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

—— —ofall thiseffort. -
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____of Michael Riordan, the artistic-taleats-of - —

oo
- S
;

Z

" The wind power field has witnessed

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

many new things—virtually all of them
through the efforts of colleagues and
frierids. The most influential colleagues

~ have been Dr! 's'Peter Lissaman, Richard

-Schwind, and U‘lrlch Hutter. My most.

heTpfuI frlends and associates have been

Bifl Goddard, “W.C. Strumpell, Ken’

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

that | have learned in these years has

been distilled m;{o The Wind Power Bo@k
The book would not be a reality

without the capable editorial assistance

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

. of this effort, perhaps the most credit

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

o

* production effort, Certainly the most

important of these contributions has

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

typed the three versions of the

_manuscript necessary to produce thls
" book. ~

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

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

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

necessary accuracy. Some peopte will

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

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

-

energy. Brownsville is one such place.

= My annual average wmdspeed falls
below 8 mph—with an almost

unmeasurable mean power density.
Virtually*no watts-per-square-meter. ,
available. But despite the lack of a useful
wind resource, | installed a variety of
wind machines at my ranch. Each
summer evening, a fresh, useful breeze

tanks full. The various windchargers |

 have installed, dismantled, reinstalled

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

- experience just cannot make the

wind blow.

Jack Park
Brownsville, California
January, 1981

rises to help the water-pumpers keep my - -

EN




TABLE OF
CONTENTS

Author’s Note 6 —~

Foreword 10
by Robert Redford

1 Introduction 12
The Uses of Wind Power
Energy Budgets

Wind Resources

System Design

2 Wind Power Systems 24
A Sail-Wing Water-Pumper )

The Old Farm Water-Pumper

Wind-Electric Systems

Evolution of a Wind-Electric System
Low-Voltage Technology

A Unique Darrieus Water Pumper

The Tvind System

University of Massachusetts Wind Furnace

3 Wind Energy

Resources 44
Global Wind Circulation
Windspeed Characteristics
Measuring the Windspeed
Wind Direction

Wind Shear

Turbulence

Site Survey

Anemometers and Recorders
Site Analysis

4 Wind Machine

Fundamentals 66
Wind Machine Characteristics
Wind Machine Performance

Types of Machines

Savonius Rotor

Darrieus Rotor

How a Darrieus Works
Multiblade Farm Windmills
High-Speed Rotors
Enhanced-Performance Machines
Choosing a Suitable Wind Machine




5 Wind Machine Design 90

Aerodynamic Design
Savonius Rotor Design
Propeller-Type Rotor Design
Darrieus Rotor Design
Structural Design
Blade Loads

Blade Construction
Flutter and Fatique
Governor Design

Yaw Control ’
Shut-Off Controls

6 Bulldmg a Wmd Power

System 118

. Water-Pumping Systems

Water Storage

Designing Water-Pumping Systems
Wind-Electric Systems
Generators and Transmissions
Storage Devices

Inverters

Designing Wind-Electric Systems

Wind-Electric Water Pumps
Wind Furnaces

Installation

Lightning Protection

Comments From the Real World

7 Perspectives 148
Wind Power Economics -
Legal Issues

Social Issues

Appendix 156
1 Numerical Data

2 Climatic Data

3 Deésign Data

LY

Bibliography 237

Glossary 242
Index 246




FOREWORD




The Wind Power Book

13

So you want to design and build a wind

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

power line and you'd like to:harness the

wind to pump water for your cattle. Or maybe
youre a New Age entrepreneur who plans
to generate electrical power at several windy
sites and sell it to the utilities. If so, you are
entering the ranks of a growing number of
people turning back to one of the oldest
sources of energy and power.

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

ally. sails assisted their draft animals in such -

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

few centuries before Christ. and by 700 D

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

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

water pumping. grain grinding and sawmill
operation

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

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

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

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

~__atworkinthe area of windmill design. Today. -

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

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

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

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

Rural electrification put most windcharg-
ers out of business. In the Midwest you can
drive for miles on an empty dirt road. follow-
INg a long electric power line to only one. or
perhaps two. homes at the end of the road.
Leave one road and follow the next It's the
same story. REA lines were installed and
wind generators came down. Sears catalogs
touted all the marvelous gadgets one could

buy and plug into the newly installed power
line.

Electric stoves, hot curlers electric air
conditioners, two or more TV sets—these
aren'tvery realistic loads to place on a wind-
charged battery. However, wind power can
contribute to the operation of these devices,
especially if grid power is already doing
part of the job. With such cogeneration
(wind power used together with grid power)
the more wind power available, the Iess grid
power needed. ~

In another application, wind power can

provide heat for warming households, dalry
barn hot water, or just about anythmg else
for which heatis used as long as the hé\@t IS
not needed in a carefully controlled amot{nt
This wind heating concept is called, the
wind furnace, and it's one of our most useful

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

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

Energy Budgets

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

A windcharger of the 1930's. Hundreds of thou-
sands of midwestern Amencan farm homes were
powered by the wind before uthty lines were in-
stafled by the REA ‘




The Wind Power Book

> N |
" A clear distinction must be made between
energy and powér—two different byt closely

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

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

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

An equivalent relation between these three
entities Is:

Energy = Power X Time .

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

sumed is therefore proportional to the e/apsedf i

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

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

_here. One foot-pound (1 ft-Ib) is the amount
of mechanical energy needed to raise one
pound one foot high. One British Thermal
Unit (1 Btu) is the amount of thermal energy
needed to heat one pound of water 1 F.
Power is most often measured in horsepower
and in Btu per hour. One horsepower (1 hp)
1s the power required to raise a 550-pound
weight one fool in one second:

foot- poundq
snt"ond

I horsepower = 55

;nergy and Power ;

¥

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

< units require that you know a few conversion

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

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

10,000 Btu = kW/ = 293 kWh .

‘Many more conversion factors are presented

in Appendix 1.2, along with a brief explana-
tion of how to use them. '
Rarely is it ever a simple task to estimate
the wind energy available at a particular site,
the windspeed is constantly chahging. During

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

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

machine. The power output rs‘constantly -

changing with the windspeed, and the

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

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

when there 1s no energy genérated, then the |

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

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

that day

=

&

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

" off”

Apparently many people would llké to

i .

good old Ed}son ThIS is a fantasy i

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

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

will be somewnhat less extravagant.

A successful wind power system begins

with a good understanding of the intended
application. For example, should you decid
that water pumping is the planned use, you

must determine how high the water

n)dst be

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

water pump to lift water. The weight of the“

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

must be dehvered t0.the pump system. A

- deeper welf means.a heawer Ioad of water;

* speeding up the flow’ mean$ more water to

be lifted per second They both mean more

" power required to do the job, or a Iarger

load.

This concept of load is crucial to the

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

 rate al WhICh your body expends this mechan-

1

//

N
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ical energy is the power you are producing.
The weight {(in-pounds) of the bucket and
the rate (in feet per second) atwhich you are
lifting it combine to define the power (in foot-
pounds per .second) produced. How long
you continue to produce that power deter-
mines the total amount of mechanical energy
you have produced.

The kind of application you have in mind
pretty clearly defines the load you will place
on your wind power system. Knowing some-
thing about that load will allow you to plan
an energy budget “What the #3$%8&,” you
- ask, “is an energy budget?’ | Lets explain it
with an analogy. When you collect your
paycheck, you have a fixed @mount of money

to spend. You probably have a budget that

allocates per’[ionsﬂ of your money to each of
the several bills you need to pay. Hopefully,
something is left over for savings, a few

beers, or whatever else you fancy. Energy

should be managed.the same way, and if
you live with wind power for very léng you! Ml
soon set up an energy budget e
~ Setting up an energy budget mvolves

"estlmatmg cdlculating, or actually measur--

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

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

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

EEN

‘Wind Resources

T
b

to pump that much water from your well into

the storage tank.

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

nite—_nrahahhy Rrtich

e
will now be in heat units—probably Britisn,

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

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

Your utility bills and the equipment you

already own will help define your energy |

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

total energy required per day, per week, or s
~ per month. In short, you really need to get a
_handle on-your-energy ‘needs .before ydu
can proceed to the deSIgn of.a wmd power .

system.

i

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

<

t

]

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

-extract very little energy from the wind. But

windmill blades are designed to-move in
response to this force, and wind machines
can extract a substantial portion of the

Lnergy and power available.

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

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

given by the formula:
kinetic energy
Lunit volume

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

=% X p:X Ve .

vO/umé = AX VXL,

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

~ Ais the area (in square feet or square

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

Available Energy =L XpXVXAXL.

S

# Wind power is the amount of energy which

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

i

- Wind Energy and Wlnd Power

FEESTNEER

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

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

If all the available wind power working
against a windmilFrotor could be harvested
by the moving blades, this formula could be
used Yirectly to calculate the power extracted.
But getting such’'an output would require
that you stop the wind dead. in its_tracks and
extract every last erg of its kinetic. energy.
This is an impossible task. Some non-zero.
windspeed must occur downstream of the =
blades to carry away the incoming air, which-,

would otherwise pile up. Under ideal condi- N\

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

J

0.593

,
> Xp XV XA.

Maximum Power =

In practice, a wind machine extracts sub-
Stantially less power than this maximum. For
examp/e the windmill rotor itself may capture
only 70 percent of maximum power. Bearings
will lose d@nother few percent to friction;
generators, gears, and other rotatmg machin-
ery can lose half of whatever power remains.
Pushrods, wires, batteries and monitoring
devices will lose still more. The overall “system”
efficiency of the entire wind machine is the
fraction of the wind power available that is
actually delivered to a load or to a storage
device: '

Efticienc _ Power Delivered
Y Available Power '

SIS

T AT IRt

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

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

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

]
-~

N,

N So that the result is expressed in horsepower,

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

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

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

Power = %2 X p X V3 X AX E X K (Eq. 1) .
This IS a véry important formula—perhaps

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

. factors needed to use this formula in your

deS/gmprocedure

,,,,,,

Wind Power Conversion(Factors

© . Vaiues of K to get wind power in:
For:" ) Horsepower | Watts | Kilowatts
pnaspessingen | ocosrs | ast | ooy
pandspeed In fy/sec 0697 520 | 0520
Widspesd nnerzee | oooss | 1ae | ocorss
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ing fog the best wind site you can find. The
former approach is more direct. You-own
some property, there is only one clear spot,
and that's where the tower will be planted,
_along with your hopes for a successful proj-
ect. The latter approach offers more avenues
for refinements and better chances for suc-
cess. In any event, the larger the paycheck;
the less strain on your energy budget—the
smaller and less efficient a windmill needs
to be. : :

In either approach you need to measure,
estimate or predict how much wind you can
expect at your chosen site. I've talked with
folks who claimed to be wind witchers, pos-
sessing the ability to use a wet index finger
and predict the windspeed with greataccu-
racy. I've talked-with people who installed.
wind generators back in the days before
rural electrification. Most of these machines

- ‘were installed in areas now known to be
quite windy, with' average windspeeds of 14
‘to 16 miles per hour (mph). When asked,
these folks almost always guessed that the
wind averaged 30 mph or more. Those old
windchargers were installed haphazardly.
“Heck, anywhere you stick one, it will work
just fine.”

Once you have estabhshed an energy
budget, you have effectively established.a
standard for the performance of yout wind
power system. That puts you in a different

league than the pre-REA folks. Your system =

will be good if it meets the energy budget.
Thelrs was good because it was all they

had. Your site analysis should be careful -

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

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

4wo0 on your windspeed estimate, you'll be

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

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

Folks who have lived insan area for a

long time can usually tell you what seasons

are windy and the direction -of the wind
during those seasons. But they're not very
good at estimating windspeeds. You'll have
to measure the windspeed yourself, or use

some accurate methods to estimate it.

System Design

Once youhave established your energy

budget and collected adequate wind re-
source data, you can begin the task of sys-
tem design. Whether you intend to design
and build the windmill yourself, assemble
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An American Farm Windmill and water stordge
tank. Systems ke this pumped water for 'the first
ratroads 10 cross the United States; farmers still use
them: throughout the world. -
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one from a kit, or buy one off the shelf, these
are necessary preliminaries. Too often,
designers disregard energy budget and site
analysis. Instead, they make arm-waving
assumptions on the use of the wind machine,
where it might be installed, and use other
criteria like cost as the design goal. Some of

- the best wind machines on today's market

have been designed this way, but it's very
important to realize that most manufacturers
of mass-produced wind machin&s have left
the tasks of energy budget and site analysis
up to the buyer. The information provided in
later chapters will help you make these
analyses before you select a factory-built

“wind machine suited to your needs or set

about designing and building your own
system.

A thorough energy budget:. should tell
you something about the time of day, week,
or month when you need certain amounts of
energy and power. For example, if every-
body in your house rises at the same time
each morning, your electric lights, hot curlerd,
coffee pot, TV set, toaster, stove, hot water
‘heater and room heaters probably become
activét all at once. An enormous surge in

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

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

installations. Cogeneration allows you to

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

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

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

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

'small hydroelectric turbine will produce

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

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

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

ur site were strongest when the loads on

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

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

hoist, lifting a /56 Oldsmobile up_to 100 ..

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

‘burn the toast! There are as many possibili-




ties for energy storage as there are crackpot;
—=inventors around, and some of these possi--

bilities are just as crazy.

Some systems provide energy storage

as an inherent part of the design. The wind .

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

Wind system design is a process of bal-
ancing energy needs against wind energy
availability. Besides picking a good site and

~buyingor building the right wind machine,

you have to select a suitable storage system,

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

Whether you intend to design and buildthe. . ...

g

“entire systent or just assemble it from factory-
built parts, this book will help you achieve a
wind power system worthy of your efforts.
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Wind pbwer has a surprisingly wide range
of applications. Dairies, apple growers, vhog
farms, schools, electronic telemetry users,

and many rural home owners are examining ,

their resources and needs and trying to

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

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

needs is a more reasonable expectation. - -

Different applications require different

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

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

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

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

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

. Prior to rural electrification, farmers charged

their dead batteries with-a gas or kerosene

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

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

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

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

_ energy sources for today’s wind systems.

As‘you study and use the information in

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

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

ASail-Wing Water-Pumper |

- John Welles | IS an inventive tinkerer who
has installed a number of wind-powered
water-pumping systems* -around Northern
California. In 1977, John loaded a “sall-
wing” wind machine into the back of his
Volkswagen Beetle and delivered it to my
ranch. We set it up in only two days.

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

‘ground: Wind power supplies the pressure

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

~ swiftly through a long water pipe. This friction

back-pressure.is referred to as the friction
head. The total power the wind pump must
generate is based on the total height water
must be lifted (in this case only a few feet),

\u’\'/"

. - s

0’




, . The Wind Power Bonk

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

The design of this sail-wing windmill
evolved from a notion that only hardware
store components and materials would be
used. The entire rotor, support structure,
and pump are made from iron and plastic -
plumBing components. The sail spars are
made from electrical conduit tubing. And
the “tower” is a redwood fence post.with
clothesline-cable guy wires. o

Orig’l’r?élly the three sails* spanned a
-diameter of 16 feet, but they now span 20
feet. In water pumping systems, the wind
rotor (blades, hub and powershaft) must stat
turning under wind power agajinst a heavy
load of water. Rotor design for this type of
load usually calls for a fairly large total
blade surface area. This is why the familiar

farm water-pumper has so many blades—it-

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

doesn't need much because it only lifts .

water a few’feet. With the 16-foot diameter
rotor, the machine began pumping, when
the windspeed reached about 10 mph. The
larger -diameter rotor lowered this “cut-in
windspeed” to abgut 7 mph. More blade
area means higher starting torque and a
lower cut-in windspeed. Extra area can be
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: added by sewing wider sails or by adding
more sails similarto those already installed.
More blade area, however, means greater
loads on the guy wires or cables that sup-
DOFI Iﬂe IOWGF Decause there is more surface

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

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

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

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

weather and strong sunlight combine to
‘destroy ‘the fabric eventually, but it lasts
long enough to make a sail machine worth-
| while. Screendoor springs connected to the
sails hold them taut for normal operation.
‘These springs stretch under sail loads
imposed by high winds, allowing the sails to
_ luft)” or flap, out of the wind. This simple
“governor” protécts the sails from damage.
Because the governor lessens the sail loads
tension loads in the guy wires that support
4 the tower remain low enough during high
winds that short stakes such as goat-tether
stakes are adequate for tie posts.
~A- simple crankshaft translates rotary
*blade motion into the up-down stroke needed

3
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&

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

well close to ground level.

s




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

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

the resulting back-pressure against the

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

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

_ever a horse stepped on the flexible poly-

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

~pump. By installing a surge chamber (a~

Performance has been adequate. The

“'storage tank requires about 400 gallons of-

pumped water per week. The wind resoutce
at the site is minimal, about 8 mph annual
average, but evening breezes of about
11 mph drive this sail machine long enough

v

to keep the stock full. , «

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

' ‘i’h,e Old Farm Water-Pumper

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

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

_~you buy a new one, some parts are likely to

be missing. Don't try to fake it. You need all
the parts. Leave one bolt out and the whole
contraption is apt to end up on the ground!

Laying the féundation is followed by
tower erection. Here, there are two schools
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of thought in the wind industry. In the first,

you assemble the tower on the ground and-

tower from the ground up. Both wa"y“s‘WDrk’
and the method you choose will probably
depend on the site. If you have lots of room
for the machinery necessary to tilt up a
tower, that's the easier way to gb If not, you
can erect the tower stralght Ap, but itll be
more difficult because of having to handle

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

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

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

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

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

44&

down; some are as deep as several thousand
feet. Unfortunately, dirt plays havoc with
pump seals and wears them out. As you
might suspect, the major maintenance re-
quired by water-pumping windmills is pump
overhaul and-sucker rod replacement. One
Montana fairmer who owns several hundred
of these machines has a work crew whose
only job is to overhaul a different: pump
each week

The multiblade water-pumper at my ranch

is 8 feetin diameter. Ina 15 mph wind, it can
lift about 500 gallons per hour (gph) from 60
feet below ground level The well tested at
600 gph when it was bored so this’water-
pumper probably won't run the well dry Its
task is to fill two 400-gallon tanks—one

tank every week and the other once per

month. Hence, it needs to’ pump about 2,000

' gallons per month. Some months are windy
enough; others are not. Thus, a gasoline-

powered well pump. was installed in the
same bore hole as the wind-powered pump.
This back-up pump can be started whenever
a storage tank runs dry and no wind is
blowrng

This installation illustrates aH}»f the ele-

ments of a complete wind system. It has a

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

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

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

back-up gasoline-powered pump provides

power when water needs exceed the capa- )

brlrtresgf’the wind resource

Wind-EIectric Systems

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

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

were also charged by a back-up generator

powered by gasoline oroigogene.

_ Early loads included radio sets and

lights—loads operating at 32 volts. Just
before the onset of rural electrification, 110-
volt wind systems became plentiful. As -_
-demand for convenience items rose, farmers
added more batteries to their storage banks
and occasionally upgraded to larger wind
“generators. They added 32-volt direct current
(DC) wringer washers, laundry irons, refrig--
erators, freezers, and electric razors to the
list of loads. The use of wind-generated
power grew atindividual installations to such

1 -

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

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

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

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

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

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

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

late as 1959. Rebuilt versions of this machine
are available today, but the supply of re-
buildable machines is dwindling rapidly.
Early wind machines, the Jacobs in-
cluded, had problems that required solutions.
Many machines flew apart as a result of
stresses induced by centrifugal force. Gov-
ernors of all types were invented, tried, and
patented. Large wind companies bought
iout smaller ones to get patents they wanted.
"“Generators, gear boxes, and blades of all
sorts were developed. Some failed, some
survived. While water-pumpers were being
built much the 'same as their turn-of-the
‘century predecessors, wind generators were

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

Evolution of a Wind-Electric System

My own ventures intowind energy began
with an avid desire to use surplus helicopter
rotor blades for electricity production. In the
late 1960's and early 1970’s, there was no
wind-energy literature available in the county

» library, so | set about deriving the various
aerodynamic equations needed to design a

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

. 2-inch aluminum tube as the main load-

Montana-installations were still in use as

“modern, glamorous creations that served™
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carrying spar, with a fiberglass skin rivetted
and epoxy-bonded in place around this
spar. This skin was laminated with polyester
resin over a shaped male plug mold-and
removed from the plug after the resin cured.
Ribs were sawed from half-inch-thick ply--
wood to close each end. The result was a
6-foot long blade that weighed 8 pounds.

But the first windmill, tested on the back  FEg )
- of my pickup truck to simulate a wind tunnel,
was a disaster. The fiberglass-bladed rotor
would not spin fast enough to cause a gen-
~erator—even with a speed-wp transmission—
to kick in and start.charging the batteries.
The blade design had too much twist (spiral
turn). In a twisted blade, the airfoil atthe root
end (closest to the center of the rotor) points
more into the wind than the airfoil at the tip
of the blade. Because of the excessive twist
in my first blades, the rootend of each blade
was acting like a giant air brake and prevent-
ing the rotor from reaching-the necessary
rpm. | , :

The Jessons learned from that first rotor
design caused me to re-evaluate my blade-
design equations. The new equations are
the basis for many of the calculations, dis-
cussed inqthis book; they correct the ‘over- -
twist of my first blades and produce blade
designs that are efficient and easy to build. .

| also tried a different method of blade e
Cor_‘STrUCt'On thateliminated the ”eedt\omx The second in a series of experimental rotors being readied for a test run. To
~resin and laminate fiberglass. Because it lower the air friction, this rotor used sheet aluminium instead of fiberglass for the blade

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

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

at once. | could only twist my blade. 6
degrees from end to end without buckling
the’ skin. That's not very much. With a little
more blade twist, the new Ffotor wouldn't
- have taken so long to start spinning.
Electric generators don't produ€e cur-
rentuntil they are spinning ata high rpm. My
first rotor developed strong starting torque

- erator. The secend rotor had less twist and
was built with a sheet aluminum skin that
was muéh smooth@r than the earlier fiber-
glass skin. Because of the reduced twist,
the second rotor was a bit slower to start
spinning, but ence it got going it began to
spin really fast—as high as 400 rpm. The
“improved performance was a directresult of
1‘opt|mrzrng the ‘blade, design and lowering

ezsurface friction!’

igh-sSpeed operation requirés the use

good governor to keep the lade rpmMm

in structural limits. The first governor |

5 Sed was a combination of drag brakes and

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

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

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

C'
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were designed to extend fromthe blade lips.

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

0

e

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

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

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

necessary; flyball weights and springs need

_typical rotor might be designed to spin at

spring-loaded hub permitted the blades to
form.a cone in the downwind direction. This .
reduced the rotor frontal area, thereby
reducing power and rotary speed. Proper
governor design requires that all blades
behave the same. All drag brakes should be
interconnected so they operate together. If

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

system, severe vibration did set in, but the

free-coning hub waegked well and will be

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

(lead weights) that were rigidly attached .to -

each bladejnear the hub in such a way that

they wouldmove into the plane of rotation

when'the rpm became excessive.The blades
would then feather—point.directly into the '
wind—and rpm would_decrease. This “ﬂy—
ball governor” worked fine and is still being
used today. A certain amount of “tuning” is

to be changed around by trial and error for
optimum performance. In some-cases a
dampener similar to an automotive shock
absorber might be necessary to adjust the
rate at which the flyball governor works. In
any case, my experience with several dozen
variations of blades, governors, and gener-
ators shows that a governor is always neces-
sary to keep the rotor sprnnrng within its
intended operating range.

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

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




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

rotor.

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

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

_up. Thus, 300 rpm at the rotor résulted in
2,700 rpm at the alternator. This transmis-
sion worked well. However, it is complex,
requiring careful alignment and tensioning

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

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

.
.

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

ettt e




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

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

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

tha hatteriae hnnked 110 or SOmethgng e!se

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

My first bout with this infection occurred

when a friend and | had just installed-our

first flyball-governed, aluminum-bladed
machine atop the tower and had to wait for a
12-volt battery to be charged (it registered
only 10 volts on a voltmeter). We decided

notto wait. The result was more waiting. With ~
only 10 velts available, the alternator's volt-

age regulator seemed to be confused. The

blades were spinning quité rapidly in a brisk -

wind, but no charging was taking pface. At
the time, we mistakenly decided the alterna-
torwas at fault. In reality, the voltage regulator
was not designed to work with a dead battery.

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

ing quite hard. If your new systemis trying to

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

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

about this.

?

Low-Voltage Technology

Jim Cullen of Laytonville, California, pow-
ers his home almost entirely on 12 volts| of
direct current. Numerous sources of elgc-
tricity charge his batteries. On top of his
house there's a small solar-cell panel. Nearby
is a wind generator. And, when his batterjes
need an extra boost, ;umper cables from his
car add extraienergy (presumably while
warming the car up before a trip to town).

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

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

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

old friend who also happened to be.acon-— e

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

o /
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produces up to 500 watts DC under the
same circumstances. Because the 500-watt
wind generator is so light (only 125 pounds),
an off-the-shelf tower was sufficient, and the
entire cost for the system came to less than
$2,000 {mid-1970’s). . ‘

in conventional terms, 160 or even 500 °
watts isn't much power. But Gullen’s house
is anything but conventional. There are more
than 1,500 square feet of living space filled -
with three television sets, approximately 20
fluorescent lights, a vacuum cleaner, washing
machine, blender, mixer, water pump; a 40-
watt per channel stereo system, and even a
home computer. What makes all of this so » , ; :
unconventional is that Culien has virtually R _ .
eliminated the need for 110- or 220-volt AC, ‘
electricity by converting his appliances (even
the washing machine!) to operate directly
from T2 volis DC. Table saws, drift presses’
and the like could be converted as well.
- Small .appliances (e.g. the blender and
mixer) that haven't been made to operate
directly from 12 volts and for which there are
no readily available replacement motors
operate through an inverter that produces
110 volts AC from 12-volt batteries.

Cullen claims that a wind generator
producing 500 watts can provide comfort-
‘able and reliable living at modest cost.
Excess DC electricity produced in times of
high wind -can be stored effectively, high-

~e.

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

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

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

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

- “eggbeater” rotor tied mechanically to an
- electric 60-horsepower irrigation pump. This
- US. Department of Agrlnulture project at a
windy location’is exammmg practical ap-
proaches to water. pumpmg with. the wind.
Since it is a relatively new research project,
few performance data are available at this

§0  Windspeed—>>

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

IIEUIERE———— , ] o ' A Dameus rotor has two or more curved
e | : | or bowed, airfoil blades that travel a circular «
path about a vertical power shaft at its cen-
ter. Made with extruded aluminum, the stream-
lined airfoils have a rounded leading edge
(the edge that cuts into the wind) and sharp
trailing edge. The Darrieus rotor is linked 1o
the pump powershaft by a clutch thatallows
the electric pump to turm freely butengages .
whenever the rotor is spinning rapidly
enough. In periods of calm, an AC electric
motor keeps the pump turning. The more
wind power available, the less power drawn -
by the pump from the electric power grid.
This machine is alsg a cogenerat/on
~ system that operates in paraflel with the
The Darrieus rotor used for irrigation in Bushland, ~ utility grid. It generates excess current that
Texag | is delivered to the grid. In effect, the wind-
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system becomes one of the many intercon- .
nected generators the grid uses for its power

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

powers the electric motor, trying to turn it

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

electric power available actually exceed the

DARRIEUS "€GGBEATER!
ROTOR :

-

- demands at the site, the excess efectrical —

energy is fed back into the grid, effectively
“running the meter backwards.” Thus, energy

storage for this system is provided mostly
by pumped water in a pond or a tank and
occasionally by the grid power lines that -~

“store” electricity sent backwardg through
he-meler :

MOTOR ~*’ POWER SHAFT

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

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

from the grid. By careful design, the rotor

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

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

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

pumps will permit the-addition of wind power,

T . ; ‘ ,
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In the novel approach being tested dt Bushland by the USDA, both wind power
and an electric motor are used simultaneously to power the well pump. If excess
wind power is available, the system delivers it fo the utility lines.
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thereby reducing the amountof fuel needed
to drive irrigation systems.

The Tvund System

Wlth Denmark S vigorous history of wind
power, it's not surprising that a significant
wind system with’cogeneration capabhilities
has been built by students and faculty atthe
Tvind School on the Jutland peninsula. This
is the Tvind machine, rated at 2:million watts
(2 megawatts) in a.windspeed of 33 mph.
The fiberglass blades on this machine
span a diameter of just over 175 feet, makin
it thelargest wind machine in history at th
~ timeofthis writing. Before the Tvind machine, -
. the largest was th%Smlth Putnam machine
mentioned in Chapter1 That machine was
rated-at 125 megawatts. Each blade of the
~ three-bladed Tvind machine weighs about
- 5 tons; the two stainless steel blades of the
Smith-Putnam each weighed about'8 tons.
» The Tvind machine was designed to
supp!y the school w1th its electrical and
heating needs and to supplement the grid
lines through use of a synchronous inverter.
Alternating current from the generator is
rectified to direct current then reconvertéed
to grid-synchronized AC and fed to the
school's electric system. The synchronous
inverter is rated at 500 kW, while the school
demands up. to 1 SO}Q kW. The balance
‘ beth/een 500F kW of*inverted power and
The 2000-kW wind machine at the Tvind School in Denmark Thls . 2,000 kW. available from-high winds will be
. ~ machine supplies both heat and electricity to the school. '. used to heat water. The excess electncﬁy is




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

i

University of Massachusettsg
Wmd Furnace

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

industrial applications ranging from dairy

sterilization to washing laundry. It's also -

" needed to warm animal barns, greenhouses,
and homes. Happily; most of these climate

" control applications require more heat when,

it is windy than when it is not.
In.a wind furnacee, wind energy is con-

verted into mechanical power in the rotor. -

powershaft. This rotary power may then be
' used to make heat from friction (e.g;, splash—
ing water with paddles drivep-by the rotor
power shaft) or from the generation of elec-
tricity that can power electnca! resistance
heaters.» =
Under the direction of Professor William
Heronemous, students at the\tjmversny of
Massachusetts have built a wind generator
33 feet in diameter mounted atop a 50-foot
steel pole tower. The electrical output of this
machine is used directly to warm water,
which is then combined with heated water
from solar collectors mounted on the south-
facing wall of the research house. Concrete
tanks in the basement of the house store

\

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

all this hot water. L . ——

The fiberglass blades are eapable of
producing 50 horsepower (37 kilowalls) in a
26-mph wind. Shaft power from the blades
drives a generator through a truck differen-
tial and a chain drive. The generator is con-
trolled by an electronic load controller tQat 4
senses windspeed and rotor rpm and. ap-

plies appropriate current to the field windings S

i

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

wind generator and the south-wall solar callectors warm water stered in'a concrete
tank inside this home. : ' '
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of the generator. In this manner, only the
exact amount of power available from the
wind is drawn from the generator, thus

preventing overloading or underloading of -

the blades.

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

" solved as part of am ongoing educational

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

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

‘| have included several types of wind
machines here, but certainly not all of them.
A Savonius totor, a panemone, or a wind-

powered hydraulic pump system—all of

these and other projects will be discussed

in greater detail. Your task is to select the
design _most appropriate for your energy
needs. Always remember that good wind
machine design begins with an assess-
ment of your energy needs and the wind
resources available.

LS
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The wind can be a fickliservant. It may not
be available when youfieed it, and you can
be overwhelmed by its abundance, when
you don't. To harness-the wind you must
become familiar with its moods and be ables
to select a site suitable for a wind machine
— a site where strong, steady breezes blow
most of the year. After choosing a favorable
site, you'll want to know how much wind
energy is actually available'and when it
blows the hardest.
Good wind system design begins with a
realistic assessment of energy needs and
~available wind resources. By comparing
the two, you can estimate the size of the

windmill you'll need. Storage size depends ™

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

Global Wind Circulation

‘ Wind energy is a form of solar energy.

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

by thermal radiation to deep space. Daily
rotation of the earth spreads these heating
and cooling cycles over its entire surface.
Seasonal variations in this daily distribution
of heat energy are caused. by seasonal .
changes in the tilt of the earth’s axis relative
to the sun.

Much more solar energy is absorbed -
near the equator than at the poles. Warmer,
lighter air rises at the equator and flows
toward the poles, while cooler, heavier air
returns from the poles to replace it. In the
Northern Hemisphere, the earth's west-to-

east rotation bends northward-flowing air |

eastward and southward-flowing air west-

ward. By the time the northward-moving air

has reached 30°N latitude, it is flowing
almost due eastward. These are-the “pre-
vailing westerlies,” so called because they
come out of the west.

Air tends to pile up just north of 30°N
latitude, causing a high pressure zone and
mild climates in these latitudes. Some air
flows southward out of this high pressure.
area and is deflected west by the earth's ;

rotation; forming the “trade winds” used by

sailors the world/over. A similar effect leads

to the “polar easterlies” above 50°N latitude.

South of the equator, the earth’s rotation
bends southward-flowing air to the eastand
northward-flowing air to the west. A similar
pattern of prevailing westerlies, trade winds,
and polar easte‘rhes exists in the Southern*
Hemisphere. g

Not all of the earth’'s surfaces respond
to solar heat in the same way. For example,
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Global wind circulation patterns. Prevamng wrnds blow from the east in the tropics and from the west in the

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

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

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

‘characteristics of the underlying ocean or

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

Py

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

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

___ ' deflects these winds so that the air flows

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

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

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

<

RS |
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Air Temperature and Pressure

Wi

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

A barometer is commanly used to meas-
ure, atmospheric pressure. A “falling barom-
eter” or declining barometric pressure, has
always been associated with an impending
_storm because a low pressure system is
P moving into the vicinity. A"’ 'rising barometer”
heralds the approach of a high pressure
system and fair weather. A typical winter dis-
tribution of atmospheric pressure is shown in
‘the top map. The lines of equal pressure are

called isobars, and the units used are

 millibars. At sea level, 1,013.2 millibars equals .

~a.pressure-of 29.92 inches of mercury or 14. 7

pounds per sguare inch.(psi), all three values .
. are-equal to a “standard” atmospheric -

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

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

The lower map shows a.verage January

. temperature distributed over the globe. Note

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

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

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

energy and power his densrry Is baseq*on,

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

-

ﬁaan average day that

. Scientists and'emg 1eers use for purposes of

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

Naturally, performance calculations on wind

“machines will vary somewhat from this stan-

dard, because a standard day is actually very

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

air at sea levetare, in Enghsh units:

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

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

-, AirDensity

" The density of any substance is a measure of

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

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

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

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

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

tween the values given. -

b

- x

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

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

¢

the large- scaie wrhds and Gorrtrrbute some

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

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

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

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

. breezes at the beach. During the daytime,

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

thrs mlght not be the case. .

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

_—~ OCEAN

Mrnfluence of grawty and tend to occur r at
night. Wargner winds gain heat energy by. °
“compression,as they descend into valleys -

~and may bring g local temperature rise of

- 30°F to the valley. This air is compressed as
it drops into the higher air pressures below.
These winds are known as “Chinooks” or .
“Santa Anas” in the western United States.
The higher-temperatures have been blamed
for forest fires and a host of malfunctions
associated with over-use of air conditioners.

The winds of the Chinooks often reach ter- Mountarn-valley winds. These gentle breezes occur because the air over high mountain slopes warms up faster

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

y \! ¢ © N rsw

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

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

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

s

e
. g m
-, % c o W|ndspeeﬂ' (mph)

.30

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

“ow
N A . o. .4

. ~

"“ time—perhaps only a few minutes over

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

X ; - ® - y:
PR - ., 1

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

' \mnr‘lcnnod ara made an avarama ~f

v

»~ e .

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

' a graph like this one. Thé vertical axrs can

-
N .

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

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

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

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

‘measuremenfs 'should be calculated Sin

AL INAT

[€2]
3 9]

" ply add up all of the measurements and

. divide that total by the number of measure--

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

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

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

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

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

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

+ windsystem and how much time and money

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

illustrated. curve—or acsimilar curve for your

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

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

. wind power could be extracted by a rotor

*
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(assurmng an efflmency of 59.3 peroent) with

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

- 7 =Zhis graph illustrates’ how%dramatlcally

A wm"dﬁpowerjncreases with iricieasing speed.

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

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

Thnoe twn Aaranhe Aacrribn

VoW eatoilale
@ tNose two graphs describe two IIIO.JUI

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

of time you can expect edch’ w1ndspeed to

occeur, dnd the pdwer characteristic is the

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

that energy is calculated by rnumplylng‘

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

energy “available at your wind site is cal-

_culated in much the same way—by multi- .

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

is the ( Jreally want to know. -

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

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

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

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

'

lisAypothetical Sfte The curves.atany real

1 kilowatt- hour, of energy. The maximum o

@ of whichis presented here.This °

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

ilable below 8 mph or abelve 30 mph at

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

0 5 100 15 20° 2% 30 3 40

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

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

Charactenstlcs will be fargely the same. - L P

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

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

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

£ Mar Lpr May Jun Ju Aug Sep Fcr Nav Bec

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

onths—— anuary d May—torndrcate

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

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

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

MyTuQy, Abid it u] i

" statistical vigwpoint, the lwinds at any site

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

_the time. tdoes not tell you when to exfieqt

that windspeed.or how long it will persist.

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

study of the winds at your site—if you choose

to analyze~them that closely.

By analyzing your site in terms of this

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

the wind energy available. At our hypothet-

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

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

' need for energy occurs in the morning. Some

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

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

wind power is avaﬂable Little or no energy

_ storage would ‘be required, and the wind -

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

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

| How do you 'go about

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

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

| are four basic options:

I

{
1
i

| N\
1.lgnore wrndspeed dlffrrbutlon entlre\y

‘and base your design/calculations on AN
N

annual average wrndmneed anda cor:
rection factor.

2. Using the annual avérage windspeed

at your site and a mathematical equa-

tion that describes the windspeed dis- -

tribution fairly accurately, calculate the
duration of each windspeed.

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

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

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

The Rayleigh distribution provides a rea- N

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

s. with energy -

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

cemparisions have been promisjng, but

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

The two graphs here show typical Ray-

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

speeds. Notice that the energy content of

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

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

,,,,,

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

bution curve.

praws

Measuring the Windspeed

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

have a table covered with tea cups and you
toss dried peas gut onto that table you will
be filling bins—in this case, tea cups. Throw
enough peds out and a filling pattern will
begin to gke place that reflects the likeli-
hood of that bin receiving a flying pea. The
Rayl&igh curves give a possible Iike)ihood
of any partlcular windspeed occyring.

U teek-at a windspeed- meter once
each minute and add a “1""to the bin that
corresponds to the windspeed you read,
you are filling bins with minutes—the num-
ber of minutes the wind blows at each wind-
speed. Do this once each hour, and the
bins tontain hours. A simple daily reading
will represent a “daily average” windspeed,
and the number of readings in a bin will
represent the number of days at a particular
windspeed. A bin, then, contains the num-
ber of days, hours, or minutes that thé wind-
speed happens to be measured at the value
associated with that bin. More frequent read-

“ings will give a better representation of the
“actual windspeed distribution. One-minute
readings are quite reasonable for electronic
recording equipment, while hourly or daily

readings are commonly taken by human

meter readers at airport control towers, for- -

est lookout stations, and other permanently
staffed facilities. “

- Virtually all methods of calculating the

“annual average windspeed involve filling

bins of one sort or another. If windspeed
bins are filled electronically'and accurately,
the values in each bin can be used instead
of the assumed Rayleigh distribution be-
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Rayleigh windspeed distributions for sites with 10
mph and 14 mph average winds. The available .
wind energy is far greater at the windier. site.
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With a year or.more of windspeed data
measured for a given site, you often’ need to
find an equation that describes, within
reasonable accuracy, the windspeed distri- |
bution. The most important parameter you . .
should have by now is the mean windspeed.
Within certain limits, a stigle parameter |
- equation known as the Rayleigh distribution
may be used to describe the windspeed |
distribution. Here the single parameter is
.mean wmo’speed At windspeeds below ¢ /
10 mph, the Rayleigh distribution has loy
reliability; it should’not be used at all af sites
with mean windspeeds below 8 mph. |

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

Vv

Hours = 8760X ‘2‘ X sz e—k

) where V ='windspeed 7

7

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

EQ@

e=2718 , B

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

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

" A graph-of this complex equation is pre-

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

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

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

T oyear

-

-

The Rayleigh Distribution

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

10

i

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

Time {hours)

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

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

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

uled intervals. As you might guess, this

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

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

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

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

_ calculated the available wind energy using

the Rayleigh distribution.

Wind Direction

Local winds are influenced by pressure

and temperature differences across a few

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

this term. Ask a long-term resident of the -

area in which you plan to site a wind system

[a]

~ where the wind comes from. Chances are

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

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

-time that the wind blows at various speeds

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

to get the distribution of energy available .

from_each direction. Both these distribu-
tions—time and energy content—are shown
In the three-dimensional graphs here. They
were generated.from actual wind data gath-
ered at the Palmdale airport in California.
The time curve shows that the wind blows
mostly from the south and west at this site.

~ But the energy distribution curve shows that

the greatest amount of energy results from

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

Energy available

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

How do you collect the data needed to
construct such a graph? Make bins as be-
. fore, but duplicate the bins for each of four,
eight, or sixteen directions of the compass.
The more directions, the more detailed your
graph can be, but eight is usually sufficient.
How is this done with site analysis instru-
ments? An anemometer measures the wind-
speed and selects, on a time hasis of once per
minute, a windspeed bin. Awind vane, which
senses wind direction, determines which of
" eight bins of the same windspeed will be

o

WIND

] -

-"_”llllllklﬂ]'“ I

incremented with one count. For example,
suppose the windspeed measures 10 mph.
There are eight possible bins marked 10 mph,
one for each of eight directions. The wind
vane decides which of those eight bins gets
the count. This process is repeated each
minute for a year; hence, 5625600 counts
will be scattered among the biné. That's

more than enough to construct a graph

similar to those shown for Palmdale airport.

&

" Wind Shear ¢

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

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

‘known as the boundary layer. It has a defin-

able and often predictable thickness. Ac-
curacy of prediction depends on your ability
to estimate surface friction factors or meas-
ure the windspeed at several heights simul-
taneously. Even wind flowing over a smooth:

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

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

iy }I;/////’/'.//

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

P
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~isn't subject to winds fapping waves and
increasing surface roughness.

A more typical example of boundary-

layer buildup and the effect on windspeed

. profiles is shown in The diagram on page 56:

~the wind approaches an orchard with a wind-
" speed profile illustrated on the left. The trees
extract some energy from the wind, and the
profile on the right represents the wind leav-
ing the orchard. A wmd machine installed
deep within the resultnng boundary layer,
say near tree-top level, would have much
less wind energy available to it.

. Windspeed profiles for three represent-
ative types of terrain are shown in the diagram
~.on this page. The numbers along the curves
- represent percentageg of maximum unre-
stricted windspeed ofcurring at each alti-
tude. Over urban argas, the boundary layer
is often more than & quarter-mile thick. But
over level ground or open water, the wind
reaches its maximum speed at less than

1‘,000 feet.

These percentages can help you estl-r

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

your anemometer is mounted- at the same

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

- measured by the anémomefer will be 60

percent of the unrestricted aﬁnual average,

windspeed at 100-tfoot level, simply muitiply

_ the anemometer reading by the ratio of these -

two percentages. For example, if the annual
average, as measured by the anemometer,
is 10 mph, then the average at the lower
height will be 10 times (50/60), or 8.3 mph.

The height difference lowers the windspeed-

by 16 percent and the available wind energy

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

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

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

each profile is the surface friction coeffi-
cient for that type of terrain. It represents an
estimate of the actual surface friction near

~each site and is used in a formulat& cal-

HEIGHT
(FEET)

2,000
WINDSFEED

URBAN AREA
x~0 40

=~ =and the windspeed at the lower height will

be another 10 percent lower. To. get the

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

develops a thicker boundary layer above.

"

N IR I
SUBURBS
—— =028
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s T culate the effects of wind shear. This formula
~is presented'in Appendix 2.2, along with mose :
: , ~ quantitative mformatlon about-windspeed
profiles. :
o ~\" Gust amplitude Turbulence o
. 5 | N © An understanding of atmospheric tur-
£ ',k \ — = pulenceis important for the structural design ‘
; , Average of a safe wind machine. Wind machines
windspeed average the short- term pulses associated
e - : with gusts, so power out@utappears smooth,
, ' N even though the actualiwindspeed is not. ;
o ' | L A very strong. wmd gus\t may destroy the ‘
0 o 2 3  machine. . \ 4
N . What does a wind glﬁ\st or short-term
; Time (seconds) turbulent variation, look like? A typical gust
Graph of a typical wind gust. In this case, the departure speed is just the average is shown in the accompanying graph. The ,
windspeed. . increase in windspeed ca& es a theoret-
‘ ical increase in wind power, g\ut usually this
o . e ‘increase lasts for less than'a second. A
d e T o p | typical windmill cannot respond that quickly,
NUMBER OF GUSTS PER YEAR TO and such short gusts have |Itﬂe effect on
TWICE THE DEPARTURE SPEED the power output.
Mean Windspeed ‘For structural design, it's |mportant to
o - o , have some means of predicting ‘the num-
Departure @=02 @ =03) : ber of gusts you'can expect at you}\srte that
| Speed, | 10| 121416} 10 | 12 | 14 | 16 e large amplitude. Usually it's enough to
10, |25]22 |18 |15{/ 2269|2004 +701 | 1430 di‘f\% s for several annual averaga wind-
20 | 5| 8 |11 |12 430 | 780 | 1022 1140 speeds and for two general classes oj sur-
30 |01 |2]|4]) 13| 77 | 207 '369 face friction. The table here gives the,esti-
- T T olofol1| o | 2| 17 | 57 mated frequency of gusts with twicel the
- . 50 0]0|01]0O0 0| O 1 5 departure speed (the windspeed just prror
*a = Surface Friction Coefficiént to the gust).
| Suppose your site has a fairly rough
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terrain with a near 0.3, and the annual aver-
age windspeed at the site is about 16 mph.

You can expect 1,430 gusts during the year
that double the 10 mph departure speed to
20 mph. Notice also that you can expectup

to five departures' from 50 mph, that is, five
gusts to 100 mph per year at this site. By
comparison, at a site with a lower surface
roughness, say a = 0.2, and the same 16
mph average, you can expect only one
departure from 40 mph to 80 mph, and
none to 108 mph. Rougher surfaces induce
gustier winds. In designing your machine,
you can use the peak windspeeds from
calculations like these in lieu of other data
derived from long-term measurements at
the site. Such peak windspeed information
is essential for the structural design of the
‘windmill blades and tower.

&

Site Survey

In a site Survey, you head for the actual

" _sile selected, armed with a compass, note

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

wind prospecting you start out equipped:'
with all the same devices but do not neces-
sarily know where the site is located. A site -

survey should provide you the-data you
need to plan a systém for that site. Not too
many years wilk pass before wind prospec-
- lors, armed with general wind maps and

maps of existing electric power lines, will ,

comb the windy areas of this country look-

.ing for hot areas to “wildcat” wind-rights -

leases. These New-Age prospectors will
instrument sites, get options on them, and
sell their options to utility companies looking
for good windy sites. To justity a sale, wind
prospecting will require great care and
accurate data-logging equipment.

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

tools are dependable. Tests show that a

possible error of 10 percent or less is made

by using simple statistical tools. But if these
tools don't describe actual wind charac-

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

estimate. For example, the Rayleigh distri-

~ bution doesn't work well in regions with low

average windspeeds—10 mph or less. These

__statistical tools are just no substitute for a

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

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

behaviot atyour site.

What makes a good wind site survey? It

considers two things: the wind resource

_~and the wind machine. In the first category

you'll want to know:
* Annual average windspeed
s Windspeed distribution "
* Wind direction
* Wind shear
* Surface roughness .
¢ Site altitude. -




A pressure-plate anemometer. Wind pres-

sure forces the plate to swing up along a

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

COLORED
WATER

In. an early pressure-tube anemometer,

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

e Gale or tornado expectatlon

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

e Blowing dust

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

e Migratory birds

* Television interference -

e Soil conditions

* Seismic stability

e Local social, legal, and environmental

restrictions.
How do you conduct a site survey? What

" instruments are used? Site-survey questions

concerning the wind resource are covered

" in the rest of this chapter.. Siting factors

unrelated to wind resources are discussed
later.

Anemometers and Recorders

&

The simplest techniques for measuring

~include holding a wet finger up in the wind

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

-accurate, one can hardly imagine a full-
fledged site survey without them. A better
_indication of low-level air flow can be gained

by using a child’s bubble toy to disperse
soap bubbles into the wind and watching
them disappear. Streamers of yarn will sub-
stitute forfqubbles.You are trying to obtain a

“three-dimensional image of the local wind.

R

More sophisticated instruments for measuls

ing windspeed at a srte fall into three marn‘x

classes. These are: .

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

Pressure-plate anemometers seem to’have

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

- weight. More wind, moré sway. This:same .

technique of measuring windspeed was
used as an airspeed indicator on early barn-
storming airplanes.

Pressure-tube anemometers were mtro— .
duced around 1722. The diagram here showe
an early ' ‘manometer tube,” or pressure-
tube anemometer. Wind blowing againstthe
aimed.tube (called a Pitot tube) exerts pres-
sure agarnst the fluid in the U-shaped tube.
The height difference due to the fluid dis-
placement under this pressure is read from

.the scale,and a chartis used to convert this

difference to windspeed. At, least one low-
cost pressure-tube anemometer, the Dwyer
Wind Speed Indicator, is available today
with the fluid drsplacement calrbrated in
windspeed. ’

Patterned after ‘windmills, rotating. ane-. ...

mometers were introduced in the eighteenth,

, century. These anemometers looked much

like propellers with tail vanes to keep them
aimed into the wind. In about 1846, the cup-
type anemometer was developed. Four hemi-
spherical cups were attached to radial arms,
allowing the cups to spir-about a vertical
shaft. The cup-type, as well as the propeller-
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= |
type, anemometgrs are read by measuring
their instantaneous revolutions per minute

" (rpm) or by counting the total number of

revolutions. By measuring the rpm, a direct
read-out of windspeed is obtained:. By count-
ing total revolutions over a time period,
typically one minute, you obtain an average
windspeed over that time period.
Measuring the wind resource is only half
of the ;ob Recording the wind data for future
anaiys;s is the other half. A low- technology

approach to recording windspeed and direc-  _

tion, illustrated at far left, was first used around
1837. A flexible hose dispenses a fine stream
of sand from a supported reservoir. The
wind blows this hose away from the center
ofthe ring. The relative sizes “of the resulting
p:ies of sand indicate both the ma%mtude
and direction of the wind. Of course, this
crude apparatus can only give qualita-
tive estimates of average wmdepeed ey\
direction.
Weather bureau measuremeh’ts have
been made on a read onip?«hour once-

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

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

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

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

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

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

ments.
e

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

time period. But analyzing all this paper to
obtain the windspeed distribution, annual ™,
average windspeed, energy content curve '

and other desrgn mformatson is a tediousﬂ_
- tagk: -

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

" in the bottom photograph on page 62. Even

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

s

A “sandpile"anemometer, first used
in the 1830's. This simple but crude
method of recording windspeed pro-
vided only qualitative estimates.
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formance improvement in site recording in-_
-.strumentation. Such data-loggers record
dozens of ¢channels of information and store -
this data gn magnetic tape to be read by a
s computer fhatanalyzes and summarizes the
wind resource factors you need 1o design
- your wind system. The cost of these units -
has dropped to the point where they are
economical for systems dealers and tech-
nicians. Using available low-cost computer
Kits, an electronically oriented person can
build a data acquisition system suited to
individual needs.
Regardless of the type of instrumenta-

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

the anemometer over the windspeed range
you are studying is a critical factor. A non-
linear anemondgfer might read 15-mph when —*"~
the wind is blowing at 15 mph, but read . .
31 mph at 30 mph fora 9’ percent errorm,’ T
wind, energy Such maccuraeles must bes
-understood or avoided. In steady wmds a
g pd anemometer should be-accurate to
(g percent of the value measured. .
Most heavy-duty anemometers overes-
timate windspeed in gusty conditions. Ane-
mometers that overestimate only slightly are -
made of balsa weod or light foam plastic
. and have little “coasting” or overshoot iner-
tia. However, even a good tnetal or plastic
anemometer will overshoot. General design
refinements' in rotating, cup-type anemom-

B,

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

4

I
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Any recording or measuring device yields
, ithe‘\average windspeed over a time interval
~called its averaging period. For a strip-chart
‘recorder drawing an ink line, the averaging
“period is determined by the quickness of
the ink pen—perhaps less than a second.
‘The dot-marker strip-chart recorders have
an averaging period equal to the frequency
“at which dots are made—typically two sec-
onds. An averaging period for a solid-state
wind analyzer like the Helion E-400 is one
minute. If the airport tower operator reads
his anemometer once every-hour, the aver-
aging period is one hour. The shorter the
~_averaging period, the denser the data and
the betterthe actual description of the wind.
For generat siting work, a one minute aver-
.aging period is more than adequate. Data
taken from equipment with short periods
are usually averaged out over an interval of
15 minutes or more.
,g -Other site instrumentation characteris-
. tics.that should be considered include port-
ab|hty remote battery life, immiunity, to

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

tarically, the last item is thé mostimportant!

Slte Ana1y315

| Anemometer in hand you=march out to
the field where you expect to plant your
‘wind machine. You will be asking yourself
all sorts of guestions regarding trees, build-
ings. turbulence, and such. Over the years,

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

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

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

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

dents are your best source of information .

about which way the wind blows. In some
cases, permanent damage to local vegeta-
tion will tell the same story. You will hear
stories like: “The rain winds always come

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

through, that pass over, there.” But what

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

Because of the influence of global circula-
tion and large-scale winds, the wind fetch

~area can be predicted fairly well. Local

breezes might travel some other path, but

usually they don't play a major role in eriergy
-production. The rules of thumb mentioned

should be used in siting relative to wind
fetch area or according to prevailing winds.
You will probably have to compromise on
winds from other directions, but they will

probably be of little value anyway.

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

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

“map=and-its wind fefth terrain. Available

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

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

verify it.

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

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

can use their long-term.data directly, with

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

‘data, you must record your own. Six months

L

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

acceptable values for the annual average

windspeed, windspeed distribution; site~

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

rest. Appendix 2.3 presents tables that sum-

marize much long-term data and tell you
how to obtain what information you need.
Also, there are maps showing thunderstorm
patterns so you can evaluate the site hazards
they present. ' '
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Actual flow characteristics at ydur site

_‘are very complex. A qualitative assessment

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

~general form usable for wind system plan-

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

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

“matiqg_for,windmjll design (maximum and

average windspeeds, wind shear and tur-
bulence) and data for performance predic-
tion (windspeéd distribution, mean power

—and total energy measurements). Also, be - -

sﬁre to consider site factors related to instal-
lation safety and environmental effects (visual
acceptability, migratory birds, television in-
terference and the like). Overlook any factor
and you risk an unsuccessful installation.

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

7x HEIGHT

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

wind energy into other, useful energy forms. -

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

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

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

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

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

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

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

the air to pass the fence virtually undisturbed.
The bestyou can hope to do is slow the air
down. That is-the basis of windmill design:
to create a mathine that slows the wind and
does something useful besides.

Two different types of wind machines
have ‘evolved that operate by slowing air
down. The first type uses drag forces—much

as the tree dogs. The second is a /ift-type

rotor that uses forces of aerodynamic lift. A
familiar cenfiguration for a drag-type wind
machine is shown here, In this simple ma-
chineg, kinetic energy in the wind is converted
into mechanical energy in a vertical rotating
shaft. Onevane'is pushed along by the wind

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

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

"~ under the same conditions. The downwind

travelling—of power producing—vane will
not be movmg quite as fast as the wind.
Thus, the windwill pUSrrharder onthis vane.

lf the shaft is held t|ghtly and prevented

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

compared to that available. The vanes will

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

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

surfaces shaped much like an airplane.

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

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

S WNDMILL BLADE

4
Ly

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

: ! s
4
4
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Drag-Type Machines

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

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

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

A, the area of the vane in ft?

. a value between zerp and one.

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

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

.S pushing against other vanes on ‘the
upwind side of the machine’ and retarding
this rotation.

The power developed by a drag-type
machine is just the drad force mult/p//ed by
the vane speed:

Power—’/zxpg(v~u) ><u><A X Cp .

As the vane speed increases, the drag forces_k__,,

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

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

Genera//y, the drag coefﬁcrentofa vane. hasw

68 | f
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upwind on the other side of the machine.
The drag coefficient Cp for a curved, two-
vane Savonius rotor-is about 1° for the
concave, or torque, side and from 0. 12 to
0.25 for the opposite, upwind-moving side.

With these numbers you carr/easr'/y calculate
the difference in drag force between the two -

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

o Maxmmuns powes

- Bocurs at we Vo33

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

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

illystrated on page 67 is moving atan angle

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

blade along its Fotary path.

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

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

‘windmilean begin to prodgcepower This

is the cut-in winfispeed, where the force of

the wind on thejvanes begins to overcome .

friction and the,rotor accelerates enough for
the generatorzor crankshaft to begin pro-
ducing power. Above this speed, the wind-
mill should generate power proportional to
the: windspeed cubed, according to Equa-
tion™. Atsome higher speed, say 25-35 mph,
wind loads on the rotor blades will be
approaching the maximum strength of the
machine, and the generator will be produc-

Ing its maximum or rated power. A maximum -

useful windspeed, sometimes called the
rated windspeed, will have been reached. It
may also be the governing windspeed, at
which some form of governor begins to hold
power output constant, or even reduce power
output at-higher windspeeds. At some very
high windspeed, say 60 to 100 mph, one
might expect complete destruction of the
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Forces onan Airfoil....

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

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

. culated from the formula!

Lift="%XpX VXA, XCL, »

where TN

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

The drag force on the airfoil occurs in a

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

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

The “angle of attack™ is the angle between

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

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

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

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

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

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

“drag polar” that shows how the drag
coefficient Cp varies with the lift coefficient.
Note that the maximum lift occurs when the
angle of attack is 12° and that the minimum
drag occurs at Cp = 0.006, Correspond/ng to
a‘lift coefficient C, = 0.2.

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

40 mph and the blade area is 2 square feet?

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

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

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

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

= 0.081 pounds .

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

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

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

- coefficient to the drag coefficient.

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

. airfoil, note that minimum drag occurs when

C, = 0.2—a low vglue compared to the
maximum possible (C, = 1.6). To find the
angle of attack at which L/D is maximized,
simply draw a line from the origin of the drag

‘polar curve to the point where it just touches

tangent to this curve. The point of tangency
corresponds to maximum L/D for the airfoil.
Draw a horizontal line from the point of
tangency right to where it intersects the lift
coefficient curve, and you get C, = 1.08 in
this.example. As the drag coefficient here is
Cp = 0.0108, the lift-to-drag ratio has a
maximum value of 100. Note also that the
angle of attack for maximum L/D is 5.2°. Set:
ting the blade edge- at this angle of attack to
the relative wind will allow the airfoil to f/y at

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

" their material strength, and catastrophé is

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

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

panying graph. Machine Aisa 2-kKW machine

with a rrated wmdspeed of 25 mph, and =
machine B is a 1-kW machine rated at 15 -

mph. Machine B has a smaller diameter than
machine A and is perhaps more fragile—its
recommended furling speed is 60-mph; as
compared with 70 mph for machme A.
These characteristics are very |mportant
You have complete control of mast of them
during the design process. You first select

desngnm for a given structural strength,

you can c¢alculate when furling must occur.

“how wind power and rotor |oading‘

around the machine—causing efficiency

and power output to drop. Or, the generator s

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

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

overioad -and underioad is the optimum

load. This optimum load is the extracted..

power that you calculated in Equation 1. All
you need is the windspeed and the size'and

pends on a numbe,r of factors that are dlS-

cussed in more detail inthe boxonpage72. ~

~ Suppose you want to study more closely

rqtor rprn for several wund_sp_eegsjoieiam; R

Hy cannot calcutatethe exact cut-in
speed. Itlis as much determined by blade

"~ aerodynamics—which you can calculate—

as itis by the thickness of oil in the transmis-
sion, bearing frnct|on and the- phase of
the moon..
Let's use the drag type Savonius rotor to
illustrate how rotors can be overloaded,
rloaded, or loaded .to their optimum
power-output by a generator or other load.
The generator that loads the power shaft
might draw enough power/to overload the
shaft and slow the rotor Jpm to the, extent
that most of the wind just pilés up and flows

ple, the curve for-a windspeed of 5 mph

shows how power output at optimum loading

_is'much greater than for overload or under-

" load conditions (which allgw the rotor to

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

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

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

~ the ratediwindspeed and power output. B¥~~~tra{es these factors:For a hypoth tical wind ™ -
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“rotors are insensitive to non-optimum loadings
orwind gusts. Alarge change in rpom means
only a small change in power. Other ma-
chines m|ght be so sensitive that slight over-
loading “stalls” the rotor—it quits turning
altogether. You would expect the perfor-
mance curve for such a rotor to have a sharply

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

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

‘peaked shape. A small change in rpm can

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

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

tip-speed ratio for several wind machines,

each curve shows a distinct peak ‘corres-
ponding to optimum loading: The response-
of the machine to overspeeding and under-
speeding of the-rotor is indicated by the
__dwindling effrcrency on either side of the
peak The graph here shows how eﬁ‘lcrency—
- also called the power coeffrérent Cpfre!ates
‘to the tip-speed ratio for several types of

Tip-Speed Ratio

The tip-speed ratio, or TSR, is a term used
instead of rotor rpm to help compare different
rotors. It is the ratio of the speed at which
the blade tip (the furthest point from the
center of rotation) is travelling to the free-

Stream windspeed:
Blade Tip-Speed
Tip-S eedR tio TSR =
p=op ato S Windspeed

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

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

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

wind machines. Notice that the American

farm multibladed machine and the Savonius |

rotor are both low-TSR machines, operating

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

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

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

~Wind Machine Performance

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

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

Rolor efficiency (percent)

3

(S5
&}

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

Dameus rotor -

Ino
D

D u’tch “four-arm- - -

Tip-speed ratio

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

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

3 4 5 6 7 8

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

N = rotor rpom,

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

V = free-stream windspeed, in ft/sec

k = a constant to-adjust V:
k = 1.47 if V is measured in mph,
k= 1.00if Vis measured in  ft/sec.

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

Y2 X D (rotor diameter).

* Example: A rotor turns at 300 rom in a
15 mph wind. If its diameter is 72 feet at the
tip, calculate the TSR

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

The blade tip travels 8.6 times as fast as the
wind. .
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three-blade machines operate at high TSR,
from 4 to 6, and higher efficiencies.

In Chapter 3, you saw thatwind is actually
a series of individual gusts. With this in mind,
suppose that a Dutchfour-arm windmill is

LY
Maximum Rotor Efficiency ‘x,,

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

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

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

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

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

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

Powef—’/4><p><A><(V+V)><(V2—V2)

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

16
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Thus, maximum possible (thyepfe”t/,ca/) effi-

power output 