usually it's enough to
10, |25|22[18]15] 2269|2004 1701 | 1430 | ~-do jsfor Séveral annual averagé, wind-
20 |5 |8 |11|12} 430 | 780 [1022| 1140 speeds and for two general classes of sur-
_ 30 1ol 1|2 |4 18 | 77 | 207 369 face friction. The table here gives the esti-
e T T T T 40 ojlotol1y oV 2 17 | 57 | mated frequency of gusts with twice, the.
' - 50 0|o|0]OYf 0| O 1 5 departure speed (the windspeed just pnor
*a = Surface Friction CoeHicRnt to the gust).

R _ Suppose your site has a fairly rough '

o S T

[T e T
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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 expect up

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

ey RN

mph average, you can expect,cﬁnly one

departure from 40 mph to 80 mph, and

none to 108 mph. Rougher surfaces induce
gustier winds. In designing your machineg,
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 Suwey. you head for the actual

" _sile selected, armed with a compass, -note

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

wind prospecting you- start out equipped"
with all the same devices but do not neces-
sarily know where the site is located. A site -
survey should provide you the- data you

need to plan a system for that site. Not too
many years wilt 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 logking
tor good windy sites. To justify a sale, wind
prospecting will require great care and
accurate data-logging equipment.

Site surveying is much less rigorous than
prospecting. The predictive tools, such as
the Rayleigh distributign 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 lactor 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

Cwith ™ fair. first-order estimates of the wind.

behavjor 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:
e-Annual average windspeed
» Windspeed distribution |

f * Wind direction

s Wind shear
* Surace roughness ,
¢ Site altitude. -

L




A pressure-plate anemometer. Wind pres-
sure forces the plate to swing up along a
graduated scale, providing a rough meas-
© ure of the windspeed.

COLORED
WATER “Byver T

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 charactenstlcs fall in both cate-
gories:

¢ Gale or tornado expectatlon

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

¢ Blowing dust

» Blowing heavy objects.
Other nonwind factors that can affect wmd
machine design are:

e Migratory birds

e Television interference -~~~ -

* 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 iMmagine 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 wiil sub-
stitute forfqubbles.You are trying to obtain a

three-dimensional image of the local wind.

P

»

More sophisticated instruments for measuk

ing windspeed at a site fall into three main',

classes. These are:

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

Pressure-plate anemometers seem to’have

been inttoduced around 1450 AD.'Wind

force on a plate swings it_up against its.
- weight "More wind, moré sway. This: same |

technique of measuring windspeed was
used as an airspeed indicator on ear!y barn—
storming airplanes.

Pressure-tube anemometers were mtro— .

duced around 1722.The dlagram here shows
an early “manometer tube,” or pressure-

tube anemometer. Wind blowing againstthe
aimed.tube (called a Pitot tube) exerts pres-

sure agamst the fluid in the U-shaped tube.

The height difference due to the fluid dis-

pldcement 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 dlsp[acement callbrated 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 propelier-
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type. anemométe__rs 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 halt
of theﬁ;ob Recording the wind data for future
analysig is the other half. A iow- -technology’

approach to recording windspeed and direc- _

tion, itiustrated 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 relativé sizes of the resulting
p:!es of sand indicate both the ma%mtude
and direction of the wind. Of course, this
crude apparatus can only give quallta-
tive estimates of average windspeed a)wd
direction. o

Weather bureau measurements have
been made on a read-once- peg-tiour, once-
every-three-hours,’ or othg/mmalar basis.
‘ﬁes@ma—emgs are tak;,ﬂ by a person read-
ing various instrumerits and recording the
values in a log~f reading is done on a
--ORCE-Per-h
a great a Dunt of data is an easy lask—as
long as a site is staffed fulktime, as in an
airport control tower.

If no\%u\lxt -time staft 1s availabie, such In-
struments as.a strip-chart recorder will be
required. This dgvice can produce endless
miles of paper r"ha{ked by an ink line or

ouf Basisfilling many bins with

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

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

time period. But analyzing all this paperto "

~obtain the windspeed distribution, annual

average windspeed, energy content curve -

and other desrgn mformatlon is a tedious'
task.” o #”

Recentty, SOlld 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 phiotdgraph on page 62. Even

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

i i i -

T PRI

e e ’ i -

A "sandpile™anemometer, first used
in the 1830's. This simple but crude
method of recording windspeed pro-
- vided only qualitative estimates.




[ The Wind Power Bonk

e
I g te

Strip-chart reco“rdé_rs are often used to log windspeed data when no

- staff is available to read monitors.

_ . .
formance improvement in site recording in- .
~.strumentajion. Such data-loggers record

dozens of channels of information and store -
this data on magnetic tape to be read by a
compuleﬂhat analyzes and summarizes the
wind resource factors you need 4o design

© your wind system. The cost of these units

has dropped to the point where they are
economical for systems dealers and tech-
nicians. Using available low-cost computer
kits, an electronically oriented person can
build a data acquisition system suited to
individual needs.

Regardless of the type of instrumenta-
tion you choose, certain instrument charac-
leristics are of great importance and must
be con5|deredf thoroughty. The linearity of
the anemometer over the windspeed range
you are studying is a critical factor. A non-
linear anemonﬁé'r" might read T5-mph when.
the wmd is blowing at 15, mph‘,utﬂ read

. 31 mph_at 30 mph for a 9 percent error in.

wind, e ergy. Such anaccura@es must be» i

«understood or avoided. In steady w;‘hw,
'good anemometer should be-accuraté ‘to

.0 percent of the value measured. .
Most heavy-duty anﬂmometers overes-

timate windspeed in gusty conditions. Ane-
mometers that overestimate onty slightly are -

made of balsa weod or light fcam plastic

. and have little "coasting” or overshoot iner-

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

lem to a minor nuisance. .

i

.-' ,3‘-
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Any recording or measuring device yields

. the average windspeed over a time interval
' Ca”ed its a.vef:a.ging DeriOd. Fora SIfip‘C,_har[ O

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

4n 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 eveg'hour, the aver-
aging period is one hour. The shorter the

averaging period, the denser the data and
the better'the actual description of the wind.

For generat siting work, a one minute aver-

.aging period is more than adequate. Data

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

-Other site instrumentation characteris-

. tics.that should be considered include port-

abmty remete, battery. life, immunity, to

" extreme weatherand lightning, and surviva-

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

torically, the fast item is thé mostimportant!

Site Analysis

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

‘wind machine. You will be asking yoursel

all sorts of questions regarding trees, build-
ings, turbutence, and such. Over the years,

e
4

The Helion Micro-logger. ERebemLadvan CEeS IN MICTOProCessor. technolggy
permit one 10 tog dozens of channﬂls of infarmation for later cornputer analysis

-'Fules of thumb have evgl-ved to help gu1de o
. yout first selectlun of a wind SIte It pos- -

feet above the tree or ‘building height,"and
about 300 feet from the nearest cbstructions.

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

F

from the south,” or "Clearing winds come -

i
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HiGH VELOCITY
TURBULENCE

© TURBULENCE

Air flow patterns over hills. Smoother land forms generate less
turbulence. :

_through, that pass over, there.” But what
.. about other winds?-“Oh, they don't amount

~ to mpch.” Local airport data may tell about . :
el “Wind:directions. In ‘tact, thé main .runway - “is the minimurn long-term measurement, and

‘usually faces into ,tbe..jprevail'i_ng....wi..nds._ “a year is advisable. The goal is to obtain

Because of the infiluence of global circula-
tion and large-scale winds, the wind fetch
area can be predicted fairly well. Local
breezes might travel some other path, but

usually they don't play a major role in energy  rest. Appendix 2.3 presents tables that sum- -
production. The rules of thumb mentioned

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 i begin

. to examine your site—a circle or x on.the. .. .~

D~ ap==aid its Wind T6teh terrain. Available

data may be’from a source (an airport or
weather station, etc} exposed.io the same

winds and directly usable in qvgilua__ting your
" site. If so, the next phase of site analysis will
verify it. 1 -

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. f 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 ...
" ¢an use their long-term. data directly, with

your own correction factor applied to it. |,

In the absence of corrélated long-term

‘data, you must record your own. Six months

acceptable values for the annual average

roughness estimates, wind direction pat-
terns, temperature trends, gustiness and the

marize much long-term data and tell you

should be used in siting relative to wind -~ how to obtain what information you need.

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

Also, there are maps showing thunderstorm
patterns so you can evaluate the site hazards
they present. ' '
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Actual flow characteristics at y@ur site

.‘are very complex. A qualitative assessment  _ ' : o T
is possible using the accompanying illustra- ._
tions of turbulent airflow. The purpose of the Z Hf'ﬁﬂmb .

site analysis is to quag‘wtify wind flows in a ) )
e eneral form usable. for wind system plan- =
g y P S5XHEIGHT 5

Yy

ning and design. The rest of the book draws
on this information as the de8|gn process - S
unfolds. ) - g ~
_ The final result of a site analysus is infor- _ o o . -
mation for windmill design. {maximum and . __ - T oo o m Ty
average windspeeds, wind shear and tur-
. bulence) and data for performance predic-
- tion (windspeéd distribution, mean power
- and total energy measurements). Also, be - -
s#re to consider site factors related to instal-
lation safety and environmental effects (visual
acceptability, migratory birds, television in-

terferencg and the like). Overloqk any fgctor Substantial turbulence occurs on the downwind side of buildings. This turbulerice is greater for buildings with
and you risk an unsuccessful installation. sharp edges. _ o

Tx HEIGHT

J— f
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A wind machine is any device that Converts

wind énergy into other, useful energy forms. -

To remove kinetic energy from theg air, its
mass must be removed {l'veqnot flgured out
how, but 'm sure it's 1lle§al) or its’speed

._ f\\\[\educed Many things c&n-reduce wmd-

. Speed and extract energy. Frees, for éxample, *
are batter than solid fences because trees.
flex and Sissipate wind energy within the
trunk and branches. People-have harnessed
wind-driven tree motion to power water
pumps by means of ropes pulleys and
springs.

Solid_fences DnJy create an -gbstacle

~ around which air must pass, thereby I@%ng

while the opposite vane moves against the
wind around a circular path. The drag force
on the latter vane miust be overcome by the
force on the first vane. Any extra force avail-
able is wasted unless a load is placed on
- the rotatspg 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 moving quite as fast as the wind.
Thus, the windwitt pustrharderonthis vane.
~ Ifthe shaft is held tightly and prevented

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

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

air molecutes into a fence and they pile up )
- in front to 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 theswind and
does something useful besides.

Two ditferent 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 fift. A
familiar cenfiguration for a drag-type wind
machine is shown here. In this simple ma-
ching, kinetic energy in the wind is converted
into mechanical energy in a vertical rotating
shaft. Onevaneis pushed along by the wind

+

\#rom the wind, because the moving air will
3|mp4y flow 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 amounl

ompared to that available. The vapes will

spin very fast, and the machine wﬂl‘éio very
little usefui work.

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

- surfaces shaped much like an airplane.

wing. Lift force is generated perpendicular
to the wind whiiga small drag penalty results
that is parallel to the wind. Fortunately, the
lift forceis usually 10 1o 50 times as strong
as drag on the airfoil. The ratio of lift force to
drag force‘alled the lifi-to-drag ratio L/D s
an important design parameter. How does

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

S iNDAILL BLADE

Y

» . &
- The flow of wind about a windmiil blade. Lift =

forces act perpendicular 1o the local wind direc-
tion, while drag forces act parallel to I}ﬁ T

|
&
£l
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Drag-Type Machines

A drag-type wind machine harnesses the
-component of wind force perpendicular to
the surfaces of its vanes. Such a machine
might be a Savonius rotor of, even more
simply, a ffat 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 — u)? X A, X Cp ,
where
p = the air density in siugs/ft®,
-V = the windspeed in fi/sec,
- u = the vane speed. in ft/sec,

A, = the area of the vane in ft?
QQL =1he drag coefficient of the vane.

Generaﬂy the drag coefﬁc;en%of& vane. has -

a value between zerp and ane.

' 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 coursg, the net torque of the .
. entire maechine-wilf be less because the wind +°

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

The power developed by a drag-type
machine is just the drag force muit:phed by
the vane speed:

Power—/z)(pgg{\/*u) XUXA X Cp .

As the vane speed increases, the drag forces. ...

drop sharply (see graph), but the power, .
extracted from the wind increases. When the
vane speed. equa!s one-third the free-stream
. ~windspeed-V, maximum pewer extraction
—occurs. Of course, you still have to subtract

the power wasted in driving other vanes

WINDSPEED -V

VANE SPEED=U
[ p——

upwind on the other side of the machine.
The drag coefficient Cp for a curved, two-
vane Savonius rotor is about 1 for the
concave, or torque, side and from 0. 12 to
0.25 for the opposite, upwmd-mowng side.
With these numbrers you can easily calculate

the difference in drag force between the two -
_sides and estimate the net. torque on the

device. But be caréful. Note that you should
use v+ u msteadr of ¥V — u on the upwind .
vane. By a similai rocedure you.can also

gstimate the net pow: eve!oped by
a Savonius.

>

:‘ Pfi&,\l["l'“.]r":\ PIVEY
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lift produce the thrust which pushes the

blade adainst its load? Note that the airfoil

illystrated on page 67 is moving atan angle
of §ttack off the relative wind. Lift is pointed

slightly in the forward direction and, because
the ajrfoil has a high lift-to-drag ratio, a net - :
forward thrust results. This thrust tugs the

blade along its i’otary path.

i

Wind Machiﬁe C%mracteristics

. 0y : -
All windmills have cenain characteristics:

related 1o windgpeed. At somé low value of

_wmdspeed’ usually from 6 to 12. mph, a
‘windmit-ean begin to producc power. This

is. the cut-in windspeed, where the force of

the wind on the/vanes beging to overcome

friction and thegotor accelerates enough for
the generalg& or crankshaft to begin pro-
ducing powér. Above this speed, the wind-
mill should generate power proportional to
the: gmdspeed cubed, according to Equa-
liorr’l. 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

R
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Forces on an Airfoil... ... ..

i

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

dictable [ift and drag characteristics. Lift is
the force produced on the airfoil in a direc-
tion perpendicular to the “relative wind”
appmach}ng the airfoil. This relative wind is
the wind'that an observer sitting on the airfoil

would face. The aeroo’ynam:c lift can be cal- 7.
- culated from the formuia’

Lift=%XpX VEX A, X G, .

p = the air density in slugs/ft*,
V, = the speed of the refative wind
approaching the airfoil, in ft/sec,
Ay = the surface area of the am‘or! or
blade, in ft,

C,; = the lift coefficient of the airfoil.

The drag force on the airfoif occurs in a
direction paraffel to the relative wind, it acts
to retard the forward motion of the airfoil. fts
value is calculated by replacing the lift
coefficient in the above equation by the
airfoil drag coefficient, Cp.
To understand aa‘n‘oﬂs 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-éhggd line and the relative wind approach-

mg edge. The "pitching moment”

Bdge up or down in the face of
is important to the structural

" des:gn of the blades and feathenng mecha-

no pftchrng moment.

- The.graph presented here gives vaiues of
the fift’and drag coefficients for a particular
sfandard airfoil shape—the FX60-126. Similar

* curves are available for every airfoil tested.

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

-
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The curves shown here give the lift coeffi-
cient C; versus angle of attack and include a
"drag polar” rhar shows how the drag
coefficient Cp varies with the lift coefficient.
Note that the maximum fift occurs when the
angle of attack is 12° and that the minimum
drag occurs at Cp = 0.006, Correspondmg to
a‘lift coefficient C;, = 0.2.

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

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

Lift = 05 X 0.00238 X (588)2><20 X 0.96
= 7.9 pounds .

From the graph, Cp = 6.0598 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 Jift force tc the drag o

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

»

7.9
- D= 0,087 98.
Of course, this is the same resuit 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 necesgsarily, the abso-
lute maximum possible lift, On the FX60-126
_airfoil, note that minimum drag occurs when
C; = 0.2—a low vg@lue 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 biade edge at this angle of attack to
the relative wind will allow the airfoil to ﬂy at
. its o;::t:mum performance.

N
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Futng wndsseed | Machine if it were. permitted to continue  around the machine—causing efficiency

- 2000 Wind machine A I generating power. Wind loads ontheblades  and power output to drop' Or, the generaior - - - - -l
= - 17 |+ orstructural members will have surpassed  might not extract enough power, and the

2 o _ their material strength, and catastrophe is  rotor will spin too fast—causing extra drag -
2. Y Furling »ymdsneed the only possible resuilt. The machine is _ on ihe upwind vane, lower efficiency, and
| £ 1000 d mechine 8 * 1 usually shut down entirely before that, ata - added power loss. Somewhere between
& \ speed called the furling windspeed. overioad and underioad is the optimum
5004+ ’“‘. The characteristics for two hypothetiCal” load. This optimum load is the extracted..

. Lo ’ wind machines are illustrated in the accom-  power that you calculated in Equation 1. All

20 3
Windsp

40 | 70

- panying graph. Machine Aisa 2-kKW machine

with arrated windspeed of 25 mph, and -

machine B is a 1-kW machine rated at 15 -

you need--is the windspeed.a-nd th’e 'size'and

Output power for two typical wind machines. A

rbtor produces s maximum power al windspeeds mph. Machine B has a smaller diameter than

pends on a numbar of factors that are dis-

- between the rated and furling windspeeds.

machine A and is perhaps more fragile—its

recommended furling speedis 66-mph;as

compared with 70 mph for machme A.
These characteristics are very |mportant

»

f

cussed inmoredetailinthe boxonpage 72. .

Suppose you want to study more closely
how wind power and rotor Ioadmg

. You have complete control of mast of them th shlps of loadmg, windspeed, ghd wind- o
| during the design process. You first select rmll performance? THe bottom g aph illus- —
------ _ - __the rated; wmdspeed and_pawer output. By——-e-—trates these factors: For a hypothgticalwind -
g e - - " designin for a given strlctural strength, ‘machlne rotor power output is plofted against -
. : you can ¢alculate when furling must occur.  rotor rpm for several windspeeds. Forexam- . _ ___ _|
I S S N - —1— —You really cannot caicutate the exact cutin— ple, the curve for-a windspeed of 5 mph  °
; Bl 5 mpn|  Speed. Itjis as much determined by blade  shows how power outputat optimum loading
. - ' " aerodynamics—which you can calculate— .is much greater than for overload or under- .
_ % — as itis by the thickness of oil n the transmis- ~ load conditions (which allgqw the rotor to
10 mph sion, bearing fnctlon and the-phase of  underspeed oroverspeed, respectively). For _
- the moon. . | ~ the 10 mph and 15 mph curves, the effect is T{\ T
Let's use the drag-type Savonius rotorto  the same but stronger. Connect the peaks - ™.~
illustrate how rotors can be overloaded, . of the power output curves and you get the . N
A & moh unde\rioaded, or loaded to §thei‘r optimum  optimum load power curve for that rotor.
0 poweroutput by a generator or other load. What causes the shapes of the peaked
B o Rotor fom. The generator that loads rt/he power shaft - curves? Each curve gets its shape from the e
- might draw enough powe to overload the  response of the rotor to Ioadlng andEte”
:ﬁg?t'%? ‘;g";ﬁwj;,ggg;‘gdwfﬂe’r‘;"‘,;°; “opcal  shaft and slow the rotor pm to the,extent  wind gusts. Some.retors fespond well,
- _optimum performance (heavy ling). * that most of the wind just piles up el_nd flows wuth a somewhat----ﬂat-tqpped curve. Such
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rotors are insensitive to non-optimum loadings
or wind gusts. A large change in rpm means
only a small change in power. Other ma-
chines m|ght be so sensitive that slight over-
l_oadlng “stalls” the rotor—it quits turning
altogether. You would expect the perfor-
mance curve for such a rotor to have a sharply
peaked shape. A small change in rpm can
mean a large change in power output for
constant windspeed. .
in our discussion of rotor pen‘urmanee

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

mspeed of the rutur HD (as |t races qround its

on how carefully that design is built, and on
whether the machine is optimally lpaded.
No matter how well-designed and built, if a
windmill is overloaded or underloaded it
loses efficiency. In a plot of efficiency versus
lip-speed ratio for several wind machines,
each curve shows a distinct peak ‘corres-

ponding to optimum loading: The response- -

of the machine to overspeeding and under-
speeding of the-rotof is indicated by the
. dwindling efﬂcwncy on either side of the
peak. The graph here shows how efﬂCtency—
-also called the power coefffment Cp—relates
10 the tip-speed ratio for several types of

g

~circutar path) divided By windspeed. For

any given windspeed, higher rpom 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
.. drag-type machines to between 5 and-t5for
o rrhigh=speed lift-type rotors. By using the tip-—
- speed ratio we can ignore the rotor rpm and
dlameter and consider rotor perfermance

lized: drseuesmﬁ—-

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 closeto 1. The high-speed two- and
defined earlier as rotor power output divided
by power available in the wind. The efficiency
of a wind.machine‘depends on its design,

wind machines. Notice that the American

farm multibladed machine and the Savonius |

rotor are both low-TSR machines, operating
ata TSR close to 1.The h|gh speed two-and

= :-u@ ) -.r .._._ - __i - T. : ‘ |.
' ' Ideai effncrencv
50 —. i T NS S S :
z Modern l ¢High speed -
& fhfeeblade\ ; CinJworblade] |
S T / * :
& H - i ¥
A= ! i ; : Lo ;
5o A rican muln bl de |
z 0 !__ . me 3 a 1
z | Darneus rolor
__73 _20 !f' - b .; PP VOO
g | Duicﬁ four am
o I N i
'|0 _,;,_ _— —
V- Saverius rotor :
0 ’ :

a 1 2 3 4 5 6 7 8
Tip-speed fatio
Typical performance curves for several wind ma-

chines. Rotor efficiency is the percent of available
wind power extracted by ‘the rotor.

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:

Tip-Speed Ratro TSH — Blagde Tip-Speed )
Windspeed

If you know rhe windspeed, the rotor diameter

or radius and its operating rpm, you can

calculate the tip-speed ratio, or speed ratio

SR at any fixed radius Derween the centerof |

rotation and the tip:

e R

- ZTT X f s N ___ s
L— - Speed Ratio =, 50 >< k X V PR
Or e
FrX N
SR, OIOSX PEvRY , .
where /

N = rotor rom,
r = radius at which SR is Demg
calculated,
V = free-stream windspeed, in fr/sec
k = a constant to adjust V.
k = 1.47 if V is measured in mph,

k = 1.00-if Vis measured in fi/sec. | ...

To ca!cufate the tip-speed ratio with this
equation, just use r = R (radius of biade) =
Y2 X D (rotor diameter).
¢ Example: A rotor turns at 300 rom in a
15 mph wind. If its diameter is 12 feet at the
tip, calcufate the TSR.
" Solution:

_'_l-?__ .
r=AR-= > =6 ft;

B 6 X300 _
TSR =0105X £o0% =86

The blade tip travels 8.6 times as fast as the
wind. .
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Maximum Rotor Efficiency ™,

The ana!ys.'s of maximum possible efficiehgy
for lift-type rotors was ofiginally done by Betg

R

in 1927. Here, the rotor extracts power from ™,

the airstream by slowing down the free-stream
windspeed V to a lesser speed V: far down-
stream of the rotor blades. The power extracted
is just the difference in wind energy upstream
and downstream of the rotor, or |

Power = 2 X M X vz — vg)

| R where M. is the. mass of-air that HUWS through™
the rotor per second. If V,equals, zem in the ..

above equation, you mfght expect that power
would be maximized. But no air would flow
through the rotor in this case, and the power
is zero. The mass flow through the rotor is
just the air density times the rotor area times
the average wind velocity at the rotor, or:

C meexax LN
Substituting this formula into the power
equation yields:

Power =% X p X AX (Y + V,) X (V2= Vi),
A graph of the relafive. power generated .

versus the ratio of V, to V is presented here.
Note that maximum power occurs when V, .
equa!s one-third of V. Under such COﬂdIUOﬂS
186
_27
Thus, maximum possible {theoretical) effi-
ciency of a Tifi-type rotor is 16/27, or 53.3
percent n reality, swirl in the dawnwind
airstream and other inefficiencies himit the
practical efficiency even more.

" “Maximum Power = X p X A X V® X

i

LT

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
spinning in a continuous 10-mph wind and
a generator is loading the rotor to its optimum
power output. The tip-speed ratio equals 2.5
in this steady wind; thatis, the tip ofavane is

moving at 2.5 X 10 mph, or 25 mph. Now
. add the gusts. Suppose the first gust passes

the rotor and doubles the windspeed to
20 mph. For a brief moment, the new tip-
speed ratio is 25 + 20, or 1.25. At this same
instant, rotor efficiency drops to about half

its original peak value, but the doubling of

Retatve power {abdrary uniis)

Maamun power_occurs ar
Vv, V033

vy

Power output of lift-type rotor.

. g L 0 - U h ek U y ._] .U

windspeed-means-thateghttimes as much
windpower is available to the rotor. The actual

power output only guadruples {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 1§ Tess apl lo 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
curves is the change in performance that
can be expected from halving or doubling
the tip-speed ratio. Both height and shape
of the efficiency curves are important design
considerations.

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

5
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much as possible, the peak operating effr

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
- fachine cannot be designed for every.. .

individual_site.-But ry to. makethe rotor
(,eﬁuciepc;y .curves ook like, and peak at
wind energy distribution-curve, This visual-
izationvis the first step in selecting appropriate
~ operating charaéferlstlcs for* your wind
' machine.

.i

The accompanyJ ng dlag ram shows how

curves mlght co:ncnde The enérgy distribu-
o from the windspeed
- distribution curve. Note that most of the
o ‘wind energy is available at windspeed “A”,
while the rotor efficiency peaks at TSR “B”,
.. “corresponding closély with windspeed_A.
As the TSR is a ratio of tip-speed to wind-
- speed for fixed rotor d:amelerethus rélation-
| ship determinesthe ‘optimum rotor size for
___-—thig%hypotheticaksite.

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

Often the bearings-and transmission have
losses that camrt5é considered constant, but
the rotor.génerator;and otherloads-such-as—
pumps’ have efficiencies that vary with wind-
speed rpm, and TSR. These all combine to
e "give the performance curve its final shape.

‘dbout the same windspeed as, your site’s

e o wind-energy distrlbutlt}n and rotor efficiency--

that can rob the wind machine of power. .

A major factor used to classity the various -

types of wind [machines is the, method of -]

rotor propuIS| jn; the rotoris” propelled either
.-By-drag Torces or by aerodynamic lift. The
- first rotor discudsed in this chapter uses
direct impact of the wind against a vane to .-
provide mative 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

aver blades shaped like airfoils.tg turn the
rotor, Smodth air flow overan airfoii produces
lift that pulls.the blade in the thrust dirgction.

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 a|r10|ls don’t have
anywhere near the drag of such ‘unsophis-’
ticated shapes as flat boards. Lift-type rotors *
are pot restricted’ by any limitationg on the
io-tr-general, the highet the tip-
speed ratio, the highes the rotor efficiency.
There are four @nenc types of wind
machines discussed here: the Savonius

R

N
™~
\\

4 Windspeed (mph) ° '

o] e e I B '

50 -

. . Windspeed .
_ distnbuton _Efficiency
z O - N curve
bt / e
g |/ N ;
=l \ Energy

-3l _ nergy :
<] \ distribution —

& :
[ 5]
= 20
(48] M
- {
101
] L b T

1 2 3 4 58 86
Tip-speed rato, 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 fabnicated
from surpius cil drums, this drag-type machine offers
only lirited power.

The Darrieus and propelior-type

The Wind Power Book

rotor, Darrieus rotor, multibladed farm wind-

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

in design discussions and in the field.

Each of these types has evolved to serve
specific needs or conditions. Savonius rotors
and farm windmills are slow-turning with
high starting torque—which suits them well
to mechamcal tasks such as lifting water.
rotors spln
much faster and have' little or no.starting

torque at all. Their higher rpm make them '

well-suited for driving electric generators.™
The range of actual design types is vast,

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 expefimenters 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, {Hat drag produces down-
wind forces {(also Lalled drag |UdUS) on the
tower.

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
becauseu?zf}e Magnus Effect. An S-rotor
can elsily e&perience lift forces equal to two
pr 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 phenomédnon.

Recent theoretical studies have shown

. that the rotor efficiency of an S-rotor will
and even includes wind generators with no -

moving parts. Before you ean make a thor-
ough evaiuation of your wind system'’s effi-~

most likely be less than 25 percent. If you
add water-pumip losses and other equip-
ment inefficiencies in calculating overall
efficiency, that's a maximum system effi-

‘ciency of 15 percent for pumping water with

a Savoniys. Tip-speed ratios are 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-builders
- ¢ High starting torque for startmg under -
heavy load. ,
Undesirable features m"lude ]
s Difficlt 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 claimed, but not particularly impor-
tant, is that the Savonlus 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 pumping water, driving com-
pressors or pond agitatg wanes, and even
powering washing macst -__es, if that's your
fancy. The number of vanas is not limited to
two as shown here; three, four and more
blades are common. - <A
We saw earlier that a d|fference in drag
force on the downw\md moving vanes to the
upwind-moving vanes is needed to produce
a net torque on the power shaft of a Savonius.

By increasing this torque at the highest

possible rpm, you can maximize the power

output of this type of machine. There are twp
ways to accomplish this_feat:

1. Maximize the diffefgncesin drag coeffs

cients between upwind and downwi

vanes, or, ~

2. Minimize the wind force against the

upwind- movmg vane.

Shapes that maximize this difference in.

drag coefficients have evolved mainly to thé

familiar Savonius rotdr shape. Minor varig-

tions on this shape are possible with cones,
wedges. or flat vanes that flop over edgewise
~as they advance (into the wind. To minimize
wind force against the upwind-moving vanes

A three-tiered Savonius rotor designed to generate electricity.

s

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

Darrieus_Rotor

‘Not long after Savonius patented his S-
rotor, a French engineer named G.J.M.
Darrieus invented another vertical-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-

" tinct similarity in_shapé—and the straight-
. . blade" versions, sometimes called cyclo-

Co | | . turbines or cyclo-gyros by various devel-

“opers of this design.

Both the Savonius and Darrieus rotors
are crosswind-axis machines in whlch the
power shafts are mounted eithefvertically
or horizontally, perpendicular to the wind
stream. But there is one important distinc-
tion: the Savonius is a drag-type device,
while the Darrieus is a lift-type machine. The
diagram on page 78 illustrates how liftiforces
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 Dargleus rotor being tested:at Sandia Laboratories in.. . speed Several times faster than the Wmd

i o _ Albuquerque, New Mexkico. This high-performdnce maching tises extruded  1HUS, . &ven when the airfoil appears to’ be
7 aluminum blades. | N . ‘ rnovmg downwmd it is not. Lift is produced

£

-~

e
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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. : L
Some theoretical studies indicate a 54

percent efficiency for the Darrieus rotor, not .

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

ally capable of higher efficiencies than the
theoretical maximum of 59.3 percent. There -
~ are good reasons for such ctaims; 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 S0 percent for highly
sophisticated straight-blade designs. This
diversity of resulis suggests that the question
1S probably still open.

In any event, the efficiency curve for the
Darrieus (see page 79) suggests the per-
formance you might expect from a well-
slope on the low-

rpm_side of the curve indicaies that this

rotor is easily stalled-when overloaded.
Should the windspeed increase guickly
while a fixed load is applied to the rotor, its
tip-speed ratio falls rapidly. The rotor, which
was operaling at the peak of its performance
curve, slips over to the sieep 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. W|thout such controls a rotor
stall is almost gudranteed:.

The desirable fﬂatures of a Darrieus rotor
are as follows:

* Possible ease of oonstruchon by owner-

builders if lower porformar)ce IS accept- .

able -
» [ow materials usage for htgh power
output

 Adaptability to sail and other appro-l_
priate technologies -

¢ Possible high wind-energy conversion
--efficiencies.
Undesirable features mclude
¢ High-performance machines ne
complex controls to preventrotor srall
¢ Difficult to start rotor.
~ Darrieus rotors are well adapted to driv~
ing electric generators or other high-speéd
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-

Jdand, Texas, was described. The.rotor adds

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

an electric generator whenever the Darrieus

is generating more power than is needed to
pump water.
How a Darrieus Works

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

f

A straight-bladed Darrieus rotor. The pitch angle of
the blades 1s changed automatically.
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of rotation

e e e e —E—— = —

S T ThEn the length of the windspeed vector, as
| ~ . illustrated in the next diagram.[n this case, .. . - -

L

but because. of-the” carousel path bf the

‘Biades, 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
‘almost straight-at-the-airfoil to rearly per-

pendicular to it. Thus, the amount of lift
produced by the airfoil changes constantly
as it sails around its path.

At position Ain the diagram, blade motion
and wind direction—are paralle!, although

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

~undesirable condition. Compare the angle

" the angle of attack in noarmal, high-T.SR:="
" addltlonal power from. a starter motor to

“speeds results in an efficiency curve that

pointed in opposite'directlons No-thrust
occurs at th:s posmon As the blade advances

an mcreasmgly steep angle to the wind. The
lift force is directed ahead, along the direc-
tion of blade motion, and thrust is developed.
Notice that blade speed is much greater
than windspeed. So the tip-speed ratio is
much higher than 1-—maybe 5 or 6. A high-

Ihe blade sgeed vector becomes shotter .

"the angle of attack between the re!atlve
wind and the airfoil motlon is too large, and
stall can.occur. Turbulent airflow, loss of 4ift,
and high drag result.in stall—obviously an -

of attack that results from low TSR- with

operatlon At really low tip-speed ratzos stall

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

looks like the one on page 78-Atinitiat-start=—"" .77
up, the rotor has a zero, or mildly positive
efficiency. As rotation speeds up, stall effects
rob the blades of power to the extent thatthe
efficiency is actually negative. External power
is usually required to accelerate the rotor
through the stall region. Once beyond the
stall region, acceleration is rapid up to the
operational tip-speed ratio. Unless a gust

-
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suddenly drops the TSR back into this stall
region, the Darrieus will continue to generate
power unaided.

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

stationary rotor to operating speed. Often

such a self-start occurs when the crew is oft -
~ at lunch; -nobody is arpund to see what
happened. The result can be a thoroughly
trashed rotor; if you don’ t expect the rotar to
start, why hook up the load? Right? Abso-
lutely wrong! Always expect a Darrieus,rotor

- to self-start, even tHough the experts have

. _ ._;:-z.-;.-;toid you it won't.

What are some of the alternatives for
starting a Darrieus rotor? Electric starter
motors are common. Such starter -motors
use a wind-sensing switch and a small
electronic logic circuit to decide when it's
appropriate 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 operanonal
power.

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

?'?

_' Rotor thciency {percent)

40 —

Tip-speed ratio, TSR

A typical Darrieus power curve. “The rotor must be
accelerated through a region of stall before it attaing
~normal operating conditions. -

it often is. To see how artigulation works,
start with the fixed-pitch blade diagram at
blade position B. The btade:is fixed exactly

_tangent to the circulagpath. Atiow TSR this e

rresults in a high angle of attack.

Now, suppose that 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 lift. Optimum articulation lowers the
blade angle 16 an angle of attack that pro-
duced maximum lift. But simple mechanica!

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.
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POWER SHAFT

CONTROL
Fop

——HINGE PIN AX{i5

.

A common method of Darrieus blade articulation.

| Varying the blade pitch eliminates rotor stall.

The drawing above shows a typical struc-

_ tural configuration for articulating the blades

of a Darrieus rotor. Each blade is supported
from the power shaft by two arms. Each arm

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

! N T~
.' %{H’A&QLE

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:smali electronic circuit or

- computer. Whether fixed-bladed:or articu-

lated, the Darrieus rotor is very sensitive to
its tip-speed ratio. Allowed to overspeed,
the power coefficient drops until the lower
power ouiput 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
by ourved sheet—metal blades, whose curnva-

conversion efficiency of the rotor.

\ The farm water-pumper evoived from a

“need for a high starting torque—it had to
begin turning while lifting water at the same

time. High torque at low rpm requires a
4 : _
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Iarge l:ﬁlnq surface area, so the total blade
surface aimost equals the windmill frontal

area on these machines. An exira bonus of

placing rﬁany biades 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 Ilft

Another benefit of the cascade effectis
that it tends to limit the maximum tip-speed
ratio of the rotor. These rotors tend to operate

" ata TSR ¢lose 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 foads. A typical solution has
been to tilt the rotor out of high winds.

The desirable features of the multiblade
rotor are as follows:

* High starting torque

* Simple design and construction

* Simple control requirements

~# Durability.

lts undesirable features include:

* Not readily adaptable to end uses

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

‘A farm water-pumper derives shattpower -

from the wind in a fashion remarkably similar

BLADES

-
|| =

FOWER SHAFT
GEARS

-
- TAIL VANE

CRANK SHAFT
. F
CONNECTING
ROD
SUCKER RCD

HUB AND
- S/ - BEARING

-

L—"

LOLLY BEARING AND
TOWER ADAFPTOR

TOWER

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

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

to the high-speed aerodynamic rotor. But

the farm water-pumper is not particularly
sensitive to aerodynamic factors because
of the cascade effect. With |just one blade,
you recall, the angle of attack can be steep
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~ enough to stall the am‘oul Butin the cascade
~_system, each blade directs airflow into the
next and reduces stall. The maijor penalty is
a relatively high rotary 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
" powen), but the beneflt of the higher starting

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

.. percent is. more commaon in practice.

o

. High-Spéed Rotors

“High-speed, D{opéller-type rotors have a

’?t#;h lower solidity than farrh water-pumpers

operate at much higher rpm. Two or

‘three blades are common, and four a practical

maximum. They begin operating at tip-speed
ratios up to 5 andhave been test
20. Mostfactory-bwltwmd

- ate ln the 5—10 range a!t' ; Hutter—

for electncai generatlon b
rpm lowers the gear ratlo needed for driving
a generator.

The design of high- speed rotors places
mueh 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

d to about

causé thelnhlgh'

TAIL VANE
&
FOWER SHAFT
TRANSMISS/DN
GENERAmR

LOLLY BEARING
| AND TOWER ADAFPTOR

. : ) - B *‘
Corr\ponents of a typical propeller-type wind generator.

desig'n\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 ragge Ata tlp—speed ratio of.8 or 10,

“with lesE attention to aerodynamic details

close atténtion to aefedynamic det:-;ns yields
an efficiency of 45 percent, with a strong

chance bf lower transmission loss. The
\

e T

i
\

=

M

.....
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Hatter machine attained overall efficiencies
(including transmission ard generator losses)
ot 40-50 percent at up-speed ratios between

~-13_and 16. b
The desirable features of high- Speed- -
. .pl’openor.type fOTOI’S are -as follows™ U

» Slender blades usé less material for

- the same power output ,

¢ Higher rpm reduces transmission-re-
quirements

* Lower tower loads occur with slender
blades

¢ » Large diameters and high power levels
- are more easily attained.
Their undesirablle features include:

» Lower starting torque c-

* Blades require very careful attention
to aerodynamic design

» Possible flutter and vibration problems.

-The high-speed rotorprovidesanexcel-

1ent ilustration of the aerodynamic relation-
ship involved in coaxing power from the
wind into a power shaft. The 5|mpi|f|ed

“diagram on the opposite page, which rep-

resents the cross section of a rotor blade
turning in the wind; e

The 8 kW Hiitter-Algaier machine. The small, high-solidity rotor on this propellor-
type machine uses crosswinds to face the main rotor directly into the wind.

-

f11is 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
paosition in the rotor disk. Blade lift tugs the
blade along-its rotary path, causing thrust.

As long 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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generates the shaft torque that splns agen- -
. erator .ordrives a pump.

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

i speed (i.e., the windspeed measured by a
* nearby, .unobstructed 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-efthe free-steam thdspeed Ideal-"

-1y, 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 Swirk—simHar to—. .~ -

that behind a multiblade farm wmdmnl-? )

occurs in the downstream airflow because
the air is carried along with the blades as -
they travel their circutar path. Although slip-
‘stream rotation can often be large, it is
usually very small for high-speed rotors.
Because of these induced flow factors, you
cannot merely add vectors for wind velocity
and blade motion 1o estimate relative wind
by triangulation. You will be off slightly—with
greater errors atlow rpm 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

£

T

BLADE MOTION =y

=V

"WINDSPEED
Vel N BLOW S TH{.;_S DIREC FIOM

CHORD LINE, «+  ~
e

© BLADE ANGLE

PLANE OF ROTATION

SPEED RATIO =/

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

rotary path. _ s -

near-the tip require some twist in a well-
designed blade. Twist changes the biade

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.

-

J

\q‘..
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You have probably seen photos or dia-

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

'“:spee_dlng up the wind ﬂow_mg through |t

One approach is to deflect more air into the

rotor—perhaps with large vanes upwind of -
an S-rotor. A canyon or a pite of dirt infront

of a Darrieus rotor performs a similar function,
Another approach is to induce a strong
suction or low-pressure region behind the

~rotor. In a ducted, 10-ft diameter rotor, for

example the duct will extend perhaps 40 to
60 feet behind the rotor, expanding in diam-
eter as it trails back. Shorter, more exotic
concepts are now being tested. But when
considering a duct, keep in mind that getting
air to speed into a tube that has something
resembling a-cork inside is like getting
speeding cars to penetrate a freeway raad-

‘block. They would rathér go around.

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

“rotor. The real trick here is to get more wind

power into the rotor than the vanes take out
because of their added drag. So far, little
success has been achieved in field tests of
this method.
In evaluating these enhanced-perform-
ance methods, you should be carefu! that
§

i

.-

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 iess 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

room for new inventions and-fresh thinking.

Choosing a Suita_l_ble Wind Machine

Windmills vary in type, efficiency, and

size; the choice you make: in selecting a
design type should be based on the nature

" of your project. If the design is to be extra’

low-cost, using local recycled materials, then

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. Awater pump is éne type of load;
a generator is completely different. Keep in
mind that rotor efficiency is almost directly

“proportional (with few exceptions) to the

level of aerodynamic sophistication. Thus,
your selection of rotor type wnll deterrnlne its
efficiency. e

Should you choose a sophisticated rotor
(e.g., a three-bladed propelior-type rotor) the
final system performance wiil.be determined
by how carefully you execute the design

~ you might seléct a design of low aerody- *

concept. |f the three-bladed rotor is con-

structed of flat sheets of material such as
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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 fiberglass will bring performance up to
nearly optimum values.

To choose a suitable windmill, then, you
must -answer such fundamental guestions
as: :
Dol wanta really cheap wind system?
#» Am | willing to sacnifice efficiency for

~ cost? -
- ¢ Exactly what do | want the system to
do? ’ *

Many people want to power their house—to
build some sort of inexpensive machine

that will replace the utility wires. Other folks
want to supplement their power, lowering

the. monthly electric bill. But the central

qguestion remains: How much reliance can

be put on the wind system for its power?
. Efficiency, cost, and reliability are the

- key points to consider as you begin to plan

your wind system. Just keep in mind that
wind machines, like cars or airplanes, have
certain historical cost limits. Above these
limiting costs, the-machinery becomes extrav-

 agant, fancy, or just plain expensive. Below..

these fimits, 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

floas between $500 and $1,000 per kilowatt
of rated powet. These values are close to
what your electric utility pays for construc-
tion of a new coal-fired power plant.

-4

If costs are lowered by skimping, scroung-

ing, or using surplus machinery not well

suited to the task, system reliability and
performance are usually sagrificed. 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 offold Edison. But it
won't work. This rotor is usually small in
diameter—around 6 feet=-and was designed

for low rpm operation. A large.gear ratio—
- from the slow-turning rotor shaft to a fast-

turning generator—of about 50 to 1 will-be
needed. A 10 to 1 ratio might coax a few
waltts 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. Mechanicat

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 ihat
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. _

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 tor low-cost, low-technology
systems constructed by owner-builders.
__The final points you must consider in
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Power, Factor F

v F
6 J.07
7| 178
9 374
/"1.0 5.13
/1 6.82
12 | 8386,
13| 11.26
14 | 1407
15| 17.30
16 | 21.00
17 | 25.19
18 | 29.90
19 | 3547
20 | 4102
21 "47.48
- 22 54_59
23 6238
24 | 7088
25 | 80.11
26" 90.12
27 | 10092
28 | 112.55
29 | 125.05

S

138.43

Sizing a Wind Rotor

There are two principal ways to determine
the frontal area of a wind machine.rotor. .Y
can merely guess how.large: @imackhir

e },gyam,.eafeufa?e ‘the power it proddces, and

stop there. Or-youtén first determine your
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 wmd '
power available.

Suppose you know ip 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 systemn efficiency E:
P=%XpXVXAXE,

-Tms formula can be rewritten to express the -

rotor area A in terms of five factors: :
P

EXFXCsaXCyr

where F is a factor that dep&nds on wind-
speed and is presented in the first table
here, and Ca and Cy are the alfitude and.
temperature correction factors to the air

A=

, (EqQ. 4)

density that are given in the tables on page \ _

48 of Chapter 3. Equation 4 gives you Ihe

area in square feet-when-the-power s

expressed in watts, if-P is in horsepower,
multiply A by 0.7 37. ’

If you are p}( rchasing a factory-built
machine and kpow its system efficiency, this
formula can telf you whether its frontal area
is suited to your power needs. if you intend
to design andibuild your own machine, you

- need-an estimate of the efficiency before you

can begin. Use the secont table here to get

you___..u. :

Flapid Emctoncy Estimator .
) "Esfﬁ@hncy
Simpile -| Opttmum
PR Construction Design
[ Murtibladed tarm water pumper 10 30
Sailwing water purripér 10 25
Darrieus water pumper 15 7. 30
Savonius windcharger 10 . 'ﬂ_ 20
Small prop-type mﬁaai-nug .20 30
{up to 2 kw) ) .
Medium e windchal : 20
(215 ?ﬁm’?’ rga\ S %
Large prop-type wind genaralor \ - 301045
{over 10 kW) o -
Darrieus wi‘nd peneratof - 1% 35

a rapid but rough estimate. Then get values
of F, C4 and Crt for your site from the
apprapriate tables. The rest is calculation.
‘Example: You have chosen a three-bladed
propellor-tyoe maghine fo 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. Whar size rotor is
needed?

Solution: Begin by estmjpa'l‘m@ the system
efficiency. For small propellor-type systems,

- you can expect an eh‘;c:ency from 15 to 30

percent. You elect to use 25 percent (E =

0.25) for a caretully designed machine..From
the first table F = 17.30 at 15 mph, and C4 =
Cr =1 at sea level, fgr standard temperature :
(60 F). So,

e 1000

025 X 1730 X 1 X 1
= 231 ft? .

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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choosing an appropriate design are based
on real calculations 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 gelect aerodynamic
and structural components for your wind

L]
@

machine.-In general, several methods are

- presented—from the simplified approach to

a review of sorne of the more complex mathe-
matical soluuons When combined with a
carefyl analysis of your resource and needs,
these methods allow you to de5|gn an

“appropriate wind system. . :
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" Wind machine design is a.process of trial
and retrial. Once you have selected a wind-

mill type, estimated the overall system effi-

ciency and calculated rotor size, you must
then design the components of the machine.
With all components sorted out, you next
evaluate jn more defail the various efficien-

cies and performance characteristics, and’

re-estimate the system efficiency. Then you

recalculate rotor size from this information,

and if different from your 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 tagksT 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 justwon’t hold together in real life.
Start by |dentn‘ymg the load that the rotor
“must pow:er If the load is a mechanical
dewcz; e.g. a water pump—high starting
. torque from the rotor will be needed. This
* will usually be true for a compressor as well.
if the load is an electrical generator, low
starting torgue but high rpm will be required.

The starting torque required telis you the
necessary rotor solidity—the ratio of total

blade area to rotor frontal area. High torque -

needs high sofidity. Low torque means low
- solidity. You choose rotor solidity accordmg
to the type of ioad. !

The solidity tells you how much sun‘ace

area the blades must have. For example, if
the solidity equals 0.2, and the rotoris to be
79 square feet in frontal area {about 10 feet
in diameter) then the total blade area equais
0.2 times 79, or 158 sqguare feet. Solidity
alsertells you something about the rpm and
the tip-speed ratiq 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.

—

Aerodynamic Design

Sorting out airflow, airfoil selection, blade
twist, torque and performance coefficients—
that's aerodynamic design. The sophistica-
tion required is really detérmined by two
things: size of the wind machine, and tip-
speed ratio. 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 Juck.
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 rofor design. ,
In-the low tip-speed range (less than
&
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TSR = 8) ptor design is governed less by
aerodynamic 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-

" abje 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:
* Torque, power, and rpm requirements
of the load |
¢ Torque and power characteristics of
the'rotor _
* Response of the rotor to gustiness in

the wind. o

Just how concerned you must be with these
factors depends again on the machine size.

For example, a-wind machine that supplies

power to the utility grid will be large and
expensive. A very detailed understandlng of
this machine's response to gusts, or its

‘match with the load, ig-grucial to the final
© economic suc\,ess of

windcharger, on the Rher hand, -rnaght not
have a well- matchéd rotor and”load, but
could be ansacceptable machine because

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

attention to such-factors in any project,
regardless of size. *

For a specific rotorf you can calculate a
power curve that shows rotor power output

ichra system. A small -

- versus windspeed or rotor rpm. You can

also plot a power curve versus rpm for the
load you choose. For eéxample, power,curves
are-available for most electrical generators,
and rotor power can be calculated using
Equation 1 and an estimate of rotor effi-
ciency. You might end up with a rotor that
turns at 300 rpm at its rated windspeed,
while the generator needs to turn at 600 rpm
to generate any power at all. Hence, a trans-
mission is needed to match rotor rpm to that
of the load.

The two graphs at left present typical
power curves for a smaill wind ggnerator

“with a 12-foot rotor driving a 1-kW, 12-volt

alternator. The first gives the alternator input
and output power curves availablie 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 belt and pulleys, ora gear "’

box, increases rotor rpm to the much higher
rom required by the alternator.
By comparing the rotor power curves

- with the alternator power curve, you can tell

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
alternator is beginning to demand higher
‘power input from the rotor than is available
at the design TSR. A 6:1 gear ratio mildly
overloads the rotor up to about 16 mph.
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Above that wmdspeed the rotor is under-
loaded—more power is available than the

allernator can use. A highly overloaded rotor

may stali and quit turning altogether. On the
other hand, an underload condition will
cause the rotor to speed at higher rpm—
higher than the optimum tip-speed ratio.
" This example is typical of many low-power

wind generators Ucmg availahle automotive

¥Y¥i11vya BU ] LA 2 d ¥ LA T LA RS s A LS

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 To.load. For alternators and generators,

however, some amount of load mismatch
will occur. e

How the rotor performs when the wmdl
speed changes abruptly is another import
‘tant design consideration. The diagram
shows a typical wind gust that neary-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. rolor 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.

-

I

!

Heavy rolors tend to“awerage the wind-
speed—staying at-an average rpm. Light
rotors also average, but they experience

- more fluctuations in rpm. The significance

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

The shape of the curve depicting the
rejationship of rotor effumency to TSR is very
important in the overall performance of that
rotor. Two different efficiency curves are
shown in the next diagram, the dashed
curve shows a higher maximum efficiency
than the golid 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 desngn of, the Savonius

rotor and other simple drag machines is
mostly a matter of drawing something that
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The resbonse of two rotors to a gust of wind. A
Iighl_ rotor speeds up more quickly than a heavy one.

Rator elticiency 'percent!

Performance curves for two small wind ma-
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Tip-speed ratio, TSR

chines. A broader curve 1s the more desirable,
even though peak efficiency may te shghtly
“reduced.

i

looks like it will work. For most Savonius. . —— e e e T T

projects, the shape is determined less by
design factors and more by available mate-
rials. The usual'home-brew” rotor is made

4
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from oil drums cut in half, an occasiona|
rotor is built from sheet metal. Either the
drgm 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 art improvement over options B and C; Air
can flow through'the intervane gap in design
A and push on the upwind-traveling vane,
reducing the drag on this vane and increas-

. L ing torque and power. The number of vanes

i - s is the next consideration, and A.seems to be

- o ~animprovementover D. Theoretical explan-
ations for this effect are complex and possi-
bly incorrect. But experimental tests show
that two vanes work the best. Because of
the materials you have available, such as

:old oil drums with- which to make an S-

rotor, the number of vanes and the intervane

‘gap might be limited by your ability to fit the

pieces together. There is not an enormous

difference in performance between the vari-

ous options, butbetter performance is pos-
- sible when you ¢an use the best options.

The next design variable is the vane
aspect ratio+in this case, the ratio of vane

_ _ : height to diameter. There is probably no °

. “Savonius rotor design options include the intervane gap, number of vanes, aspect ratio, and tip plates. - 0€St design in this case. For a given frontal_

; ' Option E has a much higher aspect ratio than F, and the tip plates in option G improve the rotor performance at area, higher aspect ratio rotorsw@lr@ at_ ...

‘ low rpm. | P ' : higher rom and lower torque than those with

- ' N a low aspect ratio. Tip plates improve S-

|

3
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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 of about 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 torgue. Loads
- driven by a Savonius should have roughly
"~ similar torque and power requirements. See

Appendix 3.2 for a sample design calcula-

- tion that uses the Savonius performance

curves presented here.

Propellor-Type Rotor Design .-

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

" speed rotor. In general, only propellor-type

and Darrigus. rotors can develop the high

" rpm needed. In both cases, careful aero-

dynamic design of the rotor blades is impor-

- lantif maximum rotor efficiency is desired.

X
o

ey, e

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

- machines that operate at higher TSR have

higher rotor efficiencies—as long as they
are not overspeeding. The tip-spged ratio
for & specific rotor is not derived by guess-
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Performance curves for two S-rotors. Use these

curves 1o estimate r,olor;" torque and power.
. r :-'

work; it is govéfﬁé@‘"’iﬁétead"by the blade
size. Wide, large-area blades like those in a

__farm windmill turn at low TSR; long, slender

blades spin at high TSR. There is thus an_
inverse relationship between solidity and
rotor speed or TSR. An American Farm raulti-
blade windmill.has high solidity~—about 70-
80 percent of the fronjal 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.

e

“ Sahdity Tpercent!

Tip-speed ratio, TSR
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Rotor solidity as a function of tip-speed ratio!
- Use this graph to estimate blade size. '
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" ‘BLADE NUMBER VS. TSR
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TSR = 5 to calculate blade size with the
. SOJtdlh}' Giagram. The 12-foot diameter rotor

puts this smait but Usetul machine in the
- 2- kwgclass Such a low-power windcharger

L _ w*"needs two to four airfoil blades, which can

o : L

P

be tarved ‘wood, molded composite, or.

~ metal. Notice’ that the lift-to-drag ratio for
‘these blades dan ge anywhere from 20 to *
100, The'blade L/
~the" ﬁeﬁ airfoil L/D bécause of imperfec-

is bound to beless than

tions in manufactunng agrodynamic pres-
Sure Iosses at the blade tips, and other

< similar factors Buta rotor operating at TSR
' . =hneeds a blade with an L/D 0t 50 ormore
" for optimum performance.

o

Another way to visualize the blade L/D

" requirement is illustrated in the tdiagram-at
- right. Notice that operation at higher TSR

requires higher blade L/D valdes to maintain
good performance: Your TSR selection is

"limited by your estimate of how well you can

 build a set of high-performance blades.
. Thereis no sense in selecting a TSR of 10 if
- the bladé you fabricate has an L/D of only -the range of windspeeds that provide most

20. In an aerospace factory enwronment

. lboling engineers design ,assembtgr fixtures:

that permit extremely accurate repfoduction
of compufer-generated blade designs; high

| "ﬁt to- drag ratios are thus attatnab!e there.

e g i N AE TTTTea

ing 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 weight and cost that result from the
higher Sohdty

.

To take‘the-.anatysi,s one step tu'rthe_,r, the -
nature of the wind machine must be exam- |,

ined. Basically, there- are two classes of
high-speed rotots: v
1. Rotors designed to operate at a con~
stant, optimum TSR; the rpm will vary
with windspeed. These rotors are typi-
cally found on small machines —driving
air compressors and direct current
electrical generators. .
2. Rotors designed to operate at a con-
stant rom; the TSR will vary with.wind-
speed. Such rotors are usually destgned
for large, synchronous alternating cur-
., rent generators whose constant out-
put frequency depends.on the rpm
remaining constant.
For Class 1 rotors, a design TSR can be

selected in therange of TSRs appropriate to

each wiffld machine and blade type. For

~Class 2 rotors, you must derive a range of

operating TSRs from the design rpm of the
generator, the fransmission gear ratlo and

%1 the energy at the planned site. (See the
section on windspeed distributions in Chap-
ter 3 J The operating TSRs shouid fall within
the range indicated for high-power wind

: generators and the correspondmg Ittt H{0-

'a\d

manufacture

In the example of a rotor to- generator-

load match presented at the start of this
chapter. you saw that such inexpensive
loads as automotive alternators don't com-
pletely match the power curves of a rotor.

Roior efficiency {percent)

10
Tip-speed ratio, TSR

Blade lift-to-drag ratios L/D versus rotor etficiency.

High L/D's are needed at high TSR.

e oy . " ol . i ‘ ; - __ n— -
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© Sugh a mismatch wrll slightly distort the

,r

considerations. They are dlscussed Iater in

— rotor efﬂcrency curve which, will peak at ‘this chapter. - "
o / \\ dE”er%V 8 ," about the same windspeed as the generator O_ncgfn approgriate sohdlty and TSR~
ok % / \"s"' “er. 1| outputif the generator and rotor are matched  have beeh selected, whatshould the blades
Rotor A, / \ ﬁ’-’WIth no overlpoad or underload. An optimum look like? Should they be tapered, straight,
| poorly matched "\ windspeed actually exists for such a wind- _fatorthrm How you plan to manufacture the
. charger, and such a wmdspeed should -blades will help determine blade design.
— \ match the peak of the energy curve for  For example extruded airfoils cannot be
\ winds at a given site. Such matchrngirnvolves ' tdpered aiong eir lengdth; they: must have
200 ; N .changing transmission gear ra;,nos and * thefsame profite from root to'tip.-the tip +
/ wel-matched N voltage-regulator characteristics./ chprd length (the, distance from leading
10~ , / in a production situation, it is: far cheaper edgé to trailing edge of the airfoil) has o
o v L T to reduce the overioad/underload condition equ‘al the airfoil chord atall pomts along the;__
0 5 10 15 W0 % 30 B 4 ' ;

as much as possiblg by careful selection of
a single gear ratic and to produce that @ -
product for most wind sites. Changrng gear

Iade radius. %‘g
wa is blade chord Iength Calculateq?‘“r .

' Windspeed imph) |
7 . The graphical me"thod of blade Wesign m““ N

Metchmg rotor performance to wind character-

istics of a site. A wel-m%ched rotor follows local

energy patterns closely. t\

I

ratios for site optimization does not pay off

in small wind machines—as long as carg is
taken with initial rotor-to-load matching.

YIn the example discussed, the tip- speed'
-ratio is predetermlned the rotor has already .

- been desrgn S But suppose you want {o
select a diffefént TSR based on other rea-
- sons, such ags: ' |
* Higher TﬁR means aﬁwer gear ratio
is reqUired

. Flutte/r and vibration problems (with
very llarge, slender, blades) limit the

rotor to a certain' maximum JPm.
if the prOJect rs smail and the royor is stiff

I it ol e e p ot dlosaana:

oy o L o W et i."

experiénce. vibration problems thena hrgher '

‘TSR might be'considered. But for wind rotors
with diameters larger than 30 feet, vibration,
flutter, and othier problems associated with
blade flexing ‘become important design

Appen&uxra 3 will allew you to calculate the -
% blade chord Iengths needed along the: blade .
“span and the alﬁorl angles_at each step -
lpsrng thrs blade desrgn method i grve, .
you a-blade both tapered and twisted. The =

r"hord will be thuch shorter at the tip than-at

th roof, wheré the airfoil will have a much™ — +

geper angle than at the tip. This twist will

not be linear; there will be gentle twist ét the ~
tip and lots of, twist near the root: -t

lut this émpfﬁfea analysis does not .
allow: you 1o evaluate the rotor efficiency, gr

Cp. How'is an accurate rotor efficiency curye

genera ed? Appendix 3.3 also references a. N
_ ) e

] e’k ".r" ' .‘

preSented ina. repurt by ‘Peter Lissaman
and Fiober’t‘ Wilson: Their report contains a
computer program that calculates virtually .
all the performagce curves you need.

Certain ermp\ﬁrcahons in blade design -

1




B '--are‘possmle on small wmd machmes if yeu
L™ are willing to sacrifice.a little performance
T The graphical desigy method presented in
‘Appendlx 3 was useb to design the blades -
. . .= onthe Kedco wnd enerator A'decision tp -
“‘-srmpllfy the'Blade cpnstructign required that,
[ __._r.f'_nonllnea;-WWSt and tapes be changed to~=*" =7 7T
w7 linear twist and linéar taper, That way, the
-~ .leading and trailing edges are straight lines
, - connecting tlp and root. The' actual tmst of
CUithe. blade was determlned by the’ amoum of . ..
_ -'a_tw:st possuble in sheet alummum skln Wlth- R
~» ouf wrinkling that skin. - L
These SImp!n‘lcations resulted |n an. easy— : DN
to-build bladeswith a maximum’ rotor effi: 1
"~ i % ciency of 42 percent. Under ideal COﬂd!thﬂS
1. youwouldinot expect an effaolency much“
e 'hlgher than 45 percent for this size blade
- *.- So the penalty paid for ease of construction
'"'-""':was just a few percent. But remember that -
the opérating FSR of this Kedcowindgeper- . "0 "
»,; %or S 4 to 5.1 you design for hlgher values

-

table in Chapter 4 From the Output Dower" I
required, windspeed, and this efficiency

ﬁnmaf:you Calculate frontal area required.
% p)_ - o i
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then determines the solidity, as well as.gear
ratios, generator speeds, and structural
design of the rotor. Using this TSR and the
- graph on page 95, selecta value ot the solid-
ity. As with the prop type rotor, the solidity
allows calculation oftblade area: solidity times
the rotor frontal area equalstotal blade area.
Divide the total blade area by the number of
‘blades (usually 2 dr 3) and you get the
‘individua! blade area. Divide this individual
- blade area by the r?tor 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 prope '
lor design. -

Airfoil ‘selection for a Darrleus rotor is
limited to symmetrical proefiles. 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 perforf as a
true symmetrical airfoil while speeding along

o - | | - | - this path. b
Extruded metal blades for a Darrieus rotor. Symmetrical blade profiles are .
© needed because it must be produced on both sides of the blade. '
. . Strucgural Design

.

Next, the finear dimensions needed to give

that frontal area“are calculated by referring

“to Appendix 31. For both the eggbeater

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

eus lies between 4 and 6. This design TSR*

+
Now that the rotor size and shape has
been determined, will it stay together? If it -
spins 6o fast, can it withstand the centri-
fugal forces on it? If 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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Thesé and other quéstions must be answered

during the structural design process. Ig
addition 10 meeting its ‘performance goals,
the machinesmust stay together.

Structural design is a two- step process: ,

1 Start by examining the varjous forces

. and loads on the rotor andiits 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
rfachine, this means designing the
member to withstand static loads with-

LS

loads to the tower. A méjor load seen from
ther ground is applied when the rotor is
unbalanced. This load is similar to the gravity

load (weight) but is oscillatory (up and down) -

or itorsional, or Roth. It is not “static,” or
continuously applied, but dynamic—and
often catastrophic.

The tower might be free- tandlng, ot
Cannlevered or it may be braced with struts
or guy wires. It may even be the roofof a

.- *house' in which case one should be awfully

out bending or breaking.and to take

repeated applications of those Ioads.

withoyt failing from fatigue.

Furthermore, blades aiso need to be stiff
enough to prevent flutter—resonant flexing
oscillations that can fatigue the blade rapidly.

Starting from. the ground up, the first
load enceuntered by a wind system is-its
often tremendous weight. At ground level,
ihis 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, o twisting
of the‘tower and its foundation, is caused by
yawing, or a wind machine cifanging direc-
tion with respect to the tower axis. Most
small wind machines are free to yaw; for

them, this torgue load does not exist. Very. .

large wind machines with servomotdrs to

. conttrol the yaw of the rotor will apply torques,

careful abowt these occasional 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 eagh of the power shafts.

One power shaft—the main shaft—takes

rotor power into the tr nsmission. The other
power shaft takes poWer out of the transmis-
sion. No transmission.means you have only
one power shaft and one torsional load to
exarhine. :
. Qepending on how the machinery is
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 torgue, shaftbending
can cause severe problems. Any bending
deflection in tHe shaft would show up as a
nasty whirl in the rotor. Bending can also

show up in the support frame—often called

a.bed-plate, or carriage. If rotor loads are
taken thrédugh the rotor bearing into the
carriage instead of the power shaft, few if
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: ’L ) \ Umiin-e'r}"'tiabf é!!the'.m;aohfnery-at-on.e end of
i Y the carriage strains against the yaw driver at
i . T\ WIND the other-.end. The yaw driVer might be the.-
J " : , rotor (in the cage of a dowhwind rotor), or a
- e rudder or tail vane (if the rotor is mounted .
1 upwind of the tower). Miscetlaneous loads
! onthe carriage are associated with mechan- .~
____________ ics gitting on top of the genérator(always- .. - -
- € +add about 200 pounds to”the generator. - - .
! weight to.compensatel), orMr, Goodwrench "+~ "
| dropping the transmission into place. Keep .
| " in'mind that hefting 100 pounds or more of
. ¢ « ifon' 80'feet in the air is ho simple task:, _
| g . The final loads to examine are tifoge - 7~
! _ .« affecting the roforitself. Start with the rotor.at, -
J ? -7 rest, or “parked.” No wind. The first load is" - .
f - . the'blade weight. For small fachines, don’t
© worry about it, unless you're installing the
. 1 . . rotor atop an érecttower. For large machines,
: | - blade-bending loads under static conditions -
| ' can approach the design load. Long blades
I B are enormously hegyg.Such a load can
| o . . easily buckle a thin, streamlined blade. Add ~ -
Various bending loads on a wind machine. Wind and gravity cause static ~ some wind, and aerodynamic drag.com-
i loads; dynamic loads are caused.by vanations in windspeed. ‘bines with weight—the static duo and a
j o nasty set of loads to contend with. P&rk the
E any problems will beset the power shaft blades vertically, and the gravity.load loses
5 . . The carriager must bear all of the static  its importance. The"bending due to drag
: - o . - weight of the components (generator, trans- - does not, however. T
[ 5 5 - + " mission, rotor), and any dynamic orshaking ,  Blade bending during operation is caused
| . a . loads from the rotor. In maghines that use by two forces at once: lift-induced thrust—
; [ servomotors to aim the rotdr into the wind,  acting in the plane of rotation—and drag-
9 : . thecarriage must also bear the static and  induced bending that acts downwind. These
§ - dynamic loads that occur in the lateral direc- ~ two vectors combine to deliver one huge ¢
! {ion—parallel to the earth's surface. Smaller . , force along the blade span, and the blade
3 1 s lateral loads appear in free-yaw machines;  had better be able to take it. The worst case
T : .
: 1 - w .
E i ' : » .
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i :of b|ade bendlng OCCurs because ef the

yoveinor. This loag can be difficult to analyze.

owly, the. bfades and other’ rotatmg ma-
chinery will stow down together, gently. If:

ptly, the rotating machinery will, because
of its-ingentia, try to keep the rotor turmng 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 occurs i tRE TS

o

reverse direction—gontributing to blade

fatigue problems. L
~ ‘Some rotors are: controlied or stopped.
by a brake mechanism that.can &xert a load

like a gpvernar. This load must be carefully

5

" or centrifugal tension, in the blade structure.

controlléd to,avoid severe bendmg A similar

load occurs from a malfunctioning genera-
tor or gear box, or a water [ock 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 gererator, the result will range from

~ unimportant to noisy. It will also contribute

to fatigue in the blade’s structure. If a water
lock occuis in a pumper, as it often does,
the result could be anythirig from a buckied
sucker rod to'a pretzei shaped rotor.
Another rotor load is the centpfugal load,

The blade spar is connected to the hub—
~ either through a feathering bearing, or directly.
This connection is an area where many a

f the goverfior: :changes ez blade angle’

blade has parted company from the rest _____
" the rotor. The fesult is always.holocaust
- anger, and ‘dead batteries. The centrlfugal
tension toad results from the mass of the

blade spirning abqut the powershaft. Undér

govérnor changes the blade angla‘Rcer‘tam ¢conditions, centrifugal tension can be

~used to reduce blade bend:ng—-centrlfugal :
_stiffening as it's called. Cenlrn‘ugal tension, ¢

" then, can be useful and is notthe worst load,
| excep’t“_i._ the case ofasunaway rotor. Thig

18 its maximum governed rpm, causing
‘tension in the iblade. 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 Dy,

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 load to worry abdut is

centrifugal force due to rotation_ Particu- .

#t or more times the maximum centrifugal -

“much faster than the rpm, ..
and a runaway rotofr can easuly spintwiceas -

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
design considerations set the blade other-

= wise. Also, airfoilsiother than the symmetrical

variety have a pitching moment that applies

atorsional load into the blade. These are the
“two major causes of torsion within a blade.
Unfortunately, structurai design does not
stop with sorting out the loads just listed. A

&>
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host of environmental considerations send

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

sleet work to erode or destroy arotor. Leading-
edge protection may be needed to keep
blade airfoils from disintegrating. Migratory
bird impacts have taken their toll of both
rotors and birds. By far the worst, though, is
gunshot damage inflicted by passing hunters.
No ready design solutions are yet al hand,
but it's possible to get angry enough 1o
imagine laser-targeted firing mechanisms
that permit the wind mtachine to shoot back.

Lightning or simple electrostatic build-up
and discharge ought to be considered during
structural design. Certain types of compos-
ile materials, iike carbon fibers, turn into
frazzled, fuzzy, nonstructural messes when
zapped by lightning. Other materials, includ-
Ing ftberglass, behave admirably well con-

sidering the amount of electrical energy,

- transmitted in a direct hit,

Many toads will require carelul engineer+

ing analysis using books containing struc-
tural design data and endineering 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 caliculations
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

engineered into it The customer pays only __

part of the engineering fees, not ali. -
in view of the satety aspects of a wind

L

”

machlne mstallahon Yyou should reahze that

this chapter is no:substitule for sound,

rigorous engineering design. The discussion
and me¢thods are simplified so that a large

.segmept of readers can appreciate the

nature- ‘of the design reguirements.

“Estimation is the first step in delermumng
the various loads. For example, to estimate
the weight of your machine, find out what
similar machines weigh. Generally, small
machihes weigh from 100 to 300 pounds
per kilowatt of rated power. You must guess
where yours will fall within a known range.
Once the machine is fully designed, you
can cal€ulate rather than estimate the actual
weight ‘of each component. Transmission
and gearbox weight can be obtained from -
the catalogs available from many manufac-
turers of such components.

A third and final procedure is to revise
some of the load and structural design cal-
culations you made on the basis of earlier
weight estimates. Blade ltoads are a prime
example of this procedure: Estimate, calcu-
late, then revise. During this design proce-
dure, you should be asking such gquestions -
as: Is the.design easily buildable? What
materials shoulid be used? Is this the lowest -
cost alternative? Will the design be easy 10
maintain? Will it require a lot of maintenance?

Blade Loads

>

Now let's consider the loads on individual
rotor blades, First you estimate the.weight of
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a single blade, say 10 pounds. Then, from
your predicted operating TSR, you cglculate
maximum rpm. Knowing blade weight and
rpm, you can now caiculate centrifygal ten-
sion in the blade under normal operating
conditions. You can also caicuiafe blade-
bending loads. Using these, you can design
the blade to withstand these loads and cal-
cutate its weight as designed.’Compare
estimated weights to calculated weights
and correct the calculated toads dccordingly.
The idea is 1o converge the loads and
weights to their tinal design values.

The first blade load 1o consider is centri-
fugal torce—the result of heavy objecls
moving rapidiy in a circutar 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 o
the string. Centrifugal force keeps the string
sfraight and tight. Swing it around fast
enough and the string breaks. The strength
of the biade spar or other suppon that holds
a windmill blade in its circular path had
betier be greater than the maximum centrif-
ugal force.

The information you need in order to

calculate centrifugal force on anything mov-.

ing around in a circle 1s the speed of the
obiect s weight, and the radius of rotation
measured from the rotating obiect's center
of gravity. if the objec! happens to be a
#ndmilt blade, its center of gravity can be
deéer;pmed by batancing the blade overthe
edge of a thin board. or by estimating its
cosition durnng design. The method presented

Centrifugal Force

4
The centrifugal force pulling a blade away
from the rotor hub is given by the formula:

P 0 X W X (SR X V)*
Centiugy Force = 2067 XWX (SAX Y

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 proporticnal to the
Square of the windspeed, so that it quadru- |
ples if the windspeed doubles and all the
other numbers stay the same.

Problem: A three-bladed windmifl 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, lying 3 feet Irom the center of
rotation. What is the centrifugal force on this
biade in a 10 mph.wind? .

Solution: First you need the speed rar;o

at the blade center of gravity, which is haifway -

out from the centér of rotation to the blade
bip Thus SR =1 X TSR = 3 Then,

It

Centrifugal Force

3
= 100.5 pounds.

The force trying to rip the bf_ade away from

‘the hub 1s about 100 pounds in 10 mph

winds. This may not seem like much, and it -
1sn't. But repeat 1his calculation at V =

20 mph and V = 30 mph. You'll find that the
centrifugal force is about 400 and 900

© pounds, respactively. For a rotor that o,oer'ares

at constant TSR, centrilugal 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 imit 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. a small rotor designed to operate at 300

rom might hit 600 rpmy in runaway condition.

As a matter of fact, it might go even higher if
it held together long enough. Jo estimate the
centrifugal force under runaway conditions,

- use a spepd ratio (SR) up to twice the normal

design value in the equation above.

0.067 X 5 X (3 X 10)* .

above will help you calculate centrifugal
force on a rotor blade. This centrifugal force
calculation gives you the information you
need to seiect blade attachment bolts and
other hardware. Also., gentrifugal farce s
one of the loads you will use to design the
structural members of each blade.

3
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_ propelior-type rotor is-113 #°. Thus,

—s#ew—mevfetaﬁ'—ﬁﬁeﬁefke#each—bfadeh e

Fl

" Rotor Drag and Blade Bending Moment ~
An approximate formula for the drag force on

had a solidity of 0.1, for examp/e the stanc
a windmill rotating in windspeed V is:,

drag on each b!ade :s

, Rotor Drag = 0. 0026 X AXV?, - Static Drag'= 2 X 0.1 X 39.2
1 : : - = 7.8 pounds,

where A is the rotor frontai area in square ' o :
feet and V is the windspeed in mph. ‘and the static drag on the entire rotor is

‘Problem: A three-bladed, propelior-type 23.5 pounds. .
rotor 12 feet in diameter is generatihg its - . The blade bending moments, in inch-
rated power in a 20 mph wind. What is the pounds, is calculated from the drag force on
rotor drag on this machine? each blade according to the formula:

Solution: The frontal area of a 12-foot ' : '

L Bending Moment = 12 X RC X Drag,
Rotor Drag = 0.0026 X 113 X 20° ~ | L T
= 117.5 pounds. where Dlag is calculated for either the static
or rotating conditions, as above, and RC is
the distance in feet from the cefiter of rota-
tion to the blade center of gravity. This
_formuia yields only an approximate value of
the bending moment, but it is very close to
an exact value that could be cafc' Hated from
much more complex equaticn
Using this equation and rhe blade m f_
—the TZ-fodt diameter rotor afready calculated,
the blade bending moment is 1410 inch-
pounds in the aoperating mode and 282 inch-
_pounds in the parked mode, if the center of
gravity lies halfway between the tip and the
hub of each biade. The poipt of maximum
stress occurs right where the blade attaches
fo the hub—at the root of each biade.

Since the rotor has three blades, the drag

- force on each blade is one-third of 117.5 .
pounds, or 39.2 pounds. This.is the drag
force trying to bead the blade in the dowa-—"""
wind direction. It should not be confused-

- with the aerodynamic drag on each blade

~ that acts in the plane of rotation, trying to

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 o ) ".
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the dlrecllqn ‘of rotation .and downwmd
- bending. The blade structure must be capa-
ble of wuthstandmg the total bending load.
Rotor drag causes support towers to topple,
guy wires to break, and rotor blades to bend.

- Consider the high-solidity, multiblade water-

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

" power you extract from the wind. A simplified

formula for caibulatmgtheerﬁproxrmdte rotor -

- dragis. presented here.

Conditions you should consider in !hIQ
calcylation are the fotating: (operating) and -
staﬁf:; (parked) loalis for normalWinds, and
for the highest winds expected at the site. In

~normal winds, you can expect that, because

of governor mischief, your rotor will occasion-

afy develop more than Tis rated power. As

much as 50 percent more is a reasonable

the windspeedjat which the rotor-will develop
this power as Qesign conditions. For the
rotor, calculate.adrag at highest possible
windspeed—more than 100 mph in-many

-design value. ise the high power value and

cases. Then, select the highest of these twa. ...
wealeulations—parked versus operating—as

representative of the loads applied to the

Blade-bending loads are caused directly  tower and windmill structure. These drag
by lift and drag on the rator. Rotor or windmill loads will be used to calculate blade—bendingf-.
drag depends on rotor solidity and rpm, and moment by the procedure given here (see
the windspeed. Rotor lift contributes to - box), and tewer bending moment, or guy-

bending in two directions: bending along  wire loads, as discussed later.
*._ .. ~ | . i
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While rotor drag is used to calculate
blade bending in the downwind direction,
powershalft torque can be used to calculate

-blade bending in its thrugt direction. Torque
is not really a force, but more precisely the
result of a force applied at a cenain radius
irom the center of rotation—a twisting force.

'Blade lift causes powershaft torg¥e that

 turns the shaft against the generator load.

Torque is directly refated to blade bending—
mostly at the root end; it tries 1o twist the
powershaft and shear'the 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

exampie, one third of the torque represents
ine blade-bending load on each blade. Also
use the total torque- value 1o design the
powershaft. This shaft must transmit torque
loads between the rotor and its load without
twisting atong its fength and failing.

Blade Construction :

good e of the important

fength—its ability to withstand those loads

_without breaking. The structural design of - =
- blade-and -the materials” with "which it is

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

Powershaft Torque DR S

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

D X HP
Torgue = 2245 X v % 73R

where ' -

D = the rotor drameter 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

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 rhe
powershaft? -

Solution: From the equation above,

12X 3

Torque = 22456 X 25 %6

= 539 inch- -pounds.

if this 1s a three-bladed propelior-type rotor,
then each blade expernences a bending
moment equal to one-third of 538, ar 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.

-D’rade eeaﬁ‘s you next determine the Dlade

£

_Here are a few of them:

1. Solid wooden blade, or partially solid
carved wooden blade with bolled 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, s
stainless steel.

3. Tube spar, with metal ribs and skin.
The metal skin assumes both the air-
foll curvalure and the blade twist. Rivets
and epoxy bonding will keep the skin,

(i
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LAMINATED WOOD

\ - | -/ .
FIBERQ(._.A 55 SKIN . LAMINATED WwoopD BALSA WOOD AR FOAN

Wooden blade construction with a fiberglass skin.

FIBERGLASS SKIN

TUBE SPAR RIVET

\ BALSA WOPD OR FOAM

/
TUBE 3PAR

FIBERGLASS SKIN

Tube-spar blade constrljction with a fiberglass skin.

o HONEYCOMB
BONDED TO
TUBE SPAR

FIBERGLASS SKIN
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. fibs, and spar tagether. Rivets may be
- afrcraft aluminum, or steel pop-rivets.

4. Tube spar, with molded fiberglass skin. .

The fiberglass skin wifkbe-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 fibergtass

5. Sail-wing blade. These blades are made

with a-tube spar, a stretched-cable

- trailing edge, and a.plasticized fabric

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

‘ T«Qe sail- wmg membrane changes curvature
in response.to changing airflow, and can
generate high lift very éfficiently. The mem-

- brane must be stretched fairly tight for best

pen‘ormance 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 requures con-
struction skiils familiar to most pjeople _

Carving wood is easy, fun, and very reward-
ing. Wood, however, may not be the best
material with which to make awindmill blade.

Wood is Céﬁéfﬁly the most readily available, ~ e A
renewable” resaurce, 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 resuit. You ¢an see the result of this
timbalance by changlng 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.
£ :

AFTRE  RWVETS, ST
TLBE sPAR SHEETMETAL = KAAN

Tube-spar blade constmc:ﬂon with a sheet metal skin. Similar
construction is used for the skin of modern Iught airplanes.

]

< STRUCTURAL CANVAS e "
LEADING EDGE . CABLE TRAILING EDgE

Typucal sail-wing construction. A cable stretches canvas or Dacron
fabnc from a tube-spar leading edge.

T A,

v




A rivetted aluminum biade used in a stra1ght-
bladed Darrieus rotor: . _

r -

L3

with Method 2—a tubs | |
honeycomb filler, skipned % |th hbergjass o

‘method is an easy wal
“"blades. The skills required to work with:

F"I'utter and'Fatigue
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But if you keep the wood s
they are a great wtay e
Lots of people ayg

Although honeycomp is, exbenswe this

honeycomb and fiberglass are easily Iea}xgd.
and the results of your efforts will be strong,
high-perormance btades. The rivetted afu-
minum striicture aiso yleids a'blade thal is
strong, lightweight, and durable And ink
skills of rivetting, drilling, metalformn]g.and

bending are easy 1o master. )
Your first pass at struetural design W|||-

be based on a guess of the blade weight,
Using that estimate, you calculate the loads

. and size'the structure accordingly. With the
‘design that far along, calculate the actual
~weight of the blade. Chances -are,
-estimate will need correction, and the blade'

, your

design will need to be revised. Contmue this
iterative process until final blade weight
equals estimated biade weight.

PN
= BT

, _ y
Your wind machine must be able to
withstand the vanous tgnsion, torsion, and
bending loads. But how’ many umes can
those loads be apphed and withidrawn?

Continued flexing might result in a crack.in.

the structure and a subsequent failure,

to build e?p\rlmemal '

o

cal!e% iatlgue fadure
Il was a fatigue lailure that brought
down a blade from the Smith-Putnam wind

~turbine in 1945, Wartlme shortages oi mate- 4

rials had forced the 'mathine 1o Temain
parked for several years waiting for g re-
placement bearing. During that time. the
parked blades were subjected 1o vibrations
induced by strong'winds. These rppcaled

-vibrations ultimately fatigued one blade. A

small crack developed. which ullimately led
to a blade failure.

How does a designer avoid fatigue fail-
ures? The secret lies in understandmg all
the cyclic, osciliatory loads and the response
of the materiais. subjected to themi. Most
materiais have fatigue de5|gn curves—called.
S-N curves—which give the stress leve! that

-can be sustained for a given number of
cycles. Depending on the type of material

used, fatigue-failure conditions often begm

. when the material 13 cyclically loaded with
-more than 20 percent of its maxtimum allow-

if you expect a tube that

able stress. Thus,

]

will break when-loaded to 20,000 pounds

1o endure cyclic loads, you many not design

for more than 4,000 pounds or s¢ &f maxi-

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

the material being considered o determme

~ where fatigue failure begins.

Flutter can be thought of as a large-
scale, catastrophic oscillation. Take a yard-
stick or plastic ruler and pm It WILh your

palmto the top of the 1able so that hall of its

length is sticking over the edge. With the

~ olher hand, twang the end of the ruler. I will

¢

T
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oscsllateand ‘dampen out theten@h@i the

free end. Make the free end fonger, then

shorter. The shorter length oscillates much

faster than the longer. Notice that longer
lengths usually have more deftection, 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 maternial {e.g., from

wood 1o plastic} less stifiness will cause -
more bending deflection.

Blade stifiness is crucial ¢ prevention

. of flutter. When you twang the yardstick, its
éqEsa'srt—:si!auc)rls dampen out——they converge. In

a-fiytter situation, a wmdrmii biade will not
dampen its oscsiiauons It osctilates more

- each cycle until the structure fails.

Fiutter starts with a bending osclitation

{or a torsional. Misting oscillation) that oc- - -

curs at the natural frequency of the blade.
You found the naturalfrequency {6r each of
the different lengths of yardstick by twanging
‘it on"tife table. You could find the. natural
frequency of your b ade oy twangmg it, but
the blade experiences o;her forces besides

the bending rmoment. These other forces— -
especially cenirifugatl stiffgning-~complicate:

matters by altering the natural frequency.
Calcutating the natural frequency of spinning
blades is a compiex mathematical probiem.
Anotnerdifference between the yardstick
and a rotor blade in operation 15 that the
wind forces acting on the rotor blade are
continualty exciting the blade 1o oscillale.
The wing forces ang ih & blade flexing gang
up 1o drive . {_ne asciiations pbeyond the

strength of the blade. To prevent sych flutter,
the blade must be stiff enough 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 slructural
design projects are undaer way, you must be
aware of the various mechanical details that
constitute the rest ot the wind machine.
Apan 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 gre crucial

to the proper operation of ydur wirl¥fnachine

and to its safety and longevity:

Governor Design

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

_;appropriaie corrective action in the event of
high winds. This was the traditional method
of controliing the early grain-grinders and .

water-pumpers of agricultural societies. The
various “forms of mechanicat governing
devices range from simple, spring-toaded
widgels to complex, computer-controlled

© servomechanisms. Here are some of the
proven mechanical concepts for governing

your wingemachine:

1. Awming thé windmill out of the wind. -
Either turn it sideways os tilt it up~—-
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usually done by allowing the rolor (o
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, S0
that excessively high winds cause it to

— | pivot sideways. '
' | 2. Coning, or allowing the blades to form
' ‘a cone Iin the downwind direction.
| This reduces the frontal area, thus
" reducing the power and rotary speed:

" The blades can be freely hinged with
.X perhaps smak springs to hold them
_ [ out for starting. Centrifugal force will
‘ - A holdthem out dtjrinq normal rotation,
. Govemlng a wind machlne by aiming it sideways. This approach is used in some small but tempest winds willincrease blade o

wind generators and mos) Aarm windmilis. ‘... drag and Cl’:l[i;%e coning.

3. Aerodynami
control 1y
attention.
control by blade pltch control——rotatmg N
mebladeslochangethelranglesand I

_ 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 rneans of controlling
this angle. * A

The most common method of controlling

blade angle in small installations is to mount
a “flyball” on_ear;h_made—Ihe—HybaH%ﬁev —
- to swing into the plane of blade rotation
O against a return spring. This action rotates” -
A tift-up governor. A tew Wnd generators use this method t_he. blade out of its optimum power con-

_ figurations and reduces the extracted power.
/-/ L ) ] Another approach involves allowing the

+

et reursmri o

oy
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- . :
Rotor coning. This and other _ ' ‘ Y ."‘.1_.' N
flexible-hub governors reduce A ttyball governor. At high fotor rpm, the fiyballs swing nto the plane of rotatich, * .
Diade ioads in hugh wands. feathering the blades. ) ' : '
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. tube spar to sli;dekin and out of the hub. A

strong dpring 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 uses blade drag {o 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

k)

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 ditection. 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 tailwane designs. Vane
G is the most sensitive to shifts in wind
direction.

7

the power shaft so that as 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 algovernor. By mounting small plates
there that extend as ‘centrifugal force in-
creases, excess ‘wind power can be dig-
sipated into the airstream— protectmg the
blades. Spring ten31on and activation geom-

drag brakes come into play only when

- necessary to limit the,rotor rpm.

With any of these methods, the blades

""a glider wing designed to make the most of -

.etry must be oarefuily adjusted so that the  light updrafts ioxsupport the craftaloft with-

f

and blade-control devices must be linked
together so that all blades react together. If”

ohe blade's configuration is permitted to
vary frem 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.

H

illustrated in the diagram. Design A is a bit.
nostafgic, but it works; 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 responswe (o] changes inwind
direction. Design C has: the highest ratio of
vane span (distance from top to bottom of

1

the vane) to chord (distance from leading = -

edge {o trailing edge)-Such a design is like

out benefit of a motor. Practical ratios of
vane span to chord are between two and
ten. A typu:al 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 H 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

i
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biades are required if you pian 1o use free-

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 tatigue problems. and should
be reduced as much as possible by stream-
lining the tower near the blades.

Shut-QOff Controls

Shut-off controls atlow you {o stop the
machine for maintenance or in anticipation
- .. ofdestructive gale-forcewinds-Thamaching

can also be shut off automaticaily 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 wilt keep the rest of the

- machine {rom teanng itsel/t away from the
- . tower. , . |
The shut-off control mechanism can be

designed into the yaw control (if a tait vane
is used) or the govemor {if a feathering
system is used). A large. reliable brake is
used for full shut-off on some systems.
The need for automatic shut-off can result

- from any abnorma! operating condition,
such as an unbatanced rotor caused by ice
buiid-up or impact with birds. stones or
buckshol. Windspeeds that exceed the
design limits should normally cause the
governor 1o ieather the blades. lock the

blade coning for gale wind protection. But

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

rotor ammed nto the wind

brakes. or lilt the rotor out of the wind. System
maifunctions such as generator failure or a
bfown fuse might create an unsafe condition

from which the wind machine shéuld also

_be protected. :
How does an automatic shut-off control
work? Fhe mechanica! or eleclrical signal

-,

- ' ,

1
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' An Enertech 1800 wind generator installed atop Mount Washington.
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that causes a shut i Cemmand of response
“depends on an abnormal conditign=bé

from the p}pe and af:fua Sﬁg_l Esgwr
Akt th

' sprlng release and swmg_ e«’tai! vame-mde-

- ways, feather the blades, or apply a brake.

~ that sends its signal to an electromechan-
- 1ca| dewce that siops the maehlne A wmd-

. f' _,\,’-L
s

e

TrTsensed, Biade imbalance or yibratlons of,
any type can be sensed by, son'ge sort of "
accelerometer. One machine uses.an iron, .

baII resting on top of a p|pe’The ball-"tsjtied

~Another, more sophisticated so Iutroms
to use an electron:c aceceleration sensor

speeu sensor mlght be an anememeter ora

Smatl vane that, in h:gh wnnds overcomes a

-----

_Tspriflg and throws a switth.to actuate the ;"";_\.’,

redt=of the+shut-off system. Other system r_~"'--.

'parame’fers reay be similarly sensed, and -

S

.t-.oﬁ eftected acrordmgly
¢ By now. youmay have realized thateach
part of a wind system shoylet be planned as

i whole durmg, not after, thie design process.

Each part of the system affects the perfor-
mance of that system.]JA poorly planned
syste'm will perform belopv expectations. This
chapter has concentratkd on the design of
machinery sitting atop the tower; the nextis
devoted to the.construction of cornplele
systems ..
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There's much more to a wind power system

than just the blades and powershaft. You

have 10 convert the rotary mechanical power

into férms. 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 reguired 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'of a
& wind system function together properly.

Wind systems have become more com-
plex. Skills required to build wind machines
have grown, and designs have become
more sophisticated. Flat airfoils evolyved into
aerodynamically curved shapes; bicycle
chain drives were replaced by gear boxes;

wooden pushrods became electrical wires.

The many practical wind systems already
developed promdeﬂ&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 power

systern are illustrated in the accompanying
diagram. The Blocks represent system com-
ponents; ithe 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 shatt

power is convened to reciprocating 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 aay, but the wind blows only
three.days each week. In each case, you
need to store the pumped water untifit is
needed. This pumped water is a &t 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 include'

a wind energy converter (the wind machine),

‘a user (your appllcntlon) and some form of

energy stqorage. ,

A wind power system ks often planned
for appllcanons that require a constaritly
available source of- energy. Suppose, for
example that wind is used to power a remote
data sensor and transmitter. Clearly, centain

_~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. Forthe remote transmitter, -

b

i

Wind power
SEUrCe

| Energy stotage User

Back up’
powvwer

Block diagram of a wind power system. A com-
plete system inciudes energy storage and a prowsmn
for generating back-up power :

9
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losses in the ppes.

A complete Water-pumping system. Wind power Tiﬁ“s‘wal.e@ugh the “water head" and overcomes friction

—

7/

~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-

~ tem. You canngtattend the wind machine's
_needs at every moment, so it's important to

consider its dbility to shut itself off when
iccur, the batteries are fully
charged, or Just before the water storage _
tank overflows. | C

Electronic voltage regulators like those
used with ajitomative alternators will prevent
overcharging of batteries by reducing field

_current tof the alternator, thus reducing-the - oo

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,
wind forces acting on the rotor tilt the rotor
sideways out of high winds. .

The final design and selection‘ot.com-
ponents that make up the blocks in a diagram
of your system depend mostly on the appli-

. cation you select for your wind system. Water-

pumpers have different design problems
and solutions than battery-charging systems.
If water is to be pumped with an electric well

-

e
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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 avanable .

solutlons . .

Water-Pumping Systems

Many kinds of wind machines have been
bunlt to pump water, including the Cretan
machine. But perhaps the most tamiliar wind-
powered water-pumper is the multibladed

farm pumper that is a common sight in rurali.

America and parts of Australia and Argentina.
Rotary powershaft motion is transmitted,

-sometimes through aspeed- rer?/uoer gdear-
..... ..box, 1o a crankshaft that converts it into the
linear reciprocating (up-down) motion of the
-sucker rod, a vertical shaft extendmg down

,ihe tower to the pump below. Sucker rods
gotthe:rnamefrom lhefaolth manydeep—
well piston pumps lifted the water only on

“thé upward, or sucking, motion of the rod.

Such pumps are called single-acting piston
pumps double aotmg pumps lift water on

both the upward. and. downward strokes

Ln"ung on the upward stroke places ten5|on
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 leaking pump
- seals. '

. Among the various other pnmpmg"'

schemes are paddles that splash water over
the edge of shallow wells, disks drawn by
a rope througha tube, and various screws

. and centrifugal‘water slingers." Such low-

technology pumps have been built by Dutch
millwrights for dralning land-behind dikes,
and by Asianfarmers | lrrigating rice paddies

~ and gathering salt from seawater on large
__“solar-heated salt ponds These machines.....

are appropriaté $61itichs for many of t day s
energy needs; partioularly in remote, rural
areas. S

" Arecent method of wmd powerad water

sucker rod- deboendlng Jhe tO‘Wt','r com-

pressed air is pushed’ through ar tube and
-used(to--_,_ralw wgte,r out. of- ,the ground A

“drives ehtiehal. compressor
[ike one o &, spraydoami‘compressor As -

the rotor spins;air is oompressed and sent in
hoses to a storage tank. This compressed

air drives then a submerged piston, bladder,

or rotary pump. Such pumps are either
adaptable to or specifically designed for
this purpose. Air-driven piston pumps tend
_Io;bo__;e_lgbgr’a_t’e dgvices. The air must first

;(o

}f/ ,/// ///%

TO WINDMILL

/é«

The spiral screw water pump has been used in
—Butch Maghiies to drain large. Iand areas,

_pumping uses compressed airtotransfer
the power to thie point of yge. Rather than a -

L

.
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__ubble pump, _coﬁi"bressed-éir bubbie
el to.the pump diameter as they rise,
#10 water fo the surface. o

z
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A centrifugal pump can lift ‘Wwater from a shallow
well or a pond.
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.drive one way and then the other, eagh time
beirig valved on both the intake and release
{(exhaust) sides. , ' .

A much simpler pump is the bubble
pump. You can visit a tropical fish store and

- see.one of these at work. Just blow bubbles
into a~pipe and they éxpand as they rise,
pushing water ahead of them. They must be
fully expanded to the walls of the pipe before
they reach the water surtace level, or they
will “burp” and fail to pump water out of the
grognd. With bubble pumps, you can raise

o B e e e

.......................... T
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waler about twice the height the pipe extends

below the water surface. '
Unfortunately, bubbte 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

o easy maintenance. Bubble pumps are
not good-at transporting water horizontally. -
Burping wastes go much power that hori-
zontal pumping s all but impossible. You °
can, however, pump water-high-enoughver- -
tically to allow gravity to carry the water .

along a trough to the tank or user:

4

.Water Storage

for a while (unless it is being used directly
for irrigation) becausé 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,
fiserglass tanks, and plastic tanks.

vl o &

........................
..........

""" ~Generally, pumped water must e stored™
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Two etorag considerations are |rnpor—
tant: maintenance of a given quantity of water,
and maintenance of enough water pressure
to allow the water to be -used as intended.

pond full of water—no pressure. . But a
Shmer works best if the water tank.is at
Jehst 5 feet above the shower head. Some
SR ater pressure can be maintained by charg-
nﬁg a pressure tank, as most electric well
@umps do. Often a flexible bladder expands

i+ you to have plenty of pressure—for a short
“time—=when you turn onsthe faucet.’A 50
. galton accumulator tank might be Sufflolent-

‘people need a larger tank._

‘watertanks are less desirable than 50-gallon
,__-_eccumulators Butin the days when

'?__“Be Signlng Wate r-Pumplng_Sa.tsieme

* . Slock-watering-from ponds requires-only a-- -

inside the tank to accommodate the extra:
votume of water. This arrangement allows

- for all your water storage needs but most -

From an‘architectural v:ewpomt large

w:r)cf-'p wer was the prime source of pumped| "

o
A

I erder 10 size your water pumping sys-
tem ¥ous will have to estimate your power
régafrements. How much water do you need?
Howfast, when and how often do you need

R |I'?1By,.answermg these questions, you arrive

E at an energy budget expressed in gallons of

A water-purnp[ng windmill of earty Callfornla The storage lank
was built into Ihe ‘structure itself, . >

a
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The power required to pump water is propor-
tional to the flow rate and to the,pressure
against which the pump is workmg This .
pressure is usuvally 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 of
‘water. A fairly accurate value for the power
required can be calculated using the formula:
G

Power = 0.00025 X —

X (WH + FH),
Ep

where

G = water flow rate in gaHons per
minute; N
E, = mechanicg/ efhcxency of the water
pump,
WH = water head—the vertical height in
Jeet J‘rom groundwater ievei to tank

This formuwla give
horsepower; to g
ply by 746.
This equation is meant‘to work with the

average flow rate and to give yoy*me average
power required by the pump. Gne’simple way
to establish an average flow rate’[s to estimate
your need for water, éXpresseq h gakons,

and divide this need by the n er of hours

.

Power for Water Pumplng

. you expecr the wind to produce usab!e power

during the same time period, Do thisona
daily, weekly or monthly basrs—-—dependmg on

the results of your wind suivey, To get thgn .

flow rate'in ya!!@ns per minute, rhen use- the
formu!a ' _ ¢ -

3 .
S LR
! .

G = Gallons Needed .,
7 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 cornets, and
the flow rate G. The formula for friction head
FH is. *

ST EXGE i
CFH = 7000 % 08 +23XN.

The pipe length L includes all pipes down in
the well, across the pasture, anddp the hill
or into the tahk. 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 eibow joint and up 14 feet before

e pasomg through a thucﬁ%fbpw and irto ?he

h

. ‘:.:;.

%
N

=

o

tank: Suppose the farmer feeds 2700 galions
of water per day and ‘there_are an average of
6 hours of usable wind perdays How many
watts of wmq power must be supplied to a -
water pump *With,75 percent efffc.'ency’?

Soluuon The average: flow rate needed (s

# w2700 o
G2 = 60 6 75 gaﬁons/mm
The. fncfron head in the 3-inch pfpe is
: _100.X'7.52 -
FH= Jooox 35 437 x“”f -
= 2.3 feet. o ) .
The friction head in the 1:inch pipe is |
214 X 752 ..
FH = Shox 5 *23%2
= 166 feet .’

The total friction héad is the sum of these

two contributions or FH = 18.9 feet. Then the

pump power re‘qufred 18 R :
7.5

Power = “OOOO?SX 075 .X”M + 189}

. =033 hp .

To get the answer, you just muitiply by 746,
so the power requirement is 246 watls.

o

@
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watgr, which you can conyert to foot-pounds

or kilowatt-hours. Usually there is plenty of

room far water conservation. Do you really
~_expect to take half-hour hot showers, know-
ing there is no wind blowing?

Careful study of your planned water

usage may reveal important conservation

areas. Drip irrigation combined with soil
moisture sensbrs can tremendously reduce
the perceived uﬁater'requirements of many
crops. As opposed to large stock troughs,

the automatic stock-watering devices com-
monlyavailable at feed stores reduce evap- -

orative losses and algae growth. Emulsifier

. - showerheads, water softeners, and other

_ devices can readily reduce domestic water
consumplion. Conservation shoutd be part
of any equation used 10 calculate an energy
budget

Next you will need to determtne the height
_your water must be raised and the flow rate
réquired. The power required to pump the
water is proportional 1o the flowrate ahd the
~water head—the height above groundwater
Jlevel to which the water must be pumped.
The lower the flow rate orwater head, the

less powegr required.
do you measure groundwater level?

A string with a'weight and float attached will
do, if the well drifler isn’t aroungd to give you
his fmdmgs Note, however, lhat well depth
probably will change with season. Through
careful prospecting, you might find a shallow
well site; with any luck, such a wel) site will
be near the intended.water use.

Long pipe runs take their toll of power

-

through friction. Friction inGreases with
length, with the square of flow rate (twice the
fiow rate means four times the friction). 1t
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 -
jpints. You can't always choose a pump on |
the basis of flow rate, however. Fora 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 (shaliow well}, or some level in

between. This happens because the power
required to lift water is a function of well
depth, desired flow rate, and friction. Increase
any of these and yciu increase the power
required. If power is hmﬂed 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

X0 200 600 800 1080
' :glhead it ' ’

Pump power needed to lift water at a f!ow rate G e

in gallons per minute. To gej the wind power needed J
lo drive the pump. divide by the pump efflmency—
about 70 percent.
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tremendous amount of research that has

gone into improving the efficiency of these .

units. Your best option to reduce.flow rate is
to useé the i,argest pipe size possible.

~ Tuning awater pump system often reveals
interesting charactenstlcs Take the case of

-0

O

—a piston- type water pump, which operates
off a crankshaft in an-oscillatory fashion.
The speed at'which the piston' moves along
in the cylinder changes constantly—from
zero at the instant it changes direction o 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 caicuylated values, the maximum
instantaneous ﬂow rate must be much

faster—fast enough,.in fact, tfat fluid friction
" really becomes important The pump will
not operate efficiantly unless the pipes can
handle this surge in flow rate.

-Other than using large- d|ameter5 pipes,.
there'is only one solution. Adding a surge

chamiber near the-pump will solve the prob-
lem at [ow cost. What is a surge chamber?
It's a farge tank-of trapped air plumbed to
the water line. Whenever a flow surge puts
pressure on the fong water line, most of that
- pressure instead compresses the air frapped
in this chamber. Water &nters 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

14

discarded by réfrigeration repairshops. But
a- small prégblem Temains: aeration of the
water in the shamber. Water under pressure.

|lI over a peniod of time, absorb the trapped
air, and thre tank will fill up with water. No-
burgcm}gé‘t?y will resuli unless the tank is
perioditally burped—approximately the-
opposite of burping a baby. There, you coax
air out; here, you let air in. A commercial
surde tank comes equipped with a rubber
bladder that solves the problems by separat-
ing air from water.

By selecting large pipes amd 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 opiimizing a system.

- Maximizing energy avatilability in the design
. “process (i.e., matching wind machine to wind

availability) should then vyield the energy
desired. Also, you should select an aero-
dynamic design consistent with the levei of
technology you wish to employ. All of this is
followed by construction, installation, testing
and tunlng of the system

1“_“*“‘-‘—- -

Wlnd Electrlc Systems \

Because electncuty is a Iow entropy, high-
—~quality form of energy, it gan be reéadily
adapled to many end uses. Hence, there
are many different systems that can use a
windcharger as the power source. These
include charging batteries for domestic
power and lighting, driving an electric water-

T
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pump, powering a remote etectronic sensing
device. and powering wind furnaces faor
home and farm heating. The DOSS!bIIItleS
are virtually timitiess.

The earliest domestic windcharger pow-
ered a radio set and sometimes a light.
Batteries were used for energy storage, and
either a gasoline or kerosene generatorwas

also on hand to boost the batteries. Or the

farmer carted them to town occasionally if
the wind didn't fully support the electric
demand. In town, an appliance and imple-

ment repair shop—usually also a windcharger

dealer—would recharge the batteries while
the farmer ran his érrands. ['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 1o the battery bank.
Today, the same DC system is used in most
——domestic wind-electric systems. This system

has no provision for aiternating current (AC)
loads. such as refrigerators, washing ma-
chines.and the like. The old radio sets used

a mechanical vibrator inverter in their internal

circuitry 1o convert the usual 32 volts DC to
an AC voltage that the radio power supply
could use.,

With the invention of transistors and inte- -

grated circuits, the need for vibralor inverters

N r_adibs has been eliminated, but the use of

inverters in general has not. Today, wind-
electric systems are being used to power a
greater variety of loads than did the older
windchargers. Historically, direct-current
devices such as lights, radios, electric
shavers, and electric irons were the usual
loads. Now microwave ovens, color TV sets,
freezers, refrigerators, and washers are
beceming common. Electrically, these 110-
volt AC loads are very different 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 de3|gn,

- 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 unkkely situation. =

Energy storage—traditionally batteries—
Wastes an enormous amount of energy and

often runs system cost beyond practical .|

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 fo rotary shaft
power and finaily into electrical power by a
generaior or alternator. The generator might

oC

(J || sarrerEs

\ TO OTHEQ DC LOADS

]

- Direct-current electrical system used with many

wmdchargers The batteries are wired n senes
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~AC power,can be generated dir
wind generator or AC can tbe made from DC-

be AC or DC but an alternator generally
produces AC. Most automotive alternators

contain AC-to-DC rectifiers that supply DC

current to the automotive electngﬁl system.

using an inverter.
Alternatlng current comes d:rectly from
wind machines that are designed with either

tly.at the

have been buult——the cld Jacobs for ex-

generator that could be co'upled 'directly to

. the rotor. Some newer alternators are being
tested that can alsa couple, directly, but

most generators and alternators spin sofast -
that a speed-up gear ratlo is needed

~ What form does the speed-up mechan-
ism take?-Chains, belts, and gearboxes are

induction generators or synchronous gen- 5\ the devices usually employed for the speed-

erators. Each is reallya motor thatruns atan .

rpm that is governed by the load and the -

torg run at’ 1,750 to 1800 rom,’ with the,
——"higher rpm occurring when the motor is fully

unloaded.

Direct current is generated by either a°
- DC generator or an AC alternator with recti-

;, up task. Gearboxes that are readily avallqble
at local tractor-bearing,.chain, and pulley

__ srores are suitable. These gearboxes start .

out as. speed reducers, but windmill designs
simply run 'them backwards as speed.in-’
creasers. Whel running a gearbox back-
wards, the horsepower ratlng—whlch would

fiers. Traction motors used ingotf cans, fork

lifts, and electrrc cars are suitable for usein

-a wundgenerator Usur‘ally these motors have

commutating brushés that carry the full

output current of the generator. Alternators.

come in-a yariety of sizes and typ?éffrom
small automotive types 1o 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 rpm. 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-therefativéely slow-

turning powershaft to the higher rpm re-

quired by the generator. Some machines

normally equal the maximum rot ir_horse-
power—should be conservative)/select.a

© gearbox larger than_needed.

Chain drives may be cheapef than gear-
boxes, but oiling and tensioning require-

‘meéents can make them a less desirable
solution. Some designers have successfully

enclosed their chains and sprockets in
sealed Hhousings with splash oil lubg; a
spring-loaded tensioner coupled with the "
oil bath cotild make a chain-drive a reason-
able part of your prolect '
Several belt dnves‘ are available; the.
toothed belt and the V-belt are the most

. common: Toothed belts and pulleys are

nearly as expensive as gearboxes, and these
beélts 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
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teeth and eventueily self-destruct. Cold
weather can destroythem too. V-belts tend.
- toward high friction, which means an inef-

ficient power transmission, but they are by far
the cheapest solution. Stilt, gearboxes are my
favorite, most easily obtained transmission.

Storage Devices

Since you are likely to need energy dur-
ing periods of no wind, some form of energy
storage will be required. The three main
types of energy storage available to you are
thermal, mechanical, and chemical. With

* thermal 'storage, you simply convert wind-

generated energy intoe.heat by using an
electric-resistance heater probe or, more
directly, by stirring a b 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 stefage 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 efectric motor mounied
atthe top-of a 100-foot pole and busy lifting,
by cable’ and winch, a 1855 Oldsmobilg.
When the car reaehes the top of the pole,

- the energy storage device is sajd to be fully

“charged.” If juice is needed, the Qlds is

_ allowéd to drop—spinning the motor in
reverse as it falls. The motor becomes a

generator, providing electricity on demand.

When the Olds hits the ground, the storage
cell is said to be “dead.” Pumped water is a

Detter way to store energy that | will discuss

later. :
A more familiar 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 ehergy the

heavy wheel can store. More recent think-

ing has resulted in the development of super -

flywheels These ﬂywheels are not very heavy,
but theygspm incredibly fast—30,000 rpm or

" more, compared with -about 30 ) rom for the
heavy wheel Because energy stored ina

tlywheel re directly pr0port|ona\\ to weight
(double energy for double Wt::ig}l'[ but in-
creases with the square of the rpm\(quadru-
ple energy for double rpm), ‘an- enormous
amount cf energy can be stored in a really
fast-spinning wheel—but notwnhout enal-
ties. At such high speeds, air fnct n¥is

_considerable, so super flywheels are typlcally'
installed inside a vacuum chamber.. Also,

the bearings must.be very precise devices,
carefully designed and built. These problems: -

notwithstanding, Suberflywheels may even- _
_ tually compete with batterles for storage of -

wind-generated energy.”

There are two approaches to Chemlcal'

energy storage. One takes electncala,power

and splits a compound, say, water’ iﬁ‘lO’ﬁS_‘ .

constituent . parts—hydrogen and oxygen

These constituents; are stored separately ..
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Commonly used to power golf carts, this recharge-
able battery can be used for storage of wind-
generated electricty.

| The Wind Power Book

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 batteries act as receptors for the
metal atoms that plate out of the elactrolyte
(the acid in lead-acid batteries, for example)
as the batteties are being charged. When
the battery subsequently discharges, these

[netals return ta solution in the electrolyte—
releasing electrons and- generatlng 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 eommon are the
lead-acid and the nickel-cadmium batteries.

| Lead-acid batteries are ysed in cars, golf

‘carts, and other common applications.
Nickel-cadmiam, 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 it has one quirk worth megftion-
ing—a memory. If you discharg nicad
only haif-way each time, eventually halt-way
will be as far as it will go. If your electric
shaver uses nicads, it's best to run it dead
periodically. Whatever the battery used, you
can reduce storage losses by using clean
terminals and well-maintained batteries. You -
should aiso 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 volts DC into 110 volts AC are avail-
able in a variety of amperage ranges and -
voltage and frequency accuracies. For ex-
ample a really Cheap 4-ampere inverter—
that's 110 voits at' 4.amps, or about 400 ' These local inverters should be selected to
. watts—ls available in the recreation vehicle  operdte _only at their peak efhcrency Be-
market forunder $100 (1980). Voltage output  supé to pay attentron to their surge ratings.
_ Hldy Vd{y'ITOlT] 105 to 115 volts, and frequency bMost ioads, especrally mmors draw a surge
from 55 to 65 cycles per second. And the  of.current several times their rated amperage
output is not the smoothly oscillating sing/” fora few seconds during stasting. 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.

: * ef
possible to enh}a;ée overall system efficiency
by using small'inverterg at each important -
load. This i;/the apprgaoh used by Jim
Cullen in his solar- and

sqdare wave, typical of cheap inverters.

: ‘.Square wave AC is useful for oyeratmg
motprs lights, and other nopsensiiive de-
vices, but stereos and television.sets tend to
sound fuzzy because of the_effect square

-waves have on their power su Iy

More expensive inverters arg 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 devrces this type of
~inverter may be necessary.
_ Where voltage and frequency are not*
|mportant but sine-wave outputis, 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

different task thdn ihe stand- alone'types
They still turn DC into AC, but they drive-an
_existing AC-line. The AC output from agyn--
chironous inverter is fed directiy. mtf’ s
line such as your householi.
current is available from an exn
£0 this inverter must synchrern’r Hs output
with the AC line and operate in‘parallel with
. the other source. To be fully synchrohized,
the wave forms—sine wavesg in the casé of
utility power fed inte your household wiring—

to establish internal voltage and trequency
regulation. g !

To get AC into your house frdm a wind
-generator, then, you either start with AC at
the windmill, or turn DC into AG with an
inverter. Either way, a major satety aspect

vind-powered home -
in Laytontille, Califorhia (See Chapter 2).

Synchronous inverters.perform a slighfly -

- ters use the wave form they are working with

Efficiency {percent)

e
!

0 : - "! o
0./ = 25 80 75 100

Percént of rated power

Effrclenmes of two different mverterst A weII-

. .matched inverter operates at mofe than half its rated

power levej
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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, tco.
Failure to do so can be fatal. In gaining
approval from your pdblic utility to link an
AC wind system with your house, the safety
Issue will be the primary topic of discussion.

Designing Wind-Electric Systems .

By now, you're probably considering
bl 7O UTILITY some sort of end use, or goal, for wmdi
ZCY N\ WL generated electricity, such as powering your
Ny -house, heating a barn, or whateler. What'
A ELECTRIC sort of wind-electric systenr,plan should be
METER
SYNCHRONOUS -, used to reach that goal®
 INVERTER C e The first cheice the designer of a ‘wind-
— _ electric system must make is whether he or
o she wants an AC or a DC system. Then, a
LOAD@ -t suitable plan takes account of severalimpor- =~
SR tant factors: it
' * The nature and tn’nmg of the load
) * Rated power of the-wmdmnl
o ' o o . e Constraints of cost and:availability.

T - _ L . B _ Most important is the nature and timing of .
P - ' _ - " 30AD o the load. Look at a typical dpmestic load

plan. A small house with a few inhabitants
has the usual array of consumer gadgets. -
. ) “|..  Theenergy and power requirerhents forthis
' - ~household are summarized in the table.
| . . V‘ \‘ TO OTHER AC LOADS v Your needs for electrical energy and
' B ' ' a A synbhronous 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-
- . system. | mine these needs, you must examine all.
[ | | - -~ 7 your appliances and monitor or estimate

3 The Gemini synchronous inverter. This™electronic
-2~ device converts direct current into AC power syn-
o chromzed with utility power
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their 'uée patterns. Whenever ‘possible, you
" should determine the power drawn by each
apphance—1ts rated power. ThIS will usually

be writlen, in watts or horsepower, onalabel -

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.

. 1f low-cost system design is your.goal,
you will have to have some estimate of the
timing of the loads pfaced on your system. |f
_all the-devices listed in the example iifus-
lrated here were used at the same time,
‘about 3.500 watts of elcctrlcal power would
_berequired.Ina 110- volt AC system hooked
* up 1o 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
apphances like refrigerators and freezers
draw up to five times their rated power for a
few seconds after starting. This surge doesn'’t
contribute much to the overall energy needs,
. butitmight well put an excessive load on bat-
teries, inverters or other system components.

The methods you can use to estimate
load_timing all start with an inventory of
your electrical devices as illustraled here.
Congult Appendix 3.5 for more detailxabout
exact procedures. Once the monthly energy
use has been estimated {about 300 KWh in
our example}, compare it to your monthly
electric bifl. If they don't compare, something

5
a2

"1 -l

\-| . E; \
1 . ﬁ 7
1 | . . S
'I || I| R i}
4 ) 1 ‘# “
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Electrical appliances in a $mall household. The energy and ﬂower needs of these devices are

summarized in the table below.

IS wrong with your es‘umate and you shou!d

try again. ’

Virtually ali of the devices ccmmaonly
available off-the-shelf at consumer goods
stores will require 110-volt alternating cur-
rent. The on-tine AC frequency should be 60

cycles per second with only a slight vana- .

tion in frequency allowed. If the house is so
equipped, you should use one of the AC
load systems shown on the next page.

) . . 5

3
1
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ENEHGY AND POWEFI REQUIREMENTS FOR A TYPICAL. HOUSEHOLD

Apphance *

Hourf Used
thrs/montn}

Rated Power
{watts) |

Energy Use
{kWh/month)

Refrigerator
Kitchen ight

——L.Bedroom lght

Poféhaﬁbh’l‘xh,

Living room light
Bathroorm light
Television

Microwave oven

4 Slow cooker

Misc kitchan dewices
Blow dryer

Misc. bathroom devices l

500
120
C 100
100
120
100
120 -
15
40
8
B.
20

IO
100
100

40
100

75

350
1500
75

. 250
500
50

160
12 -
0
4 i

1z
-1

42
22
3
2 .
4
1

LTOTALS

300

3500
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- Block diagrams of four basic wind-electric systems.

DC generator - Battenes w—  DC loads
4
. DC to ' AC o
DC .generalor - !Bqnerles - verter - AC loads
~h
- Synchronous '
OC generator [ invener o AC lopads
1 AC spurce
e
L -
. L -
/-//f/ ‘_'.
AC generator //-_// AL loads
s

If your load is off-line, or not connected
to a utility grid power line, then you should
‘also select one of the AC systems but 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- llne then the
source of backup power could well be the
. utility lines. By synchronizing frequency of
the wind-generated electricity with the line
frequepcy, the wind system can operate in
+parallel with the utility power supply. The
power required by the domestic loads can
be supplied entirely by wind, if available, or
by the utility if not. The two pawer sources
could even operate in tandem:- S
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 gxamplgs of installations
requiring electrical power that is usually
unavailable from wility lines. These loads
are almost always off-line and require a DC
wind system.
A principal difference belween 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 inte the woods in the

. . -
face of a storm is cut of the question. Fully L

.. [ !
L o g ‘#J
3 -
A
. . °
I3

.!‘I
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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 1o complex. Direct

“Eurrent from 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 voits, the
two together will generate the same voltage
as asingle 12-voit battery. By linking them n

~parailel, as shown in the first figure at right,

the voltage output is limited to 6 volts. If

-more batteries are needed to store_more.--

energy at thefiigher voltage, they would be
linked in serigs- -parallel to each other, as
illustrated in the:second 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 energy will be wasted
due to the meﬁjcreﬂey ef—eﬂargmg the-
batteries.
An electronic circuit that monitors system
voltage may beneeded ta,prevent wasting
wind-ge ted electruq;ty when the batteries
are fully charged. Sudpose the battery is
fully charged and wind power is available
. but no electricity is being used. The load

monitor senses this condition because, whén
" the battery is tully charged, voltage in the
charging circuit will tend to rise above
' normal chargm voitageﬂa 12-volt battery

BATTERY

BATTERY

-LOAD@ )
18

Y
. TO OTHER DC LOADS

\

Paralﬂlel battery wiring increases the ampere-hours
you.can store but lowers the voltage. :

| BATTERIES |

| BaTTERIES|

b LOAD@

TC OTHER DC LOADS

\j

Series-parallel battery wiring. Use this approach 1o
store more electrical charge at higher voitages.

-




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 requifes only a knowledge
of the current (in amperes) you expect to flow
through the protie and the voltage of the
system.

Voitage
Amﬁeres?

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

Resistance =

- current? s
Solution: Using Ohm's Law wikh me max:—

mum cha;gmg voltage, B
14.4.yolis
- 40-amps

= 0.36 ohms.,

RBS!SIEUCS

Z==¥ouU 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 prewous
example would 0ok like a short circuit to this
110-volft system.

o
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LOAD MONITOR

WATE.Q.HEATE;Q

Series battery wiring with a load dumper.
When the load monitor senses an gvercharged
battery, dlver“[s current {0 an electric waler

heater. ... -*

*.

will charge up to about 144 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,

‘the load monitor will switch the. relay to off

and begin charging the baltteries again.
‘What sort of extra load am | talking about?
It can be an electric resistance heater or a
backup heater probe in a solar storage tank.¢,
or hot water tank. That's a convenient place

, for extra wind energy to go, with no waste.
If the water gets too hot, invite 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 ngisy, others are not. They
come with pull-starters or electric starters. -
The example shown here has a. second load
monitor wired to the~ starter. The monitor
senses a very low voltage conditioryindicat-
ing -a dying battery. It then starts the gener-
ator, or rings a bell.to SIQnaI you to do the
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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

nnnnn e =Y aYa BT =11/ ;ﬂ‘ﬁlllﬁ"‘hl‘l Alean~ ~f riti~nal

SUUINIJ dilid YW HHiaoudidloud, Alaou U CIII.IL:CI..I
imponance is the diameter or gauge of the
wire. Wireg 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 cne size
larger than calculated. Wires tend to be
permanent fixtures, while leads d@most
always grow. ] R
What else can be done to enhance effi-

» ciency in a wind-electric system? Quite a bit,
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Above: One possible backup generator for a
wind-electric system.

Right: A E: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 oh at the same time. Through the magic
of “peak shaving” you can cause loads to
unbundle, lowering the peak power drain
on your wind System (or on Edison, for that
m’attelr). This doesn't mean you will actually
save ienergy 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.

I-__lowever, 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-
+ing; 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

Lm T
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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 might add a
smalkglectrical circuit (control box) to switch
the pump off when too little power is available P - _ _
to pump any water. The AC motor considered ' ” |, DC Pump i WATER TANK
-, . earlierisa constant-power device that spins - '
.. - at a fixed rotatienal speed-and dsives the
., pump at a fixed rpm so-that a virtually con-
“stant pumping ratg is achieved. The DC
motor, which is |liKply to. be a converted
tractlon motor from a golf cart, will spin-atan
. rpm governed only by the power available
toit. But.a DC motor is not compatible with
jet pumpe\{whtch many modern small wells
- use) because they are designed to spin ata
' fixed rpm. It is compatible with a positive
dis;)lécement pump, such as a piston pump.
;You might require a hybrid system that

A simple wind-powered electric pumping system. The only storage 1s a large water tank

g,

CONTROL BOX\

.

pcrmAC  AC

c *"'_blnes elements of most of the e[ectrlcal x ' ) BATTERIES INVERTER - PUMP WATER TANK
:apﬁ}lrcailons diagrammed so far. A typ; ) TO OTHER USES ,;%:'.‘-" :
. P ind-electric system is not detlicated en“re'}’_ f A complete wind- electric water-pumping system. The well purnp IS }usl one of several Ioade—eeweree—by—thle—— —
T "to water pumping, although such a sysiem : | windcharger. . -
777 is possible. The lower drawing shows a hybrid " | . S
o - or flexible wind-electric system with major lis dehvenng enough powet to pump water. o '
emphasis on water pumping. Note that the ° The control box could besset to sense a - _f ¢
added control box uses the water level in ,(crists water level in the tank and draw cur- . -' |

the storage tank as one of its inputs. Another _ rent from the batteries, or ring a bell to warn S
input might be power available from the I,the owner. The controller could be pro- . . <
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 from the batteries until the windmill  pump would bring the water levels up to a
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“fult reserve” levei—takirfg advantage of the

Qccasional excess power a wind. system
might produce. Such programmable intel-
ligence,.when coupled with several wind
energy applications, leads to hlgherovq.rall
system efficiency.

Chapter 2 descrlbed a novel techmque
for generating electricity and pumping

et tha Bioiohiland Toava

vioarirm o o]

- system being tested by the U.S. Department
of Agriculture. This particular scheme- use$
the full capabilities of the electric well moto

It no wind power is available during pumpmg, '
. the motor dogs the entire Job, spinning at

about 1,750 rpm. When the wind increases,
an -electronic contrel circuit releases i_h‘e
" windmill brake, and)a/small starter motor
spins - the wind-turbin
point, a clutch engages to couple the t Iorque
from the turbine to the torque supphed by

_ the electric motor. Motor rpm increases as

~more wind power becomes available. When

“this type of wind-electric water pumping

- would be an industrial or-agricultural water -
purnp thatdrives a large rrrlgﬂtlon systemor %
an industrial process plant. Such a pump is

probably a 220-volt or 440-volt motor erm

ten to several hundred horsepower in SIZC‘r

An |daho potato- farmer uses a 400-hp eléctric
 pump to lift water 600 feet out of the ground
into”-a holding pond Four 14-hp

3

eA}JGI thHiciiial

5" up to speed. At that

[umps

. supply water to hts center-prvot 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 coyld be wired to,operatadggether
W|th or in parallel with, the utility lines. It is
unllkely that a 400:hp wmd system is within
thfs f rarmer's budget,. but dll'y wind. power
+ supplied will offset the power required from.
the tility lines., Any or all. of these pumps

e sy )

© ¢ouldsbe coupled to a wind turbine in an’

arranQEmentStmilar to the Bushland,; Texas, .-
rnaehme R

Wihd Fu'rnéces T , -

A wind furnace is a wind- pﬁwer"d heat-
ing. system. Low-grade heat is needed for .
domestic purposes and for agricultural and

; industrial processes. Hot water can warm a
. mdtofTpm reaches about 1,800, no electricity
is.needed from the-utility. As the rpm increases *
. above 1,808, the motor turns into a genera-
tor, pumping juice back into the utility tines.”
- A typical synchronous application for .-

room in winter, and provide a hot bath or

* sterilize a milking parlor, and wash manu-
factured parts beforé painting. Hot air 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-

trial and agricultural processes. One -could
%reasonably expect to apply wind. energy to
heating—perhaps as a. complement to solam
energy.

« "Wind furnaces can be used to supply -

the extra heat required for home climate
control in regions where itis both windy and

-

%y,
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Building a2 Wind Power System

. cold. Many parts of Eastern Ca'nada, the
New England coastal regions, and the Great

Piains states and provinces are likely areas
for important wind-furnace applications.

Space heat requirements of a building
depend on the temperature difference be-
tween the indoor and outdoor air. Heat flows

" from warm to cold, and when this difference

is large, serious heat losses ensue. Insula-
tion, caulking and weatherstripping are typ-
_ical measures to minimize these losses.

" But the 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 mormal infiltration—the-pro-
cess where cold air sneaks in through cracks
and small openings. Wind increases infiltra-

~ “tion by building up air pressure against the

b

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 miich faster than normal. Because

of greater complexity, infiltration loads are

much harder 1o predict than wind chill heat
loads.

The beauty of Jusing a wind furnace for '

extra wintef heat is: that if. works hardest

when it is-needed most. A solar neatmg' - _atures than most other processes (80-100°F,

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 storagg—
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, dﬁmg the winter months °Reg|ons of hlgh power e
are good areas for wind furnaces

concept is not limited to space heating.
However, space heating uses lower temper-

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

insutation, a wind furnace can provide a fair.-
- portion of all your heating needs.

[

wl
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Vo heat. Or a pump could be used to splash
\\\\ *'/x/ water against the tank- walig;.-s.imllar_l'y, the

.o - windmill can drive an air compressor. Com-
— = pressed air will rise in temperature while it -
, > is being compressed, and as it is released

’//\ NN\ ' .
1" \ through a turbulent outlet. Windmills for
these purposes musi develop high torque
at low rpm; so high solidity is necessary.
A windmill can aiso drive a heat pump .
directly. The heat pump can be suitably -
| designed 1o produce low temperatures as
-/ SOLAR . well as high. Thus, some of your refrigeration
- _CQLLECTOR - needs, as well as heating needs, can be
satisfied with a heat pump. Such heat pump
i+ systems are already available for conven-

PUMP -1

= tional and solar energy sources, and canbe
readily adapted to or - designed for wind
o ) i : ‘ ‘power. _ AP '
\ _ : 1 (3 ) ' Perhaps the most versatile heat genera-
. — : S tion method is to use a windcharger to drive
A 07 0 :
h@: // %/// (the univgrsity of Mas'saqjhusgtts V:J\ind_ Fu;"
| STORACE TANK —L 7 nace project) was described in Chapter 2.
T T for water tanks are very common. Wiring
_ ///////////// these devices to a windcharger'is a simple
mattér, requiring only a load monitor to pre-
_ winds. This versatile system can also-pro¥ide
o " electricity for other purposes when it's ngt
Wind energy can be convertedtoheatin " needed for heat. Such a wind furnace is
that splashes water around inside a closed,  solar heating system, where a small amount
insulated tank, the water will be gradually- of electricity is needed for solar pumps,
warmed. Almost all of the mechanical energy controls, or fans,and the restcan be applied

JHEATING ELEMENT [ ] an electric-resistance heajer’ Such a system
; ./J
Electric baseboard heaters or heater probes
A wind furnace can be linked to an active solar heating system. _-~vent overloading the windchatger in low
several ways. If a windmill g_:irfi\'?"es a paddle ideally suited to installation in tandem with'a
delivered by the paddlesTis converted to  to heat.

LA
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Space heating is needed because heat flows
--from the warm, comfortable interiors of a

building 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. Often they must

“be done to satisfy building code require-

ments before a new dwelling can be built.
Complete healblosg calculations are too

|__detailed to present here, but several good

methods have been used [0 prepare a graph

ings. This graph describes the heat loss rafe
pical single-family awellings ranging
from poorly built, yninsulated to well-built,
highly insufated structures. However, this
graph by no means illustrates the best or
worst yau.can do.

The heat loss rate Q is presenred in units
of Btu/DO/f*, or British Thermal Units per
degree-day per square ‘foot of fioor 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 l0ss ‘of a dwelling can be estimated
using the_Loxmum e

Hear Loss = Q XrDD >< 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;

. to help you estimate the heat loss of dwell-.. . .

i

the: _
~ get the heat loss in kdlowatt-hours, drwde this

- 4
4

Building Heat Loss

Iheat foss will be given in units of Btu. To

answer by 3414.

Exampie: A house with TOOO square feet
of heated floor area is located in Las Vegas,
pevada. If the house has R-11 insulation in.

the walls and R-19 in the ceiling, how large js_ - .

" the heat loss during the month of January?

R

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 15 mph wind hne m rhe graph.

Then, . . .

Heat Loss = 11 X 688 X 1000
: \
i '1

= 7,568,000. Btu.

Dividing this number by 3414, t /Pfe heat fosé

-equals 2,216 kWh—the amount 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 1088
caused by the wind itself is to be supplied by
the wind furnace. This heat loss can be esti-
mated by using the difference in Q between
the windy (Q = 11) and no-wind (Q = 7)
conditions in the formula:

i

- Heat Loss =4 X 688 X 1000
P © = 2752000 Btu,

or 806 kWh. This amount of electrical energy
could easily be supplied by a wind generator
during @ month with an average wmdspeed
ol 15 mph. .

Q iBtu/DD/HR)

o

0

B

- LOW

RH

RI19

—_-r“l?

r Wmdspeed

— 15 mph

-

Average

High e

g

Amount of nSutaton

-t
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i1 S
. Installation
e S . : : - "~ Planning a wind system involves a com-

each component. With wind-powered water-
pumpers, the plumbing may reduire freeze
protection—often accomplished by burying
pipes below the frost depth. Lightning pro-
tection must be considered in all installations.
y Otheer questions.concern space. Do you
have enough room to complete an tnstallq,
tion and perform the necessary maintenance
and repair operations? Do 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. Tim& and again,
I've found complete strangers climbing my
tower as though it had been installed 1ustfor .
that purpose! ¢ .

The major points to conslder nany mstal-
lation are the following: !

» Safety s

« Efficiency ] o

e Cost -

* Environmental iImpact.

Your own situation will determme the
order of importance for each of jhese points.
The first three are discussed here; environ-
mental impact is discussed in Chapter 7-

The dual consideration of cost and effi-
o ciency usually work against you in wind
| e A ———e— _ . machine design—higher efficiency almost
wind machine installation using a gin pole. This Kedeo machine was tmed up fully always.costs more.gn the other hand, shorter
aésembler‘ with the 1ower. o . . wire runs cost lesstand are more efficient.

{ S _ plete understanding of the requirements of
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But larger diameler 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-
priate: =|and foundation designs. Safety
goes a rther than that, however. Itis not

an easy task%’o erecta gianttower, especially -

in a tight space. It's even more difficult to
work aloft with a héavy, cumbersome wind
machine. Such a feat 8 a lot like overhau!ing
a d[esel -tractor €ngine 60 féet in the air,

Plan your installation allowing for enough
room to tiit the tower up. This process may
require awmch a truck, ten friends andia,
gin pote. A-gln pole is simply a Sup;jort that

- allows the rope or cable youuse for Ilftmg

‘the- tower to staft the liting process, from

~ above the tower.Gin poles.need not be very -
- Mall—perfiaps one-third to one-half the height

~ofthe tower, As'the tower rises under tension
o 'from the rope, passmg over the gin pole top,
the ability of that:rope 1o continue raising’
the tower increases, and the need Yor the
gin pole decreases Oncethe toweris about
hatlway up, the gin pole won't be needed

"~ anymore. The rope can finish the jobdirectly.

But be careful. Extra bracing may be needed -~

to preventtower cotlapse during tFns delwatef
operation. .
~ You have several OQtIOﬂS- for gettmg the
wind machine aloft; :

-# Tilting it.up with'the tower

* Hoisting it aloft fully assembled

» Hoisting it aloft partially assembled
¢ Hoisting individual Components for

assembly aloft, oo " :
The first option is generally the easiest, unless
your machine is very heavy. The lastis time-
consuming but reduces the need for hoisting
egquipment. You should consider this point
carefullywhen designing your wind system.
An apgroprlate design conflguranon 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 |mportantfsafety feature is
||ghtn1ng protectlon for your wind machine.
Any wind machine is a prime target for
lightning because it's usually the tallest

~ metal object around. The. map of thunder--
- starm frequency ©

nresented 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
Mourntains ang the southeastern Unlted
States are the two pringipal areas of major
-lhunderstorm’ 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 lightning stnke’?
¢L|ghtmng current: typicauy peaks 4t 20, 000 °

" Thunderstorm frequency in the United States and

southern Canada. Contour nes indicate the aver-

age number of days per year with thunderstorm
occurrence.

b
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- \_cHTnee 85 - ‘percent of the. time it péaks at 100,000

i S “ o A~ ° _ amperes in the same time intérval. Clearly,
T ) o Ial - you cannot afford to overlook lightning pro-

. —TF tection. Without an adequate electrical path

- — L-%J to the ground, lightning will damage your

I | SLIP RING — .- wind machine with electrical heating, mag-

1

WIRE

T ———

— HEAVY GAUGE

MY 7

- 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—
~byBéstroying the contents of its confinement

.=~ cell. On a fess 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.
Alightning 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
—>——"—windchargers aloft for the sole purpose of
7y, providing protection from lightning strikes
.’/Z/ on a nearby home. But this means that the
massive current can flow directly through
_lhe delicate machinery. An alternative is to

/2

I

iy
;,//
-

-,

e L
GROUND »QODS/

Property grounded, a lightning rod establishes a
cone of protection over a wind machine. The slip
nng allows the machine 10 rotate without
tangied.

7
-

install a special lightning rod on the wind
machine itself, providing a direct path to
ground for the lightnfng current. Such an
sg@ppfoach 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,

gettihg

amperes in a t-mierosecond pulse. About 2

enters an electrical box and discovers ithas.

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 t'nan through the bearing. This .will
prolong bearing life. All transistor circuits
should be installed at the base of the tower

- or elsewhere, not aloft. Such a practice

makes it.much easier to replace zapped
parts. Finally, wiring and grounding oughtto -
be installed according to the building codes
for lightning protection. The real key to suc-

.cess in any installation is a good electrical
connection_to the earth. In dry- soils;-this

means many ground rods sunk 8 to 10 feet,

- Or even more. In moist soils, you need not

take as‘much care.

Comments From The Real World

Wind machings can be very useful in
generating some al the power you need.
They can also. be*quite dangerous, if im-
properly installed or maintained. After ten.

years of designing, testing, in¥talling, ahd

- owning mani&_ 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 tools fall from the
tower top while someone is up there working.
Worse yet, people often climb’ towers. to
work on their machines.when they are tired
and not really up to the concentration
required. - S

The Wiad Power Baok
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The following tips are derived from niy

own expenence with dozens of instaliations:
+ 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 spiit

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

. spinning before. an installation is
. complete.

t . 3.Really plan the up-tower operataons

w carefully. Know the pocket in which

each tool is kept, orwhowill pedorm

which task, and when. Trying to cho-

reograph the dance routine of a 400-

pound elephant 60 feet aloft Cd-ﬂ be a
difficult, if not downrlght dangerous
task.

1

. Figure that tying a rope knpt will lower

that rope's strength to h If its adver-
tised value.

.Try to avoid * fwe—em-up-ltls. Dontbe

in a hurry to let the machine spin
under wind power, Let its first run

occur during a very mild breeze. Save .

—make sure that blades cannot begin

6.

7

8. Try not tolook down!

the full-power runs until you are certain .

that the rotor spins smoothly and alf

the bolts are tight!

Always wear & hard hat when working
below somebddy else.

. Always wear a climbing beltand attach

it firmly to a strong part of the tower.
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needs and available technology that muw :

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
concermng the -rights and’ obligations. of
cmzens Ftnanetal 1ssues seem to be the

_power, but as the prices. &
increase, wind sys{ems’»ﬁ'become mcreas—
ingly compe

aed’fa&/ncehtwes are rapldly 1e¥ing and -
L “'penetrating these institutional barriers—

helpmg to increase the use of wmd energy

Ttrerfd in cost assessment.
automobiie purchases and is spreading tg™

: "_/.,_:-_."' R N .

‘Wind Power Economics

| often hear people ciainj that wind power

is “free.” Others ask, “Wili the wind powermy

house?” By now. you should have a-good
. idea of what it takes to power your house, .
*, and you probably understand thetallhough

‘the wind blows whether you use it or not,.

harnesssng the wind is definitely not {ree.

Then what does wind energy cost? Lots

of foiks simply add up all the costs involved
in a. compiete wind system instaliation and
stop: right there. Similariy. lots of people
simply ask how much a new house costs
and don't look any further. But there’'s a new
It started with

appliances. Soon it will reach home buyingf
and at thie consumer level it's beginning {o

ossn fuels .

_penetrate energy system purchases, That
Myend.is toward serious consideration of the

ife-cycle costs of a system, house, epph-
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-

Fses, passive solar homes usuallyhavea

e imitial mrisa Bt radAdnicea at littlae nr

' Ill\dllc’l INtlial price outl proauce, at e Ol

no. operatmg cost, much of their own comtort-

control energy The monthly cost of owning
such a home is usually less than that of a
conventional home purohased at a Iower? :
|n|t|al price.

Simiiarty, two wind generators, each rated
at 4kW, might each sell for a different price.

" The more expensive unit has a larger rotor

diameter than does the cheaper unit. Sdme
people would be inclined to buy the cheaper

. unit just to minimize ey initial investment

in a wind system. But which machine is

actually cheaper? To answer that question o

--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 "ﬂrsl cost”
of the system.

Nex! you need an accurate estimate of
the amount of wind energy each system will
produce at your site in a year's timg. If the
only data you have for the site is the mean

annual windspeed. use a Ray|e|gh distribu- - -~

tion (Chapter 3) for that speed to gel the
number of hours the wind blows™at each

d

\.‘




150

The WIlltl POWuI' Blluk

. Wind Energy Costs

A complete econom:c analysis of w:nd 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 co§t of that energy can then be
compared with the cost of conventfonaf'
supplies.
To perform such a m‘e-cycfe estimate of
~ your wind system cosls, you need to know
Lbe fo!fowmg
» Installation costs in dollars
* Annual maintenance costs, in dollars
» Annual insurance costs, in dollars
* Other annual costs, in dollars

e Annual interest rate paid, in percent .
« Expecied system lifetime, in years
: « Annual erergy.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 ana!ys:s by adding up the
~ purchase price and instalfation costs. Then
multiply the sum of all the annual costs by
the expectediifetime of the system, and add
- this proguct to thetotat above. Finally, sub-
tract the estimated resale value of the
equipment. Exclusive of financing costs, this

result is the total cost of your system over its -

expected lifetime. To get the average annual
Costs, you divide this result by the expected
fifetime and multiply by a factor that includes
the costs of borrowing money. An example
will.-help to dlustrate.

Problem: Suppose a wind system can Oe
purchased off-the-shelf for $4,000, including
wind genergtor, tower, batteries, wiring and
_controls. Suppose that instalfation of the

e

system ctosts 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 equiprient 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 it produces?

Solution: First add up all the costs and
subtract the resale value:

Purchase price $4,000

* Installation cost - 1,000
Maintenance & insurance 4,000

' . $9,000
Resale value . =500
$8,500

To get the average annual costs of the
system, you should include interest paigras
an added expense. Using simple interest at
10 percent per annum, the average annual
costs of this system are:

110 X -@%%QQ = 5467‘50 per yearA
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

3,000 kWh = $0.16 per kWh.

_This 'f;'gur'e: may.seem high, but wait a minute. . | -

If 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 1o
$357.50 and the unit cost to $0.12 per kWh.
(State tax credifs may reduce this COSI even
further.) - :

-

windspeed. 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

_estimate of each wind generator's- annual

energy yield.

- Now you have the first cost and an estl—'____'

mate of the total energy vield, which is the

" annual yield times the expected lifetime of ,

the,system. If you stop right there and divide
cost by energy vield, 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 bjjl might be based on a
price of 2 1o 15 cedts per kWh But I|fe cycle
cost analysis goes further. " : N
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 cqovered by a mainteriance
contract with thé installer. Insurance cosis
are easily identified by calling a broker. The
financing costs of your installation are more

‘complex. If you take money outof a savings

account or other securities to purchase your
wind system, you suffer a logs of 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.
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incentives are tax credits; many states and -
the federal government have programs that |
. hel
‘redu

wilt not pay the whole price, but in some -

. -
5 om

A hel.pfubpr,ecedure to pen‘orm an annual

e '_-,tof the total system costs. js given
here (see box}-
you add. up‘a{ £

life-cycle asse%smem

savings in energy eonsumptton costs over.,
the expected system lifetime. :

r

involved -ia- estimating yoeHﬁ -eycle-cost-
___r'd:.:--perhapé even
lbcal government incentlves to help you

decide to buywmd eqqlpment The primary

finance your wind energy system by
your income tax liability. Tax credits

states, like California, théy reduce the dost
by about 50 percent. You take this red uction
into account when calculating the first cost
of your system. . :

- Similat govemment programs are start-
ing to make low or no-intérest Ioansavaﬂable
for conservation and energy equipment.

* The- electric 'dtifities are beginning to get

int&'the acthere. Other incentives may show

up in the dorm of property-tax refief or a

'_reduced assessment of property value for
people owning wind equipment. Such incen-

: twes wiil lower the annual costs 'YOU associ-

ale'wﬂh the win equspmem

_ When you ¢ mpare your wind system
"_energy cost with the cost of conventional
» energy sources using the life-cycle costs,
thust include the effects of inflation.
. N , _

e oo

you .

s.0ver the entire; hfe ofthe -
.. machine, subtract th¥tesalevaltie estimate’ -
- and compare this total dorlarngute,ywth the

; - . . e

Conventional energy costs are rising rapidly
as shown in the graph. Once you install a

“wind system, you begin paying for it.in the

form of interest payments, taxes, mainte-
" nance and other costs. Some of these costs
will be-affected by inflation, but the major

- costs will occur at a fixed rate. Eventually,

- “conventional energy costs should exceed
Among the :many. changing aspeotc _

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 poot site -

might never save money. Tax credits may
hasten the break-even day, butthe selection

“of a good windy site is the most important . '

factor. ) -

- Legal Issues

The legal issues involved in owning a
wind power system cover two important

areas—your rights and your obligations. You,

have cenain rights, granted by law, that can
be-obtained by agreement or contract or that

come automatically with~land ownership:
~ Other rights may have to e obtained through

the courts. Your abligations are to protect
‘the health, safety and welfare of others.
Suppose a family has purchased prop-

. ernty in a windy canyon and intends to build

a_home-and install'a wind generator. The
legal'questions that come with purchase of

‘the property should be determined early on.
A title search will find any restiictions placed _

on that property. Ifa previous owner speci-

~ Cost of Electnaity {Dollars per kWhi '

. A comparisorn
. costs. The w
purchase and
. maintenance
year lifetime.

-
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nd power cost assumes a $5,000
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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 restrictioni is unlikely, but trouble-
some architectural restrictions often do exist.

« These can limit the height of a structure,

determine its architectural style, or force the

owner to submitto the whims of an architec-

tural review board. It's hard to .imagine a’
:nd machine de5|gned in Southern Colonial

style, and if the maximum structure heightis -
limited to 20 feet, you'might as well forget it.

Zoning ordinances-are the next area of
potential legal problems The county may

“have certain restrictions that limjt property -

to certain well-defingd purposes——resndentlai

'agncultural commerciat, industrial, and so

forth. These zoning. ordinances may aiso

“specify architectural styles, building height N
Jimits, and other restrictions that affect a

wind system plan. Zohing regulations are

enacted for the purpose ot protecting-the.

“public health, safety, and welfare.” They are

" .usually administered by a zoning commis-
“sion; planning department, Or. bundmjg

iAspector. 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 tor a variance if tower hetght exceeds

the maximum height restriction.
Building codes are yet another source

~ “of problerms. Beforé you can begintolay the

tower foundation, you will probably have to
obtain a bundmg permit. Typical building

* codes are the Uniform Building Code and

the National Building Code; compiete books
on whichever code your county has adopted
should be available at the local library.
Building codes specify foaundation, struc-
tural, electrical, and plumbing requirements.
In some cases, your friendly building inspec-

- tor may decide thatthe codes do not apply
~ toyour wind system. In most cases, however,

they do. Your design will have to show, by

R
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engmeerrng caloulatrons that you have Suretywhateverwrnd Crosses your property
complied with the codes. In some cases, a  is yours to us€ as you see fit. But what
registered professronal engineer will hgve  happens when your n%ghbor decides to
to check your drawings and calculations. build a high-rise structdre just upwind of

© Often a deeply hidden resTrrGttontoFur your machine? Zoning ordinances aside,

: ........rrghts crops-up-beeause a wind syste < you may not be able to stop such an action. __
an energy producer. In every state a Pyblic  Recently, a lot of legal debate has focused | = :
Utilities Commission has licensed orge or - on sun rights and solar access—the rights -
more utility companies to provide thee ergy to the sunshine that normally falls on a
property or crosses an, adjoining plot. A
gardebate will eventuaity examine .
wind rights. For now, the problem is not - |% g - -~
highly critical; it is, however, something to o } ' '
" think -about in-your-site-planning. H-wind-- | - | - | L
rights appear to be a problem, you mighttry T . e s
_ /-~ to-obtain an easement. You usudlly obtain / e S S ) :
ﬁe_Eubllom;+an—easer_eent for-the-rights teﬁpmetmﬁg—v--- o - T

_ _Conoerhmg your neighbors property.Ease- T s T e o B
"""" “‘ments are granted or.sold for driveways, | ’ A

ffom smatl power producers, rncludlng wind  power line crossings, sewage lines, and ether A oy
'systerns.Thi‘s regulation now makes itpossi-  similar uses. A wind easement would restrict S |
‘ble for you fo cogenerate electricity at your  structure and tree heights on the part of

" house or business, with full cooperation of  your neighbor's property that i$ in your wmd o B
-the docal electricutility-The-Act-specifies—Tetch ated. : P *'
fthat utilities must buy this cogenerated Along with your rights to ..harness wind - / 0 _
i power at their marginal cost of new power  power, you have certain obligations, most of . o N o : -
{‘ generation—which is a high rate these days. ~ which are concerned with the proteotion of T S \
But the exact rate they pay wm_nronabl_yLbe_hieﬁané—Ltmb—M&HﬁyeeHhe%e—&afety obtiga- _ : - P

| the subjectof debate and litigation forsome  tions will be satisfied in the course of com- -~
* years to- come. However, your right to sell . plying with DUIIdtng codes. For example, '

_,.,them excess power is clearly set forth in - preventing electrical shock is covered by

* “PURPA, it virtually eliminates-any restrictions  electrical codes;:while plumbing codes o : |
by a public utility on your ability to produce  specify sanitation requirements for a water-.. . .= . == :
power. - . pumping windmill that supplies domestrc_

Perhaps the most fundamental Iegal drinking water.
question concems your right to the wind.. ~ In my opinion the main area of cohcern.

4 .?U
i
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that may not be covered in your building
codes is the atiractive-nuisance value of a
a _/"/ “wind system. Install'a swimming pool in
é.w your yard, and you will be required to fence
| 1 itin. 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

o R R AT
T st

5 that peole usually have less. experience
21 with windmills than they do with swimming
'P:;" pools. Your obligation is to protect lrespas- "
}‘E;’é sers from the:safety hazard you create Dy

. installing a ‘windssystem. Check with an
attorney, but expegt to install at least a
safety fence arowad the tower.

Your obliggtions extend to the protec- .
_tion of your ngighbors from falling-towers;—
flying blades/ television interterence, and
other envirofmental damage. It may be thal
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 hability insurance to
help cover any damages . and keep your
wind equ:pment in top shape so you, don’t
need to use thatinsurance.

///g///////,
e

o

Social Issues

To a large extent, the social issues of
technology are reflected in the'laws, codes, ..

Flymg rotor blades are one of the potentlal dangers of owmng a wind system. Take care 1o plan for such

hazards pefore installing 1he machine. =" and ordinances just dls_cussed. The experi-
ence or mood of society, or needs of a
L ' “ group of people, help to guide the creation

I . ¢ i . ' s - ot
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of laws that govern the applications allowed.
If a group of wind energy sysiems is re-

‘sponsible for several acmdents orinjuries,a-

faw will very hkely 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 ihat 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 eguipment wili
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 yoUu ™~

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 moise—

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 1o a dealer and

mation hey may have accumulated on wind
energy for' your aréa. Also ask them for the
forms necessary to qualify for any tax credits

that may be available. Sort.out your options
“and pursue the project carefuliy The results
will be more than satistying.




1 Numerlcal Data 158 ;
~T1*Howto Read a Graph, 158
= 1.2 .Conversion Factors, 160 ‘

2 Cllmatlc Data 162

- 2.1 Rayleigh Windspeed Distribution, 162

22 Windspeed versus Height, 164
- 2.3 Wind Power Tables, J66

- 2.4 Wind Power Maps 204

2.5 Degree-Day Tnbles,, 210 . -

3 Design Data 216
.._31 Rotor Swept Area, 216 -
.. 3.2 Savonius Rotor Design, 218 =\,
"33 Simplified Rotor Desngn 220

3 5 Estlmatmg Electrlcal Loads. 228

‘‘‘‘‘

ros
-
.
v
_'
-
.. -
-
e
—— =
B W




158

How to Read a Graph ;

- Graphs have been used throughout this boOk to SImp!Ifycanula-
“tions. They also help to compress aiotof numerical informationinto
‘a convenijent visual form. Computations which would normally be .
difficult or laborious can be done easily with the help of a graph

But some readers may have troéuble interpreting or using graphs

this Appendix is designed to help them. Here are a few illustrative

. examples.

Example 1: The curve inthe first graph defines the relallonshlp

' between two quantities, Value A«and Value B. If Value A equals 8,

what is the corresponding Value B? . .
Solution: Start on the horizontal scale (“x-axis") at 8 and pove

vertically (or draw a line) up to the curve. From this: point of
intersection, move horizontally {or,draw a- ling) left to the vert|cal ,

scale (“y-axis”). Thus, Value B =4 in this example.

Example 2: Suppose you know tl“(et Value B=25in the first
graph. What is the corresponding Value A?

Soluation: From the vertical scale at 2.5 (halfway from 210 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 Qn a graph that
applies to your problem. Often, there are a series of-curves each
corresponding to a specific value of one parameter. Here, you have

The Wind Power Buok

Al
o

to select the appropriate curve, or even add another curve to the -

_graph An example will illustrate.

' Example 3: Look at the second graph. It contains two solid

curves corresponding to two separate values of Value C, C=10"

and C=20,in your proElem 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) roughly
halfway between the two solid curves, and proceed as in the earlier

‘examples:




. o AT y
* Appendix 1.1: How to Read-a Graph =~ B . 159 ST
fc-f_'“ . o ) .

O')

Value B
[
Value Y .

:: 4 R Ta_._ e T e —
ST T T T e Example 1*""‘"
2 l .
R -- i ExamDIe 2 |
. + 0 ql'—l o 209 S IR S IS
* 0 2 4 6 S8 w0
‘ CvalueA - -]
. . . A . - ,;} y ———




L}

o | 160 ~ The Wind Power Book
' KX ' -
CONVERSION FACTORS CONVERSION FACTORS :
] Mun{piy: By: - To Obtain: . Multiply: By: . To_ob:ain:
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) . 002237 Miles/hr
- ..33.90  Feetof H,(39.2°F) Cubic feet (ft?) 00283 Cubic meters
29.92 " Inches of Hg{32°F) K 748 Gallons (U‘S:quu'id)
, o147 Pounds/inch? 28.32 Liters
British Thermat Unitg (Btu} ~ 252.0 calories Cubic meters (md) 35.315 Cubic feet - -,
: 77765 *  Footpounds " 264.2 Gallons (U.S. liquid) J"
3.8275x10°*  Horsepower-hours : 1,000.00 Liters :
105435 ,  Joules | S Feet(ft) 30.48 Centimeters
2.929x107¢ Kilowatt-hours i _ b 12.0, _Inches
Btu/hr 4.20 calories/min - b ) . 1.894 x 107% Miles. -
. 77765 Foot-pounds/hr ‘J, Feet/minute (ft/min) 0508 Centimeters/sec
3.927x 104 Horsepower : v 0.01829 Kilometers/hr
- 2.929x10°% Kilowatts ) 0.01136 ~Miles/hr
. ) 0.2929 . Watts Fegt/second (ft/sec) 1.0974 Kilometers/hr
Bu/ft . 0.27125 Langleys (cal/cm?) o | 0.6818 Miles/hr
Btu/f2/hr . 3.15x 1077 Kilowatts/meter? " Foot-pounds (ft-lbs) 0.001285 Btu
no 4_.51 x 1073 Langieys/min (cal/cm2/min) " 0.324 calories
" calories (cal) ' 0.003968 Bty 3.766x10-7.  Kilowatt-hours
' . " 3086 Foot:pounds Gallons (U.S. liquid) -~ 3,785.4 Cubic centimeters
’ 4184 - CJOUIBS ] ke N : 0.1337 Cubic feet
T 4625 108 Kilowatt-hours 231 Cubic inches
Calories, food (Cal) 1,000 calories 0.003785 Cubic meters
calories/cm? (Langleys) 3.69 Btu/#? % 3,786 Liters
Centimeters (cm) 0.0328 Feet Gallons/minute, (gpm) 2.228x10°3 Cubic feet/sec
o 0.3937 Inches - T 0.06308 "

Litersfsec

I}
s
b .
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'-._\\\ I o
\ CONVERSION FACTORS CONVERSION FACTORS _
Multiply:. ' By: To Obtain: ! Multiply: By: ¢_To Obtain:
. c . : ‘
. Horsepower (hp) 2,546 Btushr Meters (m) 3.281 Feet
e - —uBBO -~ Feot-pounds/sec - - —t 39.37 Inches™,  v°
- : o el d '
745.7 Watts Meters/sec (m/sec) 24 Miles/hour
Horsepower-hours ‘2,546 - = Btu ‘ Miles (mi) ' 5280 Feet
1.98x 10° . Foot-pounds " 1.61 Kilometers
L e e 0.7457 Kilowatt-hours ¢ Miles/hour (mph) 44.7 Centimeters/sec
y r tnches (in)- 2.54 Centimeters _ " * 88.0 Feet/min
5 “Joules 9.485 x.10™ Btu ‘ s 1.61 Kilometers/hr
e T 0.7376. Foot-pounds | : 0.447 Meters/sec
| 2.778x10-¢ - Watt-hours Pounds (lbs) 0.4536 Kilograms
Kilograms (kg) 2205 * Pounds . Square feet (ft2) 0.0929 Square meters
Kilometers (km) . 06214 Mﬂgs ' _Square inches (in?) F%@Q , Square centimeters P
KllomEter!hr (km/hl'_) 0-91 13 - 'Eeetl’sfec : » - h / . r Re L~0.6_06944 Square feet - .
Kilowatts (kW) 3'4\14 Btu/hr Squarekilometers (km?) - 1.0764x 107 ¢ Square feet .,
N 737.6 oot-pounds/sec _ " . : 0.3861 Square miles. LA
: L 1.341 " Horsepower L . 7 Square meters (m?) -~ 10764 S -‘Sjciuiaréfeet’l_m-T_"-"_-v'-_:-__a, Ve,
- Kﬂo.wa.t_l-.hours {kWh)- 3,414 Qtu. - T S Lo Watts(W) v -._f}_'_a: 414 ~ | Bty /hr ( 2 i ’ T
Langby:s L . 1.0 . ca[ori'es/cn'r;-.- _ I o "i -7 o ) "0'001341 S i H@I‘SEDUWET i . A
Litefs " ) 1,000 " Cubic centimeters 'V’Gatts{/cmé ""7&1?2;.; Btufehe
S 0‘035.3 Cubic feet | Watt-hours '+ - 3414 | 'E_Btu
0.2642 . Gallons (US ||C]UId)x . I o 860.4 calories
.
L f.
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The Rayleigh E’ﬁfs“tri'b'u‘tion is a one-parameter equation (see Chap-

ter B)W‘that‘can behused to estnmate the number of hours the wund

, -'equatioh 1sﬁ _ nnuaJ average wmdspeed (the mean wmd,speed)

. atthesitein qu,eetnon The accempanytng table presents vaiues of

¢ the Rayleigh dletnb#;m 0 -,-,;am_e’aa wnndspeeds ranging from 8.to

-T?-mph Alg j &t line in this table are the numbers of

T ké wind to, biow-at each ‘value of the
—%eftmost cotumn.

Hpose your site had a mean wmdspeed of

| swanted to estimate How often the wind blew at
BRI g;ead down the column marked 14" atthe top untilyou
i Ch the hQﬁ?Oﬂ’[al line marked “23" at the left. You get the result
“1 94 " which mieans that the wind will blow at 23 mph apprOX|mately
1-94_;‘;‘hour3 per year at this site,
ST To'getthie result in termis 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
thegime.

-
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RAYLEIGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS RAYLEIGH DISTRIBUTION FOR yAnlc;us, MEAN WINDSPEEDS
Windspeed | : . Mean Windspeed, mph . | Windspeed e Mean Wl_ndspeed, mph
mh T8 9 10 11 12 13 14 15 16 17 ™R e e 10 1 12 13 14 15 16 17
1784 731 666 601 539" 484 435 391 953 320 B 22 |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 13 158
10 630 644 627 594 654 5. 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 5 79 102 124
12 |441 504 533 536 523 500 473 443 415 386 | . = 1 0 5 2 7 .16 20 ‘46 e6 87 108
13 [351 429 474 494 494 483 464 441 416 301 32 0 8 1 5 11 22 37 85 74 94
14 |272 356 A13 446 450 458 448 432 412 399 S - R % 3 8 17 29 45 63 " 81
T T8 |149 227,295 345 3787396 403 400 392 3o, | 738 o v 3 1 4 10 18 % 44 .60
U0l A7 05 175 242 206 336 361 975 379 377369 | | 3 |0 0 .2 9 3 7 14 24 -3 &1
o178 {737 132 194 250 294 325" 345 356358 355 | - | a7 o 0 4 0w 2 5 m 1w % 4
19 49 97 153 1?07 253 (289 314 330 337 339 | <1} 0, 0 0 4 1 4 8 15 24 36
~-20 |32 70 119 -170- 216 254283 303 315 “3r - - 3 o 0 0 2 9 3 6 12 20 30 4
21 [20. 50 90136 tet——220—252- 275 201, 02 | | ~40 ~~fo 0 0 1 6 2B 9 16 25
22 |12, 34 68 {08 150 189 222 248 268 281 a1 0 0o o0 0 %4 i3 7. 13 20
23 7 23 °50 84 123 160 194 222 244 260 | 42 © o o o 3 8 -3 ‘5 10 17
24 |4 15 "36 'es 90 134 168 197 *220 " 239 | a3 o o o o 2 & 2 4 13
25 |3 10 25 49 79 111 143 173 198 218 | 4 20 0 0 0 1 4 1 3 11
26 |1 6 18 37 e 91 122 150 176 197 . \ o
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B Wlndspeed versus Height \
SURFACE FRICTION COEFFICIENT e L
Description of Terrain \ o If you know the surtace friction coefficient « (Greek “alpha”) ata wind
 hard arcand: Take or - 010 site (see Chaeter 3), you can readily estimate the windspeed at a
Smooth, har grounc, tae oreced ' given height hg from measurements at enother height hA The |
* Level country with foot-high grass, occasionjal tree 0.16 h o
Tall row crops, hedges, a few trees * 0.20 Vg=VaX (h A) '
. Many trees and occasional buildings \ 0.22-0.24 where VAZ the Windspeed méasured at helght hA;
Wooded country; small towns a”'_j SPP_F’“’S - 0.28-030 - Vg =the windspeed estimated at height hg.
Urban areas, with tall buildings ' \ - 0.40 - o . _
" SRR S— The surface friction cgefficient a usually has a value between 0.10,
\ (very smooth terrain) and 0.40-(very rough terrain). Typtcal values for
\ a can be found in the table at tett.
~l_ The equation above can be used with various values of aito -
develop the. series of “height Correction factors” presented in the
" table on page. 165. Here, a & listed at the top of each column;, and’
: i gt the leftmost column lists the height in feet. To get the windspeed Vg
gw at height hg when you have measured the wingspeed V, at height
. - ha, use the following simple equation:-
N HB -
' Ve=VyX = '
B A HA
e I where H, and Hg are the height correction factors read from-
o _ & the table.

These correction factors have been normalized to an assumed "

anemometer height of 30 feet above ground. They are also based
on an assumption that the anemometer is not immersed within the
layer of slow-moving air below the tops of trees or other nearby
obstructions. For level terrain with tew or no trees, height measure-

ments start at ground level. When there is a grove of t_rees nearby,

start all your helght measurements at tree-top level.




~Appendix 2.2: Windspeedﬁf\fersus Height

ho

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 at this site, and the anemometer measures a mean windspeed
of 10 mph, what is the mean windspeed at the machine height?

Solution: First you have 1o 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, = 0.892%and Hg=1.153.
Thus, the mean windspeed at the position of the wind machine is
expected to be: . ~
1153
V= 10>< 0895,
=129 mph.
if there were no trees nearby (lévei country with only an occasional
tree), and the anemomater measured -10 mph at 30 feet high, the
mean windspeed at the 80- foot level would be,assuminga = 0.16:
_ 1.170
Va=10 1000 |
= 11.7 mph. . A

So the extra 50 feet of lower height gains you only 1.7 mph in mean
windspeed over level terrain. But remember that wind power is
proportional to the cube of the windspeed. The wind power

available at the 80-foot level is 60 percem greater than that availabie
at 30 feetl.

s

HEIGHT CORRECTION FACTOR , H
Height Surface Friction Coefficient, o
(ft.) 0.100 | 0.140 | 0.160 | 0.200 | 0.220 | 0.240 | £.280 | 0.300 | 0.400
10 | 0.895| 0857 0.839 [ 0.802 | 0.785 | 0.768 | 0.735| 0.719 | 0.644
15 | 0.933|0.908 { 0.895 | 0.870 | £.858 | 0.846 | 0823 | 0.812 | 0.757 |
20 | 0.960 | 0.945 0.937 | 0.922 |.0.914 | 0.907 | 0.892 | 0.885 | 0.850
25 | 0.981|0.975| 0.971 | 0.964 | 0.960 | 0.957 | 0.950 | 0.946 | 0.929 |
30 1.000 | 1.000 | 1.000 | 1.000 { 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | -
35 1.016 | 1.022 | 1.025 | 1.031 | 1.034 | 1.037 | 1.044 | 1.047,| 1.063 |
40 1.029 | 1.041 | 1.047 | 1.058 | 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 | 1.128 | 1.142 | 1.156 |1.184 | 1.199 | 1.274
$0 1.072 | 1102 1.117 [ 1.148 | 1.164' | 1.180 | 1.214" 1.231 | 1.319 |
65 1.080 | 1.114 | 1.132 | 1.167 | 1.185;| 1.203 | 1.241| 1.261 | 1.362
70 | 1.088 | 1.126| 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 | 1.245 | 1.292 | 1.316 | 1.442
80 ¢ 1.103 | 1.147 | 1.170 | 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 1116 | 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 11272 | 1.303 [ 1.335 | 1.400| 1.435 | 1.618
| 105 | 1.133 | 1.192 | 1222 | 1.284 | 1.317 , 1.350 | 1.420 | 1.456 | 1.650
| 110 | 1139111991 1.231 | 1.296 | 1.330 | 1.365 | 1.438| 1.476 | 1.681
115 1.144 | 1207 | 1.240 ~ 1.308 | 1.343 | 1.380 | 1.456| 1.496 | 1.711
120 1149 | 1.214 | 1248 1 1.319 | 1.356 | 1.394 | 1474 | 1.515 [ 1.741
125 1154 | 1221 | 1257 | 1.330 | 1.368 | 1.408 | 1491 | 1534 | 1.769
130 | 1.158 | 1.228 | 1.264 | 1.340 | 1.380 { 1.421 | 1.507| 1.552 | 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 | 1.260 | 1.360 | 1.403 | 1.447 | 1.539 | 1.587 | 1.851
145 11711 1.247 | 1287 | 1370 | 1414 | 1.459 | 1554 | 1.604. 1.878
| 150 1175 1.253 | 1.294 | 1.379 | 1.424 | 1.471 | 1.569 | 1.620 | 1.903

+
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Wind Power Tables

Thls appendix I|sts -monthly average wind.

power data for742 stations inthe United
States and southern Canada. These data

- have been extracted from the repert Wind

Power Climatology in the United States, by
Jack Reed (see Bibliography); they repre-
sent averages over at least 20 years of wind
measurements made at airports and weather
stations. Average monthly and yearly wind

power available at -these sites is listed it

units of watts per square meter; multiply by

0.0929 to convert these numbers to watls = -,
per square foot. e
.. These data have not been correcled -
for the various heights above ground level

of the anemometers used for each meésure-
ment, They aiso 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 pe blindly accepted as representative-;,--
of a particular region. They de, however‘_ :

provide a rough idea of the wind power

available and-the monthly \zanatlon n wind*
power &} a Jarge number of-sites. By com-
parison of your measurements with thase of

nearby sites in these tables, yoy can obtain

a better idea of the pattemns to expeot at your

own site. '
- “The measuring stat:ons are listed by,
- region within each state or province; states

are listeg first in alphabetical order, followed

| by Canadian prcﬂmces Fach line of the

cd

table contains the foliowing information:
1. State or province (obvious abbrevia-
tions); _

2. Exact focation of the measurlng 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, mulliply by 1.15); _

7. Twelve values of the monthly average -

] wnnd power available, in watts per.

iare meter, .

8. Average of these twelve monthly

. averages.” . — :

’F’he most commonly used abbrewanons

for the location (#2 above) are: :

~ APTF — airport |
AFB 4 Air Force Base R
AFS — Air Field Station
| AP = lntegnatuona! Airport

) 1S — island.
i :' NAF — Naval Air Fleld
PT —point _

WBO—— ‘Weather Bureau Oﬁlce

~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-
" *speed distributions—the percentage of time

each month that the windspeed was re-
corded ineach of eight different speed

,ranges—for each station listed here. 7.

P
P
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’ MONTHLY AVERAGE WIND POWER IN THE UNITED STATES A‘ND SG}ijRN CANADA r
. Ave. ' "« wind P;wegi- Watts per Square Meter ‘
_. . Speed g | :
State  Location o ; 1:’* _ Lat Long Knots J F M A- .M J J A IS : o] N D Ave.
AL Rustsville . - 3439 8646 © 6.6 80 109 118 &7 48 3. 29 31 86 so 78 87 €6
AL Forey 7 1/ S é;éa 8605 8.0 133 182 153 174 14zw-1oeqil73: 66 1?9 % 116 1is 122
AL . Gadsden - 3358 8605 = 5.8 -84 104 114 99 43 34 (25 21 - 40 45 63 31 61
AL Birmingham APT - 3334 @645 7.3 127 157 156 137 80 G4 49 4 6% 68 108 106 - 97
AL Tuscalossa, Vn D Graf APT 3314 8737 5.1 79 79 93 69 33, 1 15 2 '2% 36 55 69 49
AL  Selma, Craig AFB . 3221 8659 5.7 74 86 91 68 ‘42 34 29 26 317 31 48 Csa sl
gif’";gbntgomerf . 3218 8624 6,1 74 90 85 68 39 35 34026 39 136 51 62 s3 |
AL  Montgomery, Maxwell AFB 3223 8621 4.8 s8 67 63 51 28 25 20 ';19' 25 26 39 45 [ -
AL Ft. Rucker, Cairns AAF 3116 8543 4.7 40 S0 55 41 23 18 12 12 19 19 29 35 30
AL ' Evergreen 3125 8702 5.3 66 69 78 57 20 18 17 17 21 24 38 51 40 |
1 AL . Mobile, Brookley ArB | _3q§3 8804 7.3 105 104 128 119 . 94 .S58 . 43 41h'J63.:?§; ?2.‘ fé , 80|
AK  Annette IS ¢ ds02 13134 9.5 320 264 216 199 110 97 ;ifmm;;mmigé' 247 524.1;39 199
AK  Ketchikan - | 5521 13139 5.8 59 s34z 52 47 37 38 a4 43 &7 t753f755 57
Ak cralg | 8529 13309 7.9 185 159 167 132 82 95 71 55 113 186 174- 165 128
AK peﬁeﬁsburg | ;o 5649 13257 3.7 26 40 37 41 32 23 22 22 24 29 22 21 33
AK  Sitka | 5703 13520 3.5 109 26 ‘34] 42 27 23 22 14 34 .44 46 91 37
S| AX Juneal “pr , S22 13435 7.5 119 134 123 127 95 70 60 67 108 170 157 159 115
AKX Haines | 5914 13526 8.0 218 202 203 148 74 61 94 S4 72 160 238 159 146
- * Adapted by Dr. Richard Schwind from Jack Reed, Wind Power Climatology in the United States
Pe
T Ix ' N
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| T MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
g t S | A\re. - Wind Power, Watts per Square Meter
.Stéarte _ Location.‘ ) L Lat | ‘Long Knots J F M A | M J | J A s 0 N D  Ave. }/
| Ak vaxutat aeT . 75931 13940 7.0 177 144 114 100 90 71 56 64 9 181 183 169 114 i
| Ak mMiddleton 1s-AFS . 5927 14619 11,9 625 597 468 355 238 141 9 134 243 519 see 608 376
Ak cordova,.Mile 13-APT 6430 14530 4.4 46 48 42 4l 37 23 18, 17 32 53 47 a8 3
AK . Valdez r 6107 14616 4.3 72 28 75 41 36 16 13 7 7 45100 12 sy
AK . Anchorage IAP % 6}1%;{15001 s.9 61 95 48 61 108 RE 61 52 46 38 8. 50 6l
o~ ™=/l ax  Bnachorage, mMerrill Fla  6113- 14950 4.5 57 66 29 27 41 40 23 22 30 30 59 23 37
/ | A Anchorage, Elmendorff AFB 6115 14948 4.4 46 60 50 41 40 34 24 22 26 30 46 33 36
FENIPY Kenai APT 6034 15115 6.6 96 109 94 66 61 63 S6 54 SI 8) 85 80 T4
/ AK  Northway APT 6257 14156 3.9 16 21 30 44 40 42 33 32 27 22 18 16 28
/= | Ak culkana " 6209 14527 5.8 45 88 85 105 111 98 83 100 95 76 48 40 8l
' Big Delta 6400 14544 8.2 447 322 239 147 148 85 68 102 163 209 300 333 215
‘ AK - Pairbanks IAP . 6449 14752 4.3 10" 16 25 37 S0 44 33% 29 28 22 13 10 27
©_Pairbanks, Ladd AFB 6451 14735 3.5 10 17 )E 8 38 35 23 29 23 w12 9 2
e © FE. Yukon APT - - 6634 14516 6.7 30 41 64 8L 91 84 86 8L 74 52 11 31 e
" | AK Nemana APT . ° 643 14905 — 5.1 68 44 48 45 46 34 27 26 233 42 45 44 42
- Ak Manley Kot Springs 2?_31 6500 15039 4.8 76 54 84 1;09' 93 89 '{ga"'42 63 104 62 52 - 62
AKX  Tanana | 26510 15206 6.6 22 85 89 ‘83 S6 53 47 29 S0 64 5. 80 73
AK  Ruby - | 6444 15526 6.5 S8 133 119 84 40 S1 46 42 64 76 il 54 7
| Ak calena APT " 6a4a 15656 5.4 56 63 66 71 SL 53 48 61 6L 59 59 49 59 ’
 Ak§ Raltag 6420 15845 4.7 a6 103 26 8L 31 33 30 28 37 %6 . 40 51 56
“‘ax,_ N ) & ) . L
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. - ' !
.= . ._ . MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND'SOUTHERN CANADA ~~ ™~ o mmom e
Ave. _ Wind Power, Watts per Square Meter ’
' _ Speed : . |
State'  Location  Lat Long Knots J F M A M J. 4 A S§°* o' N D Ave. |
E . _ _ — — : 0
(AK ~ Unalakleet APT - 6353 16048 10.5 520 502 336 191 112 96 116 146 175 234 1395 376 265 |°

s

AX  Moses Point APT | 4 6412 16203 10.6 329 363" 275 279 149 129 181 233 217 222 246 262 241

AK  Golovin T 6433 16302 9.6 188 229 246 250 142 117 178 264 271 258 369 256
AKX Nome APT .~ 6430 16526 - 9.7 328 308 228 225 153 119 117 le2 189 230 26§ 238
:%55\ Northeast Cape APS 6319 16858 11.0 M“4§B__263r 246 347 239 137 218 240 208 462" €32 197
AKX  Tin City AFS | %53 16755 15.0 763 919 811 658 427 271 260 334 '352 $22 722 728 549
. AK kotzebue B . 6652 16238 1Lf2 ‘455 4;3 510 294 1613 187 212 zaélhize' 276ﬁ 597 366
AK  Cape Lisburne AFS. 6853 16608  10.5 432 268 335 266 227 210 303 zié,'iéa: 432 444 333
AK  Indlan Mountain AFS 6600 15342 5.4 115 113 E“— 58 57 37 30 36 52 86 95 ggif
AK  Bettles ABT 6655 15131 6.3 28 44 S7 62 66 62 44 38 43 43 37 47
Ak Wiseman | 6726 15013 3.1' ‘20 26 16 15 24 15 23 14 12 12 26 16
AK  Umiat 69225‘55503' 6.0 Tl3 121 43 77 80, 93 62 $3 57 Sl 121 . 78
AK  Point Barrow ' - 7118 i5647 10.5 215 194 162 167 16 143 145 208 211 258 286 183 |
AKX  Barier IS " 7008... 14338 11,3 5127 468 379 279 216 145 123 208 287 470 486 425 a1
AK_ Sparrevohn AFS T 6106 1534 4.7 69 73 108 76 47 35 36 41 54 63 14 82
1 Ak Meorath 6258 18537 4.2 . 13 27 29 37 © 39 35> 38 35 32 24 15 12
|—AK —Tataline AFS. N 6253 15557 4.4 25 37 36 37 38 27 27 29 33 38 24 21
AK  Plat , 6229 15805 8.1 206 - 266. 205 150 116 100 “81 108 143 16@“'19§'“134”“'“““””'“””“"“”
AK"  Anfak p S 61;5 15932 5.6 51 59 63 59 .49 37 .27 34 41° 47 47 42
AX  Bethel APT ¥ 6047 16148 9.8 229 258 224 166 125 108 110 '1%: }140' 158 185 211
= -
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA '
’ Ave. _ " Wind Power, W'att; per Square Meter
. - Sute Location - . . - Lat Long- -~ "Knots ©° " J F M A M N | J A S :. o N D Ave. .
- | ax  cape Romanzof AFS | 6147 16602 11.7 692 699 493 476 246 124 110 154 234 308 520 6ss 3e0 |
_"'i% AKX Cape Newenham AFS - 5839, 16204 9.8 400 371 330 288 168 119 101 142 165 212 300 315 241 | . °
f_ ). AKX _ Kodiak -FWC—  — 5744 15231 6.8 328 271 258 198 124 ‘av—_ 52 77 120 2‘10 294 1329 189
| Ak Xing Salmon APT 5841 15639 9.2 250 260 235 180 182 138 92 139 156 180 230 206 101
AK  Port Heiden APT - 5657 15637 12.9 576 564 493 361 289 273 1525 381 466 . S1 439 365 429 g
'AX _ Port Mollor 5600 - 16031 8.8 158 iga/ 171 195 ‘135 81 103 144 164 222 260 219 172
AX  Cold Bay APT 5512 16243 146 ~ 736731 699. 580 506 465 420 507 462 606 652 631 - 573 *
| AX  Dutch marbor 8§ .5353__156357 916 355 376 295 223 135 125 69 '105'-l69_ 390 419 266 233
| oAk Driftwood Bay N 5355“"1535t~-:hgpg¢¢ zo4 203 154 148 115 72 88 ° 77 | 7 {20 161 162 131
| AKX Umnak IS, Cape AFB 3323 16754 135 T 51 688 577 S14 454 251 163 249 466 603 606 723 4831 -
;" "1 AX 7 Mixolexi _f"“”_'“'J 8255 16847 14.0 538 560 532 §66 437 321 239 283 361 634 732 662 482 | - ”
3 L Ak Adax o 515317638 12.2 426 467 528 453 366 223 218 258 331 s02. 481 5’5 _;59fm”
- AKX Amchitka 18 5123 17915  18.0 1764 1517 1418 1062 653 448 405““4§5m“f§o“1555”1igs;;seg'-10:;_
t Ax Mtu TS 7wﬁ23§9T@}1§1Lmﬂ;;1,2__fﬁszﬂrsaz,msoaﬁ,4gg“ﬂaag;,*qu=aas=m12?ﬂ%’§ﬁ”ﬁ”Eﬁ’“iiﬁ"ﬁiﬁi;ﬁgiégwhﬂmmkﬂﬁ;ﬂ;
AK  Shemya APT .- 5243 17406 15.7 887 932 878 641 483 266’ 235 285 432 301 977 €70 633
‘AK  st. paul I8 5707 17016 15.0 758 867 684 518 355 207 175 282 399 693 691 791 .547 -
AZ . Grand Canyon 3557 11209 6.2 38 43 49 71 66 55 35 CIL 57 S8 44 28 49
;ai Winslow APT | 3501 11044 7.3 104 104 232 169 161 141 93 77 €3 73 3.8 111
Az Plagstagf; pulliam APT 3508 11140 6.4 71 70 9 95 93 86 40. 33 52 6 69 69 69 .
Az uaine‘“ih | 3509 11157 8.9 132 186 218 253 - 240 224 111 68 116 178 139 138

"‘L
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
o ” Ave. | Wind éPower, Watts per Square Meter
_- . Speed : D - -
State Location Lat Long Knots J F. M A M J J A $.- 0 N D Ave,
_;Azfag%a%ﬁ§bzk° 3514 11233 7.5 111 116  154..201 142 126 82 68 86 100 103 82 1
L AZ  Kingman 3516 11357 8.9 126 156 172 %203 153 166 126 99 102 124 115 197 138
Az Prescott 3439 11226 -7.5  S4 95 117 144 138 124 75 56 67, 57 59 44 85
AZ  Yuma APT " 3240 11436 's.an 55 62 68 177 71 69 93 77 45 40 55  S1. &2
AZ  Phoenix » 3326 11201 4.8 16 28 34 ;éag 3735 43 31 28" 24 22 17 29
»»  Phoenix, Luke AFB 3332 11223 4.6 21 31 41 52 49 43 49 39 26 21 0 18 |, 34
AZ . Chandler, williams AFB _ . 3318 11140 4.1 17 _21 26 35 34 33 a1 33 28 22 18 6 . 2
| Az ’?ggsgg APT .. ———— 3207 1105 7.3 71 59 69 90 87 73 {75 54 82 78 82 %;“” e
Az Tucson - 3207 11056 7.1 TS5 TESTTHOCUETFI. 15 54 62 18 82 02 78
AZ 'grdcson, Davis-Monthan_AFB. 3210 11053 5.7- 48 - 48 87 61 5 6O a51 | s 42 40 43 45 49
AZ é?t4 Hauchuca L= “§i3£"11020 §.7 49  53 _ B4 96 80 66 ;qg..uzz 9 jo 34 41 > sy
AZ fnouglaa - 3128 10937 -7 6.4 B4 94 166 143 128 86 61 46 47 63 62 5. 87
AR Walnut Ridge APT 3608° 9056 - §.0 93 81 103 104 S8 44 27 22 28 43 68 15 62
AR n;xgpggé}ié_gggwmﬂﬁ___ _ _-35%8 8957 6.4 85 106 108 111 66 41 26 25 3% 39 67 11 65
o AR PC. Smith APT 3520 -9422 - 7.4 76 86 116 104 8L 62 SI 45 SO .3 66 IS 73
AR Little Rock 3444 . 9214 7.6 82 91 105, 9 10 S8 46 46 48 50 I3 71 70
AR Jacka;nville,-ntl.fik. AFB 3455 9209 5.8 61 67. 85 70 47 34 28 24 28 29 45 49 48
AR . Pine Bluff, orider P14 3410 9156 6.5 102 @9 102 87 51 39 31 29 35 45 71 8l 64
AR Texarkana, Webb pld 3327 9400 7.7 " 92 108 128 115 77 69 48 49 62 6l h74' 87 80
- | cA.  Needles APT 3446 11437 6.7 108 125 128 112 108 98 67 67 S8 78 113 124 'éif.
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; = MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
Ave. Wind Power, Watts per Square ilet__er A
. Speed B
State Location Lat Long Knots J F M A M J J A s ' O N D Ave.
CA  El Centro NAAS 3249 11541 7.7 98 126 171 208 225 189 80 73 79 asi}fég’ 76 127
CA  Thermal 3338 11610 9.1 . .66 79 103 149 191 153 125 114 119 792 7€“»_53 Cmt
A imperial Beh.,.Ream FId 3234 11707 5.9 . 48 SL sS4 54 52 45 35 32 30 3 4> 42 43
cA . San Diega, North IS 3243 11712 5.3 32 41 S6 56 49 41 33 32 - 35 31 30 32 39
CA  San Diego 3244 11700 5.4 30 33 40 47 47 40 30 29 27 25 22 21 3L
cA ~ Miramar NAS 3252 11707 4,4 29 24 28 30 \}q\ 19 16 17 18 19 20 24 22
CA°  San Clemente IS NAS - 23301 11835 6.3 S3 72 89 97 67\\\Q8 33 32 33 32 sS4 69 55
CA  San Nicholas 1§ 3315 11948 9.9 152 Fiés 295 306 348 24:\\}61q'166 164 140 180 159 209
CA"  Camp Pendleton 3313 11724 5.2 30 35 45 61 53 43 \}sx; s 36 24 2 29 38
cA  Oceanside 3318 11721 8.0 129 122 108 82 67 59 49 \“4? 64 66 9 - 1l6 87
CA Laguna Beach | :333? 11747 5.0 35 38 44 57 30 0 27 zé\\\ss 25 22 32 34
A _E}_T°f2;§9§§_,_j;_;::i;;mi;gggb 11744 . 4.8 45 38 33 30 26 22 19 19 13\\ 23 36 43 28 |
CA  Santa Ana MCAP | 3342 11750 4.6 43 43 41 46 37 31 30 26 25 ‘\qu 6 43 37
CA  Los alimigoa RAS ”3349; 11607 4.8 36 39 47 44 . 41 32 ZEM“”IS“W“T§”'"23u\\%6 37 14
CA  Long Beach APT ® 31349 11809 4.9 27 40 45 48 43 35 34 _ 32 N 27 23*\\25 35
CA  Los Angeles IAP 3356 11824 5.9 40 57 69 70 63 49 43 44 39 36 38 ‘is\ a8 |
CA Ontario : 34o#y;11737 7.7 36 117 109 118 148 i24_ 135 135 92 71 46 127 \“LQJ
CA  Riverside. March AFB 3353 11715 4.4 35 43 40 44 49 S1 52 49 ¥ 28 29 N 4i*.\
CA  San Bernardino, Norton AFB 3406 11715 3.5 43 43 33 275 2 22 12 20 19 17 28 29 28
ca Victorville, George AFB 3435 11723 7.7'__ §9 134 170 183 163 135S 87 8S 74 70 87 .‘ 90 118
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i , - " MONTHLY AVERAGE WIND POWER IN THE UNITED STATES Ar_ab SOUTHERN CANADA x
’; e , Ave, ! : ' Wind Power, Watts .ﬁl:.SQUIm ll-t.r ' y
. | state Location Last  Long Knom | 3. F u\ A M 4 4 A s o N"-/,‘ D Ave.’
b a\ i . —— - ‘;‘ — .\\‘ — S . ‘ ;
| A 'Daggett 3452 -11647° - 9.6 . 94 ‘173 315 290 355 236 177 159 145 121 107 74 143
_ - | ca chisa rake, Inyokern NAF 3541 11741 7.1 121 156 238 249 225 186 124 126 113 124 103 93 155
.CA. _ Murog, Edwards AFB 3455 11754 7.9 90 118 187, 206 236 230 155 431 99 &7 82 83 - 141
e | €A ralmdale 3438 11806 10,2 163 205 226 267 315 328 254 200 165 .158 130 109 225
N ca * palmdale APT 3438 11805 8.8 121 146 233 234 234 229 173 14l 107 104 113 122 163
e 's-‘%fg“" N 3423 11832 6.3 105 128 88 96 96 108 101 88 67 76 105" 90 89
¥ ca\\ Van Nuys 3413 11830 4.6 105 82 66 S0 4) 21 22 "19 18" 22 90 69 . 49
CA  Oknard .ATB 3413 11905 4.4 63 S6 49 46 43 26 120 ©19 18 31 50. 76 -4l
ca ______'_pqintxﬁ_,éeugu KAS .. 3407 11907 . 5.6 100 79 71 78 ':i;. 33 __2_é 26 28 35 35 €2 13
CA  santa Maria 4s4 12027 6.5 75 B0 114 94 ‘93 93 &3 57 56 66 9 91 a2
CA  Vandenberg, Cooke APD 3444 12034 6.1 62 67 99 .97 115 67 34 33 4l SL Se S8 65
» €A et. Arguello . 3440 12035 7.2 72 105 138 135 133 79 58 54 S1 74 76 66 85
| " |ca  san LoutwObispo 3514 12039 6.9 60 69 134 127 146 173 105 120 -131 129 89 73 11$
s CA  Estére | 3526 12052 4.3 83 66 69 76 60 50 22 31 42 47 44 77 53
CA vp_aséf. Robles, Sn Ls Obispo 35&_0 12038 ° 5% 34 33 57 76 105 127 106 8 S9 42 32 30 ‘64
CA. Jolon s 3600 - 12114 i.s 9 6 10 6 J1 11 8 .8 6 4 6 6 ?
lea "‘Montérey NAF 3635 ‘1'2152‘ © 3%.0. 30 3} 45 48 S1 45 35 32 2y 21 20, 0 35
CA  Ft. Ord, Fritesche AAF 3641 12146 57. 30 31 46 61 67 63 66 39 4l 34 25 24 47
CA  Taft, Gardner Fld., 3507 11918 4.4, 20 18 20 29 45 46 31 22 18 16 18- 1 26
CA  Bakersfield, Meadows Pld. 3525 11903 5.4 .27 1 ds 55 69 65 47 43 34 25 24 ia 41
4 - 4; - ' : \_\ l
e \\, -
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'MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA | |
B Ave. Wind Power, Watts per Square M;t_er
, . Speed ' o= ' "

State Lor_:atiqp Léi- Loq? Knots J F M A M) | J A iFO N D Ave.
CA  Bakersfleld, Minter Fld, 3530 - 11911 s.0 2 31 38 49 61 73 38 25 22 21 19 25 34
‘CA. Lemoore NAS ' 13620 11957 4.8 21 30 38 40 45 47 35 29 25 27 is 18 . 30
CA  Fresno, Hammer Fld. 3646 11943 5.5 26 %28 42 “48 .60 62 42 33 15, 23 1720 30
CA  Bishop APT 3722 11822 7.5 74 106 161 145 129 100 80 ‘8l 85 101 A8 ed'“ 103

| CA Merced, Castle AFB 3722 12034 6.0 S6 66 72 74, 69 78. S9 S2 44 44 3I& 42 59
¢A " Livermore 3742 12147 7.9 \109' 108 115 124 158 180 173 143 107 @5 ¢ 1 122
CA  San Jose APT _’3722 12155 6.4 51 47 el 6l ‘g6 84 52 43 46 24 45 . 47 54
CA  Sunnyvale, Moffett Fld. 3725 12204 5.4 47 S0 sS4 59 &5 13 62 sa 41 35 32 se s1
"eA  San Francisco IAP 3737 12223 9.5 96 129 183 228 28 280 236 211 171 141 80 91 176
cA  Farallon IS 3740 123007 9.6 61 406 287 193 188 208 100 91 83 - 106 204 275 212
CA  Alameda FWc 13748 1220 7.4 92 94 122 125 129 124 99 a7 55".55 69 @1 ey
CA Oakland 3744 12212 6.8 52 75 77 92 101, 98 74 69 57 50 40 51 11
CA  5&n Rafas milton AFB 3804 12231 4.8 51 52 54 52 50 S0 39 39 30 34 32 S1 4s
CA *rairfiéig: is AFB 381§ 12155,* 10.7 114-_153 176 232 347 488 577 481 332 182 106 91 270
ca  roidt ;?a;a?g;u; 3855 12342 13.0 401 398 361 488 500 614 388 513 321 368 320 467 _ 421
ca Sacfhm§§t$f[g ] 3831 12130 7.8 145 145 126 118 116 128 92 83 64 70 6l 123 - 95
ca Sacrﬁﬁéé&o:;&agh;pia 3834 12110 6.0 117 108 89 69 63 69 56 45 38 .46 59 88 72
CA Sacryméﬁﬁggiggé#éii;n AFB 3840 12124 6.5 107 102 98 79 83 20 . 62 56 43 67 15 B4 79
cA  Auburn | T 3357 12104 .8.4. 106 148 169 76 77 64 65 65 §4 ST 69 67 8Y
€A Blue Canyo;\ ArT I A 1;642’;? B4 237 212 ,le}é. 106 92 75 S7 €4 65 110 130 lee 122
CA  Dponner Sumglghﬁk///’ 1920 128 17,1 1100 619 729 _ 269 266 226 173 168 154 439 579 645 463
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~ Appendix 2.3: Wind Power Tables - “ . 118
et SR , w o e X
e o | MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
Y ¥ | | Ave. " ¢ Wird Power, Watts per Square Meter )
' State . “hocation Lat ~ ‘Long - Knots Y F M A M J J A S o] N 0 Ave
|ea. " feate AFB . 3908 f2128 5.1 75 59 64 56 49 52 31 29 34 39 43 62 S0
cA éwillia:n; ) ""*«“;.\906- 12209 82 163 172 179 112 126 120 78 64 78 105 112 116 1.1
cA . FE. Bragg T 53_,"52_1 -*%1_2_349 £ 59 75 88 82 % 46 44 25 26 25 33 S0 52 sy
S CA Eureka, Ar.ké_ta':s.p!r 4‘055 ---_,'j’“12405' 6.0 .93 93 1098 102 115, 87 %6 '4: . 39  s0 6l 75‘ 75
v |.eA . Me. Shasta: T 4116 12216 11.3 456 535 349 309 343 297 177 163 182 214 295 262 309
_cA  ,Redding 7L 403 12226 7.9 1 ss 9 8L 68 83 63 62 &8 &8 32 70 74
lea ::f.on';agﬁ"‘g R 414 12231 ', "s& 65 130 120 122 .130 131 123 100 76 95, n sy .. 98
oA 'Héni;ag_ue:_, Siskiyou Co APT 4146 12228 5.3 106, 108 123 115 78 63 59 50 ’ as 64 82 89 60
‘co’  1La Junta | 3803 10331 8.3 115 136 222 204 ‘16"5'"‘"i’%’&'W”'é”&w”"é"’f”"E‘Emm’?‘"’aﬁim"1"55""":'1'-“1'—5- 136 |
coO  Alamosa APT .° 3727 10552 7.4 92 110 195 254 214 167 84 70, 8s 91 "\1'7 74 127
€O  Pueblo, Memorial APT 3817 10431 7.7 10l 122 180 231 168 129 "105 84 82 8l 93 104 121
€O . Colo Springs, Peterson Pld 3849 ) “f0443 9.0 142 163 217 212 189 163 99 86 ) 165 105 138 1.23' 142
CO  Ft. Carsgn, Butts AAF. 3841 10446 . 7.3 85 93 145 218 127 131 63 71 68 117 74 87 .° 107
co  Denver | b 39457 10452 g.s 1f7 139 182 183 132 126 94 83 -85 88 118 136 126
CO . Denver, Lowry AFB ;.9)43 10454 al 115 - 94 131 163 112 100 95 87 102 88 126 121 109
co  Aurura Co, Buckley Fld. 3942 . 10445 6.7 60 . 60 . 19 121° 79 —87 54 52 51 S1L ST 59 66
€0 . Akron, 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 3
" co craig | 4031 10733 /{7 57 63 70 97 80 58 50 52 54 6L 56 5L 62
\?:q: Hartford, Bradley Pld. 4156 7241 7.7 115 127 142 129 " 9% 75 54 53 61 74 9 100 93
[
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HONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA

e Ave. ~ 'Wind Power, Watts per Square Meter

State  Location - Lat Long . Knots J F g M A M J J A S 0 N p Ave,
CT  New Haven, TWéed APT 4116 7253 8.7 117 122 142 120 83 65 52 & 78 89 114 106 98
‘er  Bridgeport APT 4110 7308 - 10.4 244 274 256 219 158 114 96 101 130 192 214 251" 186
DE  Dover AFB 3908 7528 7.7 135 152 148 125 85 69 45 49 73 718 99 104 96
DE . Delaware Breakwater 3848 7506 12.7 449 570 477 430 283 196 163 190 270 403  39i slo 343
DE  Wilmington, New Castle APT 3940 7536 8.1 127 149. 175 147 105 85 66 59 51 "84 1is. 126 109
e Washgggtonr~And;gws"ﬁr§, 3848 7653 7.7 120 156 161 126 77 51 39 36 45 62 101 109 90
bc ~ washinton, Bolling AFB 3850 7701 7.5 125 173 171 140 84 58 45 40 S1° 72 119 12 10l
DC  Washington National 3851 7702 8.67 142 151 163 134 95 B2 B2 44 67 85 103 107 105
DC  Washington, Dulles IAP 3857 1727 6.7 104 115 118 111 66 42 37 41 40 42 66 78 68

FL Key West NAS ‘? 2435 8147 9.6 158 172 172 176 122 98° 78 71 133 133 139 147 131

' FL  Homestead AFB » 2529 8023 6.4 61 74 90 89 72 51 31 35 66 59 60 56 60
FL  Miami T 2548 mo16 7.8 87 98 ‘111 116 80 59 S8 sS4 90 B8 78 79 89
FL  Boca Raton 2622 8006 8.2 80 108 125 135 109 72 Sl 55 109 140 108 106 99
FL.  West Palm Beach 2643 8003 8.3 121 129 1st 145 106 79 70 67 80 105 126 102 108
FL Ft. Myers S 2635 Bls2 . 7.0 | 93 111 153 156 104 79 58 70 99 96 90 1ol 101
PL  Pt. Myers, Hendricks Fl1d. 2638  B42 7.0 59 68 98 oL 74 S1 38 47 76 85 58 60 69
FL  Tampa _ 7 2758 @23 7.6 85 100 100 101 76 6% 40 38 61 -65 73 80 68
FL  Tamps, Macdill AFB - 2751 8230 .6.9 73 95 98 83 59 sricfss- a0 67 13 62 67, 67
FL  Avon Park Rangs AAF 2738 8120 . 5.4 50 S1 55 64 45 30 18 24 61 73 43 4845 |
PL  Orlando, Herndon APT  ~ 2833 8120 8.2 . 86 110 131 120 99 8) 69 -85 9oL 107 89 93 97
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Appendix 2.3: Wind Power Tables 117 *

..~ MONTHLY AVERAGE WIND POWER N THE UNITED STATES AND SOUTHERN CANADA :{

- _ ' /

" SA\n'e. ) -.- Wind .Powe'r,'Walis per S‘ﬁl‘.lgl.’?_ﬂ_e'tef ’

- - . Speed ) o
State  Location Lat Long Knots J F M A M J J - h S o] N ! D Ave.
FL . Orlando, MCCoy AFB 2827 8118 5.9 B1 76 71 67 46 4l 29 24 43 48 46*?-51m.-49
PL  Titusville | 2831 8047 6.7 57 72 72 S8 44 42 43 32 47 56 SO 56 49
FL  Cocoa Beach, Patrick AFB 2814 8036 8.8 127 143 144 134 115 80 52 62 130 191 143 127 19°
FL  Cape Kennedy AFS 2829 8033 - 7.4-. 82 107 103 90- 71 55 4l 37 _;gz 94 75 75, 73
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 0 35 3'31 21 19 39 39 37 39 39
PL Jacksonville NAS 3014 8141 6.9 61 80 81 70 "53 ''60 40 38 76 77 | ézﬁ 64 63
FL  Mayport NAAS | ~§? 3023 8125 7.2 82 los"_gz 90 67 67 40 39 116 90 74 68 716
FL  Tallahassee | 3 3023 sa22. 5.8 S! 5% 76 66 41 '23 24 28 39 43 S1 Sl g5
FL  Marianna 3050 8511 6.9 92 104 115 86 65 48 43 . 36 S5 61 71 84 =
PL  Panama City, Tynoall AFB 3004 8535 6.7 79 101 120 ©7 62 47 42 . 37 - 65 55 €4 15 1 |
PL  Crestview 3047 8631 5.6 68 47 85 57 31 22 16 16 35 .38 60 65 47
FL  valparaiso, Eglin AFB_ .-~ 3029 8631 6.2 66 74, 78 7L 56 48 40 37 55 46 55 59
FL  valparaiso; TDuke P13 3039 8632 7.0° 104 123 1105 115 78 46 33 38 40 48 84 88 1
FL  valparaiso, Hurlburt Fld 3025 8641 5.5 55 .62 /55 sl 3¢ 31 23 21 34, 33 39 45 4o
FL  Milton, Whiting Fld NAAS 3042 8701 7.1 107 114 125. 93 62 44 36 32 65 57 84 92 76
PL  Pensacola, Saufley Fld NAS® 3026 8711 6.8 98 109 110 '94 57 42 37 35 79 63 Bl 99 15
PL  Pensacola, Ellyson Fid 3032 8712 7.8 87 104 116 112 86 62 48 44 65 57 74 8l 1g
FL  Pensacola, Forest Sherman rd 3021 87189 8.0 110 119 113 106 79 75 56 57 73 71 8 99 s
GA  vValdosta, Moody AFB 3058 8312 4.8 40 s} s4 43 29 28 21 19 33 32 29 35 35
-
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- MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA -
. Ave. Wind Power, Watts per Square Meter -~~~

State  Location Lat Long Knots J F M A M - J J A- s O N D Ave,
ea Moultrie 3108 8342 6 .6 73§ 89 84 79 45 32 34 30 47 60 50 75  sg

GA  Albany, Turner AFB 3135 8407 5.3 S0 68 73 S5 F33 27 23 19—33 27 36 41 41

GA Brunsgi_._ck’, Glynco NAS 3115 8128 5.5 39 54 53 . 52 40 36 28 25 38 39 "3'5 31 40

GA  Ft. Stewart, Wright AAF 3153 8134 3.7 20 30 32, 23 22 14 12 1o 14 16 15 2320{, "
GA  Savannah 3208 8112 7.5 g8 108 98’ 87 56 49 46. 45 61 62 63 72 69
| ea  savannah, Hunter AFB 3201 8108 s.8 59 76 .asf;-'; 70 a4 40 34 31 3 43 48 47 - s1

GA, .Macon | 3242 8339 8.0 £2 112 1_(1?___1_]:? 69 59 56 44 61 56— 6673 TS
m T 73338, 8336 4.9 54 76 75 s9 35 26 22 18 27 31 a2 e 4l

GA  Pt. Benning 3221 8500 3.9 95 64 11 51 28 21 13 13 21 22 32 36 33

ca w_iﬁ&er B 3400 8342 7.6 99 113 93 91 57 50 51 44 43 79 92 .92 18

GA . Aairsville | - 3455 8456 6.2 @7 95 1?59 74 56 4z 36 3333 49 100 1 64

GA  Augusta, Bush Fld 3322 8158 5.9 68 83 87 83 43 41 36 32 43 39 45 49 53

GA Atlantla ' 1339 426 8.5 170 169 1}55 1s1 84 67 56 46 73 80 109 127 106

GA.  Marietta, Dobbins AFB 3355 8432 5.8 89 99 1bs 9 S2 .38 34 30 ‘40 S0 .66 72 66 |

HI  Honolulu IAP 2120 15055 9.8 118 1310 164 163 155 172 189 104- 141 128 133 144 153
'“m"‘“""‘-‘:"éé’ibéﬂ'é’é"‘éblwn_t"; NAS 2119 15804 8.3 106 99 104 102 93 ‘97 100 102 17 76 95 104 95

HI ﬁﬁhiawa,‘ Wheeler AFB . 2129 .15802 5.9 48 49 61 539 60 70 72 65 ‘43 40 39\ 49 54

HI ' Waialua, Mokolefa Fld 2135 15812 7.7 ‘53 s2 97 141 115 13 1Sl 158 113 84 89 108 109

HI  Kaneche Bay MCAS 2127 15747 10.0 131 144 157 156 140 137 143 143 1i6 113 135 168 141

HI Barking Sands AAP 2203, 15949 5.6 112 62 42 40 33 24 20 22 21 38 43 69 44

-
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Appendix 2.3: Wind Power Tables T m

; >
» MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA |
' | | S’:::'d " ; 1 ' wind I:-"bwer. Watts per Square Meter ..
State . Location Lat Long Knots . J F M A M J J A s Q. N D Ave,
HY ~ Molokai, somégtega fid‘ 2100 15706 12.3 110 195 249 291 250 312 361 342 266 268 233 238 . 266
. xxﬁﬁI Kahulul NAS | 2054 15626  11.1 203 204 240 276 335 366 375 377 283 219 247 200 276
Sl mr o mite . 1943 15504 77 82 8 77 71 65 67 61 61 59 56 52 14 &7
/// | uI  milo, Lyman Fld © 1943 15504 7.8 82 ”.351 77 71 65 67 63 67 59 f£6 - 52 74 67
s ID  Strevell 4201 11313 9.7 275 255 189 175 161 148 127 120 127 1ge 188 209 168
| 1#: Pocatello o 4255 11236 8.6 211 224 230 209 163 159 113 87 102 103\ 148 176 160
1D _ Idaho Falls . 4371 11204 9.7 226 185 321 295- 241 214 132 139 166 184 178 172 200
xﬁ Burley APT 4232 11346 8,0 185 162 _242 %é9 156 116 73 S8 72 89 114 150 133
" twin Falls 4;53 11420 8.7 1es-.1B1 232 237 155 139 85 74 86 114 131 172 . 147
ID King Rill 4259 11513 8.8 220 222 357 363 330 216 169 147 212 158 165 185 221 -
_ %.ID  Mountain Home AFB 4303 11552 7.3 94 “136 154 172 144 121 92 - 76 80 105 89 81 110
': ID Boise APT | 4334 11613 7.8 1013 112| -1 11"3 95 79 64 56 60 16 a4 as 21
IL  Chicago Midway 4147 8745 9.0 120 145 151 144 115 70 S3 53 74 95 149 138 112
IL __ Glenview NAS ; 4205 - 8750 8.4 164 164, 203 206 137 83 S6 52 72 105 143  1}£ 128
IL  Chicago, Ohare - 4159 8754 9.7 220 242 268 272 197 140- 99 89, 140; 162 258 213 193
IL  Chicago, Ohare IAP. 4159 8754 9.5 189 189 227 229 174 118 83 71 111;.129 223 176 162
IL  Waterman ) 4146 8845 9.1 236 269 222 269 134 100 50 &0 77 99 210 175 eg
) 'IL  Rockford : 4212 8906 8.8 112 107 135 164 126 85 61 70 82 92 126 121 107
' IL  Moline - ‘4ﬂ27. 9031 8.9 121 151 215 200 155 93 63 54 oL 113 185 141 130
IL  Bradford A 4113 8937 10.2 210 271 284 290 203 129 68 88 -96 123 237 183 19
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MONTHLY AVERAGE WIND POWER IN THE tINITED STATES AND SOUTHERN CANADA
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_ ) Ave, * Wind Power, Watt? per Square Meter
_, Speed g : -

State  Location Lat  Long Knots . J F M A __ CT A 8 0 N D Aw
| Rantoul, Chanute AFB 4018 8809 8.5 158 1'64 193 210 . 143 - oL . f‘.sqﬁ- T41 66 87 1as 127 121
i ' Bffingham 3909 8632° 93 170 210" 251 217 116 95 73 -an:_ ‘oo 95 ‘217_-}-"' 144 136
1L Springfield, Capitol APT 3950 - 39,4'0 10.6 215 253 308 295 212 1;’3'1'..?‘ 92 ‘32 119 152 263 242 198
IL” - Qaincy, Baldwin Fld 3956 9112 9.9 209 229 275 220 137 98 71 ‘61 95 136 211 194 161
IL  Bellgville, Scott AFB 3833 8951 7.2 129 140 162 143 85 61 36 33 46 "6 109 965 90
IL  marion, Williamson Co APT 3745 8901 736 159 186 230 243 136° 88 59,45 88 93 187 28 139
| I8 Evapeville _ 3s08 8732 8.1 179 139 165 154~ 98 69, '15"? 38 60 71 118 117 109
CIN -Terre Haute‘, Holman Fld 3327 8717 8.2 160 151 203 182 "|1os L_?@, 4:5' - 5‘; 60 79 130 15§ 115
n! .' Indianapolis. 3944 8617 7.1 174 .19'B | 247 ) 205 . 141 596 5_9 -;.'"-'59 81 | 108 178 1si 143
IN  Colurbus, Bakalar AFB j916 8554 7.0 97 106 128 117 71 S0 36 32 44 .S8 91 ea. 74
CIN milroy 3028 8522 9.5 243 270 230 209 116 115 73 67 94 101 189 163 148
IN  Centerville 3949 8458 1 9.0 196 237 209 182 101 87 64 57 79 93 176 136 ;54
| I8 Marion ApT ‘4029 8541 8.4 211 254 279 255 160 116 64 S0 79 95 253 186 170
IN | peru, Grissom AFB 4039 8609 ' 7.7 123 137 158 165 105 65 40 36 S3 69 131 133 100
IN  TLafeyette 4025 pess  10.3 290 2317 2%0 316 175 142, 1 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 78 133 153 242 215 161
‘_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
I8 mMccool 4133 8710 107 284 297 311 290 183 149 82 9 130 157 31l 231 227

et




Appendix 2.3: Wind Power Tables

210 | -

256 |

181
MONTﬂLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHEHrN CANADA
| Ave. Wind Péﬁer, Watts per Square Meter '\_
£ Speed . - L

State  Location Lat Long Knots J F M A M J J A8 0 N - D Ave

IA  pubuque APT 4224 9042 - 9.4 208 209 239 317 241 150 112 135 170 198 ‘312 231

IA Bﬁr;inqtqn % 4046 9107 9.5 147 160 257 -164 94 % 85 52 44 72 97 200 144 126

IA Towa city ABT 4138 9133 8.6 175 195 231 i229 118 82 71 61 ai 100 205 159 .,‘

IA  cedar Rapids 4153 9142 9.2 160 171 23 249 -157 97 $3_ 49 59 102 138 131 13

IA ° ottuma 4106 9226 9.1, 209 243 257 ‘239 169 140 118 112 156 169 134 168 179
:EA Montezuma 4135 9228 11.0 270 330 330 390 256 203 103 1i7 150 158 271 223,y
IA . pes gofﬁes o 4132 9339 9.9 192 191 251 - 289 180 126 7 81 81°%109 142 219 178 HIQ&
IA Fe. podge ApT 4 .° 4233 9411 10.3 253 260 Jaljg;;;¢}25€' 140 . 75 104 181 185 1e8 199

IR Atlantic 4122 9503 11.3 296 350 363 457 295 256 1363'133: 155 190 264 270 o5

IA g%ou# city 4224 962) 9.7 180 172 '247_ 283 206 143 89 82 114" 155 2;2' 170 149

KS Pi;'LehvenworEh; _3922 9455 6.3 73 @84 116 111 73 57 31 33 S0 52 98 66 69
" KS "~ QOlathe NAS h 3850 9453 9.2 143 157 211 187 139 117 69 69 91 102 152 136 3

KS - Tdpeky }‘9904 95138 9.0 138 147 237 229 170 159 107 112 136 137 159 163

KS - Topeka, Forbes AFB 3857 954oh‘ 8.6 117 134 186 185 132 115 69 79 88 95 125 104

XS Pt..ni;ey 3903 9646"t §.0 112 122 224 233 171 130 86 102 139 138 125 106 139

KS  cassoday 3802 9638 13.0 370 436 550 550 350 310 231 257 283284 371 M1 3y

KS  wWichita 3739 9725 12.0 243 273 344 337 262 276 168 177 203 221 AT 23T sy

KS  Wichita, McConnell AFB 1737° 9716 10.9. 222 234 336 317 252 237 151 136 176 188 200 207 gz

KS Hutchinson | 3756 97541  10.7 287 335 372 375 330 351 215 195 309 280. 308 269 305
'KS  salina, Schilling AFB 3848 9739 9.1 ‘134 168 230 221 176 150 100 112 ‘148 135 147" 111 155

T
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i M&'J[HLY AVERAGE WIND POWER IN THE UNITED srgnss:kuo SOUTHERN CANADA _
;—'. - Ave. ] ) Wind Power, Watts per Sq:uara Meter . -
‘ / Speed _ R : :
State  Location - © Lat Long lfnots J F L M J J A s 0 N D Ave.
S Hill City APT 3923 | 9950 9.7 122 199 337 262 210 226 152 125 153 .140 153 131 1s¢
XS  Dodge City APT 3746 9958 13.5 281--360 a4l ":'_.459 360 2368 259 “24% 296 296 33 318 336
KS Garden ciéy APT 3756 10@43 12.4 22:1 326 451 450 415 456 277 272 2309 259 216 204 |
. KY  Corbin . 3658 8408 4.4 71 54 65 58. 26 15 16 12 16 18 4 44 3
KY  Lexington 3802 8436 8.9 161 158 156 ° ise 103 75 61 47 72 13 :"___143".,_ 146 113
Kt Warsaw - . 3846 8454 6.8 123 132 137 123 65 B _5;7 49 39 40 54 106 }m 85
KY Tz.é[iuviﬁe"," Standiford Pld 3811 8544 6.5 75 B84 104 9% s3 32 26 27 29 36 5\3\ 66 54
“Ry Pt knox 1754 8558 6.6 108 121 126111 64 46 30 25 39 47 98 96 76
Ky ,» ' Bowling .Green, City Co APT 3658 8626 6.6 131 115 136 113 65 39 38 32 46 57T 89 93 79
ky' .Ft. Campbeil . - 3640 8730 s.e 78 e8 ‘107 89 'S1 32 271 25 29 39 60 69 56
- Paducah . 3704 8846 5.7 109 106 122 106' 59 44 35 33 40 48 90 93 74
1A New Orleans 2959 9015 8.0 129 137 144 114 76 52 JRIES 81 91 128 109 96|
LA New Orleans, Callender NAS 2549 901 4.6 47 ss 50 35 2 -1 10 10 26 24 31 4a 3
LA ”;"faaton.r‘iog.ge | 3032 9109 7.4 105 106 10295 72 52 j.-’l":o'_ 36 50 53 79 92 44
“LA  Lake Charles, Chenault AFB 3013 ‘9310 8.3 184 s 204 176 “125° 91 88 57 67 67 133 140 122
L Polk m I 3105 9311 5.7 51 69 78 68 47 37 23 15 21 29 S5 S1 4
A alexang_ria, England AFB | 3119 9233 4.6 45 57 64 52 31 20 als 12 17 21 39 4;1 a5
1A ao/npo/e Sejman Fla 3231 9203 70 88 104 108 90 61 46 36 36 46 St 13 719 e |
LA /,/S'hreveport 3228 9349 8.4 128 138 145 131 92 71 57 55 58 69 105 111 g7
tu/ Shr_eva’p;rt. Ba‘rks:?;lla AFB 3230 9340 6.0 69 74 83 72 48 36 27 27 35 34 S3 59 =l

L
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" Kppendix 2.3: Wind Power Talles - - S 183
" * MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA

4 | N | : | , s:::}j . ) ' ~Wind quer.'wm per Square Meter ? |
State  Location ' Lat Long Knots J F M A M J J A $. 0 N D Ave. |
Mz Portland ' 4339 7019 8.4 127 145 158 140 103 60 197 €1 83 1ol 112 120 101

| M srunswiek, mas 4353 6956 6.8 109 116 106 107 8 64 55 48 S8 69 80 97 . a2

" ME © Bangor, Dow AFB 4448 6841 7.1 132 138 136 113 ‘83" 76 54 SO 63 82 100 110 93
ME  Presque Isle AFB 4641 6803 7.8 151 lﬁiﬁll$i;fisl 123 88" 77 €9 97 115 110 134 129

' ME  Limestone, Loring AFB 4657 6753 6.9 97 “;d{;gllé.._eﬁ 69 55 48 45 60 68 73 78 74
MD  Patuxent River NAS 817 7625 8.1 159 177° 186 148 97 76 59 59 83 102 138 139 119
MD Baltimore, Martin rid '39{20 7625 6.9 107 111 119 95 53 44 3739 34 46 57 64 61
MD  Baltimore, Friendship APT 23911 7640 9.6 206 253 265 209 152 117 9 79 1lic 117, 179 188 164
MD Ft. Mead, .Tipton AAF 3905 7646 4.4 57 58 69 65 37 19 14 14 14 23 42 ar s
MD  Aberdeen, Phillips AAF 3928 - 7610 7.9 126 170 173 .1s7 95 66 S52° S5 69 95 121 118 109
MD  camp Detrick, Fredrick 3926 7727 $.4 101 122 144 110 SL 33 25 22 30 47 96 15 72
MD  Ft. Ritchie | ‘3944 7724 4.6 38 34 33 37 21 16 14 23 18 27 27 52 26
MA  Chicopes Falls Westover AAF 4212 7232 ~ 7.1 122 143 131 133 9 70 52 48 60 8! 104 114 96
MA  Ft. Devons AAF 4234 7136 S.4 a5 40 66 84 44 31 20 32 33 J9 48 " 53 4s
MA  Bedford, Hanscom Fld 4228 7117 6.1 109 120 117 94 70 48 39 36 44 65 B0 92° 76
MA  Boston, Logan IAP 4222 7002 11.8 314 321 34 268 195 150 128 108 131 .131 230 277 227
MA  Boston 4222 7102 11.7 314 321 316 268 195 150 128 108 131 131 230 277 227
MA  South Weymouth NAS 4209 7056 7.6 125 125 146 136 84 S8 43 S6 53 71 92 102 90
MA  Falmouth, Otis AFB 4139 7031 9.2 188 199 188 193 147 110 87 90 112 139 148 - 185 149
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 SS51 592 S44 482 769 @56 927 757
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! y . . MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA - : . ' |

f I' _ Ave. - Wind Power, Watts per Square Meter
;/ ) S_Dﬁad " 5 . . . . . ) .
/ State ' Location ~ Lat  Long Knots F M. A M J A S 0 N D Ave.

r

. - 7
At : .

MA  Georges Shoals 4141 6747 17.1 1168 1175 1058 891 619 575 519 378 473 739 ‘691 1156 783

i MI  Mt. Clemens, Selfridge AFB4236 8249 8.2 157 151 160 ‘145 96 71 56 53 71 84 156 144 115

5 MI ~ Ypsilanti, Willow Run 4214 8332 9.5 169 169 244 194 139 10l 85 77 104 113 18e 173 147
:;3 MX  Jackson . 4216 8428 8.8 196 149 182 215 106 92 57 69 77 99175 1aT - 127
_j ' MI  Battle Creek, Kelogg APT 4218 8514 8.9 161 189 ‘205 179 124 99 76 63 106  99. 152 180 137
f - | Mr  Grand Rapilds ' .. 4253 8531 8.7 120 134 180 158 112 77 62 54 83 B7 162 135 113
| Mt ransing 4247 8436 10.8 273 298 356 287 178 112 69 74 123 146 251 269 203§

MI  Flint, Bishop APT 4258 5354_,ﬂ#_J3;ﬁ__233_;206—f246—¥195 140--109— 85~ —7L 129 140 210 223 167

T T Mz~ saginaw, Tri city AeT 4326 8352 9.7 218 196 223 196 152 111 92 74 121 128 199 189 158

MI  Muskegon Co APT - 4310 8614 9.4 156 164 140 171 121 9 68 70 80 155 177 166 9

'MI  Gladwin : 4359 8429 5.9 67 71 92 76 63 40 31 :;4' 34 39 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 , - 44aa 8535 9.5 229 206 249 207 147 132 100 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 7.5' 76 76 92 108 88 :ﬁ59 49 46 52 62 67 S8 70

MI  Ppellston, Emmett Co APT 4534 8443 . 8.9 183 150 192 165 154 115 105 81 115 144 175 185 147

MI  Sault Ste Marie 4628 8422 8.3 114 105 119 125 113 77 62 57 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

__|-Mr  Eacanaba ApT 4544 8705 7.8 126 164 148 186 191 150 116 93 135 163 232 143 154

MI Gﬁinn;_Sawyer AFB . 4621 8723 7.5 94 116 109 116 100 72 52 57 65 92 102 105 90

.
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'MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SQUTHERN CANADA o
_ Ave. T ) . { wind Power, “w‘gtlh per Squ;_fu Meter )
State  Location . | Lat  Long Know F ff M AL M J ¢ A s o N b Ave.”
MI _-:.Hal_'quette_ ' 4638 8724 7.6 78 84 (118 125 117 96 :‘ 33 70 . 89 85 88 66 9 ’3'
MI  calumet L 4710 8830 8.5 116 126 |13 139 106 %0 78 66 ‘97 108 116 112 108 |
"MI  Houghton Co APT . 4710 8830 8.5-116— 126136 139 106 90 78 66 97 108 116 112 108 | _
.MI Tronwood, cogeblc Co APT 46‘32' 9008 8.5 164 198 16;? 290 280 174 13}: 139 200 | {213 ’570 203' 202
»| Mt Minneapolis, St. pgﬁl IAP 4453 9313 9.4 127 142 152 211 ‘ls6 133 88 86 112 130 ‘167 123 '133?2
My St <.31_°U¢-.'Hhitney_ APT 4535 9a11 6.9 70 70 102 129 99 71 44 18 55 66 84 S8, 74 -
MN . Alexandria .. 4553 9524 10.7 221 215 262 290 249 202 128 161 182 263 1263 196— 219 | - -
R Brainerd o . 4624 9408 6.9 90 92 "111 167 134 98 62 ss 107 87 123 es 102"
| | MN . _Duluth IaP T aeso 9211 10.7 219 229 249 299 33 147 122 111 154 196 254 206 202
y 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 093_.23 8.4 95 103 110175 155 .03 82 -89 119 122 163 117 / 19
. MN  Roseau S 451 9sas 6.5 33 31 S0 S8 . sl 35, 16. 020 27 ‘A4 49 41 37 .
M f__Th{gf_Ri;rer Falls 4803 9611 8.7 215 207 194 305 279 199 135 157 189 221 309 219 a9 |
MS  Biloxi, Keesler AFB 3024 8855 6.8 B2 79 83 8l 64 49 38 35 S8 ss 66 68 43
MS  Jackson : | 3220 9014 . 6.2 8s o2 88 78 46 31° 26 25 31 39 | 63 717 57|
. ‘Ms ;Greenville APT’ 3329 9059 6.6 89.100 104 90 66 48 3127 34 49 50 65 71 47
1 Ms ..He_;-.idiar,\ NAAS. 3323 8833 . 3.5 29 40 37 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. Louls, Lambert Fla 3845) 9023 7.9 & 116 143 138 94 60, 41 36 S5 60 92 96 86
-~
EJ 0 A
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% . . ¢
- @ - MONTHLY AVEHAG_F WIND POW}EIH IN THE UNITED STATES AND SOUTHERN CANADA
Ave. Wind Power, Watts per Sciuare Meter - -

- W Speed | . 3 i .

State  Location Lat Long Knots J F M A M J J A S 0 N D Ave.
‘MO Ney Florence 3853 9126 101 198 231 238 231 138 lo5 85 85 111 112 199 165 158
MO . Kirksville 4006 9232  10.5 250 271 297 310 181 137 111 103 1la 1s8 231 191 104
o Vichy, Rolla APT 31808 9146 8.6 153 158 211 170 92 72 54 4 68 76 la2, 156 117
MO _ Ft. Leonard Wood, Forney AR 3743 9208 607 67 65 81 88 SO 37 22 21 26 S0 62 67 52
MO  Springfield 3714q;931§'4_ 9.7 183 243 230 263 123 9 To 77 97 .10 183 170 150
MO Butler 3818 9420 9.3 212 208" 266 226 123 124 74 65 81 131 156 160 152
MO  Xnobnoster, Whiteman AFB 3844 9334 7.4 6 109 146 151 94 65, 40 45 6L 70 94 ° 8L 87
‘MO Marshall . 3906 9312 9.5 203 223 263 250 115 109 82 90 89 95 156 136 143
MO Grahdvieﬁ, Rohds-Gebaur AFB 3851 ‘9433 8.1 105 101 156 173 113 76 55 59 74 91 110 110 100
MO  Kansas City APT 3307, 9436 ', 2.4} 115 126 165 182 145 129 105 99 113 112 143 122 132
M0 Knoxville ' 3925 9400 ° 10 .%%_210 211 204 278 144 124 /;uL 51 98 125 171 151 158
MO Tarkio 4027 9522 §.2 121 137 258 225 192 150/ 87 71 85 }13' 135 . 94 135
MT  Glendive 4708 10448 7.7 131 141 145 222 137 139 144 113 122 149 | -
MT  Miles City APT 4626 10552 B.6 123 137 120 161 98 104- 109 93 116 _115
ur | Wolf point ,4806 10535 8.1 Il7 112 "143 326 171 245 223 183 124 179
MT  Glasgow AFB 4824 10631 8.6 - 133 131 125 178 101 138 126 119, 175 . 133
MT  Billings, Logan Fld 74548 10832 10,0 230 210 185 202 99 128 152 218 237 173~
M  Livingston 4540 11032  13.5 778 819 §74 415 253 321 500 713 1058 500
T Lewiston APT 4703 10927 6.6 198 las 1a1' 163 1ps 108 82 95 114 125 189 151 140
MT  Havre 4834 10940 8.7 148 106 155 ‘141 fra3 ms 15 74 e 120 132 127 114

7
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" MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERK CANADA
i . .\
_, / S?::.d : Wind Power, (‘Iatts per Square Meter §
State  Location - | Lat ./ Long Knots  J F M A My A s o N D, Ave
 MT  Great Falls IAR.. 4729 11122 11.6 444 439 300 261 194 193 136 143 197 300 456 509 304
MT  Great Falls, MahmstromAFB  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  wWhitehall 4552 11158 11.4 710 543 352 274 221 245 193 167 174 260 410:'652 344
MT Butte, Silver Bow Co APT 4557 11230 6:9 98 101 116 '153 141 120 B6 . gs 93 93~ BE& 76 164
Wt Missoula , 4655 11405 5.0 49 36 64 75 72 70 64 4 57 23 C19c 26 s
) NB . Omaha ) ' 4118 9554 . 10.0 191 186 264 280 186 148 104 104 122 158 217 191 77
wBt Omaha, Offatt AFB 4107 9555 7.6 118 123 189 198 138 %8 67 S8 68 93 112 112 g
| Ng. rsrand Island APT 4058 9819 11.1 177 "195 270 312 251 217 161 158, 179 180 232 200 lzﬁ,L
1 NB  overton . 4044 19927 10.5 209 195 321 389 276 243 155 149 162 202 299 182 222
%f' NB  North Platte 4108 11042  10.5. 193 233 °374 435 2321 200 151 153 206 246 234 166 254
= " | N3 Lincoln AFB T 7 4051 9646 9.4 163- 173 258 251 193 143 97, 102 102 119 173 146 62
N3 'columbﬁsineh»~§~M-A~f~h~u'-41:6“5972?7€ . 10.0 184 192 316 301 246 172 113 111 120 184 150 143 g,
NB  Norfolk, Stefan APT 4159 9726 9.7 236 235 308 387 275 215 142 173 204 281, 361 255 s
NB  Big Springs 4105 10207 11.7 270 294 430 4507 349 1270 210 210 217 54 297 251 g0
NB  Sidney " 4108 10302—716.5 275 267 369 395 294. 227 193 160 680 227 241 188 248
NB  Scottsbluff APT . 4152 10336 9.8 147 225 271 254 189 180 119 124 122 166 254 199 145
N3 Alllance 4203 10248  10.6 203 209 274 358 289 231 189 294 233 228 239 210 23
NB  Valentine, Miller rlda 4252 10033 10.0 181 %37' 267 323 286 242 199 226 230 271 338 242 ;s3
NV Boulder City 3558 11450 & 7.6 108 162 185 230 247 293 186 197 137 95 155 B8l 173
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MONTHLY AVE{%AGE WIND PO“A_‘ER IN THE UNITED STATES AND SOUTHERN CANADA ‘
Ave. . . ) Wind Power, Watts per Square Meter ° .

_ e " Speed S :
State  Location i ' Lat  Long Knots J F M A ™w J  J A S ©0 N D A |
W Las Vegas g T 3605 11510 . 8.7 105 142 186. 229 225 209 166° 141 111 122 67 § 92 150
NV Las vegas, Nellis AFB 3615 11502 . 5.7 73 89 137 138 125 123 77 75 61 63 66 57 < ge

| wv  zndfan springs AFB  © 3635 11541 5.3 33,75 141 196 154 109. 64 46 54 . 26 63 54 80
NV Tonopah APT ’ 3804 (11708 8.7 99 150~ 196 196 174 142 98 94 104 113 109 J101 = 133

| wv Falibq,NAAS : f 3925 11543' '4.15' 48 50' 4 72 60 49 29 ) .ais 10 27 36 44
NV Reno 'f“' C ¢+ 3930 11947 5.2 77 108 123 99 93 Bl 56 S4 52 52 45 a4 74
NV Reno, Stead AR 3940 11952 . 5.9 79 105 125 .132 110 91 72 72 56 €4 SL 69 85
NV Humboldt . | 4005 11809 6.7 61 76 14 102 103 116 98 83 66 57 41 48 79,
Wy Lovelosk . 4004 11833 6.4 109 91 121 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 |
B? | Buffalo'valléy S § 4020 11721 6.4 66 977 94 94 102 97 77 62 57 59 53 52 76
NV Batt;q)ﬁgunéain - 4037 11652 7.3 148 80 ‘147 113 132 113 8BS 70 61 102° 64 66 98
NV Maﬂqw;wa . g | 4036 11631 6.2 57 98 ‘112 106 99 86 79 68 63 62 45 S1L 76

| W Elko . - 4950 11548 6.2 68 76 100 92 99 98 9% 76 75 I3 52 €0 76
NV Ventosa _— 4052 11446 . 6.8 139 160 178 179 les 112 loa 97 9 88 93 93 foo
\NH '_ Portsmoﬁth, Pease AFB i 4105 7049 ; 6.6 S0 112 '99; 3'2 73 50 39 37 42 S4 65 | 90 68
NH  Manchester. Grenler F1& 4356 7126 6.7 ITS 1S0 134 137 83 68 49 33 51 72 ‘ 551 127 86
NH  Keene . 4254 7216 4.8 63 86 69 74 61 48 .29 31 34 42 ;|45' 50 53
NI Atlantic City | _ ' 3927 7435 9,1 185 207 207 166 169 81 ﬁﬁ 61 81 107 _15;14~ 164 129
NI Comden ’ 3955 7504 .0 132 131 167 160 86 73 _ 64 55 62 82 118 111 104

N :
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‘Appendix 2.3: Wind Power Tables Yoo o 189 o :
- : MONI'HLYMIEFIA’G_E_ WIND PQWEB IN THE UNITED S"I’;\TES AND SOUTHERN CANADA
? ‘ Ave, - ) Wind Pawer, Watts ;:;er Square Meter
State  Locstion . ' - "' lat long Knots J F M A M J J A S ©O0 N D Aw
o Sl owy wrightsg:ow;;_' McGuire AFB 4000 ZE 6.6, 100 114 114101 .48 42 30 20 40 52 73 8e 69
S { Ny L?kehu:;':s_t NAS 400z 7420 7.4 133 1s8 166 131 %4 62 45 4l 48 60 99. 109, 93
s Ny Belmaf . ‘a011 7404 ‘6._.1 80 82 83 . 57 __;37 31 23 23 30 s0 56 ssf 50 |
ug’ Tlrenton:’ | ' . 4017 7450 8.1 125 146 146 194 85 71 47 55 °* 70 92 140 12035 108
| vy Newark: h 4042 74;1'0 ©B.7 145 145 157 126 107 80 73 68 71. 96 100 110.‘1 109
Y clé'yton ko T 3627 10309 13.0° 447 397 519 483 427 360 230 207 255 279 350 395 354"
MM Twewmeart  © . 3511 10336  10.6° 273 321 359 365 293 227 167 154 166 207 206 206 260
L .| =™ antonchico . ' 3508 10505 8.9 204 257 306 227 130 132 78 67 74 1ol 145 140 185 |
| MM clovis, cannon AFB . .. 3423 10319 2N 171 215 320 279 226" 204 126 93 111 122 160 180 '1‘96;,.""'.‘",
4 NM  ‘Hobbs, Lea Co APT . 3241 10312 - 10.4 195, 236 353 276 250 J2'15_ 138 109 118 109 166 188% 190 |
NM  Roswell APT g 3324 10432 8.5 148 191 273 260 216 172 101 82 84 102 146 172 163
] _Roswell, Walker AFB . 3316 - 10432 7.3 79 102 145 145 129 1395 93 71 65 712 82 86 98
NM - Rodeo | e 3ise 10853 . 9.4 195 216 256 325 259 191 1166 131 129 155 210 173 - 203
MM Las Cruces, White sands 3222 10629 6.1 100 106 169 149 123 g8 50 43 . 41 42 82 99 89
f ) mﬁ ‘Al‘amogc:rdo, gollo‘man AFB 3251 10605 5.6 45 59 92 -101. 8% 72 54 43 k] 1 41. '40_ 57
| NM _)?lbuqué.rqug, Kirtland AFB 3503 10637 - 7-6 ‘\33‘ 115 154 190 160 134‘ 1ol 72 88 97 80 74 112
WM otto 7 3505 ___1'5’.600 9.6 248 311 491 372 271 264 116 102 94 176 234 228 243
ome Santa Fe APT 1-35}7_.-- 10605 10.3 218 - 200 308 308 248 217 138 113 135 154 184 194 201
w4 ° Farmingfon APT“ - . - .’ 3645 10814 7.1 53 74 136 151 106 161 78 55 S0~ 71 81 42 @
T s-F M callup _ 3'531‘ 10847 6.2 .92 133 237 293 248 217 92 62 75 114 84 54 14C
oo ¥ r |
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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 Q N ‘D Ave,
M zuni 3506 10848 8,4 127 109 234’ 220 183 138 S8 sS4 80 104 97 126 127
NM El Morro 3501 10826 7.4 76 113 229 210'ﬂi95' 136 95 66 66 92 91 B3 107
MM Acomita 3503 10743 9.6 150 169 283 223 1s6 143 9 82 75 109 143 136 169"
NY westhampton, Suffolk Co AFB 4051 7238 8.1 146 145 154 133 °100° '82 69 67 87 110 120 118 110
NY  Hempstead, Mitchell AFB 4044 7336 912 194 2217 211 189 134 115 99 88 100 129 185 194 155
NY New York, Kennedy IAP 4039 7347 0.3 242 259»;}60" 204 151 139 ‘izz 106 120 140 173 180 168
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 loéblllT 99 "57 43 38 37 61 63 83 95 76
NY Heg}Ycrk WBO 4043 7400 11.6 436 428 384 259 211 173 9146 107 143 209 329 336 261 |
NY 3§;r Mountain 4114 7400 {12.5 476 463 550 444 311 183 171 163 271 289 396'15"3 350
NY ;ﬂewburqh: Stewart AFB 4130 7406 7.8 164 206 193 176 108 76 I_él 52 64 101 136 163 124
NY'_jﬁﬂew Hackenaack' 4138 7353 6.0 83 91 93 87 S0 42 34 32 40 63 93 84 63
WY Poughkeepsie, Dichess Co APT 4138 7353 6.1 68 90 Mg, 90 52 43 33 28 36 46 66 74 60
NY Columbiaville 4220 é345 ~ - 8.7 185 220 226 173' 131 104 69 - 69 97 138 164 172 138
g% Albany Co APT 4245 7348 2.9 148 163 173 138 95 80 68 63 '8l 96 103 111 108
Ny séhnectady - 4251 7357 ?%4 is6 116 160 155 123 ”“Ei 82 67 84 ©8 112 114 2
S| WY Plattebuzrg AFB 4439 7327 8.0 €3 78 76 B2 70 52 42 36 4l 54 66 60 60
.NY Massena, Richards APT 44;’:6 7451 9.5 176 5;192 217 193 - 150 129 168 101 11_1 154 170 193 158
NY Watertéwn APT 4400 7601 10.0 409 312 373 298 153 134 119 99 111 197 278 350 236
NY Rome, Griffiss AFB 4314 7525 5.7 - 91 108 109 94 66 44 30 26 5% 50 71 82 65
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- . 7 _
MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
e T S - | 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 s.2 117 130 113 100 74 Bl 43 49 -59 67 106 1l%. e7
“NY  Syracuse, Hancock APT 4307 7607 8.4 158 174 166 167 108 80 66 6L 76 91 129 138 115
NY  Binghampton, ﬁloome Co APT 4213 7559 9.0 157 183 194 191 138 77 73 70 77 104 155 160 122 )
NY  Elmira, Chemung Co APT 4210 7654 5.6 73 78 91 B0 SO 45 . 29 25 34 57 19 69 9
NY  Rochester 4307 7740 - 9.8 205 229 240 201 138 123 98— 82 102 123 197 194 153
XY  Buffalo 4256 7843 11,5 468 430 417 411 422 281 278 383 377 334 354 306 382
NY  Buffalo ” | 4256 7849 10.9 254 258 322 ,239 160 151 132 118 145 160 227 251 3205
| vY Niagﬁfa%Falls ~ 4306 7857 8.3 193 175 147 130 106 82 72, €7 82 105 134 176 126
| ¥¥  punkirx 4230 7916 11,2 488 348 368 P02 173 154 121 127 174 269 396 361 281 _
NC  wilmington 3416 7755 8.1 118 151 163 E693 io2 87 77 80 98 97 101 97 Alidb”"
NC Jack:chille. New Rvr. MCAP34431 7726 6.0 59 72 B84 79 53 44 32 31 43 40 45'_ a6 = s1
{ N cherry Point MAS 3454 7653 7.0 92 105 124 125 84 68 57 57 84 66 61 74 8
xe ~Cape Hatteras | 13516 7533 10.6 195 229 209 202 144 138 117 135 180 167 166 168 ~ 169
4 xe © Goldsboro, Symr-hnsn AFB 3520 7758 5.4 55 71 80 72 45 32 30 23 30 29 42 &6 45
i | NC ?t-_Bragg:\Simmons AAF . 3508 7856 5.8 63 82 6 0 46 37T 27T —IF —IT - IT 5T 48 _ 46
NC Fayetteville, Pbpé LFB 3512 7901 '4.3‘ 43" 54 60 55 3a 25 24 21 21 - 23 29 _‘30'_ ‘33
" | sccharlotes, Douglas APT 3513 8056 7.4 lcL 101 120 118 69 57 S0 53 70 76 78, 82 @2
NC  Asheville | “ 3536 8232 5.5 77 77 110 %0 41 24 17 16 18 31 76 14 54
NC  Hickory APT . - 3545 8123 7.2 69 69 83 79 *5& 50 50 49 49 54 63 61 62
NC  Winston Salem 3608 8014 B 1 14K 166 149 169 88 68 66 - 54 97 106 99 , 117 BRSS!

-
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*—Z'"ﬂ; - ) o ~MONTHLY A\;Ehﬂéé"i;ﬁanﬁbﬁ-én_'iﬁ THE UNITED STATES AND SOUTHERN CANADA
f { e / 3 Ave. . Wind Power, witt; per Square Meter
State “._Lo ::_iﬁ;zz_w.“__ - 7 Lat Long Knote ~ J F ™M A MY J ﬁ $ o N D Ave. -
- Gfﬁ:nsﬁbfo 3605 7957 6.7 67 0, 94 94 47 37 34 297 35 431 69 57 58
NC  Raleigh 3552 7847 6.7 - 89 81 Y06 113 $3  SL 49, i? 45 41 64 61 64 ‘
MC  Rocky Mount‘é?r_ 3558 f??4e 42 72 74 97, 86 © 49 éz 51 %‘ 45 50 57 60 ° 52 |
NC  Elizabeth City" ‘ 3616 7611 7.4 8L 8 95 98 76 /65 50 s? 67, 71. .63 63 74 '
WD . Pargo, Hector APE 4654 9648  11.7 280. 264 293 389 286 5;2} 144 160 225280 337 279 263
ND . Grand Forks AFB. | 4758 9724 8.9 ‘167 182 “183 197 166 /103 71 ‘8B 123 147 147 172 146
¥D "Pembina —— 4557 9715 11.7 308 3861 321 341 535; 261 187 ‘24* 261 329 403 409 208
. | ®D  Bismarck arr 4646 10045 9.5 137 149 186 250 217 174 118 119 157 167 186 143 170
ND  mMinot AFB ' ' 4825 10121 9.1 191 192 166 199 185 117 95 98 127 ‘164 163 18I IST [ 7 °
MD  williston, Sloélin Fld 4a£1 10338 8.2 80 86 109 143 ;41,-104 76 ?aaifini 98 88 .78 98 - -
KD  Dickinson 4647 10248  13.0 402 265 - 462 486 401 402 246 208 300 332 426 334 362
o Youngstown APT a11é 8640 9.2 187 177 218 176 115 84 66 57 81 95 180 188 133
o O warten 4117 8048 9.3. 196 183 197 197 116 95 &7 59 82 122 164 149 136, e
Ok axron t“;{iogé 8126 9.1 163 184 192 151 101 75 55 S5 70 ggﬁ,lgé 147 11§§f;;p4””
| OR Perf?%ﬁ 'ii£4l 8107 © —10.7 29 .29 230 277 136 1lis 82 9, 136 riﬁi‘§11 279 223
| on c1eve1§pd; 4124 8151 10.1 189 237 244 211 147 111 80 72 154 122 230 202" 152
‘ oH vickery (5 4125 8255  10.7 264 310 303 284 150 136 89 @8 130" 157 284 217 219
- |oomt toleao | - 436 8348 7.7 109 114 138 108 76 SI 39 . 37 49 60 89 93 80 :
| Tost . archbolra 4134 8419 . 8.8 182 176 182 189 99 86 57 62 84 98 182 135 ' 127 -
; 7 om { columbus 4099” 8253 9.2 109 11B 136 116-7\74 52 33 35 44 55 100 91 82 _
' . : // " - i
. T B e
. 'l
" . bt et B S rua i i f : S 5 | N -(iﬁ /
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MONTHLYAVEHAGEVHNDPOWERINTHEUNHEDSTA{ESANDSOUTHEHNCAﬁA&A ‘ i
Ave. _ ) Wind Power, W;tts per Square Meter
| . _ | . Speed ‘ B . -
State . Location Lat Long Knots  J F M A M J o A .S © N "D » Ave;
o Columbus, Lockbourne AFB 3943 8256 6.8 100 127 135 120 77 S3° 36 33 43 58 93 ea . g
oH égye59£1iev N 4047 8218 10.0 257 257 236 204 51é3 124 76 76 104 151 258 204 163
oH caﬁbriage 4004 8135 6,2 110 103 110 94 S4 - 50 40 - 32 ac 59 30 33 1
GHA  zanesville, Canbridge 3957 8154 7.7 160 142 188 158 87 67 46 32 56 63 136 130 105
‘o Wilmington, Clinton Co AFB 3926 8348 ° 7.8 133 148 166 157, 94 6C 44 37 48. 67 117 119 93
oy. Cihcinn?ti 3904 B440 8.4 133 135 150 144 90 . 63 S1° 42 61 77 126 112 99
om Dayton | .. 3956 8413 9.0 179 192 207 173 108 73 59 46 69 84 170 160 125
OH ﬁaytOn, wright AFB o 3947 8406 ‘v7'7.6_ IGLw-léB 226 182 I22 83 58 'so‘- 71. 86 162 159 128
OB  Dayton, Patterson Fl@ = 3949 8403 + 7.4 171 186 202 176 108 73 47 43 51: 79 160 145 120
OK  Muskogee | 3540 9522 8.5 140 189 230 210 132 947 53 71 80 108 1ia 99 139
oK  Tulsa IAP . 3612 9554 9.5 157 178 196 185 155 116 94 85 110 118 145 149 14
OK Oklahoma City- } 3524 9736 12.2 306 333, 376 186 27; 250 165 153 182 216 ‘248 265 26§>
OX  Oklahoma City, Tinker AFB 3525 9723 11.4 263 277 370 412 319 318 176 153 197 230 243 248 264 °
oK Ardmore,AFB; Autrey Fid 3418 9701 8.7 140 165 204 203 123 113 91 72 86 98 132 114 127
ox  Ft. sill ? 31439 9824 . 9.2 174 215 272 247 193 182 104 91 125 140 164 165 173
oK Altus AFR 3439 $916 B0 99 134 198 .1803 140 126 71 64 79 92 91 92 113
oK  Clinton-Sherman AFB 3520 9912 - 9.8 1a4 202 283 262" 224 '158 84 77 108 113 130 161 166
OK  Enid, Vance AFB 3620 9754 \ 9.0 162 173 229 188 R38 138 88 81 100 107 136 142 139
- 0K w&ynoia ° » 3638 985Q 12.4 295 416 562 556 385 310 290 250 275 309 308 261 356
OX  Gage ' | 3618 9946 10.5 201 207 281 333 257 321 168 132 173 161 167 1leg 221
& ontario 4401 11701 6.2 52 70 96 143 139 107 115y 122 75 69 43 4 88
| , | " ;
. ) ST : e
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- MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA -
: Ave. ' | . " Wind P::wg'r, ?;f;iﬂs per Square M;ter '
) State  Location ’ Lat Long Knots J F M A M N . s 0 N D Ave.
oR  Baker 4450 11749 7.0 44 52 47 ' s4 47 40 -40 40 39 45 18 43 a6
OR. La Grande 77 4517 11801 8.1 328 261 173 131 93 &6 55 .54 60 82 501 312 152
oR  pendleton-Fld 4541 11851  B.7 96 164 1§6_Ng§amf¢74”*156” 134 124 134 98 127 L34 135
OR Bﬁrr_us . . 4335 '11,903 : 5.9 46 46 68. , 1159 57 60 49 44 ___,,.45"""”56_ 43 40 S1
. OR ' Klamath Falls, Kingsley F1d 4209 12144 - 4.8 84 77. %99 56_;.62 444Tm,3<””§6 % Ts1- g6 16 6o
OR  Redmond, Roberts Fld sal6 12108 = 5.6 56 76 ,63 6L 46~ 36 29 20 38, 36 58 45 47
OR  Cascade Locks - 4539 12150 12,1 651 719'-336””531.,353” 351 387 -353 344 451 645 750 465 ;B
|or  crown potnt T | 4533 J2214 9.6 746 765 209 148 107 50 36 50 '113 T304 712 650 308 |
"oR PortlanﬁfIAP A 4536~ 12236 6.8 139 104 91 :61 44 39 45 38 gggr s1. o1 131 1% _
7| or Fugene, Mahlon Sweet Pld 4407 12313 4 7.6 . 83 g6 110 94 79 74 89 74 79 58 ° 13 | 77 81,
4;L¢@fﬁi North Bend | 4325 12413 8.4 76 128 108 107 _éa 185 192 149 66 52 80 94 1I3
OR  Roseburg T a31e 12321 4.2 22 23 22 26 27 28 ds 26 22 16 18 19 7 23
OR . Astoria, .Clatsop Co APT 4609 12353 7.2 125 19 95 82 69 66 71 61 " sa 70 145 111 84
oR ~ Salem, McNary Fld - . 4455 12301 7.1 160 122 100 72 56 47 52 }4 47 59 104 137 . 85
. or  wewport 4438 12606 @.5 o 03 107 95 129 145 151 111 69 | 72 95 129 113
 -'loR _ Wolf cresk ' | 4241 12323 2.5 10 11 15 16 19 19 22 18 11 9 8 8 14
OR- Sexton Summit . 4235} 12322 1;.3' 313 283 “243 196 ,236- 243 255 260 248 223 ‘316 3l0 276 I
. .{or  Brookings  , 4203 12418 - .4 91 131 o 68 58 55 35 26 37 43 72 92 63
;' ' OR Medford _' § 4221' léésl 4;§'“ 33, 44 S3 50 57 51 S0 4% 39 28 24 4o 46
;-_ ~|or , Siskiyou Summit . . 4205 ‘12234 é.é | ég" 115 102 82 129 150 fvo 123 102 68 B9 @2 109 | f:R~
" . ) ‘ o \k{ B
______ R - : o , g " ¢
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B MOII-'QI‘I'.HLYAVERAGEWIND POWER IN THE UNI‘I‘EDSTATESANDSOUTHEFINCANAD;;A | 1
Ave. Wind Power, Watts per Squars Mater B i
- ‘-. i _St.aule Iiocafior;n N o - | Lato ) . Long iﬁ: J F M A M ’ J o A t 0 N -D Avg. ) )
* 7 ! pa °° philagelphia o, 3953 9515 8.5 131 139 1170 133 93 78 62 52 | 61 84 o8 jxos 103
PA  Willow, s;-a-v;m WAS 4012 7508 . 6.8 111 136 148 114 74 46 35 © 30 43 sa ee” 90 .8l
0 e __.A'.lienitfowg R do3s 7826 7.3 157 141 227 124 77 73 38 35 S5 6l 108 151 104
T | A ?;::a_nton ; '\ ’ o, 4;_2@,'7545 7.7+ 87 107 94 95 80 62 47 37 50 64 85" 84 74
"PA  Middletown, Olimstead AFB, 4012 7646, 5.5 97,124 113 96 53 371 "!3;. 28. 28 41 75 82 &6
PA Harrisburg o _‘_“ 4013 ';7'551 o 5.4 9 - 120 125 88 53 a1 @7 2a 31° 42 69 68 és
PA Ba’.’r];cp‘lace . "';_‘_.__.w4’o_31 7606 .. 9"15,.9 464 ~477 451 411 251 198 -132 137 211 318 411 424 345
L bpa e -.«;ﬁSunbuty,'éeﬁnggif‘dﬁ; . a053 7646 sial 72 s 115 73 38 29 19 18 22 32 S6 S8 S0
| | PR, dloodward | H‘_E_“""‘*'n-@:;tsﬁ;z‘ief T 13.4 630 564 596 550 330 257 157 ¢163 257 403 SS1 590 417 )
7 V| Pa Beliefonke, . 4083 774377 6.p 133 139 ‘139 169 83| 68 44 46 60 96 128 126 103
% | PR BuckatBwn ' -40q,4: 7850° . 9.8 ‘2;1‘““369-~-~~32;H___g41 31 83 73 62, 83 179 235 247 192 |
__pi ;ucébﬁnéns' - . 395&133_9,1._' Y 9.2 ‘168 148 1§f§_° 150 92 72 49 42 63 97 174 120 106
| A k Al.‘t.cron;[ Blair co abr 2018 TEIT—s 7.9 155 180 241 164 25 79 . S3- 46 56 82 124 143 118
-:—a“?PA Kylertown ° - | . 4100 781} 9.8 ¢ 28 2..262 -147 77 98 146 202 - 247 200
'p; L"g“ﬁﬁﬁ‘ﬁts- o I a1 '.'.'-:".1.8_54 g 1:1 . 39“*&3 ~ 53635 41 49 77 169 .
%%wﬂr@}gg{{ | _. q%"“";‘."‘*a-14§3_ ..7838 6.1 8L 69 76 0 __4'9“_ 30 21 20K5'5'\-3a\..x§3 \;ja 49
- | 2 prie :Ap”““‘“‘ 4205 Bbl_l"“”“’ g 1+ 2134 191 208 147.“; 92 77 67 62 . 94 111 176° z1?‘r39xa_ﬁ___h
~ _~7]"pA Brookville C - 4109 7906 7.4 146 TIF— 32 75, 60 a2 45\46 75 12104 89
2 PA  Pittsburg AR 4630 B8Ol  -8.5 166 170 187 ‘162 '10?%%;1& 50 .;—}"'"'"""‘“"‘é“‘i:é;_-d%_-____‘150' 120
- ' - _ L '. : ; : _ LT e — S = e = ¢
N .
- . ' - . \
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MONTHLY AVERAGE WIND POWER IN THE UNITED smfgé‘mn SOUTHERN cm_AQ_A | o / o
T ) | . ., Ave. ‘ Wind Power, Watts per Squ.are Meter | /’
o _State_Location U R I Long*\‘?(ﬁ“ _J—T—' " M;A_" ™ —J—J"APg_sm FB_ N , D" / Ave.
PA  _Greensburg a016 7933 9.1 239 226 207 160 94 75 72 61 80 117 186 141
RT  Quonset Point FAS 4135 7125 8.4 164 164 163 156 121 84I;b61 70 83 115 135 123
R Providence 4144 7126 9.5 173 189 129 180 140 117 98 68 100 177 150 144
= 'RT  Providence, Green APT 4144 7126 = 9.6 172 189 192 180 140 117 98 B8 100 117 156 ‘144
SC  Beaufort MCAAS 3229 8044 5.7 44 70 62 61 43 35 28 23 35 315 42 43
. rsec charleston | "t 3254 8002 7.5 93 124 130 117 69 64 54 52 63 59 7L 81
- sc Myxtle Eeachﬁﬁ%s 3341 7856 6.1 49 65 70 78 54 51 49 44 484 40 39 s2 |
R sc  Plorence 3411 7943 7.6 95 99 114 93 74" 67 52 4350 74 13 o 92 |-
SC  Sumter, Shaw AFB i£3§ss 18029 s.4 49 57 64° 62 40 31 26 24 34° 36 3e | a iy .
s Eastover, McIntire ANG 3355 8048 4.9 37" €8 sS4 s2 33 24 26 14 32 27 1N ;323 .38 |
| sc colusbia 3357 8107 6.2 65 74 90 96 52 42 42 34 41 38 44 f 50 $5
§C . Anderson 3430 8243 7.7 %99 107 99 13 w0 60 51 5L 52 73 85 } 98 79
- SC  Gresnvilla, Donaldson AFB 3446 6223 6.3 67 70 80 79 44 38 32 27 36 3T 39 | 5o 49
s¢ Spartanburg 3455 8157 8.2 121 122 156 129 95 ies 65 s2 60 el 108 100 96 h
8D  Sioux Palls, Poss Fld - 4334 9644 9.5 158 156 215 266 190 ﬂzg 94 91 121 144 212 147 ‘161
5D Watertown ‘ 4455 9705  10.1 189 224 284 332 251 i33 129 123 185 210 240 ' 151 212
SD  Aberdeen APT S 4527 9826 . 234 341 413 290 244 173 177 240 249 295 5202 258
Huron 4423 9813 169 229 285 214 165 131 131 165 197. 239 174 167 _”,7
8D  Pierre APT B 4423 10017 ’ 205 255 294 202 141 124 129 149 168 230 207 191
50 ‘Rapid City . © 4403 16304 ;Q.s 176 173 239 234 178 144 123 139 168 193 28% 205 191
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Appendix 2.3: Wind Power Tables ~ | - . . | wm )
. ¢ * " MONTHLYAVERAGE WIND POWER IN THE UNITED STATES ANDSDUTHERN CANADA /- - -
| : \ A . .WindPower,wané/per&umMﬂer’ | o
' Co Speed S ' ! - .
State Locsjion . ;. ila  long . Knats. J F M A | M J J (A § O N, .D
SD . . Rapid city, Eﬂilﬁort-_:h_nf;f‘ﬂ- 4409 10‘30_6_"‘ 9.9 306 256 | 382 354 !\245 191 164 172 196 233 320 _254..
SD . Hot Springs ., 4322 10323 6.2 90 117 1155 297 219 163 . 94 126" 126 136 179 125
™ Briéfol‘ | . ‘1630 8221 5.9 76 105 | 93 85 53, 40 - 30 530 22 37 st S9.
™ !(hox’vill;e APT .- 3549 8359, 7"’.,9 133 135'2156 161 85 66 53 ‘__{"42 47 54 '_99' 100
N é;fhi't£anoo§a o k 1502 8512 5.6 64 70 76 83 42 31 26 20 26 N 49 5?
™ .Clw‘la_‘.:ta'npqga o 3503 8512 254-5“ 70 86 "‘:._Ilc;s. 83 a6 4s " 37 | 29 35 @ 67 60
™ Monteagle .~ 7.3s1s esso 5.4 71 _84 84 63 .32 19 i'e,. 116 19 33 60 70
TN~ ‘Smyrna, -Sﬂn.ewart AFB 360@'5_86,32 _ s.2 76, 83 87 82 a2 29 - 32‘20 22 3 sa_‘_" 62
fm Nalshvill_;é. Berry Fla '?60‘7 '9',,6'41.- ;-},4 116 114 132 117+ 76 67 '41_'-;'_71"533 48 57 81 80
TN Memphis nﬁas" L , 3521 fa,ssz 6,2 84 85 93 - 34."_7"' s 17 25 . 24 2_9" % 67 13
[ T5 °. Memphia IAP . 3503 8959 7.9 130 137 188 125 B9 57 45 42 s4 6l 102. 110 _ g|
1 T™¢  Brownsville, Rfo Grande IAP.2554 9726. 0.7 231 229 281 292 277 . 2117 185 141, 102 104 150 186 S
| 4x Harlington AFB % 2614 9740 - 8.8 124 175 212 207 172 160 132 129 82 . 75 101 109
™ xings-v"ine NAAS . 2731 9749 8.5 L-_‘ii'l---;u'\o 162 183 171 157 _142 115 107 M la¢ 98
TX  Corpus Christi 2746 9730 10.4 189 | 22‘5\"25@; 252 199 177 158 150 107 114 157 154
L™ Corpus Christi NAS 2742 9716 2,51‘1.3 209 232 272 286 _\.gg‘_s_l;' 150 144 - 206 132
| ¢ rLaredo are’ S 2732 9928 0.0 30 122 153 185 205’ 122 101 . 93 B2 47
TX  Beeville NAAS 2823 9740 7.3 8l 10l 124 129 111 , 60 52 76 72 g
TX . Victoria, Foster AFB 2851 9655 - ‘7.9 134 173 198 138112 97 67 “\:{\1 $3 58 103 12¢ 109
TX  Houston - * 2939 9517 10 1 1'9£ 216 240 fzsa 186 139 85 74 101 117 185 159 163
. ﬁ { . : .
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MONTHLY AVERAGEWIND qu_en iN TRE UNITED STATES AND SOUTHERN CANADA
gk ST ' sﬁ_\fe!" E Wind Power, Watts per Square Meter
- = . - ": &oedl Com ’ . I - i ) - . i
Lat -Long ,» Knots F M A M J J A .S Q N D Ave.
"t 1.TX . "Houston, Ellington AFB 2937 9510 6. ,- 86 96 ‘114 104 8Y - 56 38 41 56 54 @2 15 72
. . - -f“::j.“ ) '.L o 2 N . - . ) - .\ l R o - _‘5-‘ . - . ) ) - . ._. -
v Fox 3 Galveston AAF 2916 9451., -1i.0.262 261 298 257 227 200 149 144 147 148 239 217 210 |’
i '.-' . h - : ) k3 e ". * k“;'"i " , . ‘ ‘ . . . . ‘_ . - - -t . oo ‘-T.: - I .. B
- , TX  Pt. Arthur, Jefferson gg, 2957 9401 - 9.3.7153--186 184 190 156 95 64 54 115 = g5 121 .134- 128 | .
% 7l %"~ Lufkin, Angelinka Co APT.  3114'.79445 '6'.11' 65° 72 76 70 45 30 27, 22 26 .38 S6 62 49
S Towx -7 saltillo / o t,7 332 9519 8.7 (131 172 171 185 100 86 Y3S8 T 71 B4 102 104 112
-‘-'.-__ o . ) . ':E‘; . K -. nl - ;"‘_'I-.‘ H . . ﬁm . ‘:‘ ’.‘%:._:' l| .‘.“_ ) " ‘.. - | . T
. TX  San Antonio e 2932 4¢28° -a.'-11 99 113 114 123 104*104 8 \62 65 71 94°. 87 98
.'.. L w . . . . ) . - . v ) . . o i '~.\=. - . () . }
"X, San Antonio, Randolph AFB 2932 9817 - 7,3 "94 w108 ‘115 109 94 " B2. 64 88 61 56 90 B2 84
TX = San‘Ahtonio,; Kelly AFB - 2023.-9835 6.9 84 :85:105 109 96 83 63 53 52 53 72 63 * 37 |’
e T . . S T, ' ) » e : )
y+% | TX - San-Antonio, Brooks AFB 2921 9827 8.9 141 144 185 180 187 166 136" 108 95 107 135 103 142
o X+ Honde AAF - - 2920 9910 6.7. 59 82 88 94, -99 96 51 45 42 32 S0° 49 64
- TX - Kerrvildd 2959 9905 . 7.1 86 95 138 129 117 92 97 48 52 63 74  S4 86
N .t “ - i EY . \ . ] - . & o
TX . San Marcos 2953 9752 7.2 115 121 "142 115 127 102 64 €5 56 78 108 105 98
- ‘!_ i r - I :. - ; . i ) . - - . ~ \— N . \,‘..a )
TX | Austin] Bergstrom AFB 3012 9740 7.8 145 140 167 145 118 119 88 73  s$8' 74 117 116 115 a
« | % -Bryan 3038 9628 7.0 85 10a 108 103 89 74 49 48 38 |47 73 8 76
TX  Killeen, Fort Hood AAE 3108 9743 8.1 123 138 151 155 130 109 81 59 60 95 96 114 106
.. | T™@ . Ft Hoof, Gra&y AAF 3104 9750 9.2 163 ;79 198 208 162 153 12& 87 72 ‘102 147 158 146
- TX  Waco, Connally AFB 3138 9704 -, 77{ ~17 111 "13% 128 1ol 90 72 61l 56 68 104 101 95
TX  Dallas NAS | 3244 9650 9.1 155 166 210 199 154 144 97 82 85 99 135 131 137
S ' : L ~ - )
T Ft. Worth, Carswell AFB 3246 9725 . s.zi 138 154 2‘_];6 194 141 133 71 60 . 72 g9 1129 121 12_4,,«
TX  Mireral Wells APT’ 3247 (9804 . 9.2 120 146 203 201 162 154 103 79 78 88 111 110 128-
) - .:. o _ i
w.) - - . ; "
s r - ' !
) b,
j -
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.‘ T . < . . . . JI R CANADA o
7 \ Wind Power, Watts per Square Meter
o : _ - . Speed - - . . - _ _ . : .
State Location ~e Long ', Knots J. - F M - A M J J A S. 0 N D Ave.
'TX - “iﬂ.eral Wellq, Ft"Walters = 3250 - 9_8{53 T 8,7 117 135 192 | 184 149 136 92” 71 ‘71 82 %0 103° 11
™ santa' A ¢, 3237 9814 ° - 7.1 ¢ 92 136 157 163 87 83 55 55 60 55 112 77 9 .
ol ’ . _\J . e L L . . n_ .. )
| Tx . Sherman, Perrin x*B © ;3343 ~9e40c . 9.1 1727, ‘164 217 213 142 121 79 73 81 106 153 153 13 |,
.° . e . .Te . -’ J N . - P e —_—
TX, G&inﬁVllle qu,ﬂ-:«i} = 3ggov 9708 _ 11 1 T 244 303 338 357 226 184 Ha1 134 155 163 222 188 22
* | 1x -:owichita valls f{‘ﬂhl' . liiss gg2v ‘9.9 166 °178 244 222 176 158 (110 95 107 114 168 154 15
: Tx; Aoilene, Dyers AT . © 3226 9951 | ‘7.7 91 104 143 147 124° 102 6L Sle 58 66 07, 87 . 9
‘1t san Rnge1o Mathis Pla"i ' 312210030 8.9 117 154195 184 170 147 96 86 90 90 113 108 12
“TX San Anqelo Goodfellow A?B 3124 10024 8.7 108 152 191 179 169 . 157 85 81 9l¢ .88 114 102 12
X = Del Rio, Laughlln AFB. - 2922 - 10045 7.6- 71 107 114 120 118 117° 91 68 59 57 56 . €0 8
T TX  canadian ‘. adpo 10022 13.0° 390 416 570 596 .430 344 263 231 310 337 370 290 37
.- S , 4 L e ; - 23
TX “ DaLhart APT R S 3601 10233 12.9 370 371 476 477 477 559 334 278 280 228 266 395 15
. h . - - N . . B 4 -'
X Am&%i}lo, English FLd» " 3514 1Ql42 11.7 229 279 359 329 290 240 166 135 180 200 221 222 24
TX childress 'f T 7 3426 10017° 10,2 152 194 272 269 221 204 118 93 117 126 128 147" 17 :
Ve g Ca s S ot _ ' ) ' . ’
X Lubbock, Reese AFB 3336 10203 - 9.4 155 211 291 268 204 188 B89. 67 88 99 140169 16
.. . ) PR " . : '. % .. _:- ’ ' . . . B
11X Big Spring, Webb AFB. 3#3 10131  10.1 155 197 264 266 226 216 128 101 112 124 135 139 - 17
R ’“axdland Cr | 3156 10212 8.9 91 143 146 155 133 123 94 76 85 84 89 102 10
& . . , - - . \ ' . . ; .
T™X . Wink, Wxnkler Co APT 3147 103127 8.5 Y5~ 148 204 181 181 193 1.l9 78 72 75 el .128 11
_TX - Marfa APT S - pois 10401 949" 128 .182 165 192 146 117% 84 65 85 84 88 119 12
TX:* -Guadalupe Pass, “ - @150 10448 158 887 892999 932 868 603 422 342 401 760 827 71
™ 21 Paso o 3148 18629 ' g.a 176 257 299 222 173 131 111 102 128 153 16 18 ’
- - =S / . a . :
.;..‘ 1
o .""':1 53 .
-
. r
!
]
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. MONTHLY AVERAGE WIND POWER IN THE UNITEPSTATES ‘::‘N'b g T}!ERN A ‘:&P .
Ave. el "'Wirid Power, Watt‘# per Square Meter
: State Locatior% L_Iat = 'Lbng ?(‘:\?tg\ /J F M | A “ . ,,j e ~J\'-k A s 'Q N D Ave
‘tx _El Paso, Blggs AFB . 3150 10624- 5.8 68 éif';44 144 471h 38 32 33 49
UT st George 3&0;' 1133iw-~-“5:1i””§€*”f59 “1&5"“"65__ - 53 h62 40 S5 24
. UT‘ Milfofd‘r“: 3826 11300 1b.z',179aI24£7 228 275 302 E241u 220 f15 167 173_/472
UT , Bryce Cahyon. }p’T 3742 11209 6.4 69 65 L 93 79 o4 b 90 a0 4\";,\ 53 48 53
-——"_1"““ﬁf““““ﬁaﬁisoiiie 3822 11043 4.6 43 41 1115 84 ;oé l109'" 35 je\h 43 40 36
uT - Tooéle,‘Dugway PG ;;;4b;;: 11256'% 4.8 38 48;{r69 81 %1 69 '52 sv”wy4e 41 31
1o Darby: Wwendover AFE . 4043 11402 5.3 59 .62 90 90 71 82 52,"51 49 so 58
| Ur  Wendover - 404 11402 5.4 48— _sswmﬂéiywtn3w“mgiﬂwwéﬁﬂﬁwgﬁwaggwm_dg__azgf-fz;
oT anééQ&Q;l&é Springs 4143 11255 9.3 113 129 205 193 221 215 195 202 167 125 11§
UT  Ogden, Hill AFB 4107 11158 8.0 102 118 127 126 130 124 124 130 ;;;ﬂ_;g;_ 99
UT  salt rake City o 4046-i}L158 7.7 77 84, 100 1ooj' 9 96 82 106 73 68 66 71 85
UT  Coalville T 054 fiilzs 3.9 26 35 39 32 30 28\ 17 18 37 24 17 24, 28
VT  Montpelier, Barre APT 4412 7234 7.2 162 167 152 118 99 97| 69 60 94 103 102 125 111~
vT Burlington, Ethan Ailen &'4428 730§ 7.7 114 1li '18\_3 100 85 70 li 55 52 '70 82 106-- 114 90
L VA Norfolk NMAS * 3656 7618 a.af'154 182 171 139 103 84 E 75" g0 1Ll 127 130 138. 121
VA Oceana NAS 3650 7601 7.6 135 136 150 12 8¢ 62 52 52 83 93 97 107 98
, VA Hampton, Langley AFB 1705 7622 8.5 146 187 193 166 122 86 73 81 117 137 135 146 136
VA Ft. Eustis, FPelker AAF 3708 7636 6.5 79 90 89 J4 s1 42 § 32 32 43 46 éi 64 56 -
VA South Boston 3641 7855 5.0 49 49 65 65 34 33 32 i24 28 36 15?_:33 40
VA ‘Danville APT 3634 7920 6.1 69 63 @4 78 43 36 32 31 3 35";4 39 .48
[
4 a * ® .
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MONTHLY AVERAGE WJND POWER IN THE UNITED snres fmo SOUTHEAN.C

R j;f_;s‘:‘,:';d T .
State = Location - Lat Longf Knots J  F M.‘“‘
| VA Roanoke L 3719 ;9595 '7f1 152 po7 1,1 “144',”
vA - Riehmond: _ 3730. 772? . 6.7 59 68 79 - 4 40,
VA Quantico MCAS ‘ 3830\ 77L@ 6.0 ~55- 63 75 ;f  JSV

0

vA  Ft.Selvoir, Davison ANF. 3843 77&1 . 3.8 42 s0 60
2 T 92 111 106
2

WA sSpokane IAP : 4738 11?32 7. 63

wa - Spokane, =‘a£rcha.ld Arg . 4738 ;1739 . 7.2 118 1_35 134 | ;34

WA Moses Lake, Larson_. AFB 4711 ;“'J‘ll"919 " 6.2 68 62 -96. 55

T AT Walla walla __'_'“"'46_66' 11817 _sA-;d 87 100 114 47

WA  Pasdo, Tri City APT 461@ 11907 . 6.8 342 1331 346

WA  North Dalles - 4537 12109 80 65 72 191° iss

264' 279 | 334 -:.,,,.. LS 99

WA Yakima S '46:34 12032  6.d” 60 ST 69 115 78"},

WA Chehalis o ‘ ‘5640 12205 6.4 109 85 82 59 53 .4

+ WA Relso, castle Rock '}3603 12254 5:9_ 123"107 a7 /éJs;_; 65 _

WA  North Head : ,-‘;4616 12404 13,0 S47 521 495 ::69" 4'3'01" 57 \6'6, 460‘

WA Hoguium, Bowerman APT ; 658" 1235% 8.2 141 112 tio'a 88 86

“WA  Moclipy f ;-,»'1_5 12412 2.6 82. ez"._-".-i-s' 8l . 68

_ WA Tatoosh IS /4823 12448 12 3 763 603 443 269 276

WA  Tacoma, McChord _AVE'B 4709 12229 ‘4.6 S50. 48 53 49 .38 30 25 v 4l '41‘ 38
WA Ft. Lewis, Gray MrF | 4705 12235 3.9 36 28 30 30 23, .19 _,“17 54 23:' 27 24

WA  Seattle Tacoma /| 4727 12218 9.5 194 210 211 173 ?o 120 94 84 wh:' 135 147 195 e

VA  Scattle P 4741 . "12216 5.6 6 61 s8. 487 32 28 25 i ikn 53 69 45 |
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T 07T MONTHLY AVERAGE WIND FOWER IN THE UNITED STATES AND SOUTHERNCANADA .~ =~ = .~

s
)

S . - R ) -
» _ o -AY?'-\ L o '.";LWipd‘Power._;__Watta per Square Meter
- sl E Y ’ Lo o i T e SPe : eﬂ PR . : Frovooo- & - o
" State . . Location e T Lat tong:. - . Knots: -

."I |

- = - 2 T Pa— T

A M NE S s. 0 N D Ave

-

WA - Everett, Paine M’B '_-_47'5'5 ;L221:r 53 70 é7 . _'5-',--'.- - 44 4@ 38 34 39 43 60 65 51

c .

| WA, whidvey 15 ¥As . 4821 12240 7.1

A
185

€ _LT?TL24 ~ 15g, sh'ﬂ 43 * 33 S0 104 160 "Aég 108
WA Bellinqﬁ#m APT .5'J4é49?”12232 | 1-6 3 131 132 .92 66 42 43 43 . 35 25 . se © g9 1la 71

!

STl WV Charleston o . -'..3322 8136 5.6 "":";':_."?46 "6l 620 53 37 28, 24 15, 227 21 7’45 45 38

gt

'i”wvl_f,alkxns, Randolpﬁ ¢o APT fs,e ‘80 90 lol 92 574 327 24 22 25..39 w71 68 . 58

I -

5.8 73 ° 35" . 86 n;slijéb"_;25  -18 16 22 34 "545-~83 PSS

e

Wy - Horgantown APT

;@;ﬁ? Green Bay C o, 4429 ‘esos] ’5;§2_1?41 iSO, 212 1?7 _113; 129 'a%.‘f72ﬁ*izz na;ff:ng;iéf_ 149
o l-h.lwaukee Mitchel; Fld 4257 ' '87§4i\ _JI:_‘_;h...flo'ﬁ.Z 198 212' 246.;F258 -1'95 1213 ...'_."-‘95. q91 '129. 153 229° 200 ?75 .
e Madlsbn “Traux. Pld o :4308 Boz0 . 8.8, 139*#145";§9?}197 ﬁ15§f;;§5"3723 62 “ 91 112 174,13 130 |
*jﬁr”'_ “Camp Douglas, Volk Fla - 4356 9016 R s;yiJ;B 9 . 77 -éiki‘aai. 28 - 26 'J34~; qé, 7675 56

x

WI  La Crosse APT o 4352 9115ﬁi.?;,3.3 420 1€ 145 201 171 1D0 70 63 ‘100 128 ;179 "133 127
WI  EauClaire’ .. 4452 9129 8.3 96 113 102 168 155, 90 81 85 100: 103 134 106 112
Cheyenns APT . 4109 10449 11,3 433 453 434 399 2420 176 125 132 157 220 402 463 302 |'.

g

wY
WY = Laramle L4118 10540 qf;1xw5 498 ébé‘:52b=_339;“1}i. 300 _152 ~115 212 259 1338379 312
WY y 7T

_ Medicine Bow . 4153 10611 758 7825 518,343 ;%96__25Q';223ﬂ 328" 423 S44 726 490,

!

wy ~ Bitter Creex,  ~  74l40 10833 550 623 397 297 230 150 223 210 284 370 *371 357

WY  Rock Springs - 4138- 10915 10.6 503 476. 551 357 31Y -Q64=”216“6189J{§36 250 7 320 394 ¢ 339

7t

WY  Casper AAT o 4255 10627 1;.4'*445'%4;7- Jsg'fzss *201 222ﬂ 145 L 150 219 298 362 553_;428q
Wy  Sheridan. . 4446 10658, 6.6 71 71 B0 94 88 73 60 S56. 62 65 16 64 13
) v ' T o e ' _ ; o : : v g u . s
NS-  Yarmouth : © 7. 4350 6605 . 9.0 230, 173 190 153 109 84 63,

Hy
a e

67 B4 123 162 196 - |y

£
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA

| _w e _ " T _ |
. State  Location ' - Lat Long Knots J F M A M J J A S o N D Ave
; sra Fre;;.»rickto-n 4552 6632 7.7 :-,.153 124 148 116 99 86 69 . 64 70 94 98, 127 TM
1 Qv Mont Jolt 4836 6812 11.2 356 356 310 220 197 157 ‘134 152 188 245 297 Jel e
ou B,_,got_,;fulg 4820 7100 9.3 206 180 202 166 164 141 95 97 128 147 181 148
QU ‘st. Hubert 4531 7325 9.1 224 213 163 153 145 138 100 83 110 136 203 177
o Ot;_to;.{a;"’ : ~ 7 4519 7540 T8.2 123 120 125 111 99 79 58 S} 70 88 117 100
. on -i*é"fﬁtcn . 4407 7732 8.9 203 176 166 148 125 103 94 80 100 122 181 151 |,
oy Toronte . | 4341 7918 8.6 198 177 157 150 1lo 87 69 68 B85 105 177 152 4
O London 4302 6109 9.2 239 229 233 214 139° 85 66 65 82 107 173 176 « 5
ON Sultiugy _ 4537 B048 13.2 38 392 330 © 3124 328 790 218 195 252 294 1% 32 B
o4 Whiire River 036 B517 4.1 19 Eﬁl 20 J? 31 33 24 21 24 8 3n ., 24 27 .

. Ferora i 4‘3-'.8_ 9422 8.6 31 995 91 1) 104 7 14 7R ] 10 8o g 112 PG 90

] Hinnly=eg \ ) 4904 9714 10.7 206 210+ 227 293 266 177 116 138 174 209 239 210 206

¥y Elvers \\ 5001 10019 10,5 ’216 171 187 266 276 1')-_1 "q 137 149 200 235 218 - 200 294
SA Regina - | 5026 10440 11.9 327 206 315 3150 140 2431 162 186 286 232 279 300 218
SA‘ Mooe J;H ‘ . 5023 10534 12,3 399 343 114 a4 390 299 197 21f1 340‘ 119 140 347 122
AL Medicine jlat 5001 1!0!43 8.9 164 159 146 215 178 118 96 110 159 16.0 167 1177 158
AL - Lethbridge . 4938 ~112=1B 12,5 629 5;53 - 256 4I50 370 319 ?Q) 246 279 510 5346 567 419
Be Penticton ‘ 4428 11936 7.% 265 1871 141 104 76 64 52 49° 64 132 211 274 117
BC Yancouver 4911 12310 6.5 12 75 85 0l 51 -411 52 19 48 G2 [2]V] 75 64

‘  Bc victoria 40319 12326 - 6.5 B4 00 74 - 7% 59 51 34 36 36 41 68 719 6n

.
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Wind Power Maps
v *%
7 This a:)pendlx presents five maps mdmatmg roughly the wind
- pewer 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 |
_____ o 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 070929. For comparison, note that
- o : ~ windspeeds of 10, 15 and 20 mph yield wind power-values of 55,
.- % 185 .and 438 watts per square meter at sea level. These maps
- o : - Indicate only the tctal wind power available in the wind; the actual
wind power extracted by a partlcular machine will be some fract:on
usually 10-50" percerit of that available.
The windspeed measurements upon which these maps are

. e based were made at differing anemometer height, gven though the .
~ - standard tieight is 10 meters (33 feet). No attempt was made to - *

_ correctforthese differences or for the effects of local terrain features

S s ) on wind patterns. Small variations in windspeed from one station to

Ly

. \ ‘ the next are amplified by the cubic dependence of wind power on
S ' : - windspeed. These measurements were smoothed by averaging all
values over circular areas 300 miles in diameter before making the
. ~ maps. The isodyns'were also adjusted subjectively to conforni to
' ma]0f geographic features like mountain ranges and coastlines.

These maps indicate considerable wind power is available in
the Western Great Plains and along the New England and Pacific
L e D . s ,_ ‘Northwest coastlines. Southeastern and southwestern areas of the

| ‘ ’ United States have very limited wind power potential.
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. | : ’ ~ Winter Avérage Wind Power Avaitable, in watts per square meter.. ... ..
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Jgi; Autumn Average Wind Power Available. in watts per square meter.
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P
- , L
AV Desi ) ’ Yearl Avg. Deesign & 2 & Y
State Ciry winter €' Sep  Oct  Nov Dec jgn  Feb  Mar  Apr May| oY State . City Winter S8 G Qe Nov Dec  Jan  Feb  Mar AR May | TSV
T emp f' . ora | Temp . Total
emp : . « Temp S
Tampa sbd 36 o o860 17E 202 148 102 v a| o83 Mich.  Alpena L2970 -5 273 580 912 1268 1404, 1299 1218 777 448 | 8506
y  West Paim Beach 684 40 u 0 6 65 87 o4 3 0 i} 253 1] © Dewron 37.2 4 87 360 7i8 1088 1181 1058 93¢ 522 220 6232
e R R  Escanaba 29.6 -7 243 539 92+ 1293 1445 1296 1203 777 _ase | mam [ -
________________ o~ ATHERS - Ty 113 Squg- 632 C B4z 529 431 141 21] 2929 i Fhint LOTLLUTUITE IF9T 465 BAY 1202 1330 1198 1066 639 319 | 7377
Adanta §1.7 1B 18 123 317 648 636 518 328 147 25| 2941 ] Grand Rapids ¢ L2 135 434 B804 1147 1259 1134 HO11 579 179 | 694
Augusty 545 20 0 7R O333 552 549 #5350 9u 0y 2397 . ! i
: Cotumbus 48 23 o 87 3133 543 552 44 338 9o ¢l a3 Lasing 348 2138 431 BLI 1163 1202 1142 1011 57% 273 | evos
: Macon 562 - 13 o 70297 502 505 403 295 63 vl 213 Marquetee » 2. -8 290 527 936 1268 1411 1208 1187 - 770 468 | 3393
Kume 199 16 M. d61 474 701 710 577 46M 477 34 3926 Muskegon 36.0 - F 120 400 7oz 1088 1209 1100 9957 594 3tu | 6696
Saevannah 518 M 047 Me 437 47353 254 45 o T8I SuuleSte. Marie  27.7 =12 279 SBO 951 367 1525 1380 1277 810 477 | goia
. 3 . ‘ ' !
Thawai ik ey s S L I L Minn. Duluth 234 -19 30 e32 MI3L ISBL 1745 IS8 1355 840 499 [10000
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by retio 338 - 172 493 900 1166 1324 LUSE 905 5SS fe | 7033 Miss. jhlkstlr!xw_\i 55.7 21 4] 5 \]15‘ SU2 546 414 310 37‘ U | 2239
N i Merdan 3 554 2 0 81 339 Si8 543 417 310 . 81 0| 2289
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il e ChNS gy BT et g T Tiel saaoM . St Juseph -1 60 285 7081039 1172 94y 769 348 133 | 5484
. Springliel 6. =1 07 1 6% 102371135 935 769 35 ST $1. Lours 4 oh 251 627 936 1026 B4B  7u4* 312 12) | 4900
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= .
Canada Yearly
Province and City - Sep Oct Nov Dec Jan Feb Mar Apr May | Total
Alberta ‘

1 aaary om0 mo s iso e oo 70 e
Edmonton 440 750 1220 1660~ 1780 1520 1280 760 410 | 10320
Grande Prairie 450 800 1300 1750 1820 1600 1380 830 460 | 11010
Lethbridge 350 620 1030 1330 1450 1280 1120 690 ' 400 | 8650
McMurray 520 880 1500 2070 2210 1820 1540 920 500 | 12570
Medicine Hat 300 600 1070 1440 1590 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 | B8040
Estevan Point 310% 460 580 7107 760 670 700 580 470 | 6080
Fort Nelson 460’ 920 1680 2190 2200 187Q 1460 890 _ 460 12690
Penticton 200 © 520 820 1050 1190 . 960 780 490 260 | 6410
Prince George 460 750 1110 1440 1570 1320 1110 740 480 | 9720
Prince Rupert 340 510  680° 860 910 810 790 ° €50. 500 | 6910
Vancouver . 220 440 650 810 . 830 740 680 480 320 | 5520

i Victoria ~7260 470 660" 790 870 720 690, 520 370 | 5830

- | Manitoba , o _. _ ’

Brandon 350 730 1290 1810 2010 1730 1440 820 420 | 10930

Churchill 710 1110~ 1660 2240 2580 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 ~ {010 550 | 12460

Winnipeg | 311 68.6 1255 1778 1993 1714 1441, 810 411 10658

New Brunswick )

Bathurst 310 650 1010 1480 1690 1520 1300 860 520 | 9670

............................. . _Ch.atham G 2?_0 640 9?0 1450 1620 15450 I1 250 850 , 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 ‘1570 1340 870 . 480 | 9950’
Moncton « 260 590 910 1340 1520 1380 1190 830 480 | 8830
SaintJohn 280 590 880 1800 - 1440 1310 1160 830 510 | 8740 |-

Newtoundland - :
Cape Race 350 600 800 - 1080 1240 1170 1150 950 780 | 9290
Corner Brook 320 640 ~ 890 1200 1410 1360 1240 900 640 9180
Gander™ . 320 860 920 1230 1430 1320 1270 970 65Q | 9440
Goose Bay 440 840 1220 1740 2020 1710 1530 1101 770 | 12140
St. John's 320 610 7820 1130° 1270 1180 ~ 1170 920 ° 700" | 8940

Nova Scotia c e - _
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 *1040 1180 1100 1010 750 510 | 7520

Ontario _ _ . _ _

RS Fort William 370 740 1170 1680 1830 1580 1380 890 540 | 10640
Hamilton - 140 470 80O 1150 1260 1190 1020 670 330, 7150
Kapuskasing . 420 790 1280 1770 2030 1750 1550 1030 :__.-"-600"'_ 11750 7
Kenord . ¢ 320 710 1270% 1800 1980 1670 1420 860 430 | 10740 -
Kingston | 160 - 500 820 1250 4420 1290 1110 710 380 | 7810 |

----- -} Kitchener 170 620 860 1240 1350 1240 1080 680 330 | 7620
| London 150 490 840 1200 1320 1210 1040 650 338 | 7380
North Bay 320 670 1080 1550 1710 * 1530 1350 840 470 | 9880
Ottawa 200 - 580 970 1460 1640 1450 1220 730 330 | 8740
Peterborough 180 540 890 1320 1470 __1330 1130 696— 1330|8040 |~
""""" Saull Ste Marie 340 650 1010 141077 1580 1500 ;1310 820 470 | 9590
; Sioux Lookout 3% 780 1310 - 1850/ 2060 1750 1510 950 520 | 11530

4 ’
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Canada i Yeatly
Province and City Sep Oct Nov Dec Jan Feb Mar Apr May Total
Southampton 190 500 830 1200 1350 1270 1140 760 450 | 18020
Sudbury 310 680 1100 1500 1720 1450 1340 870 510 |- 987Q
Timmins 410 780 1270 + 1740 1990 - 1680 1530 1010 . 550 | 11480
Toronto 154 485 777 1126 1248 1147 1018 646 316 |* 7008
Trenton 160 470 B840 .1280 1400 1280 1080 670 330 | 7630
White River 440 - B20 9270 1770 1990 1740 . 1550 1010 590 |~-iA850
Windsor ®* 120, 410 780 1130.1 1220 .1100 950 580 270 | 6650
Prince Edward Island . , .
Charlottetown 240 550  BSO 1210 1460 1370 1220 870 560 | 67107
Quebec ' ' o - ._ \
Bagotville 370 * 740 1160 1730 1950 1710 1450 940 570 | 11040
FortChimo £ 700 1040 1440 2010 2410 2170 1920 1460 1010 15600 | .
Fort George 550 890 1270° 1880° 2340 T 2060 1950 9330 . 920 | 14480 | S
Knob Lake 670 -~ 1080 1500 2010 2410 2040 1810 1300 - 910 | 14890
Megantic ' 330 660 ’fl1ooo, 1480 1640 . 1490 1290 870 500 | 9670
Mont Joli 7310 660 1030 1440 1650 1470 1310 910 , 550 | 9750
Montreal 180 530 , 890 1370 ' 1540 . 1370* 1150 ‘700 300 |- 8130 |
" Ty PdHagison ., .. 730 . 1050 - 1430 t (2050, 2470, .- 2280 ° 2190 1610 ° ‘1140 '_:168';36:1r_T.’
" Quebec. -+ 250 . 610 990 1470 1640 1466 1250 810 400 b 9070
S SheTbIOoKE A0 530920 — 1400 < 1560 141017150 750 370 | s8s10 |
Three Rivers | 250 610 980 1480 169G 1490 1256 770 370 | 9080 |
Saskatchewan | . h
North Battleford 380 750 1350 1820 1990 1710 1440 800 400 | 11000 .| - )
Prince Albert 410 780 1350 1870 2060 1750 1500 850 440 | 11430
Regina 370 750 1290 1740, 1940 1680 1420 790 = 420 | 10770
Saskatoon 380 760 1320 1790 1780 1710 1440 830 420 | 10960
aff ’

Fe




i,

. Rotor swept area (ft*)

1800

1400 |

5

=z

-

L&

216~

2000

L1

Y &3
[:
~
—

<
S

t

10

20 0 40
Rotor diameter (ft)

50

+ ’
T
L P T

.ThlS IS the formula to use with. Savonrus and strarght bladed
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Rotor Swept Area

The rotor swept area, or frontal area isa pararneter frequently used "

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. r o '

The first rltustratlon onthe facrng page indicates the swept,area; .

for a propellor-type rotor. This category includes all rotors with a
horizontal axis parallel to the windstream; they sweep out an area

“perpendicular to the wind direction equal to:

i

: A— = xXD¥*= 0785>-<D2

blade tip ag shown. A Convement graph presented at left will help~
you convert dlarneter measurements into rotor sgvept area, or
vice versa. :

For vertical-axis, cross- wmd machines similar to the second

illustratioti(i.e., those with a unn‘orm radrus about the axis of rotatlon)
“the swept area |s :

A Height X Wldth

'\{I'

Darrieus rotors. -

Iran eggbeater—style Darneus the blades assume theshape
of-a troposkein — a complex mathematical curve involving elliptic’
integreéls. Fortunately, this shape can be approximated fairly well

" . with a §arabola, and the swept area is about equal to:

A = 267 X Radius X Half-Height .

o
i

4 | s

where =3 14159 and D= diameter is measured from blade trpto "

b N - ’ )
o : X .
ST N -
i -~ .
. - Lt :

The radius and half-height of a typical eggbeater Darrreus are_ B

|nd|cated in the third rllustratron
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Savonius Rotor Design

Suppose you are designing a three-tier Savonius rotor, similar to the
one in the photo on page 74. You need to know the power it can
deliver at various windspeeds. To calculate this power, use
Equation 1 together with the values of the relevant parameters and
dimensions of the machine. Férexample, say the rotor efficiency is
g|zen by the graph on page 95,and you expectitto operate at a tip-

anpd rm‘ln of TSR = ﬂ 8. Then you would rea,d E=015 from that

= U0 ITom uu:u.

graph for the efficiency of this machine, and use this number. in

its width [or diameter) is 3 feet. Then the rotor swept area is

A=3X

Power-—‘/z)<p><V3><AXE><K

= 27 square feet. Putting thIS and other mformat:on into
__Equaho 1, Yyou get:

‘/2)(00023)(\/3)(27/\015)(4;31

. =0020 X V.

W

Here,lyou have used K= 431 so that power is expresseH in'watts if
the windspeed V is giwen in miles per hour. Thus, if V= 10 mph; the
outppt power of this Savonius rotor equals. 20 ‘watts. Performing...
similar calculatuons at windspeeds ranging from 5 to-30 mph, you
get a power Curve like the one shown at left. A similar series of
calculations’ wul determine the powershaft torque over the same ,

~...range of windspeeds.

You should also calculate the I|f and drag forces onan S-rotor.

"Lift is. produced by the rotor be¢ause 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 est:mate drag and forget lift; this oversight

‘ could be‘disastrous.

 Use the following formulas to esumate I:ft and drag forces ona

Wirigispeed' T

~ Power carve for a typical Savonius rotor.

Sav u"HUS fotor:-
1 :

Drag—1 08><CD><p><V2

XA,
A,

__Equation 1. Suppose also that the height of the rptor.is 9 feetand”
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where C, is the lift coefficient (see Chapter 5) and Cp is the drag 2.0
coefficient of the rotor. The parameters p, V and A are the usuat air .
density, windspeed and rotor swept area., Q
- Using the accompanying graph of Irgh and drag coefficients, 2 16k . )
‘you can estimate lift and drag forces on this S-rotor. Ata TSR = 0.8, g
* the lift coefficient is C_ = 1.4 and the drag coefficignt is Cp=1.2. %
Thus, at a windspeed of 20 mph, the lift and drag on this rotor are: S 1oL
} TLift =1.08%1.4X00023 X 20% X 27 =
% " =376 pounds; e
. Drag=1.08X1.2X0.0023 X 20>X 27 © 08y
=322 pounds o —— e O
The total force on the Savonius is the vector sum of the lift and drag & 04k
forces. To calculate the totai force, use the following formula: . § ' .
| ] ' : @ )
, Force = ‘\/(Lh‘t)'_2 + (Drag)® - ; _ o l 1 1
o © 005 04 06 08 10
Then, in our case, O - o ‘
' . y : - Tip-speed ratio, TSR
Force= {/(376)° + (32.2) 04 .
. = ‘/2450_6 - ! | : .
= 49.5 pounds. | S

~ This force is the total load on the support structure. Note that both-
lift and drag increase-with the square of the windspeed—double
the windspeed means quadruple-the force. In curexample, then, the , | -
Totor would experience a total force 0of 198 poundsina40 mphwind. -~ - - e L T T T T T e
- Propellor-type rotors usually employ some kind of governor to ‘ o
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 rétation, the torque produced by the-rotor increases and
fights the brake. Moving the vanes $o that the S-rotor becomes a
cylinder with no exposed vane surface might work. Some people
design the tower support systerg to hold the rotor up in the highest
expected wind and just hope for the best.

v

‘},?
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Simplified Rotor Design

“There are Several methods ot sizing a rotor/-
~ 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 mare detailed

* than the simple procedure given in Chapter

5, but less rigorous than the approaches

the B!bllography As leng-as the-aerody-

- outlined-in-some of the references mted‘rn'—ﬁcr*m‘pﬁ Thus, it

- namic sophistication required,is not too
_high, this method is a rehahlp design.....

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 foi-

lowing design example results in @ machine
with a cut-in windspeed of about 8 mph and
a shut-off, or g‘éve ning, windspeed of about

»ﬁll achieve its rated power
over tﬁe important windspeeds available at

th|s sile

-

“The Wind Power Book

~at your site” and the pee{k of the energy

" 'procedure.

“Start by determlnmg the windspeed at

‘which the emergydistribution curve for your "3, % power to

. System at the peak energy wmdspeed- _

‘'site hits a peak. See Chapter 3 for mote

Allow thls peak-energy windspeed to ’de

~ your first cut”at a rated wmdspeed—the
"speed at which your machine attains its

rated power. By this choice, you are approxi-
mately centtering the machine’s prime powdr—
producing rahrge under the wind resourcb
__curve. Laler refinements in your_desigh
caiculations may be necessary, butthis first

well matched to the site.

The design procedure will be illustrated
by an example of a typical small wind gen-
erator. Suppose you ha\(e an-electrical
generator with a rated power output equal

to 1000 watts. You have monitored the winds

) detalts on rneasurmg such. a. dlstnbutlon o -

"of"' K =
T pass should give you a wind machine fairly '

Step 1. Calcuiate the rotfor

3 tion 1 to equate the generator rated
Ee output power of your

In ourexampte E 025,V=15and K=4.31

for power expressed in watts an d windspeed'

in mph. Assume C, = 0_3—1 ‘Then, .

100““‘/2W3XA)§025X431

L ..____..1 000 e
1/z><00u23><15">»<025><431

A-=2391 ft?,

'

Then the diameter of this machineis D= 17.5
feet. Had we assumied a higher system effi-
ciency, say 35 percent instead of 25, we
would need a smaller rotor, D = 14.7 feet, to

the rotor _d&amefer Use Equa- -

-
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“develop the same rated power. A higher
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 efther by matching the rotor rpm

S directly or mrough selecrion of an ap- '

speed ratio into the range appropriate

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 fast fora 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 agbout 6—a much more

appropriatevalue- - __ . . oo~ -

Im a constant-rpm wmd rnac:hlne 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 rotor rpm in our exampie would be about

>

ita - 5 So“dlw oos and a mree_w e e

~ 300'(TSR = 12,5). To achieve 150 rpm (TSR
=6.2), a 12:1 gear ratio is reguired.

Step 3. Having selected the design TSR by '

appropriate gearbox selection, next
determine the rotor solidity and the
number of blades from the graph and
tables on pages' 95-96.

bladed rotor are the’ best chaices foroir—""" " "

example
!

Step 4. Drawa 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 ratic 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 exampie. Thus,

SRA=§3X6,J&75=4.11 ,

SRg=6X3+875=206,
SR.=6x2+875=137.

For the sake of clarity, only three radius

stations plus the tip station are used in this |

example. Stations every 10 percent of the
spar are commonly used in actual design
calcutations. ‘

TIP

ROOT
CENTER

— ot —

L




priate values of the wind angle ¢

(Greek “phi”) for each station. \staﬂon

60 321

50 \ 28
E 40 \ 24 |
g | |
s ® \ @ 20 \\
5 : o)
2 ol I\ 2 |
= N ] 7 16
= SR\ / 3 \

. S . / g, N S N

) """"'---..________’ ___#!__(" v ) \ . p-
05 7 4 6 8 - 08
| - \
Speed ratio, SR _ T
; _ | 0.4 \
- . \-‘h

In our example o - T

- ) E 00 7 5 5 8 6 12
¢A(4 W)= T |

¢B(2_06) 176°, In our.example,
ol 37)= 24 17, SPT';—— 017, _
o N
. SP,=0.37, \
209 SPg=1.10, |
SPg—2.60. o
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Step 5. From the following graph,'kepr From the following gréph read vafaes'

~. of the Shape Parameter SP for each
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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 &s used
in that box. Atthe mammum lift-to-drag ratio,
-~ L/D =100, this airfoil has: a lift coefficient C,
= 108 at an angle of attack equal to 5
degrees.--- Repeat this step-for as many air-
foils as you care to try, using drag polar
plots from the references. We contlnue here
with the FX60-126. f

Step 8 A't__ each radius station, calculate
| - chord lengths using the formula:

- IXSP
C.XN'

where r is the radius at each statfon
and N isf the-ndmber of‘blades.

s éf)zpresse?in feet, then the chord
lengths ¢ will be §iven mfeet multiply by 12
to get your answer in m@he et

! 1 ;08 X 3 ‘

o _ 8X087
AT 108%3

e=102 ft (=122 |n)
__cc-—"1.60ft(———‘19.3 in) .

—’*'0 69 &(—‘83’2 in)

~.Lift coefficient, C

16 - —
* EX60-126

12—

o
o
!

©,
'E’{;‘;"
|

|

I

!

!

l

|

i
.
¥

1.6

408

104

Drag coefficient, € D

© =04

A

0004 0008\\0012/ -4 5 0

Angle of‘_ attack {degrees) ©

Drag polar plot for the FX60-126 airfoil.’

Step 9. Calculate the blade aspect ratio AR,

which is just the blade span divided by
the average chord length. . -~

From Step 8, the average chord length cis:

046+4+069+1.02+1.60

c= : 2 —— =0941t.

The blade span or total radius, is 8.75 fe ‘t_

So’*the as pect ratio is,

= 875 _
AR= Ggs —93.

Lift coefficient, C,




........
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This empmcal correct:on 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: .

A | . | ~ CHORD LINE

~-7

BLADE MOTION=u

— — ——— o — — o — il A ———— — —

. SPEED RATIO=w/V

WINDSPEED=V
*

; Step 10. The lift coefficient curve mustnow be
comected for the' blade aspect ratio. ~

BL;;-"'&DE ANGLE {8) |

G, o 3
8: =8+ ﬁ x 1+ AR)
where C, is the lift coetficierit at op-
timum L/D and AR is the blade aspect
ratio from Step 9. ,
i

, [

In"our example, C, = 1.08 and AR"= 9.3,

From the drag polar plot on page 223,note
that a, = —5°, approximately. Thus,

;;;6+-UE _@+-1)ﬂ'

011~ 9.3
— _5+982%X13225
.=—5+13 8°.

For more snformatlon on this aspect ratio
corre; tlon cdnsult Aircraft Des:gn by K: D.
Woo

Step 11. With this cofrected angle of attack
a., ¢alculate the blade angle 8 (Greek
“theta”) from the formula,

. f=¢-a, F
where the wind angle ¢.is taken from '
Step 5.

In our example, a; = 8.0°, so,

6= 65— 80= -1.7°,
=90-80=10°,

fo= 176 —80=96°,

8o =241-80=161°.

L 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
calcufated in Step 8.

At this point,you can experiment-with design’ |

variations which include different airfoils and
simplifying assumptions like finear twist and
taper. The final drawing is the starting paoint
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. i
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Water Consumption Tables - 2
In order to determine the appropriate size of the pump and rotorin a
wind-pawered water-pumping system, you should first estimate the ¢
flow rates likely to be required. These estimates will depend upon
'the intended uses for the water and the frequency of use. But only
rough estimates are pr?actical because dtﬂerent usgrs may hav%j
very different habits of water use. B
On the average, h@usehoid water use amounts to- 100-150

gallons per person per day—not including outdoor uses like

. watering lawns and gafrdens 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. o

_Farm water use is more complex: The-amount ot water used-for =4

drlnklng 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 requ:rements of
cattle, chickens, pigs, sheep and turkeys are listed in the tables in |
this Appendix. A better treatment can be found in-Wind Power for— =
Farms, Homes and Small Industry, by Jack Park and Dick Schwind
(see Bibliography). Even more thorough tables can be found in thg

© 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.

e -

v
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WATER CONSUMPTION QF LIVESTOCK _ : WATER CONSUMPTION OF FOWL (per 100 birds)
Animal _ | ~ Conditions Gallons Fié!r Day | . Animal - Conditions : Gallons per Day
Holstein Calves, 4 weeks old ' ' 12-1.4 - _ " Chicks 1-3 weeks old . i 0.4-20
R B“WEE'k'S_Oid—-___ M e e = . JmB- s m e e i 3:6 Weéks —6|—d- - s - TTooTTTmemTTTT 1 Zts”’o'
12 weeks old ) - 2.2-24 ' 6-10weeksald™ "~ = T TTTTSe40
16 weeks old - : - 3.0-34 o " 9-13weeks old ] . i .4.0-5.0
20weeksold, - . 3.8-43 _ . :
* : Pultets — 3.0-4.0
26 weeks old . 4.0-5.8
] Hens Nonlaying . 5.0
Dairy Heifers Pregnant 7.2-8.4 o _ . _
_ Laying (moderate temperatures) 5075
Steers Maintenance ration . . : 4.2 ‘ - laying(temperature 90°F) © - 90
‘ E Fattening ration ' S 8.4 : T '
_ ' ' Turkeys . 1-3weeks of age . 8-18
:lersey Cows Milk production 2-3v2 gal/day 7.2-12.2 : ' 4-7 weeks of age | ) 26-59
_ . A . © ' 9-13weeksof age . - 62-100
Holstein Cows Milk production 2v2-6 gal/day - = 7.8-219 : y
: , _ : 15-19weeksofage , = - 117-118
Milk production 10 gal/day 22.8
. N 21-26 weeks of age 95-105
Dry 108 . .
Piglets Body weight = 30 Ibs. 0:6-1.2
Body weight.= 60-80 lbs. 0.9 ,. o
Body weight = 75-125 Ibs. . 2.0 ' : .
Body weight = 200-380 Ibs. . 1.4-36
Sows - Pregnant 3.6-4.6 3 :
Lactating ' 4.8-6.0 T
Sheep - On range or dry pasture ' 0.6-1.6
On range (salty feeds) 20
On rations of hay or grain 0.1-0.7 , _ .
On good pasture . Very littie ) ' '
_ , _
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Estimating Electrical Loads

_Your needs for electrical energy and power

depend entirely upon the appliances you

have and how you use them. To determine

these needs, you must .examine all your
appliances—including electric heaters,

power tools and lighté—and monitor or
estimate their use patterns. First determine
the power qrawn by each appliance—ubually
" expressed (n watts or horsepower and written

on a data label somewhere on the appliance.
If the appliance is not%o labeled, try using
.an AC wattmeter or.consult the manufacturer
to determine the rated power. A table of

" -power ratings for typical appliances is in-

cluded at the end of this Appendix. This
table is intended as a rough guide; more
accurate power estimates require specific
information about the apphances you are
using.

It all the ances were “on” at the
same time, t ower drawn would be the
sum of thef rated- power levels of all the
addition, electric motors in
appliances like refrigerators and freezers

- The Wlnd Pmim Book

-~ draw up to five times their rated power for a

few seconds whilg starting. Such a surge
doesn’t contnbute;very much to the energy
demands, but it might put an excessive load
, on the batteries, w\verters or Gther delicate
system: components ' :
In real appllca ns, all the electric de-
vices will rarely, 1f'6ver on at the same :
time. The maximum (or "peak") power that
your system will have to deliver will be the’
sum of the rated power levels of all the
majdr devices that are likely to be on at the
same time. Accurate load estimates there-

 fore require.that you know or can estimate

the times when each Uevice is in use. For
devices such as television sets, toasters,

"“\hot curlers, lights and kitchen appliances,

Wﬁsﬁmate should be easy: you or your -
family-determine how long they're on. =

For er devices like refrigerators,
freezers, andelectric water heaters, a ther-
‘mostat controls the.on-time or “duty cycle.”
Some of the methods-of determining this
duty cycle include: o
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{ e Guessing

- * Personally recording the on-time with

a stopwatch
» Monitoring the on-time with an electric
recording dewce
The first method is chédp but accuracy- can

be low. The seconé is extremely time-"

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 meaitimes —when people

are opening it frequently An-electric water
heater will draw power after baths, shower,
dishwashing and cther 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 Sf 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 Time,

where power is expressed in watts and time
in hours per month. Divide by 1000 to get
your answer in kWh per month. Do this for

" every appliance in your;electrical system -

and add alt the results to get the total elec-
trical’ energy\used per month in kilowatt-

hours. As a check compare the total with

your monthly electrici ?\blfl if you're off by
more than 25 percent, you mlghttryte adjust

e

" placed. on ufility?r

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
utitity lines, the peak demand “for electric
power usually occurs in the mornlng near

._breakfast time or in the evening ‘around

dinner. The refrigerator, many lights, several
kKitchen appliances, and even the TV setare

‘all on at the sarme 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.
Such a load himtamistvnical of the demands
F es across the country.
Littie thought is. gwen 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.

tn & 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

resiricted to minimum use near mealtimes,
- Onthe whole, such “peaking shaving” prac-

*fices 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 mighi not be needed at all.
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_ !
POWER AND ENERGY REQUIREMENTS OF ELECThIC APPLIANQES '
Item (with Horsepower) . Watts Hours/Month  kWh/Month
Household Appliances - ' ] >
Airconditioner, central ~ . - - o . 820
Air conditioner, window (2) . \ 1,566 . 74 118,
Blanket | | 190 80 A L
Blender 350 3. -
Bottle sterilizer L 500 30 < 15
Bottie warrmier 500 6 .3
Broiler S ) ' 1,400} - -8 | B5 -
Clock .= o - .1-10 — 1.4
Clothes drier. . ag0 20 - 92
. | Clothes drier, electric heat, (672) O -.4,856 18 g6

Clothes drier, gas hgat . 335 18 o
Clothes washer T = — 8.5
C/lothes washer, automatic * . - 250 12 . -
Clothes washer, conventiorial ' 200 12 '
Clotﬁes washer, automatic ' : 500 18
Clothas washer, wringer 275 15 :
Clippers i . 40-60 ) - — " 0.5

~ Coffee maker o 800 15 12
Coffee percolator . | ' 300 - 600° .= 3-10
Coffee pot o 900 10 L9
Cooling, attic fan  (1/6 - %) 124 - 560 — 60 - 90
Cooling, refrigeratin - - - 200 - 500

. Cormn popper : 460- 650 —_ 1
Curling iron L | : 10-20 " 05
Dehumidifier R 300 500 - 50
Dishwasher 1200 30 36 '
Disposal (%) B 375 2 ) 1
Disposal o " 500 6 3 ,
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POWER ANDENERGY REQUIBEMENTS OF ELECTRIC APPLIANCES ‘ )

ltem (wuth Horsepower) Watts Hours/Month , kWh/ Month "
Drifl ¥ - 250 2 5 =
Electric baseboard heater 10,000 160 1,600
E!ectrocuter insect 5-250° — 1. - - ‘ .
Electronic oven 3,000 - 7,000 — 100
Fan, attic {¥2) 375 85 ’ 24,

" "Fan, kitchen J 250 30 8
Fan, 8 - 16 inches 35-210 — ~ 4-10 N
Food blender 200-300 - — 05 e .
. Food warming tray . 380 20 7
Footwarmer ' 50-100 — 1
Floor polisher _ 200 - 400 — _ 1
Freezer, food, 5- 30 cu. ft. 300 - 800 - 30- 125

_ Freezer, ice cream ' 50 - 300 - — 0.5 .

*| Freezer, 15cu.fl 440 330 145
Freezer, frost free - - 440 180 57
Fryer, cooker 1,000 - 1,500 — 5
Fryer, deeptat 1500 4 6 .
Fryingepan~ 1 280 12 14.5
_ Farnace, electric control 10-30 — 10
Furndce. oil burner 100 - 300 _ 25 - 40
Furnace, blower 500 - 700 7 — 25 - 2 00 .
Furnace, stoker 250 <800 — 3- 60 A i

" Furnace, tan — — 32 -

- Garbage disposal equipment  (Va - ) 190 - 250 — 05/ /.//
Griddle , 450 - 1,000 — 5 -
Gl 650- 1,300 — s 7 L8
Mair drier 200-1200 /| " — 05-6 .

. Hair drier 400 5 2/
Heat lamp 125 - 250 _ s \

A /
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L o POWER AND ENERGY REQUIREMENTS OF ELECTRIC APPLIANCES
\_\ Item (with Horsepower) ) Watts Hours/Month ~ kWh/Month
- | N . Heater, aux. . d 1.320 30 a0
C Heater, portablé ' 660 - 2,000 — 15-30f
i " ._"Heating pad 25-150 - - et
: 'Heating pad 65 10 "4
| ' Heat lamp ’ 250 10 3
" Hi-Fi stereo - — 9
“Hot plate 500-1,650 © = — 7-30
 House heatffig 8,000 - 15,00 — ~1,000-2,500
|  Homite — B
W £ tron 100 12 13
’ roner 1 500 12 18
Knife sharpener 125 - 0.2
) ‘Lawnmower _ 1,000 . B 8
Lights, 6 room house in winter — — 60
Light bulb " 75 120 8
Light bulb 40 120 4.8
Mixer 125 6 1
Mixer, food ) 50 - 200 — 1
Movie projector 300 %’000 o — -
Oil burner’ 500 100 50 ;
Oil burner  (a) 250 64 16
Polisher 350 6 2
Post light, dusk to dawn - — 35
Projebtor | - 500 4 2
Pump, water (3/5) 450 44 20
Radio, console 100 - 300 - 5-15
Radio, table- *40-100 — 5-10
- Range 850 - 1,600 — ~+ 100-150
Record player 75- 100 — 1-5
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Water pump, deep  (¥3-1)

£
- POWER AND ENERGY REQUIREMENTS OF ELECTﬁIC APPLIANCES

Item (with Horsepower) Watts Houng{Month kWh/Month
Recorder, tape 100 10 i
Refrigeratar 200 - 300 — 25-30
.'Fiefrigerator, eonventional R —
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. - om— 2-10
Sewing machine 30 - 100 — T—gs-2 3
Sewing machine 100 10 1
Shaver 12 — 0.1
Skillet 1,000 - 4,350 - — 5-20
Skil-Saw . ..o— 0 777 1,000 6 6

“Suniamp 400 10 4
Sunlamp 280 5.4 1.5
TV, biack and white (AC) 200 120 = 24

TV, color (AC) 350 120 42
Toaster 1,250 5.
Typewrite}q 30 15 .~ 5
Vacuum cleaner 600 10 6
Vaparizer 200 - 500 —_ 2-5
Waffle iron 550 - 1,300 - 1-2
Washer, automatic 300-700 — 3-8
Washerngm'énti'onal (AC) 100 - 400 — 2-4
Watefheater (6) | 4,474 90 400
Water heater 1,200 - 7,000 - " 200- 300
Water pumnp, shallow  (12) - . 35 —_ 5-20

| 250 - 746 — 10-60.

1
i

s
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POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT .

lem

Horsepower

Watts

Kilowatt-hours

; Barn Equipment

. Barn cleaner

Corn, ear crushing
Cofn, ‘ear shelling
Electric fence
Ensilage blowing
Feed grinding
Feed mixing
Grain cleaning
Grain drying
Grain elevating
Hay c‘u'ring ‘
H&S’t hoisting

: _Milking, portable

“Milking, pipeline
Silo unloader
Silage conveyor
Stock tank heater

. 9
- Yard lights

Vertilation £

Milkhouse E;uiprnent
Milk cooling
Space‘heater )

Water heater

Poultry Equipment
Automatic feeder
Brooder

2-5

1

1,500 - 3,750 120 per yr.
1-5 750- 3,750 5 per ton
Ya -2 185-1,500  1perton
— 7-10 7 per month
3.5 2250-3750  Veperton
1-7% 750-5600  Vz- 1Y per 100 Ibs.
Va-1 375- 750 1 perton '
Va - Va 185-375 1 perton
1-7% 750-5,600  §-7 perton
Va-5 185 - 3,750 4 per 1000 bu.
3-7V2 2,250-5,600 ~ SOperton
Ya-1 - 375-750 V5 per ton
Va- Ve 185- 375 1 Va2 per cow/mo.
2-3 375-2,250 2 Yz per cow/mo. -
2-5 1500-3750  4-8perton
1-3 750- 2,250 1 -4 perton
e — - 200 - 1,500 varies widely
— 100 - 500 10 per mo.
1/6 -1 125:- 250 2-6perday per20cows.
Y-85 - 375-3,750 1 per 100 1bs. ‘milk
— 1,000 - 3,000 800 per yr.
— ;1,000 -‘_'{_§.000 1 per gal.
Va - V2 185-375 - 10: 30 per mo.
200 - 1,000 2 - 1 V2 per chick

-

per season

-

e
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POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT

i

' i
POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT

item

Horsepower Watts Kilowatt-hours Item Horsepower Watts  Kilowatt-hours

Burglar alarm — 10-860 2 per mo. Misceiianeous '

Debeaker | — 200 - 500 1 per 3 hrs. Farm chore motors ¥2-5 ! 375-3,750 1 perhp per hr.
R Egg cleaning or washing —_ — 1 per 2000 eggs Insebt trap = ¢ — - 25-40 3pernight =«
| Egg cooling ' 1/6-1 125 - 750 1 Ya per case Irrigation pumps 1 and up ""?_50 and up 1 per hp per hr.

*Night lighfing — > 40-60 10 per mo. per 100 birds | Wood sawing 1-5 750~ 3,750 2 per cord

Ventilating fan — ,.50-300 1 -1 % per day N !

Water warming — 50 - 700 - varies widely

Hog Equipment '

Brooding —_ 100 - 300 35 per brooding period

per litter o

Ventilating fan —_ 50 - 300 Ya - 12 per day ™ .

Water warming — 50~ 1,000 30 per brooding period a

" : per litter ; v

Farm Shop ) _ -

Air cbrnpressor Va - V4 185- 375 1per3hr, " ¢

Battery charging - 600-750 ' 2 per battery charge

Concrete mixing | Va2 185-1,500 1 percu. yd.

Drill press 1/6-1 125-750 s per hr.

Fan, 10-inch — 35-55 1 per 20 hr N

Grinding, emery whegl Va-Va 185 - 250 139r 3hr. |

Heater, portable — 1,000 - 3,000 10 per mo. f

Heater, engine — 100 - 300 1perShr,

- — l--Lighting e . 50- 950 4 per mo, { - B

Lathe, metal Ya- 1. 185 - 750 1per3hr.

Lathe, wood - Ya- 1 185 - 750 1per 3 hr,

. Sawing, circular, 8- 10inch Ya-1n 250 - 375 Va2 per hr,
Sawing, jig Va -V 185 - 250 1 per3hr. ‘ ‘
Soldering, iron — 60 = 500 1per5hr. |
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GLOSSARY

AC—alternating electric current, which re-
verses its-direction at regular mtervals
see also current.

airfoil—a curved surface de8|gned to create
aerodynamic. i1t forces when air flows
around it. =~ _

_ ampere,; or amp—a measure of electrlc cur-
rent flow, equal 1o one coulomb of electric |

“charge per second. Also, the current -
_that flows through a resistance of one
ohm when the applied voltage is one
volt, - -

_ampere-hour, or amp-hour—a measure of

electric charge, calculated by multiply-
“ing the current (ih amperes) by the num-
ber of hours it flows; see ampere.
anemometer—an instrument used for meas-
uring the wrndSpeed
asynchronous generator—.-an electrical gen-
~ erator, designed to produce an alternat-
ing current. that matches an existing
. power source (e.q. utility lines) so the
two sources can be combined to power -
_one load. The generator does not have
to turn at a precise rpm to remain at the
correct . frequeney or phase; see also
~'Synchrorrous generator.

A
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current—the flow of electric charge through
a wire, see also AC and DC:

cut-in speed—the windspeed at which a

wind machine.bégins to praduce power.
cut-out speed—the windspeed at which a
wind, machine is shut down to prevent
high-wind damage; Also called furhng
-speed. .

Darrieus rotor—a verticg)-axis, lift-type rotor,
generally with t
has high efficiency and low torque.

DC—drrect electrical current, which flows i in <

' enly one dlrecl‘ion~afong a wire.
dra§—an aerodynamic force -that retards
thenbrrnal motion.of In‘t—type rotor blades,
S or aotually causes vane motlon and
produces power in drag type w:nd ma-
. chines. "

eTficiencY——a number, usually expressed as

- a percentage, equal to the power out- .

--putiot-a device dividéd by the input
. power to that device; see also power
coeh‘rcreﬁt .
energy—a measure of the work that mtght
_be,or has been done, usually expressed
in kilowatt-hours (kWh) or horsepower-
hours {hphr); see also WOrK.

fantail—a pro,.,ellor—type wrnd rotor mounted '

sideways on a larger wind machine (hofi-
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

.

or three blades, that «

maohlne or turbrne

._furing speed-—-the windspeed -at whrCh"the

wind: machine must be shut down to

prevent high-wind damage; also calted- - °

cut-out speed.  x
.\.

gear ratlo--a ratio of the rotational speeds
(in rpm) between the rotor powershaft
and the pump, generator, or other device
powershaft, the term applies both to
speed-increasing and speed- deoreasrng
transmissions.

gin pole—a pipe, board or tower used for :

rmprovedlleve_rage rn. rarsrng a towe_r
Cy

head—the total héight 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-hbur (hphr)—a measure of en-

---------

~energy and horsepower

inverter—a device that converts direct cur-
-rent to alternating current; see also AC,
DC, and sypchronous inverter. = %

~ Kilowatt (kW)—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
ensrgy in the metric system equal to
1,000 watt-hours, oaiculate multiply-
ing kilowatts times the number of hours;
see also krlowatt horsepowef ang watt

LA .
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lift—the aerodynamic force that “pulls” a
ro_tor,btgde 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 T -
panemone—a drag type verhcal ams wind
machlne the term ooulddesorlbe aDar-
rieus rotor, butis generally used onlyfor
drag-type machlnes .
power—the rate at which work is pel:formed

or energy is consumed; mechanical
. ' . . ’
power is equal to force times velocity,

while electric power is equal to the\volt-
age times the amperes.dt current flow.

poweér coefficient—the ratio of power output

to power input, usuallyforawmd machine
rotor; often referred to as the efﬂmeﬂoy,
see also efficiency, rotor efftc:ency

rated power—the expected power output of
‘a wind, machine, either its maximum’
power <5utput or an dutput at some wind-
speed less than the maximum speed
before governing controls start to reduce
. the power. !

rated spéed—the windspeed at WhICh a%, |

¥

‘wind machine delivers its rated power, it
can.be the speed at which a gévemor*
takes over or-a lower wmdspeed see |
also rated power. . |
resistanca—the tendency of alrhost any.

electrical device {to impede the flow of
~ electrical current s

L

i! et uD
b G

return time—the time elapsed before the

windspeed returns to ahigher, specified

. value, such as, the cutin speed of a
windmill or rotor. _ .

rotor—the rotating structure of a wmd ma—

chine, also called the wind- wneel that

includes blades and powershaft and -
converts wind power into rotary mechan-

ical power, -

‘rotor efficiency—the efficiency of the rotor
alone; it does not include any losses in
transmissions, pumps, generators, or line
or head losses. Also called rotor power

~ coefficient; see also efficiency.

+

Savonius rotor—a vertical -axis,! ‘d[ég—type"

rotor that generally has low efficiency
but high starting torque. ° '

sine wave—the type of alternating ourrer:jtf _'

generated by utilities, rotary mverters an
AC generators.
solidity—the ratio of the blade surface area
i 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 mény appliances but

may affect sterebs and TV sets adversely.

synchronous generator—an aiternating-
current generator which operates togeth-
er with another AC power source and,
must turn at.a precise rpm to hold the
frequency andphase of its output current
“equal to those of the AC Source; see
also AC DC, tnven‘er
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synchronous inverter—an electromc 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
atthe same frequency as the outside AC
source; see also'AC, DC, inverter.

\'-torqjue;the moment of force produced by

the rotor blades that causes a power-
“shaftto urn. -,

‘turbulence—rapid windspeed fluctuations;

,gusts are maximum values of wind
“turbulence.

-

. ypltaée—-—the electrical potential, or pressure;

that.causes current to flow through a
wire; it is measured involts. =~ -

\

aj:t-—a measure of electric power in the
metric system, équal to one ampere flow-

- ing through a potentlal dlfference of one |

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. -

wind furnace—a wind .systern that conve.[;ts.“'

available wind power into useful heat
see also wind machme

wind generator—a wind machine that pro-
.duces electrical power see also wind ’

V.',H. -

machrno

o - - . - o
tor CE - B

| windspe

wind machine—a device that extracts useful
power from the wind, but mainiy one that
produces a mechanical or electrical out-
put; aiso called wind system or wind
turbi '

windmifl—an archaic term for wind system
~ thatis st|ll~use.;j 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. i
wind rose—a two-dlmensmnal grqph shew—
- 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’

d profile—a two-dimensional graph
indicating how the windspeed changes
with height above the ground or water

wlndwheel—-see rotor

work—a form of mechanlcal energy equal
“to a force multlplled by the distance
gnr‘_rved along the force direction.

~yaw axis—the. vertical axis about which an

ent|re propellor-type wind machine ro-

tates to align itself with"the wind and its
.. fotor perpendicular to the wind, also
_-;called loily axis, - .

e
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Anemometer, 53, 56, 57, 60 63 60, 61 .
~ Angle of attack, 68, 69 . »
Appliances, househoid, 37, 733
" Argentina, 121
Articulation, of blades, 79-80, 80
Asian farmers' water pumps, 121
Asgect ratio, 94 '
Australia, 121 .
Averagmg penod 63

pressure, 45 49,4

7

AC), 127-28, 130 35

: Lo -
: ‘QE - ‘.E‘a \\ ; "
: e o
E’ageL‘numbers pru‘qted in :tahcs }ryﬁéate 1
~ table photographF or |Ilustrat|o S . {
oo 3 ﬁ g N
_ Q_\ ,_f_/ b v - “: B
. . _
@/ B “h L ‘
Acgldent preventlo'- 146-47+% -
" Aerodynamic control, 112-14 -
‘ Aero.q.ynar?mc design, 73, 78 81 83 85
:91—'93'". " .
A’ compressors 2:‘; 97 121-22 142 "
_-.__._Alrdensny 48 : S
" Airflow, 85, 91, s ST
‘ _?rfoﬂs 69, 83, 9]. Jee also B!ades
Irport data, 55, 56, 64 ’ -

6. © T - TheWind Power Book \




. 'q&} ‘ . f . 5 ' I' g . ' T
: ¢ ok . .o -
-" 247, \ o o
' .g Chemlcat energy storage 129 30 _ [ o ; v ,
' ? Chinooks, 49 SR R I T
Backup energy sources, 119320 119 - Chord length, 98 T G . o =
. 136-3%,137 | Chord line, 69 . . _‘ el
Batteries, 22, 31, 36 “127 130 135 136 ~ Cogeneration, 22, 38-39, 140 ’ R
~ Bed-plate, 101 . .. 7 Compressed air, 25, 121-22, 122, 142 . *-
' Bending o,fmachmery, 101 03 1 02 " €Eomputer techn,ology, 62, 96, 97, 98 B Ty
© Bins, for’ wmdspeed measurements,. 53, Coning, 112,713 ;. ‘ B |
B -1 - T Conservation, 125
Birds, 104 - Control box, 139 L , _ e _ .
Blade | 5 Conversion . S ‘ oo S ~
; "+ articulation, 79 80, 80 . of appliances to BC, 37 T ' ! : S |
< bending. mpmeﬁt 106 -° o . of energy units, 18- S o | S T |
* - chard length, 98 - . “wind power; 20 . .~ _ . : [ P
' _‘constructron 107- 10 08, 109 : Cretan sailwigg, 25, 421 ' " - S
flexing, 98 - * Crosswind-axis macHines, 76 o JZ ,
B lift-to~drag_ (L/D) values, 96 97 - Cullen, Jim, 86-37, 13t . AN .
Ioads,104-07 e ~ generator df, 36,°37 o .
. Blades * . - B " Cutin wmdspeed 68 R * . -
desrgn of, 32- 34 _ € e e ' :
 rivetted aluminum, 170 o . | LT oy
e sizing, 96 . -t © . D ' " T 3 o " N
Boundary layer, 56-57, 56 : S : S - ’

_ - ‘Bubble pump, 322 - N . Darrieus, GJM 76 - . o | |
%+ -Building codes*152-53 . . ©  Dalrieus rotors; 38- 40, 38,.39, 74, 76- e . - R
" Building heat loss, 141, 143’ " 76,77,80,87 .- ey - RO

~Bushland, Texas, lnsta!latlon 38 39438 . _ design of;99-100,- 100 o , - - o
- 39, 140 . enhanced, 86 = , - e . < Y
" i ., Datd-loggers, 60-63, 67, 62, 63 | . - - -
A ~ ;. Deamark40 . . - . ‘ - | ‘
e - %’ Deparure speed, 58-59,58 ~ = . _ '
e o . - .~ = Design of wind machines, 90-117, 91+ ’ b
- Carriage; of wind machine, 101 - ‘ aerodynamnt: 91-93,92,93 - - © : : ' DR |
:; Cascade effect, 81, 82 " blade construction in, 107-10, 108- 10 a ° - .
¢ “Gentrifugal force, 103, 105 . ~ blade loads in, 104-07 » L - |
"+ .Centrifugal pump, 722 } . ,Dameu,s rotor 99-100 100, 110 L : L :
. ¢ . . : . . 4 R
e




s . I v N . | ﬁThe Wind iner Bock
i . 3 P 1\‘ e _ .
f . | Des:gn of Wind machines, continued. - Energy; gont:nuad
_f s - w__———“ ST e ‘x ﬁUtter and fatiguein, 110-11 o storage, 22-23, 31, 127 -
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el .. 7 shafdt controls in, 115-17, 116 . - Equation 2, 48
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e .. yaw.control in, 114-16, 114, 115 . . Equation 4, 88 -
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- T = Drag forces, 67, 69 - | ' P
*,  <Dragloads, 74 - - . Fantails, 14, 114,115, -
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S -~ Ductedrotors, 86 = " e L Farm windmills} Water-pumpers
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- ) . . Dutch water-pumpers, 127 =~ .+ Fetch area, 55 o
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P ‘ ., o - £asements, 153 R Flywheels, 129
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5 : | - - ~ 149-5%1, 1571 Furling windspeed, 70
e : _Efficiency; 28 71, 72,73, 77 88, 93, 122, | - :
e 7 I ‘ 137 See also Powertdefficient.
. - o ~ Electricity, wind-generated;16-17,25, ,.~ G
, . . 32-36. See also Generators. » -
Electric-resistance heaters, 142 Gearboxes, 35 " ™
Electrification, rural, 14, 17,31, 32 : Gear ratios, 98
Energy , : Gemini synchronous inverter, 132
budgets, 17-19, 37 38 _ - Generators
i o distribution curve, 57 - back-up, 136-37, 137 ' '
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Waterpumpers, cantinued.
See aiso Amencan Farm windmut,
Mutibiade farm windmills

Water pum@ng. 2512123, 122123
compate system tor, 120, 139
early 123
power tor 124

Water-pumps. piston, 87
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Biographical Note

‘A native Caintorman, Jack Park is one

of Amernca's leading authorities on small
wind-power sysiems He has designed
ang puitt dozens of smail wind

machines. inciuding a series of wind

generators marketed by Kedcao. Inc. He
is currantwi 1B 1) President of the
Amengcan Wind Energy Association,
having semved previously as vice
Preswden! and Direclor Jack 1s aiso the
tounder ang Fresigent of Helhon Ing. a
consuiting engineenng and design hirm
specirlizing in solar and wind energy
aevices. He has ravelad throughout the
United Stales. and o pans of Canada

Lurope and Alca—speaking 16 Giverse
es about the small-scale uses ob

WinG DOwet

Jack.has served on the Faculty of
&oddard College and the Southern
Catitornia Institute of Architecture,
leaching courses on renewable energy
technology and apptications. Formerly
techinical edutar of the Wind Power
Digest he has contributed many articles:
to that journat and ta Alternative Sources

- of Energy Magazine. He has two

previous bQoks to s credit Simplified
Wind Power Systems for Expenmenters,
published by Helion. and Wing Power for
Farms, Homes and Small industry, a
Department ot Energy pubhcation he
wrole with Richard Schwind.

When not away lectunng or consuiting,
Jack hives on his hanger'n Califarnia
ranch win mis wife Helen—and ther
many windmilis and farm ammais.
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