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,~- lessons .learned from ~e~rlier version.s. · 
•· The WiAd Power Bdok is the end result · 
- -·· ---otatt-thi~ort. -~ .... , 

The wind power field has witnessed . 
- _ - -- "tremendous groWth- in tne#aec acre-'since f· 
• 'began to write Simplifi8t,d. I have learned 

many new things-virtually all of them 
through the effdrts ot colleagues and 
friends. The mo~t influential colleagues 

' I 

have been Dr.'s\Peter Lissaman, Richard 
' . 

. Schwind, and Uilricn HOtter. My most. 
~ ' - -1. . 

~~-~--->~im-ptuT friends qnd associates ha,ve beef1 
~: --·-- Bif1 Goddard ,'W,.C~ Stru'mpell ,· Ken· . 

.• J()hnson, and (theTaie) Richafd Dehr. All 
theft I have. learned in these years has 
been distilled in:to The Wind Power Bo@k. 

The book wo01d not be a reality ·· 
without the ca~able e'ditorial assistance 

~........-oLMlcbaeLBlor~-.the·.artisuG - tale-Bt-s --ef- ·· 
~--- .t - - Edward~Won~r-Ligda, and the graphic - --
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design work-of Linda Goodman. With al l 
-· --. Ollhis effo rt, perhaps the most credi_t 

should go to people who made the 
endless, tedious contributions to the 
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\,__ ..... / 

pro'duction effort. Certainly the most energy. Brownsville is one such place. 
important of these _contributions has -·:. _ ~- My annual average windspeed falls 
come from He~en Ann Park, my wife,·whn··- -. -- below 8 mph.;_with analmosf~--
typed thethree versions of the . ~ · 

~ manuscript necessary to produ~e this _,­
. book. 

I rt wrHing this book, I have tded to · 
reduce complex mathematics )nlo simple 
graphs and arithmetic prob)er'ns that _will 
allow innovative peopl))6use the . 
fundamenJal? an en9ffieer has available. 

_Simple example~utGstrate each step in 
the wind-maG,!Affie design ·process. The . 

'approach us-ed is ntt one of exact 1 

scienc~, but rather one of apprqximationf 
using ,the best possible guesses and -. 
estimate·s. The numbers· may not be · 
exact, but they are usually well within the 
-neces-sary accu-racy. Some peopte- "wi'll .. 
probably need a few machines "un-der 
their belts" before their calculations 
become suffidently accurate. 

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

unmeasurable meah power density. 
Virtually~no watts-p~r-squar:e:-:meter ___ 
available. But despite the lack of a useful 
wind ·resource, I installed a variety of 
wind machine_? at my ranch. Each · 
summer evening, a fresh, useful breeze 
rises to help .the water-,pumpers keep my 
. tanks full. The variou.s. windchargers I 
have ~nstalle<l,. dtsmantled, 'reinstalled 
and redismantled have mostly stoqd as 
idle monuments to the wind I wished 
were avai1able. I heartily recommend the 
field-·of wind pow.er~to you with one note 
of caution: all the engineering know-how 
and the wisdom gleaned from . 

· experience jUst can ri-ot m.ake· the 
wind blow. 

Jack Park 
Brownsville, Californ ia 
January, 1981 

"· 

1 .. , 

/ 

-· .. f . 



TABLE OF 
CONTENTS 

1 

/ r 

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 
Evolu tion 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 Circula tion 
Windspeed Charac terist ics 
Measuring the Windspeed 
Wind Direct ion 
Wind Shear 
Turbu lence 
Si te Survey 
Anemomet~rs and Recorders 
Site Ana lys is 

4 Wind Machine 
Fundamentals 66 
Wind Machine Characterist ics 
Wind Machine Performance 

· Types of Machi-nes 
Savon ius Rotor 
DarrieLis Rotor 
How a Darrieus Works 
Multiblade Farm Windmills 
High-Speed Rotors 
Enhanced-Perform ance Machines 
Choosing a Suitab le 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 . 

l 

·~ 

6 Building a Wind Power 
System 118 
Water-Pum.piog Systems r­
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 I 
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 Design Data 

\. 
\. 

Bibliography 237 \ 

Glossary 242 

Index 246 
, 

,. 



FOR.EWORD 



The Wind Power Book 

So you want to des~n and build a w 1nd 
power system? Maybe you're t1red of paying 
ever-in creas1 ng electriC bi II s and worried 
about the future ava11ab111ty of electricity as 
foss11 fuels become depleted. Maybe you've 
JUSt bought land far away from the nearest 
power lme and you'd l1ke to~. harness the 
wind to pump water for your cattle. Or maybe 
you're a New Age entrepreneur who plans 
to generate electrical power at several wmdy 
~1tes and sell 1t to the util1t1es. If so. you are 
entering the ranks of a grow1ng number of 
people turn1ng back to one of the oldest 
sources of energy and power. 

The Egyptians are believed t-0 be the 
f1rst to make practical use of w1nd power. 
Around 2 800 BC. they beg an to use sa 1ls to 
ass1st the. rowing power of slaves. Event~­
ally. sails assisted the1 r draft animals 1n such 
tasks as gnnd mg g ra1 n and l1ftmg water.· 

The Pers1ans began us1ng wind power a 
few centu r1es before Chnst. and by 7d0 h_o • 
they 'Nere building vertical-shaft Windmi lls. 
or panemones, to power the1r gra1n-grmd1ng 
stof'l es. Other M 1deast CJYIIIza tions. most 
r.Dtab!y the Moslems. piCked up where ).P€ 
Pers 1ans teft oH and bu'.!lt the1r own Pf.n~­
rrones. ReturnLng Crusaders are th~J~ht to 
have brought windm 1ll 1deas and d SJgns to 
Eu rope. out 1t \vas probably the Du · h who 
developed the hor1zon ta 1-sha ft. propel lo r­
type . .,.;1 n~rn li is c ommon to the Dutc h and 
Eng11sr, ~untrys1des W1nd and water power 
soon became the pnme sources of mechani­
cal energy 1n medle\:al England Durmg th1s 
penod. the Dutch rel1ed on w1nd power for 

13 

Artist's conception of a vertical-axiS Persian w1ndmill. B., 70C : .. 
. , ,a:r::res 'ike i[HS .ve 'e gr 1d1ng gra:n :n t'ie \~ 1dcJi e Eas: 

wate r pump1ng. gram grmdmg and sawm 1ll 
operat1on 

Throughout the M1ddle Ages. techn1c al 
1mprovements contmued to occur 1n suc h 
areas as blade aerodynam1cs . gear des1gn 
and the o~erall des1gn of the wmdm111. The 
oldest Euro pean machmes were the "post"· 

'./ 



Introduction 

100-kW to 300-kW un1ts. The Germans bui lt 
I 00-kW wmd genera tors to ·prov1d e extra 
power tor the1r ut1i1ty l1nes. But because of 
s t 1 ff com pet 1 t 1 on t rom c heap foss i 1- f u e I g en­
erators. these exper1mental machmes were 
evenjua'ly decommiSSIOned. 

One of the most memorable wind ma­
chines was the Smith-Putnam mach1ne built 
near Rutland. Vermont. dunng the 1940's. 
Th1s huge machtne , .. w1th 175-foot blades 
'Nas des1gned to del1ver 1250 kW to the 
Vermont pov·;er gr1d. For a short t1me 1t 
8elivered 1500 kW. But wart 1me matenal 
shortages and lack of money brought an 
end to th 1s project after high winds broke 
one of the two 8-ton blades . 

Its easy to talk of Significant des1gn 
tmprovements and new uses for wind power. 
bL.t very fev; of the mi~takes and disasters 
that occurred along the way appear in the 
h1stor1cal record. Rather. the lessons learned 
from these errors have been lnGOrporated 
1nto the evolving des1gns. No doubt there 1s 
a pnnc1ple of natural select1on su~rept1tiously 

. ....alwork in the area Df w1 rrdm 11 J design. Today. ... 
vve have cheap electronic calculators. pencil 
erasers. and a small number of books avail­
able to help us discover our m1stakes before 
'Ne erect our machines. 

If you want to des1gn and construct a 
successful w1nd power system. you should 
be aware of the valuable lessons learned 
from pasts uccesses and fall u res The expen­
en c e g!eaned from scratched knuckles. 
broken vvrenches. holes drl·lled 1n the wrong 
place ar1d to poled towers 1s con ta 1ned 1n 

15 

Rated at 125Q kilowatts , the giant Smith-Putnam Wind Generator 
produced electricity for the Vermont power gnd durtng World War II. 



Introduction 

I i ne or kerosene genera tors to charge their 
batteries. and the add1t1on of wind poyver 
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 ex1sted 
in the United Statesralone. but it's not clear 
'from historical records whether this number 
mcludes the water pumpers along with the 
w1 nd chargers. 

Farmers used wind-generated electnc1ty 
to power a radio. one or two lights for read­
mg. eventually an electric refrigerator. or a 
wnnger washing machine. and not much 
else. Electric irons for pressing clothes. elec­
tric shavers. and other gadgets built to run 

· on d 1 rect current appeared. but most of 
these proved u n rea I ist ic uses tor wind­
generated electric power. In fact, they may 
have contributed to the demise of wind elec­
tnclty when rural electrification began. Elec­
triC appliances performed much better 
on an REA l1ne. wh1ch wasn't subject to 
dead battenes. "Let's go over to the,Joneses. 
Pa. They got one of them new power line_s. 
Maybell says her refrigerator don't defrost 
no more!'' 

Rural electrification put most windcharg ­
ers out of bus1ness . In the M1dwest you can 
drive for miles on an empty d1rt road. follow­
Ing a long electric power lme 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 lmes were tnstalled and 
v~tnd generators came down. Sears catalogs 
touted ail the marve1ous gadgets one could 

,_ 17 

buy and plug into the newly installed power 
line. 

Electric stoves. hot curlers. electric air 
conditioners. two or more TV sets-these 
aren't very 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 alr~ady doing 
part of the job. With such cogeneration 
(wmd power used together with grid power) 
the more wind power available. the'.less grid 
power needed. 

In another application, wind power can· 
provide heat for warm1rrg households., dairy 

\ 

barn hot water, or just about anything, else 
for which heat is used as long as the h~t is 
not needed in a carefully controlled amoLJnt. 
Tf1is wind heatmg concept is called. t'Me 
wind furnace, and it's one of our most usefu l 
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 des1gn must beg[n with a 
realistic assessment of energy needs and 
available wind resources. When confronted 
by inexperienced people observmg rny win d 
machine, I'm most often asked. "W1II1t power 

_) 

my house?" Taking th1s question to 1ts most 
outrageous extreme. I'm often tempted to 
reply , "Just how fast would you l1ke your 
house to go?" But usua lly. I JUSt ask. ''How 
much power do you need at your house?" _ 

A w1ndcharger of the 1930's. Hundreds of thou­
sancs of rn1dwesiern Arner1c an farm homes were 
powered :Jy the w111a before util 1ty '·,nes were ln­
stallea by the REA 
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"·., ~nergy and P?wer 

·- , I 
·A clear distmcttpqmust be !nade between 
ene.rgy and powe[-two ddf~rent bt!t,,closefy 

·'_ ··:te14J,ed quantJtws<Bnetly, p~wer IS thf rate at 
wh1ch energy ts extracted, h~rnes~f¥1/ con­
verted or consumed·-++ -e-f}uals·~ h &:~tnQtJtl t of 
energy per unit time, or ~ j · ~'t~ - _ 

'" ~ Power = .Ef}f}!ll'L. 
Ttm_e · 

An equivalent relation between these three . , 
entitles is. 

E nergr = Power x Time .-

Note thEJt the units of power are e:\prossed in 
units of energy pe,r' iline, as one wo_.~;ld expect. 

Conversions between me.tric and Er1g1ish 
units require that you kn ow a few convers1on 
factors. For example, ((tj'1e horsepower equals 
746 watts, and orre ktlowatt-hour Is equal to 
3,413 Btu. Thus~ ~ ~.- -~:-\ 

100 
100 watts = --1-46 hfi = 0 134 lrp , 

!. 

10,000 :--~ 
10,000 Btu = -'J. iff :_f kWh = 2.93 kWh 

Many more conversion factors are presented 

The amount of energy extracted or"con- .., in Appendix 1.2, along with a brief explana-
sumed 1s therefore proport1onal to th'e elap~ei:j~ _ tion of how to use them 
time. For example, a typ1callight bulb draws Rarely is tt ev.er a simple ta sk to estimate 
100 watts of electrical power One watt (1 W} the wmd energy available at a pqrticular s1te; 
ts the bas1c unit of power in {he metric · the windspeed is constantly changmg. Ounng 
system Leave the light bulb on lor two one minute, 300 watts of power may be 
hours, and (j w111 consume 200 watt-hours generated by a windmill, or 300 watt-rmnutes 
(700 watts ;times 2 hours equ.als 20.0 watt- of energy (wh1ch equals 5 Wh). Ounng the 
hours, or 200 Wh). Leave it on tor ten hours ·· next ininute' the wmd may die and you get 
ancJ 1t consumes 1.000 watt;ho urs, crr om~ absolut~ly no energy or power from the 
kilowatt-hour (1 _kWh}, the more familiar rhetnc .machine. The power output rs'constanlfy 
umi of energv , · . · . , chjlngmg ,w1th t11e wlrldspeed, and thf3 · 
. . In the,f:nglish system, ·e·ne'rgy is meas'uced 'A . accumulafdd, wtnd ene_rgy 1s inoreasmg wf{h-

, ·m fo~_t~poun?s, Br~tish Thermal Up its. a}?d;a .. t1me. Tl!O WlfK{ enqrgye~trqcted by /;f1fJ ·. · 
host of other un1ts that don't cone em us * .. macthrn~ 1s the. summa/ton or total ot all the 
here One foot-poun·d (1 ft-lb) 1s the amount mmute-by-mmute (or. whatever other tlf!?e 
of mec_hanical energy needed to rwse one . 1Merval you care to use) energy,·contribu-
pdund one foot h1gh. One Bntisf] Thermal t1ons For example, If there

1 

are 30 mi[l~Jtes 
Umt (1 Btu) IS the amount of tt1ermal energy dunng -a particular '}.?>Ur when the WJndnlill 8s 
needed to heat ohe pound of water 1 r generat1ng 5 Wh anti another 30 rnmutos 
Power JS most often measured m twrsepower when there 1s no en ergy gent}~ated, t11on tho 
and m Bt1J per hour One horsepower (1 hp) mact11no gerH'r-Mes I 50 W/1 (5 x 30 ,~~, 1 50) 
is the power reqwreci to rc11se a 550-pound o~ w1ncl eny~gy II lllero a!e 24 such hc>urs a 
we1ght one fool m one secomf' cidy, ttwn 3600 W/1 or :3 6 kWh arc gonuratod 

that clay 1-' 

The Wind Power Book 

.: Blank s-tar-es-i m-tJme~ed---e0n-fusion~- some-""- ···-··-·----- ­
tlr;nes ignorant· silence follows. T~e·n , ",Wel l, 
Vliilt-H--power the average house?.li- · :: 

., " . Apparently mq_ny _people would like to 
~n~ 1 ~stall a $1 ;QpO ):Vind h'1a t hine an.d "switch 

off'; 'Q.DOQ, .o-ld;·Edison. This is a fantasy.' li ~ · 
. r::-. ~·m ight be reasonable to use the wind to 

_ M, 0 ', ' IJ 

···· power your house·H otd EdiSon_ is a $30,000 
.,power lin~ .. away from your new coun try 
'home, but most end uses for w ind power 
wil I be somewhat less extravagant. / 

A successful wi-nd power system begins / 
with .a g?od understanding of the i n tend~·d / 
app l1cat1on . For example, should you deci~ 
that water pumping is the planned use;»ou 
mu st determine how high the water must be 

- . . / -
lifted and hpw fast the water must fl9w to suit 
your needs. The force o f the wind flowing 
through the blades of a windrrffl l acts .. .ona . 
water pur,np to lift water. The weight of the 
water being lifte.d and the speed at which; · 
the water. flows dete.rmme the -power th at -

,~ • .. must be del ivy red lQ ·tr e pump syst~m. A 
~ "deeper we i~ means.a 'heavier loa'd of w.a ter· 

• ' I · , ' ~ · ~· . ~- . . ' 

spe~ding up the flqw ·means more water to' . -·. 
be li!ted per second.: They both mean more 
power ·required to do the job, or a larger 
load. 

This concept of load is CJu c ial to the 
understandinQ o f wind power. Imagine that 
mstead of us ing a windm il l you are tugging 
on a rope to I r'ft a bucket o f water from the 
welL Th is lifti ng creates a load on yo ur body, 
Y9ur metabolicproces s must convert stored 
c.hemical energy to mechanical energy; the 
rate at whicl1 yo~r body expends this mechan-
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Introduction 

ical energy is th~power you are producing . 
The weight (in ·pounds) of _the bucket and 
the rate (in feet per second) at which you are 
lifting it combine to define the power.(in foot­
pounds per .second) produced. How 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: ~$0/o&," you . 
ask, 'lis an energy budget?'.~ Jel's explain it 
with an analogy. When ydili' ~ collect your 
paycheck, you have a fixed.'amou·ntof money 
to spend. You probably have a budget that 
allocates porti'ons_ 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.Jhe same w~y, and if 
you live with wind power for very lcl'.ng, you'll 
soon set up an energyJ).u<f.get. · · "_ -~, 

-• Setting .up an. energy budget involves · 
estimating, calculating,· ~r .a·ctt.Jaflyrn.ea.sG~- ­
ing the energy you need for the specific 

. . 
tas'ks you have in mind. If you plan to ru'n 
some electric lights, you must estimate how 
many, how· long, and at what wattage. If you : 
p.Lan· to run a radio for three'"hou rs 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 est i­
mates of how much water you need per day 
and~calculate how much energy is required 

. ;., 

- - ~i-
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to pump that much water from your well into 
the storage tank. 

I 

Wind furnaces require that you calcu-
late the amount ofneat needed. In some 
cases, you only need td--~alculate the. heat 
needed to replace the he-at"-IQst ·from your 
house when it's windy. Such a sys·te._m works 
only when it's needed .' Your energy .. hud_get , 
wi ll now be in heat units-probably BritlsR, 
Thermal_ Un its (Btu), which Cc;l.n easily be -. 

··---.. ," 
converted to horsepower-hours (hph) or kilo- , 
wa~ hours '(kWh)-energy units more familiar 
to wind machine desigf!ers. 

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 

•if 
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 easi ly det~rmine 

~ how long your pump runs and arrive at the 
·· total energy r-equire<; per_day, per week,, or ·y . ./ 

permonth . In short, you really need to get a 
·,. ·. 

. .;~· 
. . 

:' '.! 
'. . 'I o . l , •· 
handle on ·ybur· ·ener.;gy:·;need's .befQre. ydu ; ~ -

can proceed to the c:jes·ign ot.a· wind poWEf~- . , ' 
system. 

·Wind Resources 

You will also need to determine your 
energy paycheck. Tnere are two possib le 
approaches: (1) Go to the site where you 
intend to install the wind mach ine and 
analyze the wind resource, or (2) go search-

' ~ / . " , • • . - - / "! • I .r- ·: . 
_;_. •• , ·· ,;It : · -. 
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Energy and power are derived from tJ:e-wi~d 
by making· use of the force tt exerts on sol1d 
obiects, pushing them along. Buildings 
designed to stand still against this force' 

. extr;;J,ct 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 

,energy and power available. 
The wmd energy available in a unit v9Jume 

(one cubic foot or one cubic me·ter) of air 
depends only upon the a1r density p (Greek 
;'rho") and the instantaneous windspeed V. 
This "kinetic energy" of the air in motion is. 
given by the formula: · 

_,._· 

kinetic ener§y = ;;
2 

X P, X V2 . 

. ..,.. Unit volume 

To find tA}? kinetic energy in a particular 
volume of) air, you just multiply by that volume. 
The volu/pe of air that passes through an 
imaginary surface-say the disk swept out by 
a horizontal-axis wmdmi/1-oriented at right 
angles to the wind direction is equal to: 

Volume =A x V"><, t , 

where t Is the elapsed time (in sec;onds) and 
kis 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 iS¥USt: 

Available Energy= Y'2 X p X V3 X A X t . 

·.;:.· Wind power is the amount of energy which 
~·, 

flows through the surface per unit time, and ·' 
is calculated by.div1ding the wtnd energy by 
the elapsed tfme t. Thus, the wmd power 
available under the same conditiQlls as above 

' . 
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Wind Energy and Wind Power 

is given by~the formulp.: . 
" 

Available Power = Y2 X p X V3 X A . 

Both energy and· power arra proportional to 
the cube of the windspeed. 

If all the available wind power working 
against a windmi/1-'rotor could be harvested 
by the moving brades, this formula could be 
used birectly to calculate the power extracted. 
But getting such ·an outpLjt would require 
that you stop the wind dead in it~tracks and ' 
extract every last erg of its kinetic energy . .. 
This is an impossible task. Some rion-zero. · 
windspeed must occur downstream of the ,. 
blades to carry away the incoming air, which\ _ 
would otherwise pile up. Under ideal condi- \ 
tions, the max1mum power that can be 
extracted from the wind i§ only 59.3 percen_t 
of the power available, or 

" . . 0593 3 
Ma~tmum Power= 

2 
· x p X V X A . 

In practice, a wind machme extracts sub­
stantially Jess power than this maximum. For 
example, the windmt/1 rotor itself may capture 
only 70 percent of max1mum power. Bearings 
will lose r:Jnother few percent to friction; ... 
generators, gears, and other rotating machin­
ery can lose half of whatever power' remains. 
Pushrods, wires, batteries and monitoring 
devices wt/1 lose still more. The overall "system" 
efftciency of the entire wtnd mach1ne is the 
fractiOn of the wind power available that IS 
actualfy delivered to a toad or to a storage 
device: · 

"' 

"' Power Delivered 
Efflctency = Available· Power 

The Wlnd PiJwer Book 

Thus, the power extracted by a partJCU.Iar 
wind mach ine with sys~em efficiency E 1s 
g iven by the formula: 

Extracted Power = Y2 X p X V3 X A X E_ . 

--~-Jhe fina l output of a wind machine is g reatly 
reduced from the power that is rea lly avail­
able in the wmd. In pract1ce. 'values of E 
commonly range from 0.10 to 0.50, although 
·h igher and lower va lues are possible. 

One more fac tor is needed be fore the 
formula above can be used in your calcula­
tions- a conversion factor that makes the 
answer come out m the appropria te power 
un its, whether metric orEngl/sh. The ch.art 
presented here g ives the necessary va lues 

\ of th is factor, K, which adjusts the calculation. 
_. so tha t the resul t is expressed in hors epower, 

' · ' w atts or k ilowatts. The fina l formula com­
Bines everything se tar presented: 

,. 

Power ..::.... ;/2 X p X V3 X A X E X K (Eq. 1) . 

Tf'J is is a very important formula-perhaps 
the most im10ortant m th is book. The re main­
ing chapters help you, to obtain the variou.s 
factors needed to use th ts formula in your 
desJgrL.[)fr:?_Ced ure. · 

W ind Power ConYersion, Factolll 

,, Values of K to get wind power In : 

For:·. - Holllepower Watts Kilowatts 

Windspeed in mph 
Rotor area in tt< 0.00578 4.31 0.00431 

Windspeed in ft/ sec 
Rotor area in tt2 0.697 520 0.520 

Windspeed in meters/sec ' 
Rotor area in (meters)2 0.00183 1.36 0 00136 

• 

. 
·~ 
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ing for the best wind site yOu coo find·. The and conservative. If it is, the wind system . . 
' . 15 ' . 

former approach is more direct. You , own you plan will probably serve its purpose. If :··:. -.+-- -~t--- -; · t-------i 
some property, there is only one clear spot not, you'll have to be happy with what you · · ---"- - . · : 1 
and that's where the tower wilt be pl?,nted, get, just like thejolks before th~ R. EA. A~YC?_U ·. . : .'; : --· ·- -- - --· ~--- - --11 

~~n{h;il~tt~~~~~~~:~:~ff~~su~~~=~~~~~~~ Pe~~nf~~~i~~i~a~:ha ~~~~ ~o5~~~~t~~~~~:g~~ :" -~:c~.;_._=.~~----.·---·~-----~-· .:_·=-~-_:~ __ T· .. i -. ------~--~---.~.~:::.-.-. --·-·- .. --::--.-- ··· ·-

for refinements and better chances for sue- mayl;)e you'll build a larger wind machine t ~- T . , 

ces_s. In any event, the larger the paycheck; because you · like wind power so much. ~ ~--F;··-+----1 
the less strain on your energy budget-the From an engineering standpoint, the ~ , __ [ __ . __ .. _ --+--1------b''------1 

smaller and less efficient a windmill needs available wind ·p_ower is proportional to the ~ ·. · i 

0 =25 

to be. cube of the windspeed. Put another way, if 
In eithe~ approach you need to measure, the winds peed doubles, you can get eight 

estimate or predict ho.w much wind you can times the wind power from it-unless the 
expect at your chosen site. I've talked with tower collapses. If you are off by a factor of 
folks who claimed to be wind witchers, pos- -~wo on your ~indspeed estimate, you'll be 
sessrng the abili}y to use a wet index finger off by a factor of eight on the power you 
and predict the windspeed with great accu- think is coming to you. Remember those 
rac·y--:-r-ve tatked-·wi.th_ peC?ple who installed D farmers who guessed their average wind-
wind generators back in the days .oefore speed to be 30 mph, although it's been -
rural electrification. Most of these machines · ...,.. meas.L!red at around 15 mph. A factor of two. W 1ndspeed (mph) 

·-were installed in areas now known. to be Folks ·wno .. have .lived in can area for a 
quite windy, with-average windspeeds of 14 long time can.usLJally tell you. what season$ 

" ·to 16 miles per hour (mph). When asked, are windy and t'he ~irection -of the wind 

Wind power extracted by typical rotors with dif­
ferent diameters (0, in feet). An overall efficiency of ·· 
·ao percent was used to calculate these curves. 

.. ·--· ---~-

these folks almost always guessed that the during those seasons. But the/re not very 
wind averaged 30 mph or more. Those old good a.t estimating wind speeds. You'll have 
windchargers were installed haphazardly. to measure the windsp~ed yourself, or use 
''Heck, anywhere you stick one, it will work some accurate methods to estimate it. 
just fine.'' · 

Onc'e you have established an energy 
budget, you have effectively established~ a 
standard for the performance of you~ wind 
power'system. That puts you in a different 
league than the pre-REA folks. Your system 
will be good if it meets the energy budget. 
Theirs was good because it was all they 
had. Your site analysis should. be careful · 

System Design 

Once you"have established your energy 
budget and collected adequate . wind re­
source dat~ you can begin the task of sys­
tem design. Whether you intend to design 
and build the windmill yourself, assemble 

':" ...... 
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one from a kit, or buy one off the shelf, these either try to synchronize your loads with the 
are necessary preliminaries . Too ofte~. wind or store wind-generated enefgy until 
designers disregard energy budget and site you need it. 
analysis. Instead, they. make arm-waving The methods of energy storage are 
assumptions on th~ use of the wind machin.e, leg ion , but only a few are practical. If wind is 

I . 

where it might be· insta lled, and use other being used to pump water, your energy 
criteria. l _ik~e cost as the de9jgn goal. Some of storage might be a familiar old redwood 

· the best wind machines on today's market . water tan k. El ectrical storage has tradi tion-
have been designed this way, but it's very all'{ taken the fo rm of batter ies-sti ll the 
important to real ize that most manufacturers most reasonab le means of storage in many '· 
of mass-produced wind . mach i n~s have left ·installations . Cogen~rat i on allows you to 
the tasks of energy budget and site analys is send wind-generated electricity out to util ity 

... _up .Lo th_e _buyer. The -~nformation provided in lines (running the meter backward) when 
later chapters will help you make these you don't need H all . In effect, 'old Edison 
analyses be for~ yg_u . ~;tel.ect a factory-buil t becomes the· energy storage for the wind 

· .. _.wirid machine suited to··your needs or set sys tern. , ··. " 
about designing and building your own There are a number of exotic ways one 
system. might choose to store excess wind energy. 

A ·thorough energy budget~?s hould tell Yo u might dynamite an enormou s mine 
yo u someth ing about the ti r:ne of day, week, under your house and· pump il up with air 
or month when you need certa in amounts of from a wind-powered compressor. This com-

An American Farm Windmill and water storage 
tank. Systems like thts pumped water for ·the first 
railroads to-cross the United States; farmers 'SI)II use 

energy and power. For example, if every- ,pressed air can then power a small genera-
body in your house rises at the same time 'tor size tor your loads, as wel l as provide 
each morning, your electric lights, hot curLers, aeration for the tropical fish tank. If you own . the---m t hmughout the world. "" 
,c'offee pot, TV set, toaster, stove, hot water enough land , you can bu lldoze a large lake 
heater and room heaters prob§_bly become and pump water up to it wi th wind power. A 
actil.iet a11 at once. An enormous 'surge in sma!.J hy_g.r_o~ l ect ric Jurbine _will p.rodu'ce 
elec1ricity use -occUrs=the s·ame pro~em- -· ~tectricityas you-ne·e"Cflt. Tn.1acf -yO'u· m.ig ht 
Edison has. Their generators idle along all sink two telephone poles ou t .i n the yard · 
night doing virtually nothing until ever-Ybody arid use a,wind-powered motor to' pow~r a 
wakes up at once. If you had a wind-electric hoi st, lifti-ng a .'56_Qidsmobi le u_p_ to .. 1 OQ ___ _____ _ 
sys tem, it would be reatiy nice if the wind at fee t. As it--descends, the moto r that lifted it 

., -~ . 

' . -- .... 
' . -. 

' J 

"' 

.. · -~dur site were strongest when the loads on becomes a generator. Such.a mechan ism 
·: !:~~~~~-e SY.~stem were the g reatest. Chances are could provide yo~ with 500 watts of electriCity 

·~-r~;~': ·:·\tei;Y . great,' however, that your loads don't for about 15 mmutes- maybe enough to 
·: •. · ·\~_;.ooinc i r;le with the wind. Hence, you can burn the toast! There are as many possibi li-

•• 0: 
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ties for energy storage as there are crackpot. 
~inventors around, apd some of these possi-' 

bilities are just as crazy. 
_ Some systems provide energy storage · 

~. as an inherent part of the design. T-he wind 
furnace, where wind power is being used 
exclusively to produce heat, is a good exam­
ple. Heat storage is ener-gy storage-you 
may store energy by heating water, rocks or 
a large building wi~h 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-wirid 
conditions. So little, if any, storage would be 
necessary. But for most applications, some 
energy storage is mandatory. 

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

·--tuying-nrtmiidingth~e right wind machine, 
you have to select a suitable storage system, 
plan all wiring or pll:lmbing, 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. 

Ref1ne 

system 

des1gn 

r 
' 
·: .• , 
; 

Whether you intend to design and b1.:1ild the , 

Evaluate s1te 

for wind resource 

I 

Select 

wind mach1,ne 
type 

Calculate _ 

Windmill SIZe 

't 
t 

Seli3ct ···· ··· 

wmdm1ll hardware 

I 

23 

Evaluate your 

energy needs 

I 

t 

. __ . 
··' 

other components . 

I 
-- . t ,.r----.1.-------, 

1:..-----~ '···---- Evaluate 
"5\/_Stem cost 

.... 
'-~ + .,_ 

Final 

system des1gn 

Evaluate your 

1-----1 energy conseNaJion t---

measures 
; 

t ' ... 

· enmesysten-{o-r iusr as·semf:lle' iifra·m ·f-act~~;;_-- · ·"·----· - ~ --
0 

built parts, this book will help you achieve a steps involved in planning and designing a successful wind po~er 
wind power syst~m worthy of your efforts. system. 
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!.•.:_• .. ~_--_,_:_- ____ .. ., __ ,_ of applications. Dairies, apple .growers, hog _ ,.., 
_ " farms, sc(lools, electronic telemetry users, the system design."ln th-is chap~r~ various 

:r ·· ------' - - """"· · -· ·--• ~,.. ___ -···--~~ ~-~ ~--~ ...... : ..... :........... 'vVind S'y'Stems are in.troduQ_ed alona 'vVith 

1
-_. __ ._-·-·-·--_- ~~~~/r~l~~~~~~~~ ~~~~~ un:·~~·; ~~~dt;~~;~~~~ ~~ ~ some cogent experiences. Flrst wet II ~ok at 
.. , i balanb~ them jn their wind system designs. a wind-powered water pump that uses fabric 

I" \"'l -ButJt;;:w, if any, of these.systems will ever sails 'not unl~ke thousands of Cretan \Vind 

k 
.. · \ --: . suppiY·1 00 per~ent of user energy needs. machines that have pumped water for 
': \ ·Harn~.~sing the IWin9 to supply anywhere centuries. 
~:· ,_ · \ from 2~-to T5 pecce..D.!_~f d_e_sigr)ate~ e_~ergy 

1
-x-··. !\ needs IS a more reasona01e expectatl~n. · · 

•· . _ . · \ Different applications require different 
: -·-· __ . ,~~nd ~~E;tem ~-eo~etrie~ (~~cJ_u~ing desig_n, ' 

1
•---•. _·_--_.-- "m~-~-e··· nals, and '_m_ pie mentation) .. ror example, 
; . .to P\UmP water or compress a1r you'll need 

.·. lots bf torque produced·by a rotor with high 

I
, · totai biade surface area operating at iow 

.. _-___ :-_ __rpm. lt.y.ou,want to_ generate elect_ricity, how-
>· ever;·you'll need JUSt the opposite-a low-

1•· torque system with iow biade surface area 

1
-•- that spins very fast. - ~ 
·. • Remember that a "m i)(' of energy_ sources 
•••-.-_ •.... : is available to the modern wind-eAergy user. 

f ', .~ i~~;;~o::~~=:~::~~~-~:·~~~6~sk~~~~~~ 
. generator. Or they.cart_ed them to town to be --

1-- _ recharged at a repair~'Shop while an after.:. ·, 
.•· \._~~ ·noon was spent "out on the town." Toda¥s_ 

'51 energy m1x means that a wmd-energy U$er 

l. 
·~~A-- \can supplement wind power with many 

. ' other sources. Jumper cables from the family 
:·-- o---~-- . - auto-wm·boost-a --1-2"-VOit battery bank. A 

L. gasoline,·kerosene, or diesel qenerator or 

11··-'\ ~ven the futility-lines are I ty~ical back-up 
__ - energy sources for today's w1nd systems. 

[ .. , As:you study and use th~ information in 

1·---<_ 

A ~ail-Wing Water-Pumper 
\ 

John Welles r-s an inventive tinkerer who 
has installed' a ·· ·hurr)ber. of wind-powered 
water-pumping systems .. :around Northern 
Caiifornia. In i 977, · John loaded a ':saii­
wing" wind machine into the· back of his 

' ' 

Volkswagen Beetle and delivered it to my 
ranch. We set it up in oniy two days. 

Water is available.. ~t this site from an 
artesian spring close tq the surface; it does 
not need to be raised ' from deep in the 
ground. Wind power supplies the pressure 
needed to transport that water along 300 
feet.of 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 org_ar;Jic_gardens at the r~nch. 
Much of this water1pressure occurs because 
friction _forces wprk 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 dn the t9tal height water 
must be lifted (in this case only a few feet)t 
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Installation of a saii:M')ng rotor at the Park ranch in 'California. This 
16-foot diameter rotor"was eventually replaced by a larger·vers1on 

{ ''' ~-

, . 
. , 
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the fric tion head, and the rate at which the 
water flows. 

The ·design of thi s sai l-wing wi~dmill 
evolved from a notion that only hardwar~ 
store components and materials would be . 
used. The entire _ _1q_tor, support structure, 
and pwmp c;1re made from iron' and plastic -. 
plumt5ing components. The sai l spars are 
made from e.,lectrical conduit tubing. And 
(he "tower'' iS a redwood fence. post "With 
c lothes line-cable guy wires. 

Orig~lly th e three sails · spanned a 
·d iameter of 16 feet, but they now span 20 
feet. In water pumping systems, the. wind 
rotor (blades , hub and powers haft) must sta-t( 
turning ur')der wind pow~r ag~~nst a heavy 
load of water. Rotor design for th is type of 
IDad usually ca'lls for a fai rfy large tota l 
blade surface area. Th i's is why the familiar 
farm water-pumper ha's so many blades-it-- -· 
needs high starting torque. The term for the 
rafio of blade 9rea to fron ta l area is solidity. 
The more blade surface area, the more "solid" 
the frontal area. 1he sail-wing mach ine at 
my ranch has few b lades-or a smal l b lade 
area relative to the large fror'!tal ar~a of the 
entire three-bladed rotor. Hence, it doe~n't 
have .~much starting torque; fortu nately, 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 wind speed reached about i 0 mph . The 
la~9§[ ·diameter rotor lowered this "cut-in 
wTndspeed" to a~ut 7 mph. More blade 

· area means higher starting torque and a , 
lower cut-in windspeed . Extra area can be 

' tt 
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Wind Power Systems 

adGled by sewing wider sails ,or by adding 
more sails simifarto those already installed.-

· More blcfde area, however, means greater . 
-" . loads on t_he guy wires or cables that sup-: " 

poe} the tower,be~ause there is more sufface · 
·· area for the w·ind'to push against. 

Sail shape also1plays an important role 
. in_determining the ability of the wind machine 
to· pump water. These sails billow ~nd· flap 

:--~bout in the winda bit too much. It's probably 
... impossible to achieve perfectipn in sail 

design, but govern_f]ient and private r~search 
programs are exploring windmill sail designs " 
to improvep~rformance. . , 

The sails on the:~ig at my ranch are sewn_ 
from sailboat-quality dacron cloth~ although 
canvas _or other ff)aterials could be used: 
Dacron is lightweight and very strong. rt's 
also one of the fe;,w fabrics that (:an last a few 
years in c; __ n:extrecr.1iootdoor climate. Freezing 
weather. 'and st'r'ong·~sunlight combine to 
·des!roy 'the fabric eventually, but it lasts 
long enough to make a sail machine worth­
while . .S6reendoorspringsconnected to the 
sails hold 1hem taut for normal operation. 
These springs stretch under sail _loads 
imposed by high -winds, allowing the sails to 
"luff," or flap, out of the wind. This simple 
"governor" p.!_g.fects the sails from damage. 
Because the governor lessens the sail loads, 
tension loads in th,e guy wires that support 
the tower remain (ow enough during high 
winds that short stakes ,such as goat-tether 
stakes are adequate <for tie posts. 

·A -simple crankshaft translates rotary 
~ blade matron into the up--down stroke needed 

27' 
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The sail-wing 'machine in action, pumping water from an artesian 
~ell close to ground level. 
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Sucker rod and water pump used with the sail~ 
wing. The sucker rod pushes down on leather pump 
-seals. dnv;ng· a pulsJng stream of water into the 
plastic pipe at rear. 

.• 
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to drive- ~ water pump. This pump, a piston 3 to keep the stock full, r .,# 

inches in diameter with leather pump seals, This sail-wing waterr-pu_mper can b_e 
is a "single-acting" pump. That is, it pumps readily adaP,ted to many sites. With deeper 
only on the clown stroke. This p'ump pushes water, however, more sail area would be 
water into the pipe in pulsing streams. How- required to provide the necessary starting 
ever, peak water flow rates can be too fast torque. The reliability of such a machine is 

-for efficient operation. The faster that water directly related to the amount of care you 
- flows in a pipe, the higher the friction and put into the project and the time you devote 

the resulting back-pressure against the to solving its early problems . 
. pump. By installing a surge chamber (a::--~ 
simple tank with trapped air) in the water 
lihe near the pump, we created an air space · tn~e Old Farm Water-Pumper 
where strong water pressure pulses could '· 
expand and slow down the peak flow rate. A··g·i~nt step up from a simple, homemade 
More continuous water flow resu]Jed, a,nd water-pumper is the old mu4tiblade pumper 
more water· was pumped because 'of im- still available. today-new or recycled. Such 
proved pump performance. machines ha\'i€ been in use since about 

This sail-wing water-pumper has worked 1860. Dozens ;f·~.them can still be seen in· 
well for over a year,with only minor problems windy areas. This···-.m_achine.is often called 
assqciated with the realities of a do-it-yoursel_f "Ole Reliable." It ·jusl.keeps on pumping 
system. For _example·, the' 300-foot plastic even though the owner 'may not perform arw 
water pipe was n'ot buried at first, ·and when- maintenance for several ye·q_rs. One farmer I 
eyer a horse stepped on the flexible poly- talked with hadn't checked -the oil level in 
ethylene, a water lock was cr.eated that hi-s m-achine for 25 years! It's not surprising 
stoppoo the pump. Occasionally this occurred that most of the problems with these ma-

/ d-cfrlng high winds and broke a "sucker chines are caused by lack_ of owner care . 
. /· 

~- rod"-the lo.ng, ·thin tube that connects the The process of'·Brectingsuch a machine 
crankshaft to the pump. Solutions included starts with collecting all the pieces nece~-
a stronger sucker rod-and-finally-burying sary for complete installation. When you 
the water pipe. byy an old machine, and occasionally when 

Performance has been adequate. The / -you buy a new one, some parts are likely to 
·storage tank requiLes__about 400 gallons of / be missing. Don't try to fake it. You need a// 
pumped water per wyek. The wind resour.ce the parts. Leave one bolt out at:1d the whole 
at the site is minima:!, about 8 mph annual contraption is apt to end up on the ground! ,. 
average, but evening breezes of about Laying the fbundation is followed by 
11 mph drive this sad machine long enough tower erection. Here, there are two schools 

' . !! 

I 

~ 
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of thought in the wind industry. In the first, 
_ . --=--=-c )':.O:U..assembl.e the~tow_eLantb_e. ground af!d · :=~-= 

tilt -it up. In the second, you assembJe the 
~-~-~- .,.--·~-- ---tow·e-r from the gloUnd up.-Both ways·worR, 

' - and the method you choose will :p{robably 
I I .• 

depend on the site. If you have lqts of room 
for the machinery necessary )o tilt up a 
tower, that's the easier way to g·o. If not, you 
can erect the tower straight~up ; but it'll be 

:· more diHicult bec_a~_~e_gJ ___ ~~~'{-~0.9 .JQ __ tl_~n_g_!~ . 
; ... - ..,_~--~~ _ unsup"p'o"rt"ecf"tower parts/ atop a partially 

~d tower. Either y:/ay, the tower must 
be absolutelyvertieaJ. ;Otnerwise; the wind- __ 
mil!", which rotates about a lolly, ·or yaw, axis // 
(the vertical shaft thq:( al lows the windmill to 

· ~,,~·~----...~ __ change its directigfl), will not aim properly 
-1mff1he-wlad: - /·- . -- - - - · · -· 

There ar~s~\7i:fra~-ways t.o hoist -a wind · 
machine aloft/ You can do it""by-trsirig--a---­

;, 
_ _ block-and-tackle at the top of the tower. You 
-:_~- ean eaTry-i1- ltf3 piece by piec~oot -ffH:J£-A-
. · r. ·-----------J v.n, but a lot of exercise. Or you can lift it up 

· - -~ I I 

,.·_, . 

/ 
/ 

I 

I 

wlth ·airu:ge_ crane or hoist. ~ ~-

Ne~ yoy·;·if need-to-.iJJ.?tall the sucker rod ·; 
whi€h 'drives the :~ell pumrri6 - ~t~Lu_p-down . 
motton. Traditionally.'sucker rods have been -- -
made of steei or wood . Wind blows against-
, I J 

t)/1'e~e·1ong, slender rods and causes them tq 
/ berjd. When the cyclic, tension-CO!l!pressio~ 

/ loa~s of the pump and wind rotor are added, 
.~/ the~ can buckle or break. 

I . ~ 

' ; Pumps are pistons that slide along inside 
me~al or plastic pipe, pulling water in through 
a one-way "foot valve" and pushing it through 
a pipe to the suriace. Usually pumps are 
installed deep in the ground. Mine is 60 feet 

- --·-··---- - -- - · ·- · --~------..,--~----
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The rec;onditioned,water~pumper at th~ Park r~h 
was carried aloft piece by piece and reassembled 
at the top of the to~er. l'' 
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-- - ThEJ-multitYiaae waTer~pumper.at my r~nch 
is 8 feet ~n diameter. In a 15 mph wind, it can 
lift about·500 gallons per hour (gph) from 90 
feet b~low ground leve l., The wel l tested at 
600 gph when it was bored, so this iwater-

. . • / ....... ~ 

pumpe-r probably won 't run the well dry. Its 
task is to 'till two 400-gallon ·tanks-one 
tank every week and· the o ther one_~ per 
month. Hence, it needs to'p l.uTi-p ·about 2,000 

' gali'ons per month . Some months are windy 
_ _ eno~gh ; others are not. Thus. a gasoline­

powered well pump_ was installed in the 
same b'ore hole as tHe wind-powered pump. 
Thi? bac k.,uppump can b~ _started whenever 
a storage tank runs dry an·d. no wind is 
blowing) . · ' \ . 

This insta llation ilrustrates aU bJ the ele­
ments of·a complete wind syste~m .' ''lt, has a 
wind energy cbnvef!er- th-e Hwindwheel," or 
rotor---.that qonverts the · kineti c · energy, or 
force; of th~ wind . into rotary torque ~ in a · 
powershatt. A crankshaft conve'rts that rotary 
motion into up-down. or rec iQrocating , pump 
motion . A sucker. rod transfers thi s vp-down 

, .... 

,.. 

., 

--With a diameter of 8 feet , this wind macfiin·e can lift about 500 gallons of 
water per hour in a 15 mph wind. 

motion down the tower and i'nto the gro·und _ _ _ 
to the pump. Pipes carry-me-pumpecfyia-ter - -

~~ 

down; some are as deep as several thousand 
feet. Unfortunate ly, d irt plays havoc with 
pump seals and '«ears ·them out. As you 
might suspect, the major maintenan~e re­
quired by water-pumping windmi lls is -pump 
overhaul and -sucker rod replacement. One 
Montana tc:lr.mer who owns severa l hundred 
of these mabhines h~as a work c rew whose 
only job is to overhaul a different pump 
each week. - . 

.. - --- - - -
· -- ·~----·-· __ ___ .. . , 

• I 

from the well to two sto.rage tanks. And a-
back~up gasoline-powered ~ump provides ,J.' 

power when water needs exceed the capa- ·? 
bilities~the wind resource. 

' 
Wind-Electric Systems 

Apart from water-pumping windmill s. (and 
Eu~opean grain-grinders), windchargers were 

. . 
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tb.e only other large..,scale application of wind / 
/ \) 

power. A typical windcharger/battery system · / / 
ofdhe. 1930's consisted of a ·three-bladed /(' 
wind generator-mounted a fop a 50-toot _/ · .. ·· · 

/ 

steel tower-that charged a bank of nickel:-// 
iron or lead-acid batteries. Otten the batterfes 
were also charged by a back-u~generator 
powered by gasoline or kerostfne. . 

~-Early loads inclu;ied radio sets and 
Jights-· loads o_pe-rafing at 3 2 volts. Just 
before theJ)ffset of rural electrification, 110-
volt . cf' systems became. plentifu I. As ~ _ 

mand for convenience items rose, farmers 
added more batteries to tt:)eir storage banks 
and occasionally upgrade'd to larger wind 

. generators. They added 32-volt direct.current 
(DC) wringer was_hers, laundry irons, refrig- · 

I 
erators, freezers, and electric. razors to the 
list of loads. The use of wind-generated 
power grew_at ind1vidual installations to such 

, an ,extent tha-t farmers were "re~dy" for rural 
electrification when it came along offering 
"all th·e "p6wer. you wa(lt." . 

Perhaps t_he·most successful wind gen­
._ eratorbllilf during this-fera was the Jacobs. 

During the late 1930'$<thi-s- machine-, and 
·company, became the sole proprietorship 
.of th'e now famous Marcellus· Jacobs~ a 
creative salesman whq was able to market 
the work of his inventive prather. Indeed, 
many owners of other-~Bd~-r:nachines even-

- ooON~··· ······ •O ' ' •t • "" A o'OO o O 

tually switched to a Jacobs. 
Several Jacobs models were available, 

ranging from about 1',800 watts to 3,000 
watts output. A typic§J 3,000-watt (3 kW) 

_.. machine hacrthreEf·wa·odE?n blades and a 

........ . -

·-.... .........__ 

Close-up view of an old Jacobs winCtgenerator. 
W1th wooden blades and a rotor dtameter of 14 feet. 
th1s model generated up to 3,000 watts of electnc 
power '· 

rotor diameter of about 14 feet. The three­
bladed rotor .an.o airfoil blade design pro­
vided the low soli<si.ity and high rpm required' 
to...geHeraJe.J~Iectri~ity_. 1ts maximum output 
power occurreC:rat a windsp~ed of 27 mph. 
These machines were installed along the 
East Coa~!__gf the United States and in large 
nu'mbers in the American Midwest-the 
Dakotas, Montana, Wyoming, and south­
ward. After REA penetratidn, many of them 
were transplanted to parts of southern 

/ 

A recyded Jacobs in action at Windworks in 
Mu~wonago, Wisconsin. Many of these machtnes 
have been reconditioned and are now productng 
electncity at remote s1tes. 

I . 
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Canada noryet served by power lines. Some 
Montana .installations were sti ll ilf use as 
late as 1959. Rebui lt versions of this machine 
.are available today, ·but the supply of re­
bui ldable maGhines is dwindling rapid ly. 

Early wind machines, th e Jacobs i·n­
ciuded, had problems that required solutions. 
Many machines 11ew apart· as a resu lt oi 
stresses induced by centrifugal force. Gov- ·-­
ernors of al l types were invented, tried, and 

1 patented . Large wind compan ies bought 
, ··: A?ut smaller ones to get patents they wanted. 

•. · . . ·.: : t
1 

· Generators, gear boxes, and b lades of al l 
..-- sorts were developed. Some 1c:Uied, some 

sur\l ived. Wh ile water-pumpers were be ing 
bu ilt much the ·same as their turn-of-the 
century predecessors, wind generators were 
modern ·glamorous ·c-rea:nons ·that·-s·erved ·· · ·· ·· 

I . Q 

the needs of conven ience. With ru ral electri-
fication , however, conven ience flqu tished, 
and wind -powered farm homes virtually 
d is appeared. 

Evolution of a Wind-Electric System 

My own ventures intowind energy began 
with an avid des ire 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 

Fiberglass-bladed rotor being tested on ihe back of a pickup truck. Wind 
machines are usually tested. often to complete destruction, before final designs 
are ready 

., library, so I set about deriving the various 
aerodynamic equations -needed tb design a 
good windm ill. 

My first blades were constructed with a 
2-inch aluminum tube as t.he main !cad-
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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 frgm half-inch-thick ply- ·· 
wood to close each end. The r'esult was a' 
6-footiong blade that weighed 8 pounds. 

But the first windmill, tested on the back 
· of my pickup truck to simulate a wind tunnel, 

was a disaster. The fiberglass-bladed rotor 
would not spin fast enough to cause a gen­
erator-even with a $peed~~p transmission- · 
to kick in and star( charging the batteries. 
The blade design had too much twist {spiral 
turn). In a twisted blade, the airfoil at the root 
end (closest to the center of the rotor) points 
more into the wind than the airfoil at the tip 
ofthe blade. Because of the excessive twist 
in my first blades, the root end of each blade 
was;acting like a gian1 air brake and prevent­
ing the rotor from reaching -the necessary 
rpm. 

The ~essons learned from that first rotor 
·design caused me to re-evaluate my blade~ 
design equations. The· new equations 9J.re 
the basis for many of the calculations1dis­
cu.ssed i~t~is book; they correct the/'O~er- ­
tw1st of my f1rst blades and produce1 blade 
designs that are efficient and easy tp build. 

I also tried a different method df blade 
construction thateliminated the need to ~x 
resin and laminate .fiberglass. BecaUs-e it 
offers a smoother surface and less air friction, 
I chose aluminum for the skin of my next 
blades. But unfortuna_tely-sheet aluminum 

I. 
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/ . 
The secon_d in a series of experimental rotors being readied for a test run. To 
Lower the air tnct1on. th1s rotor used sheet aluminium 1nstead of ftberglass for the blade 
skins. 
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doesn't like to be shaped or curved in -r:norl=f 
than one direction at a tim~. Thus, the normal 
airfo.il-shaped -curvature of the blade threat­
ened to eliminate blade twfst because twisting 

: an already curved sk in' would demand com- ' 
POL¥1d curvature-. skin c:urved several 'vY~ys' 
at once. I co u 19 only tw ist my blacte: 6 
degrees from end to end without buckli'ng 
the sk in. That's not very much. With ~ litt le 
mo.re b lade twist, the new rotor wouldn't 

, have taken so long to start spinning. 
Electric g~nerators ·don't produ~e cu r­

rent until they are spinning at a high rpm. My 
first rotor ,peveloped strong starting torque 
because ·'of the large amount of twLsJ, but 
could not spin fast en9u~h to po~r a 'gen-

. era tor. The secend rotbr had less flwist and 
was builtwith a sheet aluminum skin that 
was mu:t3h smoottitr than the earlier fiber­
glass skin. B'ecause of the reduced twist, 

.(Jhe s·econd rotor was a bit s lower to start 
spinnin'g, but once it got going it began tO 
s.pin really fast-as high as 400-- rpm. The 
improved performance was "a d irect result of 

._ i • , · gptimizing the ~blade. design. and lowering· 
Drag brakes used as a governor on a small, _ -:. ,ft..;.-•. . ,c . rf -f · 

1
. , · · 

fiberglass-bladed rotor . ..;,t high rotor rpm, these .· j)~~;::~1 ~_i~il~ -a~e nc 10n. . · . • 
flaps extend out from the· b·lade' ·tips, slmviqg_ tt;l~- ~:.·:::~··-~t (~.~(gh-srueed operation requ1res the use 
rotation speed and protecting the rotor. ·:·:.,~-· ~- ; ·. ~~ -· ::£-,~~~91f~~~ood governor to keep the tJiade rpm 

I -- .-t;":J c. ·-·· ' -~·· ··..e : . . " ·"' · ··~ '.: 
·-- .\· · · . -- ·. :· - ;cr ·;,: _ -ti:~ ·'f¥Wftfi1 Q structural lim its. ·The first governor I 

- - "~· ~4 ~-;~:~~:::~~-Zfge-6 was.acornQJoation of drag brakes and 
':: ,,_. · :.::..: .. · a flexible hub. The drag·-orakes ~ or -flaps, 

¥ 

\ 

' 
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spring-loaded hub perm itted the b lades to 
form. a cone in the downwind direction . This , 
reduced the rotor fronta l area , thereby 
reducing power and rotary speed. Proper 
governor design requires that all blades _, _ 
behave the same. All d rag brakes. shou ld be 
interconnected so they operate together. If 
they dof1't, severe vibration will set in. In my-c-----­
system, sev_ere vibrat ion d id s~t in, but the · 
free-coning' hub WG.\,.ked wel l and w il l be 
used again m future machines. _ ,. 

1he next gov'ernor I tested used flyba lls 
(lead we ights) that were rigid ly attached .to · 
each. b lade; near the hub in such a way that , '· . 
they wou iQ 1move into the p lane of rotation 
when the rpm became excessive. The b lades 
~ou ld thefl. feather-poi ntd i r~ct ly into th~ 
wind-and. rpm w.ou ld. decrease. Th is . "f ly~ 
ball governor" worked fine and is sti ll bekng 
used today. A certain amoun't of "tun i ng~·Js· 
neceqsary; f lyba!l weights aiJ'd springs need · 
to be ch·anged around by trial and· error for 
optimum perlormance. In some · case.s_ ~ . ______ _ _ 
dampener simi lar to an automotive shock 
ab·sorber might be necessary to adjust the 
rate at which the flyball governor viorks. In 
any case, my experience with SBveral dozen 
variations of b lades , governo rs, and gener-
ators shows that a governor is always neces­
sary to keep the rotor sp inn irg within its· 
in tended operating range. 

. -

were designed to extend from-the blade tips . RotQ r~- ,,-g!Jd 9 -enerators need to be . 
whenever rotor rpm was h igh enoug.fl "tor . matched to~··e'?ich other. For exam-ple,· a 

L 

.spoiler weight (inertia plus centrifugafforce) , _typica l roto r ·might be designed to spin at 
to overcome the tension of a prestretche'd 300 rp m in a 20 mph wind, but most genera-
spring in.side the blade. And the flexible, tors need to .. spin much faster th~n 300. rpm; 

' ;,_ 
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· hence, a speed-up t'~ansmiss i on is usually 
~ . J 

. needed-unless'"' the\\generator 1s a low-
speed, >FJery heavy un\~ borrowed from an 
old ·Jacobs machine ~d specifically de­
signed to spin at the s·ame speed as the ' -·-· ·-rotor, \ . 
· My early machines u~·d automotive al­
ternators that needed 2,50~ rpm to generate 
tull output. The first transmi~s ion was a chain 
.· . ' I 

drive bought at a go-ca trt shop. Chains, 
sprockets and--bearin·gs ' of all sorts ~re 
readily available at such places Of at tractor 
and agricultural machinery'Shops . .However, 
chains tend to be noisy, snort-lived, and 
require frequent service. 

"The next transmis-sion ·I 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-

.IJP- Thus, 300 rpm at the rgtor resu lted in 
2,700 rpm at the q,lternator. This transmis­
sion worked well . However, it is complex, 
requiring cqreful alignment and tension ing 
of the belts. If is also very. heavy (because of­
the steel pulleys) and-expensive if bought 

·new. The final transmission I used was a 
gear box-.actually an industrial spe,ed re­
ducer Jn a windmill we ruri it backwards as 
a speed _increaser. Such gearboxes are avail­
able at bearing, chain, and pulley houses 
under any e>f several brand names. They are 
heavy, cheap and reliable. '!:~~est of all, you 
don't need to fiddle with them, just change 
the oil. 

During any do-it-yourself o r commerc ia l 
project, I have noticed that the participants 

·• 
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Automotive alternator and belt transmission used with the second experimental 
rotor. Sor:ne transmiSS tOn IS usually needed lo match rolor and generator rpm 
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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 hurl)an 
body, just waiting for the "nearly complete" 
syndrome to trigger it off. The result, in the 
case of a wind project, is usually; "Well, let's 
just let 'er spin a . little bit."· This happens 
before all the nuts and bolts are tightened, 

The Wind Pow~r Book 

charge a fully charged battery bank, fire­
em-up-itis might lead you to suspect your 
new wind syster:rfis-rioT''pu-tting· out what it 

. I 

should be." I've heard lots of folks complafn --
about this. 

' I 
Low-Voltage Technology 

Jb£ batteries hooked up or something else 
that should have been done first. Often as - Jim Cullen of Layt9nvill+, California, p w-
not the disease results in broken blades, ers his home almost entir~ly on 12 volt of. 
bent governor rods, or burnt-out generators direct current. Numerous ·sources of el c-
(not to mention -burnt-out people). tricity charge his batteries. On top of is 

My first bout with this infectio~ occurred house th~re's a small solar..;cell paAel. Nearby ---
when a friend and ·I had just installed .our is a wind generator. And, when his batter/es 
first flyball-governed, alumi_num-bladed need an extra qoost, jumper cables from ris 
machine atop the tower and had·to wait for a car ad.d extra i ·ene-rgy -(pre_$.~mably wrli le 
12-volt battery to .be charged (it registered warming the car up befo're a thp to town). 
only 10 volts on a voltmeter). We decided Far f_rom the nearest utility !ine .. Culler's 
not to wait. The resu It was more waiting. With -. home sits on top of a m'm.rnTain with a cl~ar 
only 10 volts .. 9._vai la.ble, the alternator's volt- ·· shot at the Pacific Ocean some 36f miles 
age regulator se·e·med ~9 be contused._The away. Daily average wwt'dspeeds rang~ frcpm 
blades were spinning quitEf rapldly in a brisk · '4 11 tp14 mHes per hour-tHe minimum wi ~d-
wind, but no charging was taking··-ptace. At 'speed ave-rage needed for any type of sue-
the time, we mistakenly decided the alterna- cessful wind-powered g~-ne-rating sys t~m-
tor W.as at fault. In reality, the voltag_~ regulator From the beginning, Cullen's concern vJas 
was notdesigned to work with a dead battery. to devise a wind gener9-tor where little main-

Voltage regulators are not designed to tenance would be re~~ired , where most 
work well with fully charg ed batteries, eith.er. replacement parts coukJ be oblained from 

.... > 

The.se transistorized controllers monitor bat- local hardware outlets, and where cost would 
tery voltage. If they detect that the battery is not be an obstacle. To meet these objec~,ives, 
f'6Jiy charged , they're'duce the charging cur- he enlisted the services of Clyde Davi~ , an 
rent fran) the generator. This has the effect old friend who also happened to .be.a .co.r+-------· - ·-
of "c lamping," or reducing, the output of a suiting engineer. Davis designed two wind 
Wind generator even when the wind is blow- systems. One generates 160 watts of direct 
ing quite hard. If your new system is trying to' cuh~nt in an 11-12 mph wind; the other 

' • 

: . 

....... ..~>~' 
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produces up to 500 watts DC under the 
same circ~[1lstances. 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 · 
viatts Ts_ri,fmuchpower. But gullen's house 
is anything but conventional. There arE? more 
than 1,500 square feet of living space filled· · 
with three teJevisf{)n 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 com_puter. What makes all of this so 
unconventional is that Cullen has virtually 
eliminated the need for 110- or 220-volt AG! 
electricity by converting his appiiances (even! 
the washing machi·ne!) to operate directly! 
fro-m··12 volts-·oc:·Tao-te· .. s·aws, ·ctrm pressBs' 
and the like could be converted as well. 

. $mall. app.Hances (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 replc;icement motors 
operate through an inverter that produces 
11 0 volts AC from 12-volt batteries. 

r~ -· 

C,:ullen claims that a wind generator 
producing _500 watj:§ can prqyide comfort-
. able ancr reliable living at modest cost. 
Excess D.C electricity produced in times of 
high wind jean be stored effectively; high­
voltage ACpower cannot. Of course, such a 
system is li<!fpanacea. You have to become 

! 
aware of the energ,y you use and~lan 
accordinglt. Things like heating, coolfng 

. i 
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-
Jim· Cullen uses both sun and wind to generate electricity at his Laytonville,· 
California, home. A panel of solar cells atop the house and the 500-watt w1nd 
generator behind charge a bank of 12-vplt battenes 
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and cooking are accomplished by appropri­
ate alternatives that do not require electricity 
at al l. 

A Unique Darrieus Water-Pumper 

At the other end of the spectrum from 
the sail-wing or farm water-pumpers is the 
Bushland, Texas, installation of a Darrieus 
"eggbeater" rotor tied mechanically to an 
electric 50-horsepower ifrigation pump. This 

. U.S. D-epartment ·of Agri~u !ture project at a 
windy locatjQn' is exam~n1ng· practical ap­
proaches to water. pumping with., the wind. 
Since it is a relatively new research project, 
few performance data qh~ avai lable at this 

.... , .... ~----/--------··-~~-~-'".;.., ... -~--- __ ,. .. ,. ..... writing·:· · · · -·-... --_---~~ .. ~~--~- ----------......... - . 
.. ----------·-·------·----··· .. __ .. ___ .... -{z--- i~--~-------.. - -------w·--"'~---·-rl A ,D a rr i e us rotor has two o r m o r e curved , 

'· 

The Darrieus rotor used for irrigation in Bushland, 

~-- ___ ~~xa\ __ 
--::· 

or bOwed, airfoil blades that travel a circular -,., 
path about a verti'cal power shaft at its cen­
te·r. Made with extruded aluminum, the stream­
lined airfoi ls have a rounded leading edge 
(th,e edge that cuts into the wi ~d) and sharp 
trailing edge. The Darrieus rotor is linked ttf 
the pump powers haft by a clutch that allows 
th.e electric pump to t ur~ freely but engag~s 
whe never the rotor is sp inn in g rapidly 
enough. rn periods of calm, an AC electric 
motor keeps the pump tu rning. The more : 
wind power available, the less power drawh 
by the pump from the electric power grid . 
· This mach ine is als9·- a cogeneratiory 
system that operates in paraflel with the 
util ity grid . It generates excess current that 
is deliv~red to the gr"id. 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 th.e electric motor, trying to turn it· 
t;;~,.sterrtnan it was d~signed ·to turn. The 
motor then becomes an AC generator syn­
chronized with the grid power. Should the 
electric power available actually exceed the 

DARRIEU5 °E((CiBEATER'1 

ROTOR 

demands at the site, the excess electricat -- · --~----

energy is fed back into the grid, effectively 
"running the meter backwards." Thl.ls, 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 backwarQj thr~ugh 

The unique advantage of the Bushland 
i"nstallation is that the electric motor actually 
serves three purposes-alm0st at once. First, 

,. the m6tor is the prime mover driving the well 
~pump. SeGond, the motor is the governor for 
the wind' rotor; it wants to turn only at an rpm 
aetermineo by the AG frequency fed to it 
from the grid. By careful design~ t~e rotor 
will never overpower the motor or cause it to 
overspe.ed by more than a few rpm. Finally, 

· the motor is an electric generator whenever 
extra wind power is availabl'e. . , ~ 

Once ·pertected, this approach can be 
readily adapted to thousands _of well pumps 
already in existence in 1he windiest parts of 
the United State~ and similar locales through­
OlJt the world: Min or modifications to these 
pumps will permit the addition of wind po.~~r,. 

In the novel approach being tested cit Bushland by the USDA, both wind power 
and an electric motor are used simultaneously to power the well pump. !(excess 
wind power 1S available. the system del1vers 11 io the utility lines. 

.·, 

~EAR Box 
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The 2000-kW wind machine at the Tvind School in Denmark. Th1s 
machine suppl ies both heat and electricity to the school. 
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thereby requcing the amountDf fuel needed 
to drive irrigation systems. 

,,.. The Tvind System 

With Denmark's vigorous history of wind 
power, it's not surprising that a sig~Hicant 
wind system with.cogeneration capabilities 
·has been buill by st.udents and facuhy at the 
Tvind School on the Jutland peninsula. This 
is the Tvind machine, rated at 2 million watts 

" (2 megawatts) in ·a.windspeed oi'~3 mp·h. 
· The )iberglass blades on this machine 

' . 

~pan a diam~t~r of jus_ t o~er 1_75 t.eet, makin~ . 
1t the1argest w1nd mach1ne 111. h1story at thfJ -
time of this writing. Before the Tvind machine, _, _ - -

. __ t~e largest was thf~Smith~Putnam ma·c::nine 
mentioned in Chapter 1. That machine was 
ra,ted-at-f25 megaw~tfs . Each blade of the 
three-bladed Tvind machine weighs about 
5 tons; the two stain-less steel blades of the 
Smith-Putnam each weighed about'S tons . 
~ The Tvind machipe was designed to 

t • / .... . 

supply the school 'wit_h 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 ·reconverted 
to g rid-synchronized AC and fed to the 
sc_hool's electric system. The synchronous 
'inv,~ rter is rated at 5~. kW, while the school 
de~ands up .. to 1,~Q~ kW. The balance 
between 500'· kW df/.rnverted power and 
2,od6 kW available ..-from .high winds will be 
used to heat water. The excBss electricity is ·- -.. ·' ' ~-
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ted ·to c~ils immersed in_ a h?t-~ater stor~ge 
tanl<~rhts feature makes the Tvmd mach1ne 
the world's largest wind furnace! 

r~ ... 
I 

University of Massachusetts'"' 
• 0 !' .. 

Wind Furnace · 
' 

Ttle wind furnace is an application of 
wind ·power that is findi~g wpe~prec;d ~c- · 
-ceptance. Heat energy 1s needed to -ratse 
the temperature of water for agricu ltural and · 
industrial applications ranging from dairy 
sterilization to washing· lauridry. It's also / . 

. - .. I 

· · neededto warm animal barns, greenhouse.s', 
and h-omes. Happily; most of these climdte 
control applications require more heat when" 
it is windy than w,hen it is not . 

ltl .a wi.nd furnaGe, wi-hd energy is con­
verted into mechanic~L power in the rotor . . · 

_powers haft. This rotary power may then be . 
· . used to make. heat from friction (e.g ;,sp las'h~~ 

ing water with paddl~s drive.P---by the roto r 
power shaft) or from the Qeneration of elec~ 
tricity that can power. electrical resistance 
beaters. · ·... : ._ 

'-..J Under the direction of Professor Wil liam 
Heronemous, student$ at th~>tJniversity of 
Massachusetts have quilt a wind generator 
33 feet in diameter moun led-atop a 50-foot 
steel pole tower. The electrical output of this 
machine is used directly to warm water, 
whicn is then. combined with heated water 
from solar collectors m6unted 00 the south­
facJ,rg wall of the resear--ch house. c ·onc rete 
tat:'lks in the basement of the_ house store 

.· ~ ~ q ., 

-~ - .. ,. 
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all this hot water. 
The fiberglass blades a.re eap@Je of 

producing 50 horsepower(87 ki lowa-tts) in a 
26-mph wind. Shaft po·wer from th'e· blades 
drives a generator throU,gh a truck differen­
tial ari'd a chain drive. The generator is con-
trolled by an electronic load controller tt;!at \ 
senses windspeed and ·rotor rpm a~d. ap­
pt~es appropri.ate current to the field windings 
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Above: Close-up vie~ of the UMass wt~d generator. 

Right: The University of Massachusetts wind furnace and test home. Both the 
w1nd generator and the south~wall solar cdllectors warm water stored ina concrete 
tank inside this home_ 
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of the generator. In this manner, on ly the 
exact amount of power available from the 
wind is drawn from the genera-tor, thus 

· preventing overloading or underloading of .• 
the blades. · 

Only minor mechanical problems have 
been encQuntered in the operation of this 
mach ine. Most of these required' simple 
mechan ical adjustrl:lents; a ll have been 

· solved as part of an o.ngo·ing educational 
program at the Univers ity. With the com­
puterjl:ed.data· ·acquisition systems they are 
using! the students will provide the wind 

. ____ _.. 
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industry with a detailed history of one type 
of';w ind furnace .. 

l 

(, I have included sever(;tl types of wind 
machines here, but certainly f)Ot all of them. 
A Savonius rotor, a panemor:~e , or a wind-

1--.. 
po~ered hydraulic pump system-all of ·,, 
·these and other pro~ects will be discussed 
in 'greater detai l. Your task is 't<? ·select the 
design. most appropriate for your energy 
needs. Always remember that good wind 
machin·e design begins wJth an assess­
ment of your energy needs and the wind 
resources available. 
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The wi~q cq.n be a ticklt;iserv:ant It may not by thermal radiation to deep space. Daily 
be available when you~eed 1t, and you can rotation of the earth spreads these heating 
be overwhelmed by its abundance~ when and cooling cycles Over,its entire surface. 
you don't To harness -the wind you must Seasonal variations- in this daily distribution 
become familiar with its moods and be able... of heat energy are caused. by ~easona l . 
to select a site suitable for a wind machine changes in the tilt of the earth ''S axis relative· 
-a site where strong, steady breezes blow to the sun. 
most of the year. After choosing a favorable Much mdre solar energy is absorbed·· 
site, you'll want to know hovy much wind near the equator than at the poles . Warmer:., 
energy is actually av~ilable·: and when it lighter air rises at the equator and flows 
blows the hardest. toward the poles,' while cooler, he'avier air 

Good wind system design begins with a returns from the poles to replace 'it In the 
realistic asses_sment of energy needs and Northern Hemisphere, the earth's ·west-to-
available wind resources. By comparing east rotation bends northward-flowing ai r 
the two, you can estimate the size of the eastward ·and southward-flowing air west-
windmill you'll need. Stor?ge-size depends - ---w·ard. By the time the northwar~-moving air 
on how long the winds ~re calm when you has reached 30'.-'N latitude, it is flowing .. 
need their energy. Thisi chapter examines. almost due eastward. These are ·the "pre-
some basic principles •of wind resources vailing westerlies,'' so called because they 
and develops some toqls that will help you come out of the west. 
assess the winds at your site. Statistical data Air tends to pile up just north of 30cN 
compiled for many years at airports and latitude, causing a high pressure zone and 
weather stations can give you a general mild climates in these latitudes. Some air 
grasp of average wind behavior, bu~t there is flows southward out of this high pressure. 
no substitute for getting out to your site and area and is deflected west by the earth's i 

measuring the wind'· resource directly. rotation;_ forming the ''tr;3.de winds" used by 
' sailors tpe world/over. A similar effect leads 

' Global Wind Circulation 

1Nind energy is a form of solar energy. 
The winds alleviate atmospheric tempera­
ture and pressure differences caused by 
uneven so!ar heating of the earth 's surface. 
VVhile the sun heats air, water and land on 
one side of the earth, the other side is cooled 

-f. 

--·---· - --.- · _, ..... ~·------.-;-~.4 ... _. _____ ~- ·- ~ ·--~- """"" '' .. -.. ·•· ·· -· .. ,,.. .. _._~-----~-- -----· ·-·. 
' 

to the "polar eas,erlies" above 50''N latitud ~ . 
South of the equator, the earth's rotati9n 
bends southward-flowing air to the east and 
northward-flowing air to the west. A similar 
pattern of prevq.~ling westerlies. trade winds, 
and polar easterlies exists in the Southern' 

' I 

Hemisphere. ' 'I ' 
Not all of the earth's surfaces resporld 

to solar heat in the same way. For example, 

t ~, ··. ::· ~--
' 
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(@ Jet str~m 

Surface winds 

I. 
t Horse ,tat1tudes "". 3JO 

;, 

Global wind circulation patterns. Preva1l1ng winds blow from the east 1n the tropics and from the west 1n the 
md-iatitudes. ., 

I .. 

an ocean will heat up· more. slowly than the 
adjacent land because water has 9 high 

. heat capacity, or ability to store heat. Sill}i­
. larly, an ocean will cool down more· slowly 
than the nearby land. These different heat-
ing and cooling rat,~.P create enormous air 
masses with the temperature and moi:sture 

, characteristics of the 'underlying ocear) or 
land mass. These air masses float. along 
over the earth's suriace, guided by the global 

J,. 
-- i;' 

.: ~ .. 
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wind-circulation patterns. vVhen a WaQ.rr 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 abou-t bump­
ihg into each other. Vv'henever they·; bump, 

· air is squeezed along-producing your local 
winds. 

High and low pressure systems are asso­
ciated with these air masses. In general, as 
air temperature increases, the density dropsJ 
al)d so does the barometric pressure. The 
high· pressure systems push their coolerair 
toward the warmer lo,w\ pres·sure systems, 
trying to alleviate the pressure difference 
between the two. ,.But the earth's ro1ation 
deflects these winds so that the air flows 

---h'bm-ttigt1 pressure to low along a curved 
path. ln the Northern Hemisph~ne, the wihd 
blows clockwise around a high pressure 
system .and counterclockwise around a low. 
Together with the global circulation patterns 
·mentioned before, the large-tfcale winds 
drive these same pressure systems around " 
the earth's surface, bringing sunshine, cloud,_ 
.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 yeariy averages . 
. Some of these averages can prove very . 
useful in describ.ina the exoected wind be-

....., . I ,. 1 .. , 

havior at the site. 
Large-scale winds generally :domina,te. 

But local winds often enhance or modify 
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Air Temperature and Pressure 

. i 

What we r;:a/1 atmospheric pressure IS ca used 
by the weight of the air apove us. Travel to· a 
mountaintop and low_er a (mosph_~ric pres_­
sure occurs beca~e you are nearer the top 
of the giant ocean of air" surroundir1g the 
earth. • . 

A barometer is commonly used'to meas­
un3: atmospheric pressure. A "falling barom­
eter", or de<;lining barometric pressure, has 
always been associated with an impending 
stoMTJ because a low pressure system is 

·moving into the vicinity. A ·~ris1hg barometer" 
heralds the approach of a high pre_ssure 
system and fa ir weather. A typical winter dis­

. ~\ tribution of atmospheric pressure is shown in 
:~~ the top map. The lines of e'quaJ pressure are 

called isobars. and the units used are 
:· mi11tbars. At sea level, 1,013.2 millibars equals . 
,. · C1 .Pressure of 29.92 inChes of mercury or 14.7_ · 

_ pounds per square inch. (psi); all three va,Jues 
~ are· equal to a "st~ndard" atmospheric ·,. 

. .. pressure. Inches of mercury qre commonly 

47 
,. 

. used to measure pressure in the U[lited . ., 
States. and r;nrllibar.s is the rriEitric unit of .. t.. ··i 

· · p'ressure us~ by scientists andJiifplane ,~ :::;:::::::::=--
pilots. · 

The lower map shows average January 
temperature d1str~buted over the globe. Note 

. the _co(relation between temperature and 
pressure. Air temperature affects air density 

· ·hhich 'is related to weight. or pressur.e of the 
atmosp,here, Higher temperature air_yveighs, 
l_ess; air density therefore dpcreases with 

· ;ncreasi(lg temperature. A .tighter a1r mass 
exerts less p ressure at the bottom of the . 
atmospher ic} ocean. So, as air temperr;Jture 
increases, tts pressure decreases. 

\ , 
j 

.... 

Global distributions of the average January air pressure E;nd temperature. • . • ' ' . 
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, · Air .pensity 

. . 
The density of any sut;Jstance is a measure of -
how much of d can fit in a given volum,e. We 
usuatly want tp khow how mUch, air, o_r how . 
many m'olec,ules, interacts with a rotor as the 
wind passes through it Kinetic energy in t'he 
wind is a function of the air mass and 

..... wfndspeed. Therefore,, we n~ed to know the 
·· mass density of.f:J,Tr,.'iJ,'"'tq calculate wind 

energy andpower1/[Jljs density is base(j'{)n. 
the air temperartlf{jliffld attitu:de,--usually ref- • 

t---~-----jf-c----~""""n.·· . ' k ! . • ·. 
erenc--ert1o:Sf::jij~1e.~i;ii: ·'. - -- · ~ 

A "standara ~d'Jtfs an average day tha"t 
. sc1ent1sts an_d~lffJ.KJeers use ,torpumoE.;,es of 

design. On a st-anfJJrd day, c~fta1n sfand_ard 
values canbe used for tflinperature, pressure 
and densityor_~he_ ?ir (d_eper]ding on altitude). 

--- __ : Natf!ral/y, Pf!_rformance calculations on wind 
mactrines will vaiy somewhat from this stan-

. dard, bec;ause a. standard day is actually -veroy 
f---.. - f-o--.. - ~-ralt?.:_"$l!thi!Je[days-..are--generalfy hotter and 
-~--- · - - winter days cooler. Standard conditions for 

air-at sea level are, in Eng /'ish units:. 

Temperature = 59.9 F 
Pressure = 147 psi 
- Density = 0.002378 slug/ft3 _ 

I · . .. 

Here, the ··stug" is the English unit of · 
mass, not a slimy animal resernbl1nrra snail.· 

~ One slug weighs 32.2 pounds at sea level. To 
calculate the air density p at a SQecWc wind-

1· mill site, you need to correct for altitude and 
temperature differences from the standard 
case. Use the following formula. 

p = C!, X CT X 0.002378 slug/ft 3 . 

(Eq. 2) 

__ 7ne· altitude eorrection factor .. C A a~· the ·:~. ~ 
temperature correction factor Cr are taken •; -
from the two accompanying tables. For 
example, suppose'that the average tempera­
ture at yoursite is BO'·F, and the altitude is 
2500 feet ·above sea levef. Then CA ~ 0.912 
and Cr = 0.963 from these tables, and .. . 

, p · 0.912 X 0.963 X 0.002378 slug/ft3• · 

- = 0.002088 slug/ft 3, 

or about 88 percent of the standard air 
density. More frequently, yo-u will hav~ ·to 
know these two correction·· factors at altit,udes 
and air ·temper:'B.tures not listed directly in the 
tables. In such cases, just 1nterpolate be­
tween the values given. · 

Altitude Correction Fact9r 

Altitude (feet} CA 
0 l.OOO 

2,500 0.912 

5,000 0.832 

7,500 . 0 756 

10,000 0~687 

Temperature Correction Factor 

Temperature ("F) 

0 

20 

4D 

60 

80 

.1.130 

1.083 

1 040 

1.000 

0.963 
I 

100 0.929 ! ! - l ~ I 
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the Wind Power Book 

the large"sca1e· wbrds-arid Gontri'oute some 
energy when non~- is avail-ab le from lar~e­

- seal~ winds. High pre6sure zo.nes pushA air 
tqwa.rd 'low pressure zones, "and wi nd is 

- ·cre~ted . . .The size and distribution of ea'ch. 
.O pre'ssure zone ·~hanges under the iri frUence 

of the winds they. create. Fast-moving air· 
"'~descend~ in_to ~alleys. b l o~s· thsough ca:n­
- yons, and sa r ~s over rnountarn peaks-redrs­
. trbuting warm and cold air masses. Because 

pressures :and tern'pe r~turf)S c,aU$e winds 
and are cha14geel by t hose- winds,1it's impos­
sfble to predict the available Yvind power 

~ accurately by studying avi?tion we.?thertore-
cast charts · •· · ·· • - ~. 

~ : . --' • • ...- ·.~_ 1 & ~~ ·-~~ 

_Because of its lbwer heatcapatlty, the _ 
temperature of a land ma-ss rises ' anGi falls_ - . .. ~ . - . ; ~ -~ . . ~ -
·in response to s.,.olar energy. and .. night-sky · · 
. radiat ion more rap idly than the sea .. Hence; 
sea ,water is cooler than the shore during. 

' . ~ . ,. 

the day, and warmer atnight. Circu l ato~ air 
flows . called "sea-land wind~," are created 
by that temperatu re difference. You experi­
ence these winds as on-shore and .. off-shore 

, breezes at the bea_ch . Du ring the daytime, 
especi·a lly in th~ afternoon , the warmer air 
0ver the land rises and the cooler air over ' 
the water flows in 'fo rep l~ce it-' creating 
an on-shore breeze. The reverse process 
creates oft-shore breezes at night Da,ytime 
sea breezes can be streng enough to be a ,, 
source of wind energy; \XPiGally, they range 

.,.from &.;~o 16 mph. N [lrhttime breezes are 
· Blower, ty~ic~Cllly l es~~~a~,P m~h. . .. _ 

Cool · a1r next to•t m4\tntam slopes 1s 
heated by exposure ot ·~ts moisture to the . 

~ -·· 

,. . ·'\ ;. 

t· 
,.. ,,~·--,~· 

('-

... 

, · 
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-· r:norning sun an·d by the rising temperature 
of the ground-below. As this· high mountain 
air warms·:up, iL(ises;;cooler air from the val-

., r----.l~y~elew-isdr-awn-;upwarc.talong tHe·slop~:~ ·· 
Centralvalley~ 9-ir trow's toward the. base of. 
,.:- ·_ - . . • J _.-· .· I • il 'I I) • 

i1he mountatrr·and"up thE; slope·."A mou~~aln:-
valley windf' 1'&-tQus created by the tempera:­
·ture difference>A)n'ight, theoprocess reverses 
itse1f; cooled by rapid,-,radiation of heat.to-Ut~; 
,da-rk night sky, high mountain air descends 

· ;/Jinto thfj va~l .~y,gaining sp_eed as it becomes 
f.---~--- ·:heavLer. Mbu-ntarn~valley winds are gener-

.4. . :\!; 

'aHy thougltt to be too weak to be a source 
of. ~ind energy. 1n SOfT\~ areas, ~however, 

~\hj~.£n __ igh~ 09t be the C£-l?.e._. ___ _ ~ -----~--
- Mountain t?ree:z;es descending into a 

.. ,valley can be warmer or cooler than the 
,..,. ...... ·. ., 

'~ __ \falie¥s·. Cool winds flow downhill tJndePJhe 
,Jinfluence of gravity, and tend to oc'cur at 
nig.ht. War!Jler winds gain heat energy_ by . · 
. compression.Nas they d_escend into valleys J 

· an.d may bring q ~neal temperature rise of 
· 30cF to the valtey. This air is c9mpressed as 

1td.rops intq the higher air pressures belo~. 
These winds are known as "Chinooks" or 

J ' ~ 

i•santa Anas'' in the western Unit~d States. 
The higher tef!1peratures have .been blamed 
for forest _fires and q. h-ost of mal functions 
associated with over-use of air conditioners. 
The winds of the Chinooks often reachTer­
ribly de;;tructive· speeds. 

Windspeed Characteristics 

-Winds at virtually all $ites have some 
remarkaqJy uniform characteristics. At any 

• 

·, 
\ 
\ 

""";. 
1 \ " 

, T 

., 
[)..)M./11 

A IR 

.. ·- r·- ,. · ... -.. 

, · 

~' - • ... a 

Sea;:land-Winds occur-bBtause adjacenr-·land·and~--ocean_ mass~s have differ~nt rates. of heating and ~-
COoling. On-shore breezes occur durtng the day and o~~shore' breezes at nigh~. . · ·'" 

'· 

Mountain-valley winds. These gentle breezes occur because the air over high mounta1n slopes warms up.faster 
by day ~d eools down mor,e rapidly <B~ night. . / · · · , c. 

_,- -· 

given site, there will be a lengtrf~f Hme 
when there is absolutely no _wifld. For some 
other rength of time, the Wtrid will blow at an 
average speed, and_.J6r an'other length of 

_,/ · 
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'.o mph!o its maximum;you could easily plot 
-.. a graph.lik-e this one-.Jne .vertical axis can 

be expressea 'either as the totalo.time or as 
the 'pe'rceri1age of time the wind~ occurs a( 

:, ·each- s~t!ed.~The.·s·hape-ot the c.urve will ·-:-'\. 
'pro6ab}y\:tfffe~ fOr YOLJ,f S·ite, bot the message ") 
will t;)e ·$imilcV: · 

.. ~- ,..:.G" -·., . 
__ · Winds peed ' _!mph_). 

. . ~ ~; . ~ 
Wi!]dspeed 'Sistributioh for· ~ typical. site ~ith 

. · ~- 12-mph_ "'erag~ winds. This graph Jndicate~ the - ~ ... -- ~ ., .. 
.''. o · . _

1 percent~ge of time, over a per.bd·of qne y~ar,1-hat,the ······ 
· -. •W'ind bl.ctws at any given· speed. __ {! _ ·· , · · · 

~ • • . _,,-- _·.-' . .· - A- -~-~-. .. 

--... .. • .,. •. •.· .••• i. ·'· .. 
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WheAQver many meil?Urements df the 
<windspeed are made, ar ayer~ge of those 

m-easurements ·should be cajcul,ated. Si m­
.. ply ?dd up all of the m~asurements and 
.-divide that rota! by the oumber of roeasure-· 

iner)ts. taken. A.t t_hi~ hypothetica_l site,·the 
average .. windspe(1,d (or; 'equivalently,, -the 

' . nf~an windspeed) is about 12 m'ph-a' few 
.~ .:. ... - ~ - ... . -6:t ' .;/ 

m1les per hour greater thah·· the .most :tre-e. 
q'uently occurri6g-windspeed,·about9 mpn 
fG;r this srte. · · · · . · " . '·. · . 

. WHy<&hould ·you ·measur~ the .windspe~d 

~ . 

·· . .. 'r· ... --~, Z .. 

,. , t;-

... 
0 

Windspeeo !~ph) · 

'. in" such detail? ._Why not-·j ust measure· a 
··simple ~veraGe windspeed instead?.- The 
answer to thes'e questior1s.depends·a·n how 

.3J ' .. much reliance you expect to Rlace.d_n your 
wind·'Syst~m and how much jim·e and·mo'ney - ·.'!' - . '-" . 

;r-,• 

·.• 
' : > . 

l : .... -,;; -

' .' •. • < Ayailable wi11d pQwer as a' function of WiRdspeed. -
; ~fir:·.~ ·. An 1deai efficiency of 59.3 percef"lt ha-s-been assumed 

. ,_ for a rotor with frontal-~ea of 1 00 square feet~ . 
v • 

. , time-perhaps p_nly a tew· minutes over 
an entire year-it wi II biQY' at it~ maxiiJlum-· 

• l ·~ l't ~ • 

you have td .sp~nd. Let's look. at windrspeed · 
characteristics more dosely.to see how t~e 
illu$.trated curve-or a~f'milar curve for your . 
site-relates to ~nd ·energy production~ . 

· ~ Remember that the available wihd'pow~r 

speed. The t9p left graph shows a typical wind- ....... . 
in~reases as the cube of the wi'ndsp~d. 
We . .can u se--E-~trati-GA=i~to=eatctrl=8te-tf're 

r . ~ .. 
- ; 'h 

. , -

. ...... 

!~ 
. ·' 

. . 
... 

0 

speed-distribution that wlll help you visualiz.e 
these characteristics. -If you measured .th·e 
winds pee~ at your site. for an entire year 
and then . .added all of the minutes the wind 
bleyv- Q.t each of the different speeds·, from. 
~ : •• '11. • •.• • 

maxim~m wind poweT that might be ex-
tracted at each of the s·pe~d·s shown 0r1 the 
winds peed -distribution cuJve.(Fo"r exampl~e, 
the top right graph indicates the maximum 
wind power could be extraGted by a rotor 

. " •· 

,.· 

( 
. .. 
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·{a'Ss-Drnio~g·an etfiCienc_yot 59.3 perce.nt) wit~ , _ 
an area of1BO' square feet, when- tl:le vyind-

- ~pe§d Y~vfes~trom 0 to 30_ mqr·. , _ 
• · :'·'~lfl1s gr~:Ph illl!strate __ s· ~p~,dr~matic~lly 

'" wiQ~power mcr;eases wtth mcr.eastng spE?Bd. 

1200 
' < 

~ 1090 
'QJ 
>-

-Af1d mph dnly,30o_·wattS'fcfr'} be-eXtracted, 
'"but- at 30 mph more than B,OOO w~tt.s, or 8 
' ki lo~watts, ·could. thepreticaHy be harnesse~:L- • -g "BOO 
.,-~ T_hose two graphs describe two maj_or ~ 

wind charaC'teristics: statistical and power. ~r 600. '_. 
The sfatisticral characreristiens· the amount- .s::. 

- of time you can expect each 'w[hdspeed to --~ - '4oo 
occur, 'cfnq tJ1e p0we; chara.cteristic' i.s the r- ' 

. .. ~ -
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ar;nount of po_wer you can ?xpect to. be avail­
·a.ble at eaGh win,dspeed .. Now rem_embBr 

;J .· 
- -;:. 

- -; 
._,... ·:· ,s 

·.-". th-at energy is c.alculated by multiplying · 
... power by time._ A ·1 OQ,.watt light bt.irb ·li:;tt on 

_ -for ten -hours consu.mes 1,000 watt-'h'Our:s, -qr 
0. IJ • • . · ' 

_. . . -.:1 -- kilowaJt-hbur, .-pf ene~gy. The ma_ximum _ 

, ' 

-/ .. 20Q, 

Windspeed (mph) · energy.-~vailable at your wind site· is cal­
. culated iq m_uch Jhe' same~~ay-· by 'mLJiti­
. plying J-he. power curve by- the time 'curve. 

Windspe.ed and wind ~nergy distributions for..a typical wind site_· 
• . f . • • • 

_The resll_tt~. js an energy diitribUtion curve, illustration, but the conclusions ~nd J~~ 
an exati-1'-,. -~': :f wh'ich is !)re~ented here. This_ ' c.har?cterlstlcs wi II be rargely the same. - , 
is J:ht:;_,p· ,,;;_~ ~,. _ ...really w~:mt to know. : What other wind characterisJics -oeter-

·Ar-·tq,~\h.~j~HGal wind ,site, a wind-· mine t-he shape of ,such turves? On a 
spee-d- ~)~;t§5~p1W' occwrs frequently. You setond-by-second, basis·. fhe wind is actu~ 
might tHfnl< that thls.;s.peed will be of- gseat ally a success ron of weak and strong pulse's · 
importance in en'ergy_""production. Sut the ·· - 'or gusts. On an hourly basis, the winds at a 
ene-rgy curve show's~th~at it's rnuch less irn- site hav'e typical daily patterns--:::-called the 
portanfthan windspeec)) in the,.15 to 20 mph- diurnal variation of the winds peed. At our· 
range. That's 1Where most ot the.energy is hypothetical site, for example, the ·.wind-· 
,~;<ail able. In !act, there is· very little energy speed may be low in the m'orning~ pick up 

->~~~-~l~ble below 8 mph or abelle ~0 mph at in the 'atternoon , an-d reach its peak at about 
· ·:;.~~1JJ13'fi1XP.Qthetical sjte. The curves.at any real 8:00 p.m., as seer} in· th,e following graph. 
/s~.l:Jf~;,Probably differ fro~the ones in this Two separate curves are SQOWrl for t,wo diH~r-

• • •• ' + f •·.. " ! 
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Th~ diurnal variation of windspe~d at a hypot1=leti· . 
cal site. May w1nds blow hard~(than January w1nds 
at this site. 
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Monthly Qar1ation of windspeed at a hypothe.tical 
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ent m~nths-. anuarJ nd May-to indicate 
that th·e. diurn l vad ion may be different 
from mo··rl.!h t mo~~h. Note that May is. the 
windier n;~o~th. ·n t~s location, a fact that is 
also reflected .. _ 1 <rather plot of the month­
to-month variatlo f the average winds peed. 

~hese hypojh_~N I curves indicate that 
windspeed v~ies ·on n hqur-by-:hour, day­
by-day, and onth-by- onth basis. From a 
statistical vi wp_oint, the winds at any site 
can be des.6riqed by a windspeed distribu- ... 
tion.(curve, Which tells yoLJ. to expect a cer-

f tafn ·wind.speed for a certain percentage of 
' ·. )< 

the time. Jtdoes not tell you w,t1e.n to expeGt 
that windspeed. or how long it wi II persist. 
You can get a fair idea of whefl. to expect 

.. certain wi-nd speeds f~om a daily and monthly 
study of the.winds at your site-if you choose 
to analyze,them that cl_osely. 

By analyzing your site in ·terms of this 
daily and monthly variation, you will have an 

.• opportuni-ty to compare energy needs with 
the wind energy available. At our hypothet­

' ical site,. rn~sr of the yvind e_nergy. is avail-
! able in the ever\ing .. ·sut s'Uppose that the 
\ need for~nergy occurs in the morning. Sotne 
·. form offtnergy storag€ is required to retain· 

• ' t~fvening's production for ttie next morn­
"' :mg_>use; This might prove. expensive. Sup-

. ··,po'se that the energy need occurs when the 
Wind power rs ?Yai1able. Little or no· energy 
s~orage would· be required, and the wind 
'power sysfem··wquld cost less-and perform 
better than if stoiage \VBre needed. Hence, 
the wind. power in this case i~twqrth .. more . . 
The value of a site's wind resource is directly · 

i ' . \ ' ·. 

~elated to the energy ~vai_1a~le a_nd to how 
well that resource comc1d4s.,wlth energy· 
heeds. - J ·", 
I ' I '-. ' 

1 .How do you 'go about qetermining the 
windspeed dist'ribution for }rour site'\;fhere 
are four basic options: / '""' 

1. Ignore, windspeed distribution entir~y · 
'and base your desig I\/ cafculations on"·""-

• ... I . . . . . . . ... . 

an. n~al a. verage wind.ipeed and a cor= -~·· ··•· --
recti on factor. . · · 

2. Using the annual av+r~ge winds peed · 
at your site and a mathematical equa-
tion that describes the w'lndspeed dis­
tribution fairly accurately, calculate the . 

.. _ ~ _duration of each- windspeed. ·· 
3. Actually measure arid record th·e_win.d-' 

' speed at your.site for at least one year . 
~ \.- . .. .. ·"":' . ,.. 

''4. Measure and record the wtndspeed 
for a shorter period-perhaps three ' •· 

months-and ·try ton~~stablish a cor: 
relation with wind data from a.nearby 
weather station or ai.rport. 

The annual windspeed distribution is, 
from the overall planning viewpoint, the most · 
. important factpr to ·understand. Daily and 
monthly winds'peed variations are, perhaps, 
the_ easiest to determine, but wind researchers 
increasingly favor an asSumed annual wi~d~ 
speed distFibutiGn. You then make desjgn 
calculations based on ~uch an assump­
tion, rather than actually measurirrg the 
windspeed for more than a year. 

The Rayleigh distribution provides a rea­
sonable description of windspeed charac­
teristics in some locations. National Weather 
Service (NWS) wind data for several hundred 

i 
-. 

\ .. 

.. 

.... 
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-.locations have been compared with results have a table covered with tea cups arid you 
\ om an assumed fayleigh distribution. The toss dried peas fJt onto that tabl_e you will 
c mparisions ha.Ve been promis.ing, but be filli,ng bins-in this case, tea cups. Throw 
th re are a few prdblems of interpretation. ~· ough peas out and a filling pattern will 
Mo t of the NWS artemometers have been be in to take place that reflects the .likeli-

, 'site. for monitoring ~rport winds, for mak- ho . of ~hat bin receiving a flying .,pea.· The 
ing, f est fire predicti~Qs and for _a host of . Rayl igh curves give a possible lik~th<;>od 
:other es unrelated to\~iR_dp9wer produc- of an particular windspeed occuHing. · 
tion. AI hol,Jgh the RaY,Ieigfl distribution · If you a windspeed--~eter once 
doesn't rk for all sites, it, has been reputed each minute and add a .. 1" to the .bin that 
toworkwi an error less-than 10 percent. In corresponds to the windspeeq you read, 
the,!qbsen of bett,er data., it can be used you are filling bins with minutes-the num-
for r~asona y good energy,_ estimation. ber of minutes the wind blows at each wind-

The two g aphs here shpw typical Ray- speed. Do trus once each hour, ·and the 
leigh windspe d distributiprf'curves for two bins,.-conta~F1 hours. A simple daily reading 
sites with differen armuaL average wind- will represent a "daily average" windspeed , 
speeds. Noti:ce that the energy content of and th.e number of readings in a bin will 
these winds increases- dramatically• as the represent the number .of days at a particular 
average speed increases•from 10 mph to windspeed. A bin, then, contains the num-
14 m_ph. The vastly greater energy available b~·r of days,· hour?, or minutes t_hat the wind-

. at windier sites makes the required site analy- speed happens ·to be measured at the value 
sisworth the effort. Energydistributron curves assoc·iated with that bin. More frequent read-
simitar to these will be used later to design.. · · ings will give a better repres-entation of the 

l -

a wind machine that·ac:hieves optimum per- actual wind?peed distribution. One-minute 
·forrnance at· windspeeds where the- mo9t -readings are quite reasonable for electronic_ 
energy qccurs.l n factt peek windmill perfo'r- recording equipment, while hourly or ·daily 
mance ought to occur at or near the safrle readings are commonly taken by human 
winds peed as the peak of the energy distri- meter readers -e.t airport control towers, 'for-
butiOI"' curve. est lookout stations, and other permanently 

Measuring· the Windspeed 

staffed facilities. .. 
, Virtually all methods of calculating the 

· anntJal average windspeed involve filling 
bins of one sort or another. If windspeed 

Measuring an actual windspeed distri- bins are fill~d electronically and accurately, 
. , bution curve means taking many readings the values in each bin can be used instead ,,,, 

---~----~nd fillin~ many "bjns" with this data. li y:u ... . of the assumed Rayeon~ be· 

12 
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Rayleigh windspeed distributions for sites with 10 
mph and 14 mph average winds. The available . 
wind energy is tar greater at the wjndier. site . 
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With a year or. more of windspeed data 
measured for a given site, you ofteri' ne.~d 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 windspeeqf 
Within certain limits, a sffigle parameter / 
equation known as the Rayleigh distributi0n 
may be used to describe the windspeed ,· 
distribution. Hwe the single parameter is · 

· .mean wim;tspeed. At windspeeds below : 
10 mp~, th_e Raylei~IJ. distribution has lop. 

· reltabiilty; tt shoulg not be used at all at s1tes 
with mean windspeeds below 8 mph. j 
· The Rayleigh .tiistribution takes the,~ 

follo'wing form: ,; . . : 
" ! ·. v I 

Hours ~ 8, 7.60 X ~ X ~h X ./3-k, 
(Eq. 3) 

i 
where~ = ·windspeed .f . 

i, · · V = mean windspeffa 
~ 7T = 3. 1416 / ··~: . : i .\ 

· .. ~:- -_. 

·;:- e = 2. 71 B 2 
1 

k = s X (~) . / .: 

This equation gives you/the total number 
of hours per year you can'expect the wind to 
blow al,a windspeed V When the mean wind-

~ speed is"·Y at that site . .. / . 
' . - A graph-. .pt this complex equation is pre.,­

sented at right, witrvpercent time as the verti- , 
cal scale. To get tf]e result in hours per year, 
multiply by 8, 760, Appendix 2.1 presents 
numerical values. of the Rayleigh distribution 
for mean windspeeds ranging from 8 to 
17 mph. You can read percent of time from 
this graph or consult the Appendix to get a 
more accurate value in hours per year. For 
example, for mean windspeed of 14 mph, you 
can expect wind to blow at 23 mph for about 
22 percent of the time. or 194 hours per 
yea'r 

... 
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The Rayleigh Distribution · 

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

cause they represent the entire windspeed 
d istri but1or1." 

In another approach. you measure wind­
speed periodically during the course of a 
day, and average a ll the readings during 
tbat day to get the daily average winds peed. 
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 guessLthis 

, l *' . - .. _. -- -·· -·········--... 
process becomes burdensome over an 
entire yeaT J I 

;A, simpler alternative is to LJse a special 
device:~al l ed a win.d energy monitor. It adds 
up the total miles of wind that have passed 

-'the anemometer's sensor_ Divide the t6tal 
-miles by the number of hours betWeen read-
ings on a daily, monthly, or annual basis, 

-... 
and you get dally, monthly. ~r annual aver-
age vvindspeed-simply and directly. 
"~ In add ttlon~ a wind energy monitor re­

cords the total wind ene}gy avai I able at a 
site."Each windspeed reading is ·converted 
direct ly into an energy valuE( that is accu­
mulated m inute by minute. Suct;ran approach 
elim inates the errors that might occur if you 

.. rn89?_v.r.ed an average winds peed and Jater 
Ca!cuJate_d the available wind energy using 

·the RayfeTgh-drstribution. 
{~ 
~ ;:;/ 

Wind Direction 

' 
Local winds are influenced by pressure 

and temperature differences across a few 

' I 

' '· 
' 
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miles of land. These local atmospheric"influ­
ences in combination with those of hills, 
troos, and other topographical features, cause 

~-- _,. 

wir1d to shift direc,tions 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 jn which you-plan to site a wind system'-" 
where the wind comes from, Chances are 

'\ 

the answer will closeLy describe your fetch 
area. During a site analysis 1 you should 
become ?Ware of structures, ~ills, or t~ees 
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 inc,lude 
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 dfstribu­
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 b!ows 
mostly from the south and west at this site. 
But the energy distribution curve-shows that 
the greatest arnofJht of energy resu !ts from 

\.1\j 

w 

E 

Directional windspeed distributions for the Palm­
dale, California, airport Most of\the t1me, the w1nd 
here blows lrom the south ~.2_!f8S1 
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Directional wind -enefQY distributioF,ts for the Palm­
dale airport: A ·large traction of th~ w1nd energy 
comes from the west-the d1rei:::tion of highest Wind­
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 l)SUally sufficient. 
How is this done with site analysis instru­
ments? An anemometer measures the wind­
speed and selects, ori a time .5W-sis of once per 
minute, a wind speed bin. A wind vane, wnich 
senses wind direction, determines which of 

· eight bins of the same windspeed will be 

WIND 

)' 
.,.-~._ ......;_....,. 

---. .,. 

Wind shear above an orchatd, V-lhefilhe w1nd blows over a rough surface. the boundary layer of slower-moving 
air th1ckens abu;e l1 ·- ". 

- i 

.. . .. ... , .. , _______________ ~-........ 
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incremented with one count. For example, 
suppose the wind speed measures 10 mph. 
There are eight possible bins marked 10 mph, 
one fo r 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, 525,600 qounts 
wil l be scattered among the bi n ~. That's 
.more than enough to construct a graph 
similar to those shown for Palmdale ~irport .. 

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 molecules slipping 
over the slower ones. Friction between faster 
and slower air leads to heating, lower wiAd­
speed, and much less wind energy available 
near the ground . 

The re_gion of sheared air between unre­
tarded air flow and the gro.und surface is 
known as· the boundary layer. It has a defin­
able and often predictable th ickness. Ac­
curacy of predi'ction depends on your abil ity 
to estimate surface fric'tion facto rs or.meas­
ure the wi"ndspeed at several heights simul­
taneously. Even wind flowing over a smooth 
surface will develop a boundary layer. The 
fu rther the wind travels, .. ,the th icker the 
boundary layer. Minimum thickness occurs 
over a large, calm lake, or an ocean that 

~. 

.. ... 



~----~ ............................. ---~------------·-- . 

f- ---·. 

[. 

I 
I 

1--._-:·. ' 
~- ... 

I
. 
: 

. 

I 

Wind Energy Resources 

isn't subject to winds rapping waves and 
increasing surface roughness. 

A more typical example of boundary­
layer buildup and the effect on windspeed 
profiles is shown in tlle diagram on page 56: 
-the win~. approaches an orchard with a wind­
speed profile ill"ustrate€J on the left. The tr~es 
extract some energy from the wind, and "the 

,:; profile on the right represents the wind leav­
ing the orchard. A wind machine installed 
deep within the resultihg boundary layer, 

-~ say n_ear tree-top I eve~, would- have much 
Jess wind energy available to it. 

,. Windspeed profiles tor three represent­
ative types of terrain are shown in the diagram 
,on thi? page. The numbers along the curves 
represent P.ercetltagte of maximum unre­
~tricted windspeed · curring at each alti­
t\.Jde. Over urban ar _ s, the boundary layer 
is often more than cl quarter-mile thick. But 
over lev~l ground or open water, the wind l

l 

~-- reacl}es its maximum speed at Less than 

1 
1

-··_ 
. 
-
. 

. 

I 
I 
1
-

• 
. 

1!;000 feet _ _ _. _- _ ·-· 
- - - --- ·- -t · These· perce-ntages can heTp--you esti-

mate the windspeed to expect at one height 
if your anemometer is mounted at another. 
Sup'pose, using the "suburbs" curve, that 
your anem-ometer is mounted- at the same 
heioht as the 60 oercent mark labout 200 
. ....J . - - ' ' 

'fee~ in the air) but you want to kflow what to 
expect at the 50 percent mark (about 100 

~ feet up). The annual average windspeed 
-- -------···-·:-·.measurea byifi"e· anemom~er \.vm "58""13()" 

. 
. 

__ percent of the unrestricted _9~nual av~rage, 
~a-nd the winds peed at the lower height will 

he "'nr.ther 1 ('\ ""'e .. ,....en• 1,-.. .. ,e .. V OIIV\11 IV ~ 1\J II IVVV t. 
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windspeed at 100-foot level, simpiymuitipiy 
the anemometer reading by the ratio of these 
two percentages. For exampler if the annual 
average, as measured by the anemometer, 
is 10 mph, thef! the average at the lower 
height will be 10 times (50/60), or 8.3 mph. 
The height difference lowers the winds peed- , 
by 16 percent and the available wind energy J 

-by 43 percent. Thus, the wind energy avail­
able to your machine is very sensitive to the 
tower height. · .. 

The vall·e of a (Greek "alpha") listed with · 
each profile is the surface friction coeffi­
cient for that type of terrain. It rep~e~ents an 
estimate of the actual surface friction near 
each site and is used in a formula--teS cal-·--·-·---- -· . ----- . -- -~--- ···--- -- .. ---------

1-1£/~HT 
~ ,. __ . 
,...-,~,, 
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Windspeed profiles over different terrain. Rougher terra1n has-a higher"surtace fnction£oeffictent it therefore 
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\ 
Average 

winds peed 

2 

Time (seconds) 

Gmph of a typjcal wind gust. In thiS" case. the departure speed is just the average 
windspeed. · 

. 
NUMBER OF GUSTS PER YEAR TO . . 

T'vVICE THE DEPARTURE SPEED 

Mean Windspeed 

Departure (a= 0.2)+ (a= 0.3)+ 

Speed, ./ 10 12 14 16 10 12 14 16 

10 , 25 22 18 15 2269 2-004 1-701 143{) : 
20 5 8 11 12 430 780 1022 1140 .. , 

( 

30 -- 0 1 2 4 ' 1 3 77 .... 207 369 
- ·----- - -- 1- ---· ... 

40 o· 0 0 1 0 2 1 7 57 ... 

50 0 0 0 0 0 · 0 1 5 
+a = Surface Friction Coeffic~nt 

3 

' 
'· 
\ 
' ' 
' 

' ' ' 
' · 

' 

The Wind Power Book 

culate the effects\ot wind shear. This formula 
' is presented' in Appendix 22, along with mQiie 

quantitative infonnation about -winds peed 
profiles . \ 

Turbulence " 
' . ;>,;, F 

\, ~ .· 

" An understandin~ of atmospheric tur-
bulence is important fd[ the structural design 
of a safe wind machlne. Wind machines 
average the short-terrA pulses associated 

t ' 
with gusts, so power out~ut appears smooth, 
even though the actua~windspeed is not. 

\ 

A very strong wind gus\ may destroy the 
machine. \ . 

What does a wind g~st, or short~term 
turbulent variation ~ look lik~? A typical gust 
is shown in the accompan~ing graph. The 
increase in windspeed cad~es a theoret-

. icaUncrease in wind power, ut usually this 
· increase lasts for less than ~ second. A 

~ 

typical windmill cannot respond that quickly, 
.and such short gusts have 1-itil,e effect on 
the power output. '-

For structural design, it's important to 
' \ have some means of predicting l he num­

tler of gusts yodcan expe~t at you~~,site that 
· h~e large amplitude. Usually it's edough to 

·-· -uCJ~t.zys Tof s eve raJ .. annua.'l averagE\ -wind-
speed's and for two general classes -~f sur­
face friction. The table here gives the\ esti­
matea frequency of g-usts with twice\ the 
departure speed (the windspeed just p\ior 
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 yea·r 
that double the 10 mph departure speed to 
20 mph. Notice also that you can expect up 
to five departures· from 50 mph, that is, five 
gusts to 100 mph per year at this site. By 
comparison, at a site with a lowel surface 
roughness. say a = 0.2, and the ?ame 16 
mph 'average, you can exp~ct. only one 
departure from 40 mph to "80 mph, and 
none to 1Oft mph. Rough~r surfaces induce 
gustier winds. ·In designing your machine, 
you can use the peak windspeeds from 
calculations like these in l.ieu 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 

59 

., -ing for hot areas to "wildcat'' wind-rights 
leases. These New-Age prospectors w!ll 
Instrument sites, get options on them, and 
sell their options to utility companies loqking 

. for good windy sites. To justify a sale, wind 
prospecting will require great care and 
acCUFpte data-logging equipment. 

Site surveying is much less rigorous than 
pr0specting. The predictive tools, sLJch as 
the Rayleigh distribution an9 gust table, 
allow you to perform sim pie 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-

. terlstics 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 ~indspeeds-1 0 mph or lessi. These 
statistical tools are just no ··substitute · for a 

-QOOd site survey using accurate, reliable 
In a site survey, you head for the actual insirument_slalthough they do provide you 

f _site selected, _armed with a compass , not~ with- fair Hfst-order estimates of the wind -. 
pad, tape measure and camera, and various .behavjcr¥ at·¥our site. ·' 
anemometers. By-way of - comparison, in . What makes a good wind site survey? It 
wind prospecting you· start out equipped c;dnsiders two things: the wind resource 
with all the same devices but do not neces-. / ,·and the wind machine. In the first category 
sarily know where the site is located-. A site .·· you'll want to know: 
survey should provide you the---data yol.J • Annual average windspeed 
need to plan a system for that site. Not too · • Windspeed distribution 
many years wi.J:h pass before wind pro spec- • Wind direction 
tors, armed with general wind maps· and 
maps of_ existing electric power lines, will .~ 
comb tA·e windy areas of this country look- · 

• Wind shear: 
• Surface roughness 
• Site altitude. ~-

/ 
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A pressure-plate anemometer. Wind pr~­
sure forces the plate to swing up along a 
graduated scale. providing a rough meas-

- _ ure of the windspeed_ 
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ln. an earty pressure·tube anemometer, 
wind pressure induces a height eiiffer~ 
ence between the fluid levels in a u-
shaped tube. 

' " ~ . 
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Some site characteristics fail in botr1 cate-. . 
gories: • • Gale or tornado expectation 

• ice, sieet, haii, snow, and ireezihg rain 
• Blowing dust 
• ·Blowing heavy objects. 

Other non-wind icictors tr1at can affect wind 
machine design are: -~ 

• Migratory birds 
• Television interfe-rence· .. 
• Soil conditions 
• S.eismic stability . .:. 

• 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 resoutces are discussed 
late·r. 

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 h~:rro1VTrii-a~;Ji"ne-.. a full­
fledged site survey with.out them. A better 
ir1_<:.J1Sation of low-level air flow can be gained 
by using a child's bubble toy to disperse 
soap bubbles into the \AJind and watching 
them disappear. Streamers of yarn will sub­
stitute fort\_ubbles.You are trying to obtain a 

, three-dimef".~io~a! image of the !ocar wind. 

d . ' 

' . 
. " """ ". 
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• • Pressure-plate aqemorneters 
• Pressure-tube anemometers 
• Rotation anemometers. 

Pressure-plate. anernorneters seem to"' have 
been introduced around 1450 AD. · Wind ·1 
force on a plate swings it JdP_ against its ... 

- welgncrvrore wind, more. ~way. This' same. --
technique of measuring windspeed was I 
used as an airspeed indicator on early barn-
stqrming airplanes. · . 

P(8ssure-tube anemometers were intro- . I 
duced around 1722. The diagram here shoW$ ~ -
an early "manometer tube," or pressure"" · · · 
tube anemometer. Wind blowingagain~t the. I 
aimeq.tube (called a Pitot tube) exerts pres.. • 
S(Jre a~ainst 'he fluid in the U-shaped tu~e. 
The height difference due to the fluid dis-
placement unde~. this pressure is read from I 

. the scale, and a chart is used to convertthis 
difference to windspeed. At . ieast one low- · 
cost pressure-tube anemometer, the Dwyer I 
Wind Speed I ndiGator, is available today 
with the fluid displacement calibrated in 
windspeed. ·· · . · I 
m o~!~~i~Q~~r~~~i~a~i3~~~ i 1/~t~~t~~nt!!~~~-----· · -----~----~-- .. 
century. These anemometers looked much I 
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 raqial arms, 
allowing the cups to spin-_about a v..ertica1 
shaft. The cup-type, as well as the propeller-

-c 

1 
I 
I 
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'" type , anemomet~rs are read by measuring 
their instantaneo-us revolutions per minute 
(rpm) or by counting the total number of 
revolutions. By mea~uring 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 
v;indspeed over that time period. 

Measurrng the wind resource is only half 
of the job. Recording the wind data for future 

~ . ' 

analysis· is the other half. A low-tethnqlogy' 
approach to recording ,windspeed and d irec­
tion , illustrated at far !eft was first used around 
1837. A flexible hose dispenses a fine stream 
of sand from a supported reser'Joi r. The 
\Nind blovvs this hose away. from the cen ter 

· of1he ring . The relative size·s-6f tfie ·r~su!ting 
p il~s oL sand indicate both the ma~riitude 
and direction of the wind. Of cour~e, this 
crude apparatus can only g ive q~ualita- ,. 

tive estimates of average windspeed ~cf 
direction. /,.. 

/ 

Vveather bureau rneasu remen{s have · 
been made on a read-once-p~~C)Ur, once­

: -------- every-1hree-hours ,( or othE?/ similar basis. 
, . ... }nes'En~a-e~. ar~ja~;_~r(bJ~ a perso_n read-
.~., · · ' mg vanous 1nstrumy-nts ~nd .recording the 

values 1n a log/11 read1ng 1s done on a 

-- -~-:;:e;Z~b~~s~s~~~~~:;~;:a7v ~~w~~ 
loflg as a site is staffed fu!Hime, as in an 

.. . 
a1rport control tower. . 

If no"i~-time staff IS ava ilable, SUCh in­
struments a"s.._a strip-chart recorder yvill be 
reql.i(red. This "ti~vice can produce endless 
miles of paper rn~rked by an ink line or 

.,__ 
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Cup-type anemometer with a solar pyranometer., Professional_ 
equipment like th1s must be used for detailed wind-energy measure­
:nents. l 

millions df tiny dots-each repr-esenting 
th'e average speed over about a one-second 
time period. But analyzing all. th is paper to · 

. obtain the windspeed distribution, annual ]\ 
average windspeed, energy content curve 1 

and other design information is a tedious ·· 
• ···ta!·k·:· .. · ~ .... ·· ...... ..... · .. ....... _ .... · · ..... ..... .. .. ....................... .. 

. ~--

Recently, so! id state technology has led 
to the development ·of wind a)la!yzers that 
fill· bins electrol}ically; An~e·xamp l e is· the 
He) ion E-400 Energy Source Analyzer shown 

~ in the bottom ph"'Otograph on page 62. Even 
more recently, microprocessor technology has 
allowed significant cost reduction and per-

\ 

\. 

~ 5AND 

. A. .J. 
· ·~~::, 

.· ~.'!. 

A "sandpile"·anemometer, first used 
in the 1830's. ThiS s1mple but crude 
method of recording w1ndspeed pro- .. 
vided only qualitative est imates . 

. ·~ ·.' ·>.- /' . 
·•. :·.: .'· · ... · ~~··· 
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formance lr:nprovement in si~e reco!din_~_ in; . - · -~--- . _ 
__ - - -s tr-um e nt-~ lon . Such data'"loggers reco:rd -

.! .. 

· dozens of fhannels of information and store ·. 
th is data q n magnet ic tape to be read by a 

• computer that analyzes and summarizes the 
wind resou rce factors you need '.to des i.gn 
yo ur w ind system. The cost of these units -- . 
·has d ropped to the point '~{h e re they are 
.economical tor systems dealers arid .. tech~ 
nic ians . Using ava ilab le low-cost com puter 
k its,, an electro~ica l l y oriented person can 
build a data acquis ition system suited to 
individual ne~ds . 

. .. ~ . 

Stdp~chart recorders are often used to log windspeed data when no 
.. staff is available to r.ead monitors .< 

Regard l es~ of the type o f instrumenta­
t ion you c~oos~ . b~rtain instrument charac­
te ristics are of ! g reat importance and must 
be cons ideredj thoroug h ly. The l"i nearity of 

I 

I
I _, 
i~~- ,- · .. ·. 

. - u 
I - ~~L .. : 

. . i -;. / 

the anem-ornet~ r over the winds peed range 
you are studying is a crit icq_l fac.!or. A non-
line9r anem·o· r .. might read"'l s,.nj_ph when- .. 1

' i ' 

the Wi n~. i$ b-lOWing at 15. ffipfl ,.,rbb1· rf1 ad • II 

·. ~r r:r'Ph!f) at 30 mph tor_a 9 · p'erc~·n t · error :i~ . : · . _.,: 
· wind. e.ne·~gy . .Suc.h inacqurat;ie$ rhust -be; ~ .. · --~ · 

;.understooo 'or avoided.' ·1n. steady Wf'f10~ ,. a -' ... 
999d . anemometer 'shou ld ' be -- ac·curate "to 

- 1'..0 percent of the value measured . . 
Most heavy-duty 9nemometers overes-· 

ti mate winds peed ill gusty cond itions. Ane­
mometers that Oyterestimate only sl ightly are 
made of balsa w0od ·or lig ht foam p lastic 
and have little "coasting '' or ov'ershoot iner­
tia . However, even a g-ood meta ~ or p lastic 
anemometer w ill overshoot. General des ign . 
refinementS' jn rotating, cup-type anemom- "",( 
eters have ~educe~ the 6verestimatio.n prob- /::>:;_1 

1em 10 a m1nor nu1sance ~ , • ,. , ;./:"/ ~~ 
A modern electronic windspeed recorder. Soljd-s tate:~'electronics vastly 

:.-~ .... !~?.~~~~---~~-~-~-~-~<?r_,_n;;p1:~.9. .. 1~ -~?J~~~J~IJQ. Ei.rJQ_ana¥-ZtnQ. ~J)Sl~-energy data. 
1' 

~ {t-/ .. ~-.... -.' 

.~ . ;:~i .{~})~$~~ 
.. 
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Any recording or measuring device yields 
. the-average windspeed over a time interval 

_-,,.- , -·- ---
1
-.called its averaging peried. For a strip-chart 
recorder drawing an ink line, the averaging 

· period is determined by the quickness of 
the ink pen-perhaps less than a second. 
The dot-marker strip-chart recorders have 
.ar1 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 Hetion 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 

_ ayeraging period, the denser the data and 
the better-the actual description of the wind. 
For general siting work, a one minute aver­
aging period is more than adequate. Data 
taken from equipment with short periods 
are usualfy averaged out over an interval of 
15 minutes or more. 

·Other site instrumentation ch.aracteris­
ttcs,that should. be· considered incll)de port­
abir'ity. remQte, battery Lifer" i m nju n ity .. to 
extremev~eathefand lightning; a.hd surviva- . 
bility from attack by wa·yward hunters. HiS'"'' 
tocical!y, the last item is the mosrimport~fnt! 

Site Anc:nysis 
/ 

Anernpmeter in hand, you,march out to 
~he field where you expect to plant your 
\vind machine. You will be asking yourself 
all sorts of q uestions regarding trees, build­
ings, turbulence, and such. Over the years, 

' , . 

•'1< . 
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The He lion Micro-logger. Recent 1 advances 1n mic roprocessor ~eGRROIGQY .. - - ~- · -- · ·'- ;· - ­
perm1t one to log dozens of channels of 1nrormat10n for later computer analys1s 

·Fules oJ.th.Ltrn~.n~vef1V:9~s;d to . heiJ~. guid,e 
your fi 'rst selection of a wi,nd !?ite. If pos­

_sl_ble you shpu!d_ select a· s·ite' at least 20 · 
feet above the tree or.building height/and 
about 300 teet from the nearest obstructions. 

Further rules of thumb depend on the 
wind fetch area. The long-time local res i­
dents are your best source of information 
about which way the wind blows. In some 
C?.Ses, permanent damage to local vegeta­
tion will tell the same story. You will hear 
stor1es like: "The rain winds always come 
from the south," or ''Clearing winds come 

. .I 

I ' 

,,. 
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nrl""\h.-,hl\1 hn 1""\f littiA \1.-,looA .-,,....,,.,,..," 
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A more detailed site analysis usually 
begins in the comfort of an office or horne. 

'-.... "- 1\JI,...,"'S 3"'~ \A/A,...,thl"\r ~.-,+..., .-.Ill"\,.,"'"'' 1 tr. h,-..,....;,.... ·• 

)j 
lVI CltJ I IU VVCJClll !vi UCllCl CliiVVV YVU lV l...lv~lll 

"\~ , to examine your site-a circle or x on __ thfL_ ____ · .. 
.. . ~~~~· . -o,~· ·map~~ ;m<:rirs w1na tett:J1te-rrat"rl..Avai I able , 

~~:~~~~~~~ I 
~"lt"l I"Y'\3\1 hr. .. f,.A·I"Y'\ ,..., CoAl ,,.,....e'· 'a"' .-, j rnl"\rf ,-.,.­
UClLO. Ill Y 1...11::' '.!, VIII Cl ,:)VUiv \ II CllltJVIl VI 

w~ather station, etc.) expose.d\io the same 
winds and directly usable in ev~luating yol)r 
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. Ttnesedata should be compared with 
data from the same time period taken at the 

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

·source near your site. If that source is much· 
more than 50 miies away, correlation of 
data may not be possit;le. If a Gorrelation 
does exist (for example/ your wind speed is 

I ' J - ,...,.. o I " I ~- 1 I J I ' \ always 1 u percem n1gner man me1rs}, you_ 
- can- 'use their Jong-term·_'}~ata directly, with 
· ·your own correction factor applied to it. ~ . / 

6 . 

·- ... 
.. th ~oug h.,. that Q·ass qver.)here." But what 

about other w,ir]d::;?,-."Oh, ~~ey donlt p.mou·11t 
to much.'~ ~c!)cal a'irpo_rt data may te:'il p.bout 

· In the absence of .correlated long-term 
. Glata,.you must repordyour own. Si?C months ' t.-_t' .1 I _ . . . - --, · _ r • 

/ .- ·:vyinEt-.direeMons. 1 n 'facti ·the. main .~-runway 
. ;· · ·llsua-lly _ fq,ces. into t.he ·pr~vailing winds. 

Be'cause of the influence of global circula­
tion and large-scale wind,s., the wind fetch 
area can be predicted fairly well. Local 
breezes might travel some other path , but 
usually they don't play a major role in energy 
production. The rules of thutnb men'tioned 
should be used in siting relative to wind· 
fetch area or according to prevailing winos. 
You will probably have to compromise on 
winds from other directions, but they will 

; . 

'is the minimum long.-t'er~ measure-ment, and 
a year is advisable. The goal is to obtain 
acceptable values for the annual average 
vvindspeed, windspeeddist.ribution;-"S-ite·· , ... .. ····· 
roughness estimates, wind direction pat-
terns, temperature trends, gustiness andtbe 
rest. f\ppendix 23. prese.nts.tables that sum~.· 
marize much long-term data and tell you 

... how to obtain what information you need. 
AI sol there are maps showing thunderstorm 
patt~rns so you can evaluate the site hazards 
they present. 

.•. ~ 



Wind Energy Resources 

Actual flow characteristics at y'&ur site 
.. ·are very complex. A qualitative assessment 

is possible using the acC?>mpanying illustra­
tions of turbulent airilo\1. The purpose of the 
site analysis is to quantify wind flows in a 

· ·~~--------Qe.ner.aLfo.rm.usable. i.dr wind system plan­
nin_g and design. The 'rest of the book draws 
.on this information as the des ign process 
unfolds. 

:• ·~: 

... , 

_.;:;,, The final result of a site analysis is infor-
, '(I 

' · 

,. mation for windmill d_esignjmaximum and 
ave!age windspe~ds , wind shear and tur­
bulence) and dc;1ta for performancE? predic­
tion (windspeed distribution, mean power 

- a,nd total energy measurements). Also, be· 
s~re to·consider site factors related to instal­
lation safety ancj environme'i-1tal effects (v is~al 
acceptability, migratory birds, televis ion in­
terference and the like) . Overlook any factor 
and you risk an unsuccessful installation. 

·~-
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Substantial turbulence occurs on the downwind side of buildings. This turbulence is greater for buildings with 
sharp edges. . .. . ., ..~. 

. . 
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A wind machine is any device that converts while th~ opposite vane moves against the 
wind energy into other, useful energy forms. - wind around a circular path. The drag,force 
To remove kinetic energy from th~ air, its on the latter vane m·ust be overcome by the 

---., mass must be removed .(l'.v~ot figUred out force on the first vane. Any extra force avail-
·,··,·-·.,· .... , how, bot .I'm sure _it's iJt~§l) _or its.~ sp,~ed . able is ~as ted unless a load is placed on 

. . .," reduced. Many thmgs cfn. reduce WltA~d- .,-;.,.the rotatlrg shaft. 

- · • -- .·c- ·•·;::_ . 

~ andextract energy. frees, for example, ··· . Supp?se that a smal,l_ electric ge~erator 
are bett~r than solid fer)ces because trees 1s now dnven by the pow.~r shaft. Th1s gen-
flex and ffissipate wind energy within the era tor will "load" the shaft, and the vanes wi II 
trunk and branches. People-have harnessed turn more slowly than,, an unloaded roto r 
wind-driven tree ' mo.Fon to power water under the same conditions. The downwind 
R_,umps by m.eans of 'ropes, pulleys and_ travelling-=-of power producing-van-e wil l 
springs. _ --.. "'< -- · not be moving quite as fast_as the wind . 

.. .Solid_-fentes Dnly .create a'h:.~'Ql;)Btade Thtis,1he windwitt·ptJsnnar_d·eronthis vane. 
.... '~-

around which air must pass, thereby 16~Qg If the shaft is ·held tightly and prevented 
only asmall amount of energy to frictian·:·<' from turning, no energy'will be extracted 
Crash a car into a solid Jence and you will '"·ir_gm the w4nd, because the moving air will 
convert aU of its kinetic energy (nto neat sim'piyHow around the device and surrender 
energy anQ_ broken bones. Crash a bunch of only a small amount of its· energy as heat. If 
air molecLiles Tnto a fence and they pile up the shaft is completely free, with no load 
in front to form a ramp that allows the rest of impeding rotation, the machine will extract 
the air to pass the fence virtually undisturbed.. ·.only the amount of energy required to push 
The besry6u car) hope to do is slow the air its vanes through the air-a small arnount 
down .. That is. the basis of windmill design: compared to that available. The ·vanes\vill 
to create a ma.thine that slows the-wind and spin very fast, and th~ machine will~o very 
dqes something useful besides. little useful work. "' 

Two different types of wind machines Lift-type machines use· aerodynam ic 
have ·evotved· tnat operate by slowing air forces generated ~Y wind flowing ovf1r rotor 
down. The first type uses drag forces-much surfaces shaped much like an airplane. 
as the tree dojs. The second is a lift-type wing. Lift force is generated perpendicular 
rotor that uses forces of aerodynamic lift. A to the wind while-a small drag penalty results 
familiar configuration for a drag-type wind that is parallel to the wind. Fortunately, the 
machine is shown here.. In this simple ma- lift force! is usually 10 to 50 time? as strong 
chine~. kinetic energy in the wind is converted as drag on the airfoil. The ratio of lift force to 
into mechanical energy in a vertical rotating drag force.alled the lift-to-drag ratio L/Dt"is 
shaft. On-e-vaneis pushed along by the wind an important design parameter. How does 

. ' . ~ 

' · ~~~~-~ 
· I · . i : 

~· \·1, i 

--~ 1 I 

/ 
. ~ 

A simple, drag-type wind ma­
chine. Wind pressure on the high­
drag , . concave surface turns the 
rotor about 1ts vert ical ax1s 

' 

-~ 

' ~ 
The flow of wind about a windmill blade. Lift 
forces act perpendicular to the local wind d1rec­
t1on, wh1le drag forces act parallel to 1t. 

; - f 
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Drag-Type Machines 

A drag-type wind machtne harnesses the 
component of wind force per{!J'endicu/ar to 
the surfaces of its vanes. Such a machine 
migh( be a Savor1ius rotor or, eve.'1 rnore 
simply, a flat board nailed to the end of a 
swinging arm In this case, the drag force on 
the vane is gtven by the formula: 

Drag Force = Y2 X p X (V - ul X Av X Co , 

where i 

p = the air density in slugs/ft3
, 

· V = the windspeed in ftlsec, 

····---
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upwind on the other side of the machine. 

I 
., u = the vane speed-in ft/sec, __ t A,~ the area of the_ vane in It'. 

r
: ... -~ ---G~~~-;;~~:~-: ::~ ~::~~~

1

;:~~: ::a~~~n~.as 

The drag coefficient-co for a c/Hved, two­
vane Sa von ius rotor is about 1' for the 
concave, or torque. side and frqfn 0. i'2 to 
0.25 for the opposite, upwind-(noving side. 
With these numtfer$ you can_:easily -calculate 
the difference in ar~g force between the two 
sides and estimate! the net/torque on the 
dev1c·e.--atJt-b8carWul. NQ.te (nat you should 
use V + u insteadf of V ~iu on the upwind 
vane. By a similaf..Drocedure, vou.can also 
estimate the net tiower-a-evelaoed bv ' 

. a value between zero and one. -- - -
If the rotor is at rest, the vane speed (u in 

the above equation) is zero, and maximum 
1 force occurs wt1en the vane is perpendicular 

rag prce y t e ra tl..fj to t e center o 
a Savonius. · 

1
-. '·· , dto trlef win db. If yhol..! rrdw_Jtiply tih'1is maxirn ur

1
n 

rotation, you get the starting torque supplied 
. by the vane. Of cours&, the net torque ofthe _ -· !\ 

I. 
entim -machine-wiH be Iess becavse the wind ' i \ 
is pushing against otfi"er vanes. on~ the l- fj 

upwindside of the machine-fJ.nd retarding l 
this rotation. . . .. r l 

1
· __ ._ .•. ·.• The power developed by a drag-type ~ 

1 

• \ .: 

r;:,~c~~~~ ~d~:~~:e drag fo:ce multiplied by ~ r / .. --r·.-LJ.,,fl,U'l IJCI·\'I,;' 

P01Ner = Y2 X p ~ (V- u) X u X Av X Co . "' : K. 

I
. As the vane spee~ increa~es. the drag forces . . . ~< .·.·-~-~::·:r ·:t - -.. .. ::,_,_·_ .... (h·r urs :-t: '' v - o ~n . 
· drop sharply (see graph), but tf]~pqwer . . ,.: ,. ·:·: · · .. r· c ,_ 
~· extracted from tf?~:.WLOcJ "incr~~$es; when the I 

1·: va().~.,§f!t?.ecJ . .t§l:.,g~.!§ .9ne-tfhra ' the free7stream ~ 

i· . 

1
:·. . . < <-.:" ·' ; . ,,,-~[rrg$p?'edcV,:- maximum pGwer extracflC)tf ~ 

~_.;' }i\ __ ;·' _ _'<;._;,;,_, ,,,,,. .• : .• ?~~~~~~~: ~~~~~d rno~rr::~Qh~~~e~OV~~~~act '~.- - . - /.· C tl :~'(. ~! 
. ·-H ,, ... 
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lfft produce the thrust which pushes the 
b'lade agalnst its load? Note that the ai rtoil 

~j~'
18

t1;~~~do~~~J;e8·l. ~~: ~~~m3tti~ a;o~~E~~ 
sl1g tly m the fo~ard d1rect1on andt becauSe· 
the -~rfoi! has a\ high lift-to-drag ratio, a net. 
forvVard thrust results. This thrust tugs tr1e -
blade along its ~otary path. 

; 
; 

Wind Machine Characteristics 
! 
i 

i 

All vvindmills thave certain characteristics 
·re_lated to w~~eed. At some low value of 
w1ndspe~ usufilly fror[! 6 to 12. mph, a 
\·vindmifte-an begin to prod4,ce power. This 
is. the cut-in winpspeed, where the for~e of "' 
the wind on the/vanes begins to overcome 
friction and thetrotor accelerate·s enough for 

. . I . 

the generator/ or crankshaft to begin pro-
ducing pow·e'r. Above this speed, the w'ind.: 
mill shoyJd generate pbwer proportional to 
the~'§'indspeed cubed, according to Equa­
tion-~. At some higher sp€ed, say 25-35 mpht 
wind loads on the roto.r blades will be 
approaching the maximum strength of the 
machine, and the generator will be produc­
ing its maximum or rated power A maximum 
usefui windspeed, sometime-s caiied the 
rated wind speed, wi II 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 windspeleds. At some very 
high windspeed, say 60 to-irro mpn; one 
might expect complete destruction of the 

, I 
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Wind Machine Fundamentals 

Forces on an AirloK.~- · .. , ... 
"!1''"'-.• - .... """!_i:"'~~ .... -~u.:•"'""'""~"i<'~-..... 1 .• 

All airfoils, even flat boards Wted into the 
wind and used as lifting s'urfaces, have pre­
dictable lift and drag characteristics. Lift is 
the force produced on th.e airfoil in a direc-
tion oeroendicular to the "relative wind" 
appro~chjng the airfoil. This_ r~lative winrj 1:s . 
the wmd ;that an observer sJttmg on the a1rfo1l 
would face. The aerodynamic lift can be cal- ·i. 

- culated from the formula.' 
. ' · r. .., 1 .. ,. ... ... ~ s? ... .,. A ·- .. .., .1"""1. 

l· . whereP ~ the air density in s/ug:/lt3, 

1·;·······:,·.:············ Vr = ~~~~baec~~n~ J~! ~~~~~/~n ~V~ec, 

\ urr = '!2 x. p x. v-;: x. Ab .x Gt , '"' 

•· Ab = the surface afea of the airfoil or 
blade, in ft, 

(-···- -·-. ~:;~1E! ~~~E~J~3!~~;:i~i~i~cj(s 
1
• .. ·.. I . ~~~~;~Je~~~f:/~~;~;Zv~e~;~~7i~~,h~y'~~e 

. airfoil drag coefficient, c0 . , 
To understan(j alrfoi}~_jry fJ10!fJ_ d~@(l, y_QLL. 

need to grasp a ferv other definitions. The 
"chord line" of an airfoil is a fine extending 
from· its .Jeacflng edge to the trailing edge. 
The _"ang{.(;; Qf attack" is the angle b~tween 

~ - is of an a·irfoil's tendency to pitch 
~ - · ..• :. · it _ d1 dge up or down in the face of 

1
'. · · .... .- ~ - the wind:'tft is important to the structural 
'. . ~~: .-~_:--_ '!: - }.' de_~ign -of the blades and feathering mecha-
:;· :::~ _.5:;,;-~::;,:; :1?. ni,~·m: C_e_rtain airfoils are neutral; they have 
• -. -:V'}t-:':::.)_'!7;,;:- ,-~ .;--'}o prtchmg moment. 

-- . ' . ' -·- ~- . . . ~· ' ' ' ' - . . 
1:!..\~--.~~t~if!~-}if;~'f ~:~>'~·. · ~~'ff.~grapn_ presen~~a_ n~re _g,ves value~ or 

:•t;;;;;;J~~~ - ;q:~ii;J' . · rne ~ftJqwo orag coemc1ems ror a pamcwar 
7~~~i-;1:L';j:f:~;#xL:. ~: ~staiJ(]ard airfoil shape-the FX60-126. Similar 
,r.:y::;~:?iP~1S{'- ,- curves ate available for every airfoil tested. 

r~}:~ft . , . . . . 
I 

fi_ '· 
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The curves shown here give the lift coeffi-­
cient CL versus angle of attack and include a 
':drag polar" that shows how the drag 
coefficient"Co 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 C0 = 0.006, corresponding to 
a~lift coefficient CL = 0.2. 

Example: At an angle of attack equal to 
4°, the FXB0-126 airfoil has a lift coefficient 
CL = 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·· 
abo~e equation for the lift force, ·· 

Lift = 0.5 X 0.00238 X (58.8/ X 2.0 X .0.96 
= 7.9 pounds . 

~ ~ 

From the graph, Co= 0.0098 wnen CL = 
flO~ "'""' fho rlr~n fr.r,.,o ,..,n fho ~irfnil 11nrlnr· 
V.oJU1 VV tiiV Ulr.A'::J J_VIVV V'l t.rJt, UII~Vrl Uf.~U\..11 

the same conditions is: 

Drag = 0.5 X 0:00238 X (58.8/ X 2.0 X 0.0098 
= 0.081 pounds . 

D,J .. +,{,.;,.,il""'f +hi""\ ,....,+i""" '""""'! +-h" /,'1-1 /-. ................ ~ ...... •j...,- ..-J .. -­uy tc:u''"!::J lllv rauu Ul trlt:J uu rUILJC' LU UIC' UIQ!:j 

ffirce, you can calcl./late the lift-to-drag 
ratio, LID: 

• 

UD 7. 9 98 
= 0.081 = . 

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 tor 
minimum drag, but not necef?sarity the abso­
lute maximum possible lift,, On the FXB0-126 
airfoil, note t.hat minimum drag occurs when 
CL = 0.2-a low v~ue compared to the 
m~vimum nnc:r::::ihiP tr. = 1 hl Tn finr/.fhP 
,,,_ ... ~····-··· ,..,---·-·- \-L ....... ,. ·-- .,,, ........ ,,...,.. 

angle of attack at 'which LID is maximized, 
simply draw a line from the origin of the drag 

·polar curve to the point where it just touches 
fnnnant tr"l fhic- "'' rnto The r"'r"\int !"'f t!Jnr1Df11""\J 
LUJr~VIll t.V t,JIIo..) V~l W"\J. r.ti\.J ~Vrlll. \.JI L'"-CII'::JVIIVJ 

corresponds to maximum UD for the airfoil. 
Draw a horizontal line from the point of 
tangency right to where it intersects ttie lift 
coefficient curve, and you get CL = 1.08 in 
this.example. As the drag coefficient here is 
C0 = 0.0108, the lift-to-drag ratio has a 
maximum value of 100. Note also that the 
angle of attackfor maximum UD is 5.2' . Set? 
ting the blade edge at tliis angle of attack to 
the relative wind will allow the airfoil to fly at 

. its optimum performance. 

I 
I 

-,,~1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
J 



• • ; -.!-_ ~:.. 

": ·,;..;~ .. 

'""\.. '·" 
\ 
\ \ .. I 

-· 

.> ' - \· .. .... . 

··-

~--

... 
Furjing w indspeed 

Wind machine A I 

Furling windspeed 

d machine B • I .. 
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, . Tb~ Wind Power Book I 
machi.ne if it were. permitted to continue around the machine-crusing efficiency I 
generating pow~r. Wind loads on the bl~des an-d power output to drop~ Or, the .gener:ator ..... .. .. . .......... _.. 

( ~' or structural members will have surpassed r~v~go~.· ~A,n1 .. 1o1,t5 pe
1
·xtnrta

0
c
0
t f,ea~~l u~ha.~~~~~.n.w,aeer,x~rnaddrtahge . ~: .. ·.:: 

their material strength, and catastrophe is . n ~ ~ -~ OJ • I 
the only possible resu~t. The machine is . on the upwind vane, lower efficiency, and 

~~~=~Yc~~~~~dt~:fu~~~;e~i~~~~Ze~at, at a ~~~r~~ago;~ ~o~~r~~~e~h~= ~~:~e:~ 
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I · . The crtaracteristic.s for two hypothetical· ·• ioad. This optimum ioad is the extracted,... 
11 

wind machines are illustrated in the accom- power that you calculated in Equation 1. All . 
.___--'L.L___.___.___.___._~----'40..___....._50~''-..____ . __._ 7700 _ ___. panying graph. Machine A is a 2-kW machine you need-is the winds peed. and th·e size and . 

Wind~·~ ·~ wrth a ·• rated wind speed .of .2 5 mph I and efaf!tirclyiesntc.r' aY .. · ·,-g.~hf:ttfhoerw· ma· ardc. h.- bi nuet_. 'tThheel'afirs. st.totwn .. e? ··~ere_._ . .. .. .. ~ ... ~ ' I 
.maqh·ine B is a FkW machine rated at 15 · u 

Output power ·tor two typical wind machines. A · d' h d ' 
rbtor prod~:Joes its maximum power. at windspeeds mph. Machine B has a smaller ·· .1ameter t an pends on a numb~r oJ factors that are J_s-
between'thE=Vrated and furling windspeeds. ,, machin.e A and is perhaps moreJragi.le-~ts . I cussed in more detail in tt"!e.bo~ Q_Q..Q~ge_~ - --·- ~· _:~ I 
· t · r~commended furhng spe.ed. .tS 6Q-mph,-as · · Suppose you want to study more closely .. 

compared-with 70 roph for machin·~ A. ' how wind power and rotor loading• re · · 
.th.ese ct1aracte.ristics are very important. related. How would you represent t . rei a- o- ·1 

You have complete contr91 of mo$t qf them ti~ships of ldpdin~ •. wf6dspeed, · d wind-- · . 

_ .. ~ --1 ~~~;~e~1~~~~~:c;~s;;!~r ~~~~~ -- i~~~~Z~~~a~~~;s:r~t~~~~~~~~p;g~~~~~ -,~- _,=:I 
. ·_t·~ designinf )or a given structural strength, ·,machine, rotor power output is plon~d.against · · ·1 

;--- -I 
>· . -- . - ·. -I~··-_· --· 

a 

; you can alculate when furling must occu~::_. ro_lo!_r~f!l..!_or several win<:Jspeeds, Ear l'lX<Jm:_. _. _ _ _ 

- - -- _ ..:...._ - : I ~--.....__. ·­
_ _ : -¥ou re-aH . cannot calcutatelhe-exact cut-m p!e, the cuNej or -a-·w1ndspeed of 5 mph , . 

"',; mph speed. ·ltJis as much d~termined by blade show~JiowpoweroL.itputatoptimum loading- . ·1 . A L..L 

..J 

0 

- aerodynamics-which you can calculate- _.is ·niuch greater than for overload or ·und~r~ ............ : ...... . --·--;--: .. 
> ·as it is by the thickness of oil' rnthe tr~nsmis=- · load conditions (which all~~,: the ·rotor to . 

"-10 mph sian, bearing friction,. and Jhe.ophase of underspeedor-.overspeed, respectively). For · · ·· 

~5mph 
Rotor rpm 

Variation of power output with rpm for a typical 
rotor: Al each windspeed, there · is a point of 

___ .optimum performance (heavy line). • 

I 

the moon. · · . the 10 mph a·nd 15 mph cu!Ves, thE?. effect is \. . 
Let's use the ,drag-type Savonius rotor to the same but stronger. Connect the peaks '-...._~·-.. 

illustrate how rotors can be o~erloaded, of the power output curves and y~u get the . J 
_ un~loaded, or loaded .to I their optimum optimum load· power curve for that rotor. 

powe·r-·.output by a generator or other load. What causes the shapes of the peaked · 
The generator that loads t~e power shaft . curves? Each curve gets its shape from th~~"·"· ,:.:::.~:=:..i~.:::~~:.-::.~~1 

. -~·---~ 

might draw enough powe,r/to overload the . re'sponse of the rotor toJ~,ql,r\~~~-9PG~to~ · 
shaft and slow the rotor }-pm to the. extent wi'nd gusts . SdrJ1~fqJ§r-s:tresrf:fond well, 
that most of the wind just,piles up and flows with ~- -~.omewtiaPitaf-tqpped · curve: Such 

.... . -···;· ::,·-"'"":',': ... 
-~-;._~ ·;:;.:.;.~ :: .... 

..... ~ ~ - '" - ~_ .... . _ :_.::--::. 
- ~- ... 

- ~ 

--·· ·--

. .. 
' ....... ···· ·-· ... . ···------------·-
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rotors are insensitive to non-optimum loadings on how carefully that oesign is built, and on 
or wind gusts. A large change in rpm means whether the machine is optimally .. lpaded. 
only a smal_l change in power. Other ma- No matter how well-designed and built, if a 
chines might be so sensitive that slight over- windmill is overloaded gr underloaded it 
l,oading "stalls" the rotor-- it quits_. turning loses efficiency. In a plot of efficiency versus 
altogett}er. You would expect the perfor- Jip-speed ratio for several wi.nd_ tnachines, 
mance curve for such a rotor to have a sharply each curve shows a distinct peak ·corres-
peak~d shape. A small change in rpm can ponding to optimum loading. The response-
mean a large change in power output for of the machine to overspee.ding ahd under-
cqnstant winds peed. . speeding. ot..:the rotor is indicated by the 

In our discussion of rotor performance, . . dwindlihg. efficiency on either side of the 
the term tip-speed .ratio (TS R) wil-l :often tbe · peak. The graph here shows h9w efficiency-

______________ ,' __ ... used .insteadc-.QJ=:fQtor:.:.r..pm.:·th·e TSB.,is. -the also .called thepower coeffieien~ GFrelates 
· speedoJ the-;roto.r tip (as it races around-its ··to 1h~ tip-speed ratio _for - ~gv(3ral._lYQas~:_ill~---

-ctrcutar-pathtdivtdecr-oy wtridsp.eea.·· For wincr machines. Notice that the Ame~can 
any given. winds peed; hig~er rpm means farm multibladed machine and the Savonius 
higherTSR. lfthe tip is travelling at 100 mph rotor are both low-TSR machines, operating 

· in a 20 mph win-d, the ISR = 5. Typical af a TS R close ;to 1. The high-spe~d two- and 
- -.-- vaJu.~s. ot.the.ISB_ra_ng_e..lrom.Bbout.LJor 

drag-type machines to between 5 andl5 for 
···hfgh=speed lift-type rotors: By using th~ Fp~ ; · ' , ·6(), 

r · speed ratio we can ignoret~~.totor rpm and 
I 

·'Ideal etfJcle·ncy : 

Modern i .. - -- ---r~---:High·;_peed j diamet€r, and c.onsi-der rotor performance 
-cc~ ---r _ ip 9-~rrrer-e~-gen~e·rall.zect"d'\setts-sion;:c' ··· 

:_,·-~:::·: ::_-~_: .. ~:-~·-_:: 

. ' 
-· 

Wiod Machine Performance 

The basic formula used in calculating 
wind machines. Notice that the American 
Farm multibladed machine and the Sa von ius 
rotor are both low-TSR machines, operating 
at a 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 de~ends on its design, 

"'1" 
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Typical performance curves for several wind ma­
chines. Rotor effic1ency 1s the percent of available 
w1nd power extracted by !the rotor. 

I 

Tip-Speed Ratio 

The tip-speed ratio, or TSR, is a term used 
instead of rotor rpm Co help compare diff.f;rent •· 
rotors. It is the ratio of the spe€;d at-which - · 
·the blade tip (the.furtnest ·point from the 
centerofrotatioh) is travelling to the free-
stream windspeed: 

Tip-Speed Ratio TSR = Blade Tip-Speed 
. Wtndspeed 

If you know the windspeed, the rotor diameter 
or radiu_s and its operating rpm, you can 
calculate _the tip-speed rat10, or speed ratio 
SR at any fixed radius between the center of 
rotation and the tip: ,_ ·.·. _ __, __ . , 

' I 
I . 

' i 

i 

Or 

Speed_ Ra:tia ~: . ~g ~~ ~:~ .~ ~ --:- --~ -,_ --,_:_ :- ---

where 
I 

/ 

rx N 
kX V 

N · rotor rpm, 
r = radius at which SR.is being 

calculated, 
V = free-stream windspeed, in ftlsec, 
k = a cons,tant to -adjus,t V: 

k = 1.47 if V 1s measured in mph, 
k = 1.00 it V is measl}_(§_Qjf}_~l§§g. 

To calculate the tip-speed ratio with thfs 
equation, jus t use r = R (radius of blade) = 
Y2 X 0 (rotor diameter). 

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

. Solution: 
12 

r=R=- =6ft; 
2 

TSR = 0 105 X 
6 

X 
300 = 8 6 

. 1.47 X 15 . 

The blade tip travels 8.6 times as fast as the 
wind . . 

. ' 
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Maximum Rotor Efficiency ...... ...._ 

\, 
The analysis of maximum possible efficie~y l:b 
for lift-typB rotors was ofiginatty done by Bet~ ~ 
in 1927. Here, the rotor extracts power from "'~..,. . ....... .... .. , , 
th~ airstream by slowing down the fr£Te-srre7Jfii' "'~<- ~tNDSPEED "'v \ \! t · 
Wtndspeed V to a lesser speed V2 far down- "··------. " 
stream of the rotor blades. The powe.r extracted ··-
is just the difference in wind energy upstream ·,,·"-, :··· 
and downstream of ,the rotor, or \ ··-

Power = 'l'2 .x M x (v2 - V~) , 
Airflow through lift·type rotor . 

· :.:_~--y.,ttJ..e.Je.-M is Hre ·.mass o'f.-air rhat--ffo~sLflrougn--· -- · ·-· · ·-··· 

-· - - ·· i~?r/~~~~;i~~~~~~//,i:~t''!:~ff~~/~;~~r ~ ---- ---- · · ------ -···· · ·· ···] 
would be maximized. But no air would flow 

'· " 

···~...:.._ 

through the rptor in this case, and the power I I 
is zero. The mass flow through the rotor is~----J=~---;::;;----~~z~~~~~~ 
just the air density times tfle rotorareafimes v;j v=o 33 
the average wind velocity at the rotor, or: 

M = p X A X V + Vz 
2 

Substituting this formula into the power 
equation yields: · 

Power:.;:. ~'X p X A X (V + V2 ) X (V 2 
- V~) . 

.. ___ Aqrap.ll-9ttbe J.emtive power gener'ated, , 
versus the (atio of V2 to y i$ presentc!d-here. 
Note that · maxim~m powi:rr occurs when V2 ·· 

equals_ one~thir(f of V. Under such conditions. 
.· ' ',,' 16 

. . . ·Max1mum Power= 'l'2 X p X A X V3 X - . 
" 2 7 

Thus, maximum possible (theor~Ncaf) .e.fti~ 
... .... tiency"oTa'Tift-=type rotar·/s"-16/?7. or 59.3 

percent In reality, swirl 1n the downwind 
airstream and other inefficiencies limit the 

. practical efficiency even more. 

- . .... .. 
. ... . . 

• 

(D i r ·l 
5 

!-· ·· ·- --~---- - .t .. I . .. ___ ...._ ___ __ __._ , .. 

()) oc 
v /\/ 

:• 

~ Power output of lift-type rotor. 

I, 

I 

I 
i 

10 

.: . . 

,, The Wind Power Book 

th ree-b lade machines operate at high TSR, 
from 4 to 6, and higher efficiencies. 

In Chapter3, you saw that wind is actually 
a series of individual guzts. With this in mind , 
suppose that a Dutch four-arm . windmill is 
spinning in a continuous 1 0-mph wind and 
a generator is loading the rotor to its optimum 
power ou tput. The tip-speed ratio equals 2.5 
in this steady wind; that is , the tip of a vane is 
moving at 2.5 X 10 mph, o r 25 mph. Now 
add the gusts. Suppose ttle first gust passes 
the rotor and doubles the windspeed to 
20 mph. For a b~ief moment, the new tip-
speed ratio is 25-:- 20, or .1.25. At this same 
instan t, rotor effic iency d rops to about half 
its orig inal peak va lue, but the doub ling of 

. \ 

..... 
wind speed means that eigl1t times as·--m=--=u-=cth__:_·.::c--------1 
wind power is available to the rofbr~ Th~ actual 
power owtpu t o nly qu9-d rup les (112 x 8 = 4). 

Because the rotor doesn't speed up 
instantly, it is actually averaging-the effects 
of gust-induced variations in the tip-speed 
_ratio . Over a long time p~ riod , a rotor whose 
effic iency curve drops-.. eff ~e_e.ply -On--e ith-er·­
s.ide of the peatCisTessapt to convert as 
much wind energy-as one wh-ose efficiency 
curve is rel-ative ly flat. A ~otor witt1 .. a flat 
e!fic iency c urve is insensit ive to gusts . An 
important point to consider with effic iency 
curves is the change in performance that 
can be expected from ha lving or doubling 
the tip-speed rat io. Both height and shape 
of the efficiency curves are important design 
considerations. 

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

. . ... - . 
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much as possible, the peak o~erating effi= Types of Machine. . 
ciency of a wind machine should coincide 1 
with the peak of the wind energy distribution. A_ major fac r used to classify the various 
It's not alw.ays possible to have them coin- types of win~ machines· is -t~~-~"'QI§.thod··of 
cide{ exactly, because a different wind. .. rotor prop~l§i _ p,;.the··rot6iis' ~:frope'Jied either 

~-machine cannot be· d~signea f_or,:\'e.vE;~ ... . ; ... >''oy'drag ''forces or by aerodynamic lift. The 
individuq.,l site~-BQt--· !0', .:,!.9.-mat<e· ·:tfi({'roior . first rotor discUssed in this chapter uses 

- . .. ·. ~ etfici~:o&~Y/,;c4Jfves'4ao·k ·like, and peak at direct impact C>f-t-he. _ _wind against a van·e to --
~:~·I~~-fi,b·~,,; .. ,.-- ,;,ao5uf''the sa-me wind speed as~ your site's provide motive force. This machine depends 
'""": -;- · wind energy distriqution -curve. This visual~ on a difference in drag between the power- . 

izationis the first step in selecting appropriate producing ~ane moving downwind and the 
' . -

operating charp.C,teri.stics for' your wind opposite vane~ moving upwind. The curved "~"· 
machine. ; · shap~ 'of the vane permits this difference- in 

The acq_omparlyJng diagram shows how drag forces. But--for power production, the 
·wind enefgydistributi'Qnandrotorefficiency · ·· · vane-tip~speed cannot be much faster than 

curves might_gQi.ocide~-fhe energy distribu- the winds peed . Otherwise, the vane would 
-:~·-~·- -ti.en-:.:.was-=--~from the wind.speed be moving away from the wind that is ·sup-

50 

10 

5 10 

W indspeed 
d 1stri bu t1on 

2 

W tndspeed (mphl 

15 

-3 ,4 

Ttp-speed ratiO. TSR 

. 35 

•. · 

6 7 

' 
Matching a rotor to the wind characteristics of a 

distribution curve. Note that most of the posed to ··be pushing against it .(hot very. 
-wind energy is available at wind speed "A'\ likely). So drag-type wind machineq operate 

· site. The maximum efficiency of a well-matched rotor · 
occurs at about the same windspeed as the pea~ in 

______ while the rotor efficiency peaRs at TSR "8", best at a TSR close to 1. , the wind eqergy distnbutlon. 

_ ... ·corresponding closely with windspeed. A. Lift-type, 9r airfoil, rotors use the aero- _ 
As the TSR is a ratio ofJip-speed to wind- dynamic lifti-ng forces caused by air flow ·:,. . 
speed for fixed rotor di~r:neter:;this relahon- over blades shaped like airfoils . to turn the \ ' 
ship determinesttre··aptimum rotor size for rotor. Smo~th airflow over an airfoil produces \ .._ 

; ·-~-" ·-'---:--- · ··---·- this·~ypothetical~·site. lift that pull~,the blade in the thrust direct1pn. \{ . 
-So far· I have discussed only the rqtor Simultaneously, a smal( drag· forGe acts .,L' .. 

and its efficiency. Overall e~ciency of the against this thrust. Drag is the penalty one >--:----~ 
wind machine is related to the actual per- must pay for hanging anything out in a 
formance characteristic~ of any component breeze. Well-designed airfoils don't have-
that can rob the wind machine of power. anywhere near the drag dt such '·unsophis- ' 
Often the be'aring~and transmission have ticateq shapes as flat boards. Lift-type rotors • 
losses that _91-ff. tJe considered constant, but are ~.?. t ~estricted by gjly. limitatiQnj on the 

_-tile roto~ryer~t?r,a~e otAer-IGa~uc~as ti~~ed .ratio.+~ener-al, the highS{ the tip-
purn¢haveefflclencles that vary w1th wmd- speea, rat1o, the h1ghef the rotor effidency. 

_spied, rpm, and TSR. These all combine to Tnere are four· ~neric types of wind 
//~'. give the perf,ormance curve its final shape. machines ___ Gi1scussed here: the Savonius 

/ / 
/ / 

_____ _ ............ -
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A low-techno lo gy Savonius rotor. Eas1ly fabncated 
from surplus oil drums. 1his drag-type m ach1ne o ffers 
only limited power 

. ·:':'·-'":!..'. ·.: ... :·.,_. . ·"·:: ...... ~ ·. ~.;~·;:r. ~' . --. 

~· . 

\ -~- , 
~ . 

rotor, Darrieus rotor, mult[b laded farm wind­
mil ls, and highspeed propeJlor-type rotors. 
These are the types rrfost often encountered 

· in des ign d iscuss ions and in the field . . 
Each of these types has evolved ~o serve 

specific needs or conditions. Savonius rotors 
and farm windmills are slpw-turni ng ,with 
high starting torque-which suits them ,well 
to mechanical tasks such as lifting water. 
The Qarrieus and propel ler-type rotors spin 
much faster and have· little or no . starting . 
torque at all. Their higher rpm make th.em 
well-suited for driving elect~ic generators .~! . 
The range of actual design types is vast, : 
and even inc ludes wind generators with no -­
rnoving parts. Before /ou can make a -thor.:. .,,. ,. 
ough evaluation of your wind system's effi--., 
ciency, you must select a design type that · 
will form a basis for your analysis. 

Savonius Rotor 

The Savonius rotor., or S-rotor, looks 
something' like an oil drum that has been 
sliced in half and separated sideways, as 
shown in the photo. It was officially ir:1vented. 
by Sigurd J . Savon ius of Fih land in the early 

·; 192Ws, although it.was probably built_ by. 
many other expwimenters prior to that time. 
The rotor was originally developed to power 
specially designed sailing ships then being 
tested. The Savonius is a d rag-type rotor. In 

- · addition to drag 01.1 the vanes producing 
rotary shaft power, tHat drag produces down­
wind forces (also cal l'ed drag loads} .on the 
tower. 

The Wind Power Book 

A rotor that slows air down oh qne side 
while speeding it up on the other, as does f\ 
th e s-rotOr, is subject to the Magn us Effect: ) L 

lift is produced that causes the machine·'to 
move in a d irection perpencflcular ·to the 
wind. Sp~·n (]) a baseball cau~es it to' curve 
because of e Magnus Effect. An S-roto"r 
can eas~ .. perience lift forces equa l to two 
pr three times the drag load placed on its 

=-~upporti ng _tower. Many owner-bu ilt S-rotors 
have toppled to the g-round because the ir . 
designers overlooked this phenomJnon. · 

Recent theoretical stud ies have shown 
th?t the rotor eHiciency of an S-roto( will 
niost l i ~ely be less than 25 pe rcent If you 
add water-punip losses and other equip­
ment ineffic ienc ies in ca lcu lating overall · · 
efficiency; that's ·a maximum system effi~ 

, · ciency of 15 percent for pumping water with 
a ~avonil:)S . Ti p-speed ratios ar~ about·0.8 to 
1.0 at peak effic iency'-as yo-~ would expect 
with a drag-type rbtor. -

The des irab le features of the S-rotor are 
as follows: 

_ •, Easi ly manufactured by owher-builders 
- • High ~tart i ng torque for starti ng under · 

heavy· load. '· ".. .. 
u rrdes'irable features include: -

• Diff icult to control- other than a brake 
mechan ism, contro ls to limit rpm in . ·,f 
high w inds are not readil y devised 

• Pqor materials us·age-pres~nts a small 
fron tal area for a fixed amount of con­
struction materials 

Often cl~_i med , bwt not particularly impor­
tant, i~ that t ~e S~vonius can convert energy 

' . 

1 
- - - · .. _ , ___ . ~-- .l. 
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Wind Machine F~pdamentals 

ffom winds that rapidly shift di.reet ion. In 
most instal lations, the winds used for the 

. major portion of energy production do not 
shift directions. The gusty, so-called energy 
winds are often stronger than windmills are 
normally designed · to respond to .. The big 
plus for an S-rotor is th.at it is easi ly built with 
readily available materials and can produce 
high torque while it is starting to spin. Thus, 
it is suited to a variety of direct mecha'nical 

'I 

uses such as pumping water, driving com-
pressors or po~d cfgita.t~~p.n~s, and even 
powering wash1ng ma~\tl.es, 1f that's your 

-- :~· .. 
fancy. The number of vane·s is not limited to 
two as shown here; three, four and more 
blades a·re common. ·- ~ 

We saw earlier thB:.t a difference in drag 
force on the downw_ind-moving vanes to the 
upwind-moxing vanes 'is needed to produce 
a net forque on the power shaft of a Savonius. 
By increasing this torque at the highest 
possible rpm, you can maximize the power 
output of this type of machine. There are twp 
ways to accom~ish thi$,.feat: 

1. ~aximize the· dittef~ce,;iin d~_ag c~tfi­
CJents between upv~tnd and down~d 

. . 4 if' 
vanes, or, · 

2. M(nimize the wind force agains t the 
upwind-moving vane. 

Shape$ that maximize this difference iD .. 
. drag coefficients have evolved mainly to th~ · 
fam!lia·r Savon ius rotor shape ... Jv1 i·hor vari~­
tions on this shape are possible'with cones, 
wedges, or flat varies that fl op over edgewise 
as they advance i:nto the wind. To mfnimize 

' J • ' ~1, :.• ,I ~, 
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wind force againstthe upwind-m·pving va6e .... , .·= A three-tiered Savonius rotor designed to generate electricity. 
<o"" '· , .. 
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Eggbeater~style Darrieus rotor being tested~at Sandia Laboratori~s in .. 
Albuquerque, New Mexico. Th1s h1gh-pertorm~nce mach1rieuses extruded 

' alum1num blades. · • 

, 
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simply b\Jild q. st:lield in front of them. With 
such a soluti-on,· you can use simple flat 
vanes rather than fhe rt:lore complex curved 

--vanes. , · ' 

"' Darrieus~otor 

Not long after Savonius Qatented h isS-
"'· 

rotor, a French engineer named G.J .M. 
Darrieus invented anothervertical-axis rotor, 
H,is patents anticipated virtually ajl of the 
major innovations being tried today with 
this type of windmi ll . Several Darrieus rotors 

· are shovvn in the photographs on these 
pages . The tw'b primary variations are the 
"eggbeater"-so named because of a dis-

_· tinct similarity i_rJ ___ shape-· an.d the straight-
blade version·s, sometimes ca lled cyclo­
turb ines or cyclo-gyros by various devel­

·- dpers of th i ~ design. 
Both the Savonius and Darrieus rotors 

·are crosswind-axls machines in which the 
power shafts are mounted eithef"vertically 
or horizontally, perpend icular to the wind 
stream. But there is one importan t d i ~ti nc­
tion: the Savonius is a drag-type d_~vice, 
while the Darrieus is a lift-type machine. The 
diagram on page 78 illustrates h'ow li ftfforces 

/ on the b lades act in ad irection ahead of the ­
b lades, as a ll ai rfo ils produce lif! perpen­
dicu lar to the a irf low appro1:3.ching the air­
foi l's leading edge .. As the blade moves 
along its path, it is ac tually Qlovin..g at a 

- ~ .; 

speed several times faster than the wind. _ _ _ 
------·Tn us ·,-~e-v-en.when .-fh e 'aTrioiT-a p-pears-to '·-be ~-----------~ _ 

-- moving downwind, it is not. Lift is produced "-
i • -
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over almost the entire circular path. Contrast this condition. Without such controls a rotor 
this case with the dra.g-type ·savoniu~ rotor, stall is almost guaranteed: 
in which power-producing forces on the The desirable f.eatures of a Darrieus rotor 
downwind-moving vane are fighting drag are as follows: . 
fprces . on the upwind blade vane. You can • Possible ease of constrpction by owner-
well imagine that the efficiencies of Darrieus builders if lower performa-oce is accept- . 
rotors are greater. able ·,····,. · . . 

Some theoretical studies indicate a 54 • LOVf materials usage for hig'h .. power 
percent efficiency for the Darrieus rotor, not . output ·· ... 
including. losse~ in gears, generators, and • Adaptability to sail and other app~9.: , 
elsewhere. Others think the Darrieus is actu- priate technologies .,.; 
'(lily capable of higher _efficiencies than the • Possible high wind-energy conversion 
theoretical maximum of 59.3 pe+eent ThBre -emcieneies. ···· 

" 
are good reasons for such claims; but neither. Undesirable features include: 

' . of them has been_ proyen correct·, yet. In • High-performance machines need 
c;?reful "te-sts, 'the mea;.s-ured efficiencies complex controls to prevent rotor stall 

··.· ranged from 20 percent for the "egg beater'' • Difficult to start rotor. 
des ign, to greater than 50 percent for highly Darrieus rotors are well adapted to driv-
~ophisticated straight-blade desjgns. This ing electric generators or other high-spe~d 
diversity of results suggests that the question loads. B'ecause of the need to apply starting 
is probably still open. power to the rotor to accelerate it to high 

In any event, the efficiency curve for the operating speeds, they are not well suited to 
Darrieus (see page 79) suggests the per- lifting water directly or powering similar 

. fbrmance you might expect from a well- mechanical loads. In Chapter 2, however, a 
·_designed rotor. The steep slope on the low- Darrieus used for pumping water iri 'Bush-

j,..;...---- ·.rpm__side _ ollhe _curve indicates that 'tbiS-. _.Jandr Texas, was described. The. rotor adds 
rotor is easily stalled wh·en overloaded. its power to the pump along with that of an 
Should the windspeed increase qUickly electric motor. That same molar becomes 
while a fixed load is applied to the rotor, its a·n electric g~nerator whenever the Darrieus · 
tip-speed ratio falls rapidly. The rotor, which is generating more power than is n~egeQ to . 
was operating at the peak of its performance pump water .. 
curve, slips over to the steep underspeed 
side of the cuNe, even though more wind How a Darrieus Works · 
pov;er is available to the rotor. Properly 
designed rotor and generator controls will 
prevent complete stalling of the rotor under 

- -------· - ··-· ·- ----

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

' , 

A straight-bladed Darrieus rotor. The pitch angle of 
the blades is changed automatically. 

. '· 

-- · - · ------------·-------- -- -··· . 
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pointed in opposite directions. No -Jhrust 
occurs at this positior1:·A~J~e.blade_g.ovan00{) __ -~ 

-~- -tqwares--pos-ition-B, tmwever, the l)"ladels- at · - -. 
an increasingly steep angle to the wind. The 
lift force is directed ahead, along the di~~c- · · 
tion of blade motion, and thrusti:$ developed·. 
Notice that blade speed is 'much greater 
than windspeed. So the tip-speed ratio is tv much higher than 1-maybe 5 or 6 . A high · 
Up-speed ratio is the k~y to successful 

' operation of a Darrieus r-otor. At a low TSR, 
.. Jhe blade slfleed vector becQme$_~_b_Qrter . -"'~·- ----· 

- - - ---- --- ---·-u'1a-nfftelengfh0fthe wlndspeed vector, as 
. illustrated in the next diag_r.?Jn.J .n this cas.e1 ___ _ ·- - -- · 

- ----- u,-e·- angTe of attack--between the relative . . 
wind and the airfoil motion is too large, and 

r . 
' 

stall can. occur. Turbulenfairflow, loss of -lift, 
,_ and high d_rag__re.s.uLLin stall-obviously an 

·-· - ·~ --- ----u·n-de-slra_b.le condition. Compare the angle 
of attack t_hat results fro~ low- TS R- with.· .... __ ·.: ... ~~< 
the ·. angle of attack if) no~rmal_ ,, ... h.l,g,b:IFSR-·'·:';<.,,.. .. ,., ... ... . 

I ~ ' 

. . ~ 

>. ... 

i ·.· 

. :.~· . .. 

I 
~ r ·--·-. 

Aerodynamics of a Darrieus ro_tor. Uoger.n_or.r.naJ operating conditions, lift is produceG along the operation. Atre~Jiy.tow tip..:speed ratios, stall · 
·entiren:·arouse1 patl\ tug:ging .. the-bTades forward. · ~ ·' • · . , ... i_§ :s.b~-;f;)re~~le.n't ·t"hat the rotor may requjre 

" ·' additional power from. a starter motor to 
· but ~bec,p.us.e: .~of~,the ·-·caFo~sel path 'of the accelerat~ it up to operating speed. 

, .. .--~ -~-- -.:J: •··--.:~-- : . { 

_- ------ - .: :. ~ ~5 ... · .·-~~:,:::c::;ofaaes;- its, operation appears complex. It • Stall of the fixed-pitch Darrieus at low 
, . .r<::;t,.'1!1f~~ · · ··· ' · really isn't that difficult. Recall that airfoil~' ··speeds results in an effiCiency curve that ~ 

.:·:.-:-• .. ....... , . 
<r · generate lift perpendicular to a wind ap- looks like tb~ one _on page-79. AUAtttal-start..-·- .. -- · ·.· -· ·· 

\f~.: •' . 

proaching the leading edge. In the Darrieus, u-p, the rotor has a zero, or mildly positive . 
\/ that "relative" wind changes its angl~ f_r_~rl1 - . e~iG.,iency. 8s rotation speeds up, stall effects 

_almost straight -·at-the--atrfoil1o n·early per~ rob the blades of power to the exten) that tbe· ,-
... .!. • • -

pendicular to it. Thus, the amount of lift efficiency is actually negative. External power 
produced by the airfoil. changes constantly is usually require·d to accelerate the rotor 
as. it sails around its path. · through the: stall region. Once beyond the 

.> 

At position A in th~ diagra_rn,.olade motion stall region , acceleration is rapid up to tpe 
and wind direction~re· parallel , although operational. tip-speed ratio. Unless a gust 

. : ~,···.. . ·-- ·-- -- --

Low-speed aerodynamics of a Dar-
rieus blaae. · · 

·-:...·· 

. _., 

--~~~----------~--------------------------------------------~~,-

__ _.-.-~:·: ·: ::. >.·... .. 1:, . -~-~~ ...... ..____= .. •·;.:....;· ·'.·=;"',' -· ._· ··-------"'--"---..=;..;__ . : . ::.:: _____ _ 
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suddeni'Y drops the TSR back into this $tall 
region. the Darrieus will continue_to generate 
power unaided. 

40 

,-:'• 

79 

-- --- ---- ·-- - ··---- - - --- ---

-=-~~~--.----- --- -·-· ·urrder ·certain-wmct-condinons~ a--oarrieos ---~ 

rotor can start without heLp. Peculiar, but not ~ 
t:> uncommon, · wind gusts will accelerate a Q) 

~tationary rotor to operating speed. Often : 20 
u 

s·uch a self-start occurs when the crew -ist>ff · a5 
.. - . . .. ·· - . ..... .... , ,~ .::..:. ... ·.:· ... ~ ·:."· ~ 

- · - .. ~ __ __ __ _. ··-- __ at-. lunch; --nobody ··is --ar.ound ·to see -wh·at m. 
happened. T!Je result can be a thoroughly · 0 1 

trashed rotor; if you don't' expect the rotor to ~ Rotor stall • / -

start, why hook. up the load? Right? At:>~o~ , . . - .0 f--.::'c....----'r--~''~ _ _ _ _ 

. . .. · lutely,.wrongLAiways exp~.9ta.Dctrrieus; rot6r · ... -- ~ _ ... 

..• ·-=-~-·-c-:;.-.,~61&"t~~~r;~~~n tl\6UQtlth e expe-ris 'h'ilve~-~-
_ .. ,. __ .... . .. . 

_:,_ ... - - ·:::~ ----~--. ·-·- . 

~;~~; -.:::::.::~·· · ·: ~--- WhaC"are s~me--6Tfhe alternafives ___ Tor - -- .. -- --o=--.. -... ----'--- ::_-_ ~-.-... -.. ~-:= -·--- J ----~-.J 
. -- . 

starting a Darrieus rotor? Electric starter . Tip-speed ratio, T S R 

motors are common. Such starter motors- f A typical Darrieus power curve .. ~Jhe rotor must be 
use a wind-sensif!g . switch an_d a small accelerated through a region of stall before it attains 

· !- · ·norr[lal operating conditions. 
electronic logic circuit to decide when it's . . .. .. - --
appropriate to apply current to -the 'motor. 
~nother startin~"technique is to combine a 

• .. • . < Savonius' rotor with a Darrieus:The Savonius 
it often is. To see· how art~ulation works, . 
start with the fixed-pitch blade diagram at 

.. ···-·· , . 

, has a high starting torque-enough to coax 
the ~ Darrieus through its stall region. By 
making the Savonius just large enough for 
starting, it won't contrib-ute to operational 

. po~er. 
Ari increasingly common starting.tnethod 

is that of articulating variable · pitch blades 
!_hat.are ji~_ged sothat their pitch angle can 
change· as they travel around the cq,rousel 
path. The eggbeater is an unacceptable 
design for articulated blades; its curved 
blades cannot easily· be hinged. The straight-
bladed Darrieus :Can _easily be hinged, and 

; . 

~ . - . 

blade 'position B. The blade; is fixed exactly 
. tangent to the circular.;path . At~low ISH, this ·! · 
·results in a high pngl~of au~-ck. · . 

Now, suppose_that the .blade pivots on 
its attached arms so that it points directly . 
into the relative wind (i.e .,· its angle of attack 
equals zero degrees). Stall is eliminated, but 
so is tift. Optimum articulation lowers the 
blade angle td an angle of attack that pro­
duce~ maximum lift. But simple mechanical 
controls that articulate the blades often do · 
not hold the · blades precisely at optim.um 
angles. 

- _________ _..,.. _ _, 

. ' 

\ -.. 

. '· 

Small Savonius rotors along the axis help acceler­
ate this straight-bl~ded Darrieus rotor through the 
stall region. · 

' .. · ....... .:: 
- ~-- -
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American Farm windmill in final stages of assembly. 
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simplest contro l is a ce_ptral wind · vane>tk~t . 
holds a cam in a position corresponding to 

, -- ._ ..__. .. . . . ·· · ·t~e ·w ind d irection.'The cam tells the control 
-',,~~-:-- _--,~~- ·· · Hnks· to-position th-e-b lades ata···pTich·:·.a·ng[e-- -

' PITCH AN{(LE . · . . . 
approx1matmg the opt1mum blade angle. 

., 

Other methods of .blade control usL:Jally 
involve electric or hydrau lic servomechan­
isms driven by a· small electron ic c ircuit Gr 
computer. Whether fixed-bladed !. or articu-
lated ,. the Darrieus rotor is very sensitive to 
its tip-speed ratio. Allowed to overspeed , 
the power coeffic ient drops until the lower 
power output equals the load. Overloaded 
or in a strong gust, the TSR drops, blade 
stal l sets in -on the fixed-blade mach ine, and 
the power coefficient drops severe ly on both 
types of Darri'eus rotors. 

Multiblade Farm Windmills 

Multiblade farm wi-r\dmil ls date back to . .. .... " .... .. - .. . 

af least the· mid-1800's, when the earliest 
water-pumpers , bu il t by Halliday, used flat 

A common method of Darrieus blade articulation. . wooden slats as blades. By the latter part of 
Varying the blade pitch eliminates rotor stall. th t t t h d t d · f · d /_ a cen ury, e un ers an mg o wrn 

mach ine design was just entering an era of . ... 
The drawing above shows a typical struc- empirical and analyt i ~al aerodynamics. Even-

tural configuration for articulating the blades tually the flat wooden blades were replaced 
of a Darrieus rotor. Each blade is supported by curved sheet-metal blades,whose...cu.r-va-
from the powe-r shaft by two arms. Each arm -~ -tu-relm-proved their lift_ and also the energy 
is attached to the blade with a hinge pin that. conversion efficiency of the rotor. 
allows the blade to pivot through the pitch \ The farm water-pumper evolved from_ a 
angle illustrated. The blade is held at its \need fo r a high starting torque- it had to 
pitch ang le by a control link connected to . begin turn ing while lifting water at the same 
any one of several control systems. The time. High torque at low rpm requires a 
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~~·r,ge liftin~ surface· area, so the total blade 
surface aimost equals the windmill frontal 
area on these machines. An extra bonus of 
plqcing many blades close together is the 
so-called ;,cascade effect." Each blade aids 
the ·nextby acting as a guide vane for the 
air flowing over its neighbor. The air flow. af 
very low tip-speed ratios occurs at a nearly 
optimum angle for each blade to develop its 
maximum lift. 

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

The desirable features of the multi blade 
rotor are as follow.s: 

• H1gh starting torque 
• Simple design and construction 

"j • Simple control requirements 
. • Durability. 

Its undesirable features include: 
• Not readily adaptable to end uses 

requiring high rpm 
• Exerts high rotor drag loads 'on the 

tower. 
A farm water-pumP-@rdooves s-Aaft power-­

from the wind in a fashion remarkably similar 

., ) . 

TAIL VANE ---41--

SUCKER F<.OD 

'-+----------....-~L___. LOLLY BE,A.Rl NG AND 
TOWER. ADAPTOR. 

TOWER 

Components of an American Farm windmill. Gears and crankshaft convert rotary 
power 1nto the up-down mot1on of the sucker rod. 

to the high-speed aerodynamic rotor. But 
the farm water-pumper is not particularly 
sensiti\(e to aerodynamic factors because 
ot the cas-cade- effect. With just one blade, 
you recall, the angle of attack can be steep 

.. , 
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enoughJo stall th.e airfoil. But in the cascade - . . ~ 

system, each blc:iae directs airflow into the_ 
next and reduces stall. The major penalty is 
a relatively high rotary speed, or swirl~· added· 
to the airstream downwind of the blades. 
Much less swirl occurs behind a high-speed 

. ... rotor. Slightly lower ,~ff.iciencies result bec~use 
of swirl (as much as 10 percent)oss in 
power), but the benefit of the higher starting 
torque is usually -!~orth it. The maximum 
rotor efficiency attadnable with a multiblade 
farm.windmill is abo,ut 30 percent, but 15-20 

:· · · perce_nt is more common in practice. 

High-Spe.ed Rotors 

·High-speed, propeller-type rotors have a 
~~uch lower solidity than f~rm watar-pu_mpers 
a~ operate at much higher rpm. Two or 

·three blades are commonj and four a. practical · 
maximum. They begin .. operating at tip-speed 
ratios up to 5 andilav~ been to ·about 
20. Most factory:-built·wind. 
ate in the 5-10 rang . . • ' ,, 

··Aigaier 100-kW machi 
operat'ed at 16. Th~e ~.'.If; suited 
for electrical genetation . a use their~-hig_h -
rpm lowers the gear rati~ needed for dr:iving 
a generator. _ 1' 

The design of hign-speed rotors places 
m!:JGh greater emphasi$ on blade aerody­
namics than do the l0wer-rpm designs. 
Machines like the Jacobs, Kedco, and Win .:. 
charger operate at a moderate tip-speed _ 
ratio of about 5. At these ratios,_goodairfoil 
.'1,. 

...--------------·-"'"' 
~ 

·-

83 

. ·- ~ 

~- . 

;~ 

TRANSM/55/0N' -­

QENERATOR.. · 

UB 

+--LOLLY B EARINCi 
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Cotonents oi a ty~ical propeller-type "'(ind gener:tar.· 

design \wilf improve the performance of a 
rotor by'\ about 5 percent over one designed 

' with less atte~tion to aerodynamic details. 
Rotor e~1ficiencies close 'to 45 percent are 
possibl~, and 40. percent is a common value 
in (his _r~nge. At a tip-speed ratio of;8 or 10, 
close att$ntion to aefGdynamicdetails yields 
an effici~ncy of 45 percent, with -a strong 
chance bf lower· transmission loss. The 
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· The 6 kW Hutter-Aigaier machine.lhe small, h1gh-solidity rotor Cin this propeller­
type machine uses crosswinds to face the ma1n rotor directly 1nto the w1nd. 

··- :!... 

' 
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HOtter machine attained overall efficiencies 
(including transmission ar(d generator losses) . .J 

of 40-50 perce_nt at tip-speed ratios between 
·'-·<13_and 16. - :-· 

The desi.cable features of ·high-speed, 
- pfe f)e llor-ty~e:-f-otors: -g-re··as-toitows :· · -- -·- -- · ···· · · ··· ~ -~=-~~ 
. - ·- · • Slender bl·adEis· use les·s..- m·aferiaf for -

the sar"fle power output . 
· • Higher-rpm reduces transm·ission-re­

quirements 
• Lower tower loaps occur with slender \ \ 

blades , 
I • Large diameters and high power levels 

are more easily attained. 
Their undesirat:)le features .include: : 

-~ Lower starting torque . 
• Biades require very careful ·attention 

to aerodynamic design 
• Possible flutter ·and vibration problems. 
TF1e hig-h-speed rotor prqvides··anexceF-­

Ient illustrqtion of the ,aerodynamic relation­
·ship involved in coaxing power from the 
wind into a power shaft. The ~irnplified 
diagram on the opposite page, which rep-

. resents the cross section of a rotor blade 
turninginthewind' ~-

process . Aerodynamic !itt is produced , ·t 

at right angles to the relative wind that the 
~irioil "sees" at this particular: cross section. 
This relative wind is the vector sum of the 
blade motion and the wind velocity at this 
position. in the rotor disk. Blade lift tugs the 
blade along.~l-ts rotary path , causing thrust. 
As ·long as the angle of attack is appropriate 
all along the entire blade, it will develop 
thrust at its maximum capacity. This thrust 

{ ... 

--------~~---------------------------------------------·------~------ --------------~-~; ____________________________ _. 
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gene~tes the shaft torque th~t spins a gen- cHoRn ~--~ r-.r > // 
erator\ordrives a pump. , // 

~- s'o'me slowing of windspeed occurs in / 

"" front of the rotor, so the winds peed at the \· •----- . _ 
~ rotor disk is less than the free-stream wind-
\ _speed (i.e., the wind speed measured bya 
~nearby,~ unobstructed anemometer). In an ~ Br.n.nrJ\mGttc- -----------------·~-~--

~ideal rotor with maximum power extraction \ 

~;;n~~~~~~~~~~j~~~~)~-~~elJ~j~~S~ne:~h:~ ,, -----~--B_LA_D_E_M_O_T~IO_N_=_u ___ ____. • . . 

the w_indspeed far upwind pf the rotor. The ., //~ ----- 1l=::F~;~ ~ ~:N-~-------
windspeed atthe rotor should be the average // 
of this upwind, free-stream speed and the ,. /./ 
winds peed far downstreart\ or two-thirds. of ,/ 

/ 

the free-stream wind speed. Thus, for ma~i- // 
0
+ 

·'' mum power the upwind slowing should be ~r // "'(;-" 

one-third-otihe free-steam w_indspe.§d. Ideal--. ,-;// -·- -~-~~·~o-(1: 
. ly, this-upwind slowing should be the same /// "0<v 2 "'~ 

along the entire blade span, but on real ,.// ,:?:-''?'~ _-f 

rotors only a small portion of the span has ,./ . .,;;."'-

this v~lue. . - _ . . _ __ . . ___ /,.\ __ ·~'~'~':-"',o .:~_-_--_·. -~-',!:/fL. 
Sl1 pstrearn rotation or swlrl-stf'I'Tt+a;r-~tO.:~-, ~::o~,.::. 2:'5:'i?:·i~·2:'~'::.C-;7:' • 

that behind a ~ultiblade farm windmill- · ·· ""·~;)':'"' , 
occurs in the downstream airflow because "'-
the air is carried along with the blades as 

z 
0 -

u > "-' 
II ~ 
0 D 
w 'J), 

w I 
0.... ,_. 
U) 1.1) 

0 > 
z 6 
~ ~ 
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c. 

they travel their circularpath. Although slip-
. stream rotation can often be large, it is 
usually very small for high-speed rotors. 
Because of these induced flow factors, you 
cannot merely add vectors for wind velocity 
and blade motion to estimate relative wind 
by triangulation. You will be o.tf slightly-with 
greater errors at low rpm than at high rpm. In 

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

rr Appen_tJix 3.3 there are graphs that help you 
" to· calculate all important angles for blade 

design. The higher values df the blade speed 

J. 

near the tip require some twist in a well­
designed btade . Twist changes the- btade 
_angle as you move along the blade span 
·from hub to tip. For rotors operating at tip­
speed ratios fr-om 3 to 8, twist is not so 
important. Above a TSR of 8 the twist, airfo il 
selection, and ·other design facto'rs bec;:ome 
increasingly important. ~ 

I 
.J '?" 
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--·-- ---- -Enhanced•Performalice Machines the extra cost is more than offset by increased 
, .. power output.:AI.J too often, a 20-ft !diamete-r~- ~ 

You have probably seen photos or dia- duct around a 10-ft rotor pertgrms worse 
grams of strange-looking ducted' rotors, than a 20-ft rotor -that uses much less mate-
vortex · creators, ~nd: other odd machines. rial for construction and less engineering 

.. 
The general idea: of these machines is to time for design. However, many of. the truly 
.enhance _the performance. _oLthe .. r:otor J:iy---in-AGVat~ve +m.p-r-ovements·· to--wtnd·-systems -- --- __ _! 

· - --- spee.ding' up the wind flowing through it . are headed in the direction of enhanced-

I . 

One approach is to deflect more air into the performance machines~.'ftrere's-still a lot of 
rotor-·perhaps with large va'nes upwind of · room for new inventiops and· fresh thinki.!l9.:. 
an S-rotor. A canyon oraptte of dilriri .. fr6nf-- .. - -~- -- -- ---·--. .... 

Choosing a Suitable Wind Machine 

Windm111s vary in type, effici.ency, and ­
size; the choice you make- in selecting a 
design type should be based on the nature 

of a Darrieus rotor performs asimilar function. 
Another approach is to induce a strdng 
suction or Jow-pre·ssure region bef'Jind the 
ro~or . In a du'cte~ 1O-ft diameter rotor, for 
example, the duct Will extend perhaps-40 to 
60 feet behind the rotor, expanding in diam­
eter as it trails bac~.· · Shorter, more exotic 
concepts are now being tested .. But when 
considering a duct. keep in mind that getting 
air to speed jnto a tube that has something 
resembling a ·cork inside is like getting 
speeding cars to penetrate a freeway road-

. . . -
· of your project If the design is to be extra-- --- · ---· -

' block. They would rather go around. 
A different approach now being tested 

by several research teams is to mount air­
foil vanes on the ·blade tips. These vanes 
help to expand the wake behind the rotor, 
causing more suction of air through the 
rotor. Th~ real trick here is to .get more wihd 

· power int~ the Jotor than the vanes take out 
because of-their added drag. So far, little 
success has been achieved in field tests of 
this method. · 

In _evaluating these enhanced-perform­
an-ce methods, you should _ be careful that 

low-cost, using local recycled materials, then 
you might select a des'ign. of IQW aerody- ~ 
namic sophistication such as a Savoni-us 
rotor or one of the other drag-type derivatives. 
The choice will depend on the -type o11oad 
you select. A water pump is 0ne type of load; 
a generator is completely different. Keep in 
mind that rotor efficiency is alm'ost directly 
proportional (with ·few exception~) to the 
level of ~ero9ynamic sophistication. Thus, 
your selection of rotor type will determine its 
efficiency. ., ·• 

Should you choose a sophisticated rotor 
(e.g ., a three-bladed propel lor-type rotor) the 
final system performance will.be determined 
by how ca,refully you execute the design 
concept. If the three-bladed rotor is con­
stru-cted of flat sheets of material such as 

I, ' 

! 

· ·tr ' 



Wind Machine Fundamentals 

plywood or sheet metal, expect overall per­
formance to be low. Sail airfoils will actually 
·improve performance. Twisted, taperfd and 
carefully built airfoil blades made of meta'l 
or fiberglass will bring performance up to 
nearly optimum values. 

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

• Do I want a really cheap wind system? 
rAm I willing to sacrifice efficiency for 

cost? 
, ·• Exactly what do I want the system to 

do? ·' -~ 
Many people want to power their house-·· to 
build some sort of inexpensive machine 
that will replace the utility wires. Other folks · 
want' to supplement their power, lowering 
the month-ly· electric bill. But the ~central 
quesJion remains: How much reliance can 
be put on the wind system for its p9wer? 

Efficiency, cost, and reliability are the 
key points to consider as you ,begin to plan 
your wind system. Just keep in mind that 
wind machines, like cars or airplanes, have 
certain historical cost limits. Above these 
limiting costs, the machinery becomes extrav­
agant,_ fancy: Qr just plain expensive. Below. 
these limits, the machinery may be skimpy 
in its design, unreliable, and-in the end­
just as expensive. For wind machines, the 
optimum cost.for the equipment seems to 

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

87 

If costs are l_owered by skimping, sc'roung­
ing, or using surplus machinery not well 
suited to the task, system reliabilityr and ' . 

performance are usually sa~rificed. Using 
an old farm water-pumper to generate elec­
tricity by replacing the crankshaft with a 
gear- .or chain-driven generator may seem 
likfra ·quick way to shut off old Edison. But it 
wort't work. This rotor is usually 'Srnall in 
di?meter-around 6 feet ~~_and was designed 
for low rpm operation. A large.gear ratio­
from "the slow-turning rotor s-haft to a ' fq.st­
turning generator-of about 50 to 1 will:pe 
needed. A 10 to 1 ratio might coax a few 
watts out of the generator, but overspeeding 
of the poorly loaded rotor blades will even­
tu~lly encourage the·m to fly apart. 

Choose a design for the task. Mecl)anical· 
loads like piston water-pumps, washing 
machines, or piston compressors usually 
need high starting torque. ~ere, a recycled ' 
multi blade water-pumper or a Savonius rotor 
make sense-. For loads like generators that 
do not "kick in" until they are spinning quite 
fast, choose a high-speed lifting rotor such 
as the two- or three-bladed propellor or a 
Darrieus rotor. 

One overlapping design is the sail-wing 
rotor. Sew large sails and you have a high­
torque , slow-turning rotor for water pumping. 
Sew smooth, narrow sails, and the rotor rpm 
increases-· making electrical generation 
reasonable. The sai 1-wing rotor is also very 
appropriate for low-cost, low-tech no logy 
systems constructed by owner-builders. 

Th§?_ firJ~I poi_QJ~__you must consider in 
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• Power. ~actor F Sizing a Wind Rotor ·. Rapid Efficiency Estimator -· ·: ... ~~~,'(tt; '1£rt:tZ ~~:~..... --;4' . 

V F ~. There are two principal ways to~ dtermine · ~=-"""" ' ._,,5-~fflt0 'o .:;:~~·?'):t': :~~ ·:<: l'! :;.?;s.~,:~.~~ d encv.Op· %tl 
0 • ···o -,;··''"' ~l'·"· ··' .. o · Y• em mp • mum 

6 0\1.07 the f(ontall a~easofba Wl~~,':~~o~~J£a1i~J8f,y·'ou .·:~· ..•. r,~4·' 0 .•• ~: ··-· . Construction Design 
7 1 ,76 - can m~re ~ ~Y~,.·'<~;;;. - ~9.,W,YJ, ,1'"~'>"" ·c;~-r,(.l ' . .. • . -- · . Multibladed farm watet: pumper 10 30 

' / . ·. - /C ~ ;<~!t~YilMJ.k,.:.e:alf!Uiate t'fle E!_9.'!f€!r It prod c_es, and Sailwing water pumper 10 25 
tL, ~~-,~~62~·':.:;•"- ,...,. ~- · stop th~.r,,'e;.,.,Gr-.~yor:t"Ca(l flfst deterrryne your oarrieus water pumper 15 .. , 30 

-~~ .. 9/ 3.74 . average power needs and the Wind resources Savqnius windcharger . 10 fi' 20 

. :fo· 5.13 at your site, and then equate the two to · s mall prop·typ;~illaCll~er . 20 30 

. 

.. --

/ 11 6 82 determine the rotor area. The first method is " (up ta 2 kWJ _ _ .... ' · 

· · the one most often used. The second is more Mediumpr.op-typewindcha~r ._ 20 

.. 

12 8
·86, complex but results in a much closer match (:2 tc:n ° kWl ""- ,,.~·'0\ _ 

13 1_1.26 between your powef?' n,eeds and the wind · ! Larro:~~of~~~tindgenerator '"-~. 

30 

30 )0 45 

14 14.07 power availabff;3. I Darrleus wi,nd generator . 1 ~ 
15 17.30 Suppose .youkno.w_ip advance your aver- 35 

16 21 _00 , age power ·needs-denoted here by the fetter 
P. Equation _1 tells you that this power, if a rapid but rough e.stimate. Then get values 

ofF, CA and Cr for your site from the 
appropriate tab_les. The rest is calculation. 

17 

18 

19 

20 
21 
22 

' 23 .' . 
I 

24 . 

25 
26-.1! 

27 
28 
29 

30 

25.19 · supplied by a wind machine, depends on the 
29 .. 90 windspeed v, the rotor area A, the air density 
35.17 p, and thf! system efficiency·E: 

'- 41.02 , p = 'l-'2 X p X V3 X A X E. 
.'47.48 

54.59' 

.. 

·This formula· can ·be rewritten to express the 
rotor area A. in terms ot'tive factors: · 

Example: You have chosen a three-bladed 
PJDpellor-type maJ;/,7ine to produce 1000 watts. 

· ..... ·.---A_sit~.~urvey shows that t-he -energy content · - · 
of the winds at your site, which: is a~8ea . 
level, peaks at 15 mph. What size· rotor is 

62.38 

70.88 

80.11 

90.12 

100.92 
112.55 

125.05 . 
.. 

138.43 
· - """" 

.0 

. l 

p 
A = E X F X c X c I (Eq. 4) 

· A T 

where F is a factor that depEfnds on wind­
speed and is presented in the')irst table _ 
here, .an_d c-A_and Cr .are tbe.ailitude and. ·. · 

· · ·· · temperature correction factors to the air _ • -.\ 
density that are given in the tables on·page 
48 of Chapter. 3. Equation 4 gives you the .) 
area i11 -square feet.wheA-.. t-he· ·power· P..·is··· ·-~- --­
expressed in watts,)f~P is in horsep.oyveJ. 
multiply A by_0..-737 . 
· If you aie purchasing a factory-built 
machine and khow its system efficiency, -this 
formula can tel} you wHether its frontal area 
is suitr;d to your power needs. lf'you in tend 
ta deslgn and1 b,ui/d your own rrachins, you 

. -- --n-eed-an-estimate of the efficiency before you 
can begin. Use the secon'd table· here to get 

needed-? . . j . : 
Solution: Begin by estirr)a1~in'g the system 

efficiency. For small propel(oHype systems, 
you can expect a·n eyfticiency from 15 to 30 
percent. You elect to use 25 percent (E = 
0.25) for a carefully designed machine.

1 
From 

the first table F = 17.30 at 15 mph-, and C A = 
Cr = 1 at sea level, ~r staddard temperature 
(60'' F). So, . 

1000 
A = 0.25 X 1730 X 1 X 1 

= 231 ft 2 
0 

You usually need to know the diameter of the 
rotor that can do the job. In this case, t1 
diameter of 17.3 feet is needed. Refer to 
Appendix 3.1 for more detaileq information 
needed to convert rotor frontal area into 
linear dimensions of ,the rotor vanes or 'blades. : 

, .. .,., .. ---·-----
_ _..../ .. ~ 

/ __ 
-------- ------------------------------------------------
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·Wind Machine Fundamentals 
' -

choosing an appropriate design are based 
! . . -

on real calculations of your powe( needs 
and systEhn power output. These calcula­
tions can be done by using steps presented 
in the next chapter and in Appe~dix 3.3. 
Chapter 5 also. presents a number of design 
methods you can use to ~elect aerodynamic 
and structural compon~nts for your wind 

j, •• --

J 

89 

mach in e.-In- genera( several methods are 
. pr~sented-from the simplified approach to,· 

a review of son1e of the mo.re complex mathe- · 
matical solutions. When combined with a 
caref\JI ana~ysis ofyour resource and needs1 

these methods allow you to design an 
-a'ppropriate wind system. 

. ' 

' ' 

· .. 
' ' 

" 

. . 

.. 
>c 

/ 

· ...... . 

. , 

" 

r: , .... 

.• 

..1' 



,, ' 

0 

. ' 
• 

,. -· .~·= = 



··--· 

The Wind Power Book 

Wind machine design is a.process of trial 
and retrial. Once you have selected a wind­
m'ill type, estimated the overall system effi­
ciency and calcu.lated rotor size, you must 
then design the components of the machine. 
With all components sorted out, you next 
evaluate j.ri more detail the vario~s ~fficien-. 
cies and performance Fharactenst1cs, and 
re-estimate the system efficiency. Then you 
recalculate rotor size from this information, 
and if different from your first try, you redesign 
the components. With a bit of luck and fresh 
batteries in your calculator, you won't need 
many retrials to achieve an acceptable 
design. 

The wind machine design process con-
sists of two major ta~rodynamic design 

· and structural design. Although these two 
tasks are logicaUy separate, it helps to think 
of them together. Otherwise, you might find 
yocurself laying .out a bit of aerodynamic 
glory that just'won't hold. together in real life. 
_Start by identifying the load that the rotor 
must po~r. If the load is a mechanical 
dev.ic~.--e:g., a water pump-high starting 
torque.rfrvm the. rotor will be needed. This 
will usually be true for a compressor as well. 
If the ' load is an electrical generatorJ low 
starting torque but high rpm will be required. 

The .starting torque required tells you the 
necessary rotor solidity-the ratio of total 
blape area to rotor frontal area. High torque 
needs high solidity. Low torque means low 

, solidity. You choose rotor solidityaccording 
to the type of load. , 

The solidity tells you how much surface 
I 
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area the blades must have: For example, if 
the solidity equals 0.2, and the rotor is to be 
79 squa~e feet in frontal area (about 10 feet 
in diameter) then the total blade area eqt.'J"als 
0.2 times 79, o.r 15.8 squC!re feet. Solidity 
als."'tells you something about the rpm and 
the tip~speed- _raHo at which the blades will 
operate. High solidity means low rpm and 
low TSR, while low solidity means the rotor 
muSt travel faster-high rpm and high TSR. 
Putting a design together, then, starts with a 
statement about the task the machine must 
perform and the rotor load that task creates. 
These considerations lead naturally to some 
very specific constraints on the rotor geom­
etry and operating charact€ristics. 

Aerodyry~rnic Design 
,. 

Sorting ·aut airflow, airfoil selection, blade 
twist, torque and performance coefficients­
that's aerodynamic design. The sophistica­
tion required is really determined by two 
things: s)ze of the wind machine, and tip­
speed ratio. Small wind machines can be 
bu i It "like the picture"; they can be aero­
dynamically shaped with only a little care. 
Performance will then be a matter of luck. 
Aerodynamic. pert~ction becomes increas­
ingJy"-rrTlportant for wind mach1nes larger 
than 2 kW. With large machines, experimen­
ters cast aside ideas of giant Savonius rotors .. · 

\ 

or funky saihwing machines and start to get, 
serious about rotor design. 

In ·the low tip-speed range (less than 
'~ 

' -( 
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The wind machine design process. 
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Power ·~urves for a~lypical automotive. 
alternator. A constant 60 percent con­

. version effic1ency has been assumed. 

::.. ~t ~:.· rr 'd~ •jl 'lp:_; l 
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Matching the rotor power to the power 
required by an alternator. 
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TSR = 8) wtor design is governed less by 
'"' aerodynamic considerations than one might 

expect. A fully optimized rotor b-jade-w'ill per­
form perhaps 5 percent better than a care­
fully designed blad~ that was compromised 
somewhat tb Jower the . cost or allow for 
easier construct-ion. The extra power avail-

- abJe r.nay not be worth the added time or 
exp.ense. But a fully optimize·d blade makes 
more and more sense above a TS R of 8. 

·· Throughout the process ofaerodynam ic 
design, you will be c·oncerned with the fol­
lowing factors and the way they relate to 
each other: 

• Torque, power, and rpm requirements 
6f the load 

• Torque and power characteristics of 
the' rotor 

• Response of the· rotor to gustiness ir>i1 
the· wind. 

Just how concerned you must be with these 
factors depends again on the machine size. 
_FQ·r exatnpje, a-wi-nd machine that supplies· 
power to the utility grid will be large and 

b ~{ 

expensive. A very detailed understanding of 
·this machin-e':;; response to gusts, or its. 
match with the 1oad,Ji: "¥rucial to the final 
e~onomic success_.?t~c~~J;l syst~m._ A small 
w1ndcharger, on the ~he~ hand, m1ght not 

'· ; -J. ' 

have a well-match~d rotor and · load, bUt 
, . ,.,.-.- . · . 

could be an\acceptable machine becaus-.e 
of its lower cbst. Still, it's a good idea to pa·y 
attention to such factors in any project, 
regardless of size. .. 

For a specific roto~'~_you can calculate a 
power curve that shows rotor power output 

:·- .. 
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versus windspeed or rotor rpm. You can 
also plot a power curve versu .. s rpm for the 
load you choose. For example, power1curves 
are available for most electrical generators, 
and rotor power can be calculated using 
Equation 1 and an estimate of rotor eff i-
ciency: You might end up with a rotor that 
tUrns at 300 rpm at its rated windspeed, 
while the generator needs to turn at 608 rpm . • 
to generate any power at al l. Hence, a trans-
mission is needed to match rotor rpm to that 
of the load. 

The two graphs at left p resent typical 
power curves for a small w ind g~nerator 

with a 12-foot rotor ,driving a 1-kW, 12-vo lt ,-
alternator. The first gives_the alternator i f1put 
and output power curves availab le from the 
manufactu rer. The other shows the rotor \ - . 

po"we~ curve with the alternator c urve super-
-Tmp,osed, after including the step-up in rpm / 

from the transmiss ion. The transmiss ion , / .-/ 

which could be a belt and pulleys_, o r a gear 
box, increases rotor rpm to the much higher 
rpm required by the alte rnator. . --- ----·--· -· 

By comparing the rotor power curves 
· with the alternator power curve, you can tell 

something about rotor performance at vari­
ous windspeeds. Notice that the alternator 
places virtually no load on the rotor at a 
windspeed of 5 mph. That's fine because 
very li ttle wind power is avai lable here. But 
by 8 mph (in the case of a 6: 1 gear ratio) the 
.alternator is beginning to demanq hig her 
power input from the roto r than is availab le 
at the design TSR. A 6: 1 gear ratio mi ld ly 
overloads the rotor up to about 16 mph. 

- -·- - -- · - __ --;Jj _ _ .... _ .,. 

______ __....._--~ 
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Wind Machine Da~ign 
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Above that wind speed the rotor is under­
loaded-more power is available than the 
alternator can ·use·: A highly overloaded rotor 
may staU and quit turn~ng altbgether. On the 
other hand, an underload condition will 
cause the rotor to speed at higher rpm­
higher than the optimum tip-speed ratio. 
This example is typical of many low-power 
wind generators using available automotive 
altern a tors. 

in small design projects, the process of 
load matching is often reduced to selectin.g 
the transmission ge~r ratio that minimizes 
the effects of mismatch. For certain types of 
pumps and compressors, a gear ratio can 
be s~lected that almost ideally matches 
rotor"foJoad. For alternators and generators, 
however, some amount of load mismatch · 
will occur. .?· _ __ __ ~:---~ __ _ 

How the rotor performs when the w1nd~ 
speed changes abruptly is another imparl 

~ tant design consideration. The diagram 
shows a ~pkal wind gust that near+y-doubl~s 
the wjndspeed in a f~w ~econds. For clarity, " 
the wi ndspeed is illustrated as staying .af 

~--- tb.e new speed: a very unlikely occurr~rice: 
..1 Two typ_ical rotors r_espond to this gust by 

accelerating to higher rpm. Dne rotor is 
lightweight (low inertia.,), perh·aps a Savonius 
rotor made of aluminum; the other is heavy 
(high inertia), perhaps the same sizeS-rotor, 
but m?de of steel drums. 

Notice that the heavy rotor accelerates 
mGre slowly than the light one. Really large 
r.otors might take half a minute to follow a 
gust, which disappears bef~re that time. 

· ' 
•. 

__ .:.· ... -~-, 
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Heavy rotors tend to c;;werage the wind-
speed-staying at-arr·average rpm. l,_ight 
rotors also average, but they experience 

-.more fluctuations i(l rpm. The sig,nificance 
of this averaging effect is that a rotor cannot 
always operate at its optimum tip-speed 
ratio. It will operate ~tan a0erage TSR, yield­
ing less than maximum efficiency. 

The shape of the curv,e depiCting the 
relationship of rotor efficiency to TSR is very 
important in the overall pedormance of that 
rotor. Two different efficiency curves are 
shown in the nex! diagram; the dashed 
curve sh-ows a higher maximum efficiency 
than the solid curve. But the solid curve is 

I 

broader and flatter, so a gust-induced change 
in TS -~. would produce a much smalle~ 
change in rotor efficiency. Hence, because 
of the averaging tendency of rotors, a flatter 
efficiency curve is often more desirable 
than a peaked curve-even if its maximum 
is slightly lower. Over the long run, the 
machine with a broad, flat efficiency curve 
will generate -more wind energy than a 
machine with a sharply peaked curve. 

Savonius Rotor Design 

,. 

Aerodynamic design o( the Savonius 
rotor arid other simple dra~- machines is 
f"00Stly a matter of ?rawing something that 
looks like it will work. For most Savonius~­
projects, the shape is determined less· by 
design factors and more by available mate­
rials. The usual ~'home-brew" rotor is made 
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··.Savonius rotor design options include the intervane gap, number of vanes, aspect ratio, and tip plates. 
· Option E has a much h1gher aspect rat10 than F, and the tip plates _in opt1on G improve the rotor performance at 
low rpm. ( -·· : .. ' 

· " 
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., 

from oi l drums cut in half; ·an occasionel,'l 
rotor is built from sheet metal. Either the 

.ft. ' -·-·····---------·-· 
dnjm size or • .sheet metal wrdth will deter-
mihe rotor diam~ter. Most S-rotors· are .about 
3 ·feet in diameter, but some have been 
built 30 feet across. : · 

Many studies have been conducted to 
determine optimum shapes for Savonlus 

_rotors . The resu lts are surnmarjzed ·in the 
' . 

· diagram on this page. ·options , start · with 
the intervane g

1
ap. In the d iagram, option A 

is an improvement over options B andc-~ Air 
/ can flow through 'tt:'le interyane gap in design 

A and push on the upwind-'trave ling vane, 
reducing the drag on th is vane and increas­
ing torque and po,wer. The number of vanes 
is the next consideration, and A.seems to be 

· an improvementove_r D. Theoretical explan­
ations for this effect are complex and possi­
bly incorrect. But experimental tests show 
that two vanes work the best. Because of 
the materials you have avai lable, such as 

. : old oil drums with- which to make an s­
rotor, the number of vanes and t.he intervane· 
gap might be limited by your' abi li ty to fit the 
pieces together. The re is not an enormous 
difference in performance between thevari­
ous options, bu~better performance is pos­
sible when you f an use the best options. 

The next d~sign variable is the vane 
aspect ratio-An lh·is case, the ratio of vane . 
height to diameter. There is probably no · 
best design in th is case. For _?_g)'{~D. trg.nt?L 
area, higher aspeqt ratio rotors w~!Lr~n_ CJL. __ 
higher rpm and lower torcfue-thEin--those with 
a lo~ a~pect ·ratio. Tip plates improve S-

'1. 

' 
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Wind Machine Design 

rotor performance slightly, especially at very 
low start-up rpm. 

What kind of performance can you expect 
.. " :)·· 

from an S-rotor? The grapn here presents 
' 1 

typical performance curves for two S-rotors 
withdifferent vane gaps. The best one shows 
a miiximum efficiency ora bout 15 percent­
a typical value for a small machine like an 
oil-<jrum S-rotor with a 3-foot diameter. For·a 
machine with a diameter of 10 feet or more, 
you could expect an efficiency of 20 percent. 
Note thatthe graph shows.both torque and· 
-'power coefficients an·d illustrates the s~rotor's 

_ characteristically high starting torque. Loads 
• driven by a Savoni.us should have roughly 
similar torque'and power,requ irements. See 
Appendix 3.2 for a samp.le design calcula­
tion that uses the Savoniws performance 

I 

curves presented here. 

Propellor.;Type Rotor Design 
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Performance curves fdr twoS-rotors. Use these 
curves to 'est1 mate ~otor/ torque and power. 

( ' 
If you wish to use a wind machine to . t 

drive an ~lectrical generator, the high rpm work; it is gove-rne(fTnstead----by the blade 
needed by the generator will require a. high- size·. Wide, large:-area blades like those in a 
speed rotor. fn- general, on_ly__propellor-t'{pe_~farrn wi11dm_ill turn at low TSR; long, slender 
and DarrLet;s rotors can develop the high blac;jes spin at hig,h TSR. There is thus an . 
rpm needed. In both cases, careful aero- inverse relationship between solidity and 
gynamio design of the rotor blades is impor- rotor speed orTSR. An American Farm multi-
tant if maximum rotor efficiency is des ired. blade windmilL has high solidity-abou(?O-

Earlier, you saw how tip-speed ratro. and 80 percent of the fr~n.t?l · area is covered 
rotor efficiency are closely related. Generally, with blades-and operates at low TS R. But, 
machines that operate a.Lh.igher TSR have as seen in the above right graph, high- .. 

\__ higher rotor efficienCies-as long as they speed, propellor-type rotors tend toward 
~; are not overspeeding. The tip-sp~ed ra-tio low solid ity-1 0 percent or less-and high 
; for a specific rotor is not derived by guess- TSA. Compare the graph with the table . 
.; 
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Rotor solidity as a ·function of tip-speed ratic;>: 
Use th1s graph to est1mate blade s1ze. 

BLADE NUMBER VS~"TSR 

Tip-Speed Ratio Number of Blades 

1 6-20 

2 . 4-1 2 . 

3 3-8 

4 -' 3 -5 
5-8 . 2-4 

8-1 5 1-2 
I 
-
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= s:·to caJc:ulate blade size with the 
s..oJidit?.d~agram. Th~T2-foot diameter rotor 
R"uts this sma.l'i· but useful machine in the 

· · ..- . _ i::kW<tlass. Such: a· low-'pow·er windcharger 
• < - ;pt. ' ~ ' .·, .••• •: • 

~neecls two to four airfoil blades, wh1ch can 
be carved \vood, molded compositf?, or 

f.. 97 
' . 

To take the analysi~ on.e step furth~r, tF.\e . 
nature of the wind machine must be exam­
ined. Basically, there·, are two classes of 
high-speed rotots: ~ · 

1. Rotors design.ed to operate at a con-
stant. optimum TSR; the rpm will vary 

:> . 

. metal ~ Notice{ that the I ift~to-drag ratio for 
· '·th~se blad~s Gqfl~~ anyWhere fr_om 20 to·:~ 

1 Ob. The"blade LID is bound to be less than 
~the~_airfoil uo be;cc:fuse of impertec-

. . 'l_,· •:, .' f . _,__ !!I> 

with winds peed. These rotors are typi­
cally found on small machines-driving 
air cornpr~ssors antJ direct current 
electri<tal generators. . 

-:._ fions -in manufacturing, aeFodynamic pres-
SUf€ lo~S<es at the blade tips, and other 

< ),,:• similaj-'faetors. B'ut a rotor operating at TSR 
· .. · = 5 needs ·a. bfade with an LID of. 50 or-more 
·for optimum performance. . · · 

i{. 

,.· '· 

_, . 

Another way to visualize the blade. L/0 
~ r.,qurreme0t is illustrated rn th~ diag,ram· at 

t~ght. Notice· that operation _at higher TSR 
requires higher blade LJD.values to maintain 
good performance: Your TSR selection is 

. 'limiteGf by your es.timate of how well yo,u can 
!" build a set of high-performance blades. 

. There ts no sense in selecting a TS R of 10 if 
.. ·the blade you' fabricate has an L~rJ of only 
,;· -20. In an aerospace factory environment, 
· tOoling engineers design .cissembl~ fixtures : 

that permit extremely 9,ccurate rep?Oauction 
of con:_1pufer-gen'erated blade designs; high 

·· 11\;to~drag .ratios are thus attainable there. 
.c. - ' ~ 

•. l ~ ~ ·' 

ing and no computer ~imulatfbn wil l probably 
have lower lift-to-drag ratios. To lower the, 
sensitivity of rotor pe-rformance to blade L/ 0 . 
select a 1ower design TSR. Then assess the 
biade v.;eight and cos·t that result from the 

' r<. ,, 

higher sol idity. 

2. Rotors designed to operate at a con­
stant rpm; the TSR will vary with.- wind-

" speed. Such rotors are usually designed 
for large, synchronous alternating cur­
rent generators whose constant out­
put frequen'cy depends., on the rpm 
remaining constant. 

For Class 1 · rotors, a design TSR can be 
selected in the range of TS Rs appropriate to 
each wind machine and blade type. For 

--- Class 2 rotors. you must derive a range of 
, operating TSRs from the design rpm of the 

generator, the tran sm ission gear ratio . and 
~tq~ range of windspeeds that provide' most 

'1¢:fthe energy ar the plan ned site. (See the 
se.;cti9n on windspeeddistributions in Chap­
ter 3 .)Tt:le operating ·TSRs should fall with in 
the · ·r:ang~ indicated for high-:power wind 
generators, and the ~orres ponding lift-to-

manufacture. 
In the example of a rotor·to-generator t 

load match presen ted _ at the start . of th1 s 
c hapter. you saw th at suc h inexpensive 
loads as automotive alternators don't com­
pletely match the power curves o f .a rotor. 

.. 

·- •. 
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Blade lift-to-drag ratios LJb versus rotor efficiency. 
Htgh LID's are needed. at htgh TSR. 
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Wind speed (mph) 

Matching rotor performance to wind character­
istics of a site. A well-marched rotor follows_ local 
energy patterns closely_ t\ 

-

··~ 

g-a~--=-------------::-------:--~.-.,-.-.-u--.-.--:::.-~·u-'c--.--a'"""·+-LI·u_-, -.-.--:::..-_T-,·. r-'-.c----:'y";"""' a-~-~.c--e-uW-·~-:::.-i.:-·ud-.. ::::.-~-Oc_w-_u·_-.el-:-t:-0.--0~·-k,-, . ··I 
' S~qh a mism~tch 'vVill slightly distort· the ~--··:.; "''"" '"':.; " ""'roo:.;~ :..;:.;,,.. ~ :..;· .. 

rotOr efficiency curve', which "'.wi II peak at 
! about the sa~e wind speed as the~enerator 

-i· ~-.9utput it the generator .ana rotor are matched 
: owith no overtoad or underload. An optimum look like? Should they be tapered, ~traig'ht, ~ · -
· wind speed a~tCiaTiy··exists for such a wind- .. tat or t~-in? How you plan to man utact.ure the , 

charg er, and such a 'vvindspeed should ,blade/s ·:vvfll help determine blade design. 
match the peak of the enyrgy C~,Jrve for For ¢xatnpie, extnlded amOII$ c9nno_t oe ... ·11 
winds at a given site. Such matching/involves · tapE1'red al~ng their lenr;)'!h; they ·must have .. · 

.changing transmission gear ralios antJ ·· the/ same · profi~e frpm root to' tip. T.he tip • '"" -. 
voltage-reg uiator-characteristics/ . chprd iength (the distance fro:m lead i ('lg I 

In a production situation, it is tar cheaper edge to trailing edge of th.e alrfojl) has to ;~ .. · .. · 
to reduce the overload/underload condition· equ~l. the airfoil chord at all pbints along th~ ·''· 
as much as possible by careful selection of biad\ r?dius. · ·· ' '· · - ":i~ ,J 
a single gear rati~ and to prod\]ce t~at J .-Hi'?w' is -blade chord l!'lngth calculate_c;J?;;; , ,· 
product for most wmd s1tes. Cha~g1n-g gEpar 1 ~Jhe g~fiphical meth,oq~. of bl.ade tlesign irT~ ··... . 

r~t4os for site optimization does not pay {off \. Appen~ix~3.3 wiii aU<3w you to c~icuiate·u-~e .. : _, _· ___ ~.-~ 
in" small wind machines-as long as cace is blade Gt\ord lengths nee.ded along the· blade 
taken with initial rotor-to..:load matching. span ·and .. the ai~oil angles. at each step. 

"in the example discussed, ihe tip-speed \)si~g thi~ blade design methG.d vyHi give. 1 
. ratio is predet~{r~ ined; the rotor has already ypu a ·blade both tap,erep and t:vis~·ea. The - ... ~_ .:· ... l 

bs·eeleenctdaesdi~l .. ffPe;et}e:'~n).t.BTuStRsub~a,~ .. oedseoyno ____ uo. t.hwea.rn.rte_.tao,._ c~~ord will b_e _rtlych s~'?re_r __ ~t_t~e tip than·aJ . --
f8! y the root where the a1rfo11 will have a much 

sons, such qls:. · st~rperang le th~n at the tip. This twist will . 
• Highe( ~~R means a lg,_wer gear ratio not\be,linear; therewill,be gentle twist ~tthe 

is required ~ tip ard lots 0~1 tW'ist~r the root. . t 

• Flutte'r and vibration problems (with But this simp,lifi.ed analys·is does not 
very l.large, slender_ blades) limit the allow·:::~Du to eval·uate the rotor·effi€iency, 9r' 

. rotor to a certain: maximu.mJpr)l. · Cp. Hdyj' isan accurate rotor.efficiency.cur{.~ ' .. _ 
If the. p~oject is_ S1ma11 and. the t:O\Or is stiff g~neratt~? Appe~dix _3.3 a1s~ r~ferences :a 

experien'ce.v~bration probl~ms, then a highe~ 
·TSR might be 1~onsidered. But for wind rotors 
with diameter$ larger than 30 feet, vibration, 
flutter, and other problems associated with 
blade flexing \pecome important design 

. . ' ~. . ·-- ~ . .. . . t~ 

presented\ i.n ·a. rep¢rt by Peter Lissaman 
and Rober+~ilson~-- Their report contains a 

·~ 

computer program that calculates virtually. 
all the perlorma(lce curves you need. 

Certain simpfHi9ations in blade design --
, '-· ·-t. 

--· ·· .-
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__ ar~,ppssibie on. small ~wiri~>machine.s ifYC? .~ , 
. ·. are ~ wi'lting to sadrili9e .. a littl·e ;perlo_rmance~ 

,, . I .. :' .. - _.- . --~ . :--- . -_ ·-_. · .. :,\ - - - ·-· 

The, graphica.ldesign method p.resented in Q 

, _ ~pper1dit< 3-w~s us;E;tJ to desi_gn the blades ~ 
. · :-. > ;p~nth~Ked50~nd_pener?t?r. A·de~ision t1b 

·• 
' 

- ·· · prmpl1fy thE{5f§.de"G~nstrucil~n requ1red ~~-~!_:. ;>- ­

. :nprilihe~tsr-·anC'f ta])~fj be ·changed -'1o-·-
linear twistand ''line.ar taper. That. way. tbe 

~-:t'eaeing ··and trail in~ edges are stra[ght lines 
-~ . -> co.nnecting tTp_ and root Th~' a~tual t:wis't of 
·· "·.ib,e ~raoe_wq/s determined by th~ ambu nt of 
· ·twlsrpossib!e in-sheet alominum 1 s~in , with-

oLJt. wrtnkljrLg that skin. · · ' • 
.. _ · -• ]'h~sesimpHficati.onsres_ultedinan.eas~~-·\ . 

·: .tq-;bui'Ld bladel with a maxtmunr rotor eff1-:- -~-
. ~--·-qi~mcy bt·42 .per-cent. Under ide~Jconditio-ns) ;>" 
· .. _, y{)G-wol.Jld'.,not expect an etfici.eDCY m u cl)''. 

-: __ .- -- _:-- ·-.: .. ' _ _ : _ ·~ ·:·_: _ : _ __ . • ' t~ _:· . I 

· , .~igh~r tnan4,·5 percen\_- fqr this size blade. 
c $·qthe penalty paid"for ease of q6nstructi_6n 
:>, Was hJst a few oercent But remember that 

, ·-r" the o'peratin'~-1\SRof this Ked co wind gerter-
t/,l>--. . . ..,, .,. . . • 

. _,c) ~or is 4 to s :.tfyou design for higher values, 
:'.1'" ·. ·-, - - I ,; 

·· oefiormance oenaltv will. increase. · 
I'-., •. .1 :l .I - ~ .. 

' 
"" 

-~ 
~· 

n work has gone into pe~- i ~­
s rotor. As it tur.ns e.ut, theft 

• .. --· :< . ~ 

f the Darrieu.s let you .usen 
_: ::-.:....::.<:---.,.-~,,--= ·-l· .versus:Ts R to_ des igrl ' 

sizJrig th_e rotor- using ·, 

table in .. Qhapter. 4'. From the ou'tput ower' 
required, windspeed, and this efficiency 

--- est!tnate.you ca!cu!ate frontal a·rea required.. 
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Extruded metal blades for a Darrieus rotor. Symmetncal blade profiles are 
needed because I itt musT be produced on both s1des of the blade. 

' . 

l~' 

~~ ) 
-~ 

·Next, the fin~ear dimensions ne·eded to give 
that frontq. l area'·are calculated by r~ferr i ng 

·to Appendix 3.1. For both the eggbeater 
Darr ieiJ S and the straig ht-blade des ign, 
assume th at he ight equa ls d iameter. 

The operating tip-speed ratio for a Darri­
eus l1es be tween 4 and 6. This des1g_n TSR '~ 

.• 

then determines the ·solid ity, as wen a:~s.: gear 
ratios : generator speeds , ·and structura~ 
design of the·rotor. Using thi.~ :TSR and the 
graph on page 95. select-:a valuE:fot the solid-

· - ' .... ~ f 

. ity. As with the pra·p-ty'pe roto r~'·the so li di ty 
allows calculation of\blade area: soljdity times 
th e rotor frontal area,equals -total b lade area. 

· D ivide the tota l b lade area by the number of 
b lades (usually 2 dr 3) and you get the 

: individual blade area . Divide th is individual 
· blade area by the r(?tor height to get the 

chord length. In Dadielis rotor design, the 
rotor ·height is used in much the same way 
as blade length or rotor rad ius is for propel-
lor design. . 

Airfoil-selection for a barrieus roto r is 
limite_o to symmetrica l pr0fi les : Symmetrical 
airtoi'ls are used in the Darri eus because lift 
m4st be produced from both sides of the 
blade. On · large Darrieus ·rotors with long 
chord lengths, you can have a blade profi le 
that is symmetrica l about .the curved path 
that the rotor blades trace. Su9h an a irfoi l 
wil l look cambered , but 1t wii l perform as a 
true symmetri cal airioil wh ile ·speeding along 
th.is path. 'b 

' Structural De:sign 
!1 • 

;_• 

Now that the rotor size and shape has 
been determined , w ill it stay together? If it , 
spins too fast .can it withstand the centri - . 
fugal forces onlt? If ~r-sudden gust ·of wind 
slams into the machine wben it is not spin­
nihg. will the s l ade~ · bend and break off? 
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Wind ;Machine Design 101 
' . 

These and other questions must be answer~.d loads to the towe·r. A major load seen from 
ourirjlg the structural design proq_ess. i·~ the: ground ~9 applied when the rotor is 
addi:tion to meeting its ·performance goals··, unbalanced. This load is similar to the gravity 
the Jnachine~must~ stay together .. ~ load (weight)but is oscillatory (up and down) · 

~tructural designis.a twq-§tep process: :~ or :torsional, or ooth. It is not "static," or 
1. Start by examining the var~·ous forces cohtinuously applied<~ but dynamic-and 

and loads on the rotor and its. support often catastrophic. 
tower. Determine which forces ga'Qg The JOwer might be free-~tanding, or 
up or act: together on eaqh structural cantileyered, or it m?Y be braceid with struts 
member (blade, powershaft, etc.). or: gu'~/wires. It may even be the roof·of a 

2. Design each structural member to with- .. -hous'e, in which case one sho.uld be awfully ,.. . .. ,, ,-

stand the applied load, In a winsf car€ful abo~t thGlse occasional_ dynamic 
rrrachine, this means designing the IQads mentioned above. Otherwise, a mere 
member to withstand static loads with- catastrophe can quickly become a disaster! 
out bendir]g or breaking .and to Jake. Moving up the tower and into the .. wind 
repeated applications of 'those loads machine, an appropriate load to start with is 
witho~t failing from fatigue. . the torque lqad in ea9h of the power shafts. 

Furthermore, blades a~ so need to be st1ff . One power ··shaft-the main shaft-~akes 
enough lP prevent flutter-· resonant flexing rotor power into th-e t~~nsm issidn. The other 
oscillations that can fatigue the blade rapidly. power shaft takes po~er out of the transmls· 

Starting from; tRe ground Lq), the first sion. No transmission. means you have orr~y 
load enceuntered by a wind system is -its one power shaft and one torsional load' to 
often tremendous weight. At ground level, exartJine. 
this weight a,cts against the foundation, ~'· epending on how the machineJry is 
which must preve'nt sinking. Drag, or the • desi ._ ed, part of the rotor weight might 
force of the wind acting on the wind machine - .. caus .. ·.· e main power shaft to bend. Shaft 
and tower, is a1so encountered .. The tower bending is different from beam bending, as 
found·ation must prevent the tower from top- in bridges, becau_se the shaft is spinning . 
pting from this drag force. Torsion,'or twisting When combined with torque, shafr,be'nding 
of thectower and its foundation, is c·aused by can cause severe problems. Ahy.-hend ing 
yawing, or a wind machine crn1'anging direc- deflection in me shaft would show up as a 
tion with respect to the tower axis. Most nasty whirl in the rator. Bending can also 
small w.ind machines are free to yaw; for show up m the support frame-often called 
them. this torque load does not exist. V8;r.y a .. ,bed-pfate, or carriage. If rotor loads are 
large wind machines with servomotbrs to taken -through the' rotor bearing into the 

·. control the yaw ofthe rotor will apply torquE\ carriage instead of the power shaft, few if 
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inertia of all the.machinery at one end of 
car~iqge strains a~afns\ t-h.e yaVj drj.v~r at. 
oth~r ,Eifld. 1he· yaw driver might be th.e~ · 
r {in tt'le ca$e pfa dowriwind rotor)lor:a . 
der or tail vane' (if the roto'r is mounted ' 

u ind of. the tower). M iscetlaneous loads 

·• .• t 

I ' NJAIN BEARIN(j 
orJlthe carriage ate assoc.~ated with mec._han·..: · 
ic~- titting· on' top'efthe-.. ~le:ae~ator: ·,(al~ays - ·-· -·: " 

~ - ----­--- : add about 20Q . R;9:~rds td'Jhe;·,~~ner~!9X- ~ ------· ~ ·· 
weig.ht to:compens;art~!Y~ -otMt .Go'bdwrench " ··. - · 
dro,pp}(1·g the transmi.s.si.oh'~into pla:ce:'Keep -;~ · · · 

1 in' rfi'irid ·tha( heftin.g·--1UQ:poiinds or .more ·of --
'/ ~- ;- , ~--.... imn·so ·.Jeefin th({a i'r 'i·s· no sfmp1E:Lta-sk,J· ·:· 

· j r ,,.. . The . final .loa_ds to examine .are ~tl(o~·e· 
:I . '';•· · . _ :· : aH~ctin~fthe ~o-torjtse'lf; · Startwith the rotor.a_L 
. : ~r -· -· ~- - " ·. .._ ---. -,:' · · reSt-; o'F "parked." No win9. The first road ls::.-. · . 
:1-r:-BLA'bG-: . ' -.. . the·blg.de weight. Porsma!J,(naohines! don't . 
1 ' · .- worry a·bout it, unless you're installing· the 
I I 

. \\ . • · rotor atop an erecHower. For large machines, 

.,_ .. •· 
' ' . 

'J .. blade-bending loadS under .static conditions 
van approach' the design load. Long blades 

· ·· are enormO':JSiy ~he~. Such a load cae' 
easily buckle a thin, streamlined blade. Add 

Various bending loads on a wind machine. Wind and gravity cause static some windl and ... aerodyAamic drag, com-
loads; dynamic loads are caused.by variations in w1ndspeed. bines with weight-· the static duo and a 

·• • G nasty set of loads to contend _with. Park the 
any pro_blems wfll beset the power shaft blades vertically, and the gravity.load loses 

The carriage' must b~ar all o1 the static its importance. The' ~bending due to orag . . 
weight of the components (generator, trans- · does not, however . 
mission, rotor),_"and any dynamic or shaking ,.. Blade' bending during operation is·caused 
loads from the rotor. In m~hines that use by two forces at once: lift-induced thrust-
servomotors to aim the rot~r into the wind, acting in the plane of rotation-and drag-
the carriage must al'so bear -the sta!ic and induced bending that acts downwrnd. These 
dynamic loads that occur in the lateral direc- · two vectors combine to deliver one huge , 
(ion-parallel to the earth 1s surface. Smaller .· ~ force along the blade span, and the blade 
lateral roads appear In tree-yaw machines; had better be able to take it. The worst case 

- ~ 
<..! ; 

\ :. ..• -' . " . ' _, 

' ,.. 
. .a: .. 

•> 
~,. -· 
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'Oo~. '.. qf ,Piade ,b·enaTng occurs because ~·et ·the blq.de [las parte:d company from' the rest,.of~-' · : . 
,. ··[:';·y:•:g6vefnor. This logp can b~ difficult to analyze. the rotor. The result is always,holocaust,, · 

. .... 

. '. 

, •'!1J'['j·!l.:f'the governodchanges '"'~~blade angJe · anger, an9 ~dead batteries \ The centrifugal 
., .. i;J:J:::·~·IOwly; th.e ~r~des and other"rotatin~· n1a- tension. ~o~d resul~s fr-om ·the mass of -!~·e 

~- . , •i,, iL .. ¢h~nery wili_ sto~ doWn together, gently. If 1 blad~. spi~iAg abqutthe powers haft. Und~r 
. u;;,: . ;J:'r~~$,/;,governqr changes th.e bla¢)e angi·Erflt {;ertain ¢onditions, centrifugal tension cao be 
. ·:i1}}',~:1~~~Hqtly, t~e rotating machi~·e~ will, b~c.ause ·; u~ed t.o r~du~e blqde bendin~-<6entrif.u_gal · 

· . l~.J,t~\pflts·lfWrtla, try to keep the rq_tor turnmg at a st1ffenmg as 1fs cailed . Centnfugal tens1on, 
· .. ·. f(rrh3 when its aerodynami~c loads have ···then, can be useful and is not the wor-st loa'd , 

diii)LTiis~ed. Th~() result is blade bendir'!g exce~~£se of-a.runaway rotor. Th i~ . 
induced ·f~om the power shaft. Dependmg load ; -~ · much f?ster than th~ rpm, , . 
on the inertia of the rotor, this load may be and a runaway rotor can easily spin twice as . ,. 
negligible or very large, and it occu~~~~ its maximum governed rpm, ca!Jsing ~ 
reverse direction-40ntributing to blaa~ or more times the maximum centrifuga1 
fatigue problems. . ~· tension in the ~~blade.· "fake heed. Brok~n 

·some rotors are controlled or stopped. blades can fly a long way. In the' case of 
by abrakemechanism that.can ~xert a load Darrieus· rotors a!ld other vertical-axis rn·a- • 
like a gpvernqr . . This load must t:;e carefully chines, blade bending is also caused t:Jy. · 
controll'ed to,avoid severe ~endiAg. A similar ' centrifugal force due to rotation, Particu- . 
load occurs from a malfuddioning genera- larly in the straight-bladed Darrieus, tRese c 

tor or gear box, or a water lock in aupump. centrifugal blade~bending forces can be 
Suppose the rotbr.is spin~ing in a good awesome. One solution to ,this pr~blem is 
wind with only a sma11 generator load applied the use of c.able support5 that extend from . ~ 

~hen the voltage reg~lator suddenly kicks the blad~s to the axis of rotatio~. ~-
In a full load. Depef)dlng onthe strength of The f1nal rotor load to worry about 1s 
the geoe_rator, _the result will range ftom torsi_on within the blade itself, a twist along 

·-unimportant to noisy. It will also contribute the blade axis. The "tennis-racket effect" 
to fatigue in the blade's structure. ·If a water says :that a s.pinningblade should lie flat in 
lock occurs in a pumper, as it often does, . its plane o{ rotation , but twist and other 

f
. the result could be anythin~g from a buckled design considerations set the blade other­

sucker rod to· a pretzel-shaped rotor. -~'• ~ise . Also, airfoil~ther than the symmetrical 

1
,, Another roto'r load is the cent~fugalload, variety have a pitching moment that applies 

';I· or centrifugal tension, in the bl~e structure. a torsional load into the blade. These are the 
The blade spar is cqnnected to the hub-· two majorcauses of torsion within a blade. 

~ either thrpi-Jgh a feathering bearing, or directly. Unfortunately, structural design does not 
This connection is an area,. where many a stop with sprting out the loqds just listed. A 
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host of environme~t~l co'nsiderations send 
designers up the wall . ~ail, dust, rain , and · 
sleet work to erode or ~estroy a rotor. Leading­
edge protection may be needed to keep 
blade airloi ls from disintegrating. Migratory 
bird impacts have taken their toll of both 
rotors and birds. By far the -~orst, thou.gh. is 
gunshot dama9e inflicted by p,Fssing hunters. 
No ready. design solutions are yet at hand, 
but it's poss ible to get ang·ry enough to 
imagine' raser-targeted firing mechan isms 
that permit the wrnd r*clchine to shoot back. 

Ligh tq·ing or simple electrostatic bui.ld-up 
and d·ischarge ought to be considered during 
structural design. Certain types of compos­
ite materials, like carbon t•bers, turn into 
frazzl ed , fuzzy, nonstructural messes when 
zapped by lightning. Other materials, includ­
ing fib-erg.lass , behave admirably wEHI~·con-

- sidering the amount of electrica~ energy . 
transmitted in a direct hit. 

Many toads will reqUJre careful en gineer~· 

ing analysis using books containing struc~ 
turai design data and engir-reering expertise. 
To pass some building department inspec­
tions, you may need the services of aJicensed 
engineer. The rest of this chapter'contains a 
d iscussion · 6t some of the ca !culations 
requ ired to complete a su.c.cesslul p re~im­
inary design fo r a large project or a fin ished 
des ign for a small machine. A benefit of 
buying a mach1ne off the shelf is that most 
structural considerations have already been 
eh'g1neered into tt. ~he customer pays on ly 
part of the engineering fees . not a!l . 

in view of n--~e safety aspects of a wind · 
f.'~,· 

. . 

. -~ 
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machine insta11ation, you should realize that 
this cr'\apter is no\ substitufe for sound, . . . 

rigorous engmeering 'design . The discussion . ·-· \ 

and m~thods are sim'plified so that a large · 
seg.rn~nt of readers can appreciate the . .. , .,. ' 

natl!r.t}~~of the design requirements. 
.. €s'timation is the first step in determining 
~ ' 

the various loads. For example; to estimate 
the weight o1 your machine, find out what 
si,milar m·ac.hines weigh. Generally, small 
mac~ihes weigh from } 00 to 300 pounds _ 
per kilowatt of rated power. You must guess 
where yours Will fall Within a known range. 
Once the machine is fully designed, you 
can calc'M iate rather th_an estimate the actual 
weight 'of each component. Transmission 
and gearbox '«eight can be obtained from . 
the ca_talogs available from many manufac- ·· 
tursrs of such co~ponents . 

A third and final procedure is to revise 
some of the load and structural design cal­
culati on s you maoe ori the basis ot earlier .. 
weight estimates . Blade loads are a prime 
example of this procedure: Estimate, ca~Gu­

late, then .revise. During this design prooe­
dure, you should be asking such questions · 
as: Is the. design easily buildable? What 
materials should be used? Is this the lowest · 
cost alternat ive? Will the design be easy to 
mainta1n? Will it requi,re a lot of maintenance? 

..• 

Blade Loads : .. · 
.. 

· Now let's consider the loads on individual 
rotor blades_. First you estimate the~weight of 



·-·-·---·-~-~·-····-····· --······-···4·· --·- ----~--·-·-~·--·. 
··----·-.......... ----·-----·····. 

Wlnd Macbine De:sign 

a single blade. say 10 pounds. Then. from 
your predicted operating TSR you CEJicu!ate 
maximum rpm. Knowing blade we1~h.t and 
rpm, you can now calculate centrift,lgal ten-

• . 1 . 
sion in the b!ade under normal qperatmg 
conditions. You can also calculate blade­
bending loads. Using these, you c~n design 
the btade to withstand these loads and cal­
culate its weight as designed. C~mpare 
estimated weights to calculat€1.d weights 
and correct the calculated loads ~ccordingly. 
The 1dea is to ·converge the loads and 
vvetghts to their final design va)ues. 

The first blade load to consider is centri­
fugal force-the _result of heavy objects 
moving rapidly in a circular path. If given the 
chance'. such objects would rather travel in 
a straight !_in e. Tie a rock to a long string and 
S\ving the rock around while holding on to 
the string. Centrifugal force keeps the string 
straight and tight. Swing it around fast 
enough and the string breaks. The strength 
of the b1ade spar or other support that holds 
a ·N1ndmdl blade in its circular path had 
better be great.er than the maxlmum centrtf~. 
ugal force. 

The information you need in order to 
caicu!ate centrifugaJ fore~ gn C!nythlng mov­
~ng around in a qrcle iS the speed of the 
object, its \"11eight. and the radius of rotation 
measured frorn the rotating object's center 
of gravity. If 1he object happens to be a 
"<'nndmifl btade. its center oL grav:'ry can be 
deterrr11ned by balancing the blade over the 

;,.·: 

.eoge of a !hin board. or by· estimat1ng itS. 
cos ~ tron dunna deston. The method rxesented --'· -~ t-
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Centrifugal Force 
J 

The centrifugal force pulling a blade away 
from the rotor hub is given '?Y the formula. 

· QQ_~z~--w~ (§_E!_?S __ vf_ 
ce'ntnfuQfi Force = RC 

where · 

W = the weight of the blade m pounds, 
SR = the speed ratlo.at the blade center 

·-\ of gravity: ·. 
V )= the w1ndspeed m- mph, 

A.GJ= distance 1n feet from the center of 
rotat1on to the blade center of · 
grav1ty 

ce that th1s force 1s proportional to the 
./::,quare of the w1ndspeed, so that it quadru-

ples If the windspeed doubles and ·all the 
other numbers stay the same. 

Problem: A three-blc;Jded windmill with a 
d1ameter of 12 feet is des1gned to operate at 
TSR = 6. Each blade ·we1ghs 5 pounds w1th 
1ts center of grayJty, as determined .. trom ., 
balance tests, ly1rig 3 teet from the center of 
rotation. What IS the CF;ntnfuga/ force on {his 
blade in a 10 mph .wlnd? 

Solution: First you need the speed ra(lo 
at the blade center of gravity, which 1s halfway 
out from the center of rotat1on to the blade 
Jip. Thus SR = 1'2 X TSR = 3. Then, 

4······· -4 .... . 

above wi II he!p y_ou calculate c.entnfuga l 
force on a rotor blade. This centrifugal force 
calculation gives you the information you 
need to se\ect blade attachment bolts and 
other r1a rd ·,vare. AlSO; ~entrifuga I force is 
one of the loads you will use to design the 
structura l members of each blade. 

Centnfugal force = q:_QB! X 5 -~j~--~ tO/ 
3 

= 100.5 pounds. 

The force trying to rip the blade away from 
the hub 1s about 100 pounds in 10 mph 
winds. Th1s may not seem like much, and it · 
1sn 't. But repeat this calc.ulation at V = 
20 mph and V = 30 mph. You'll f1nd that the 
centrifugal fo rce Is about 400 and 900 

· pounds, respGctive ly. For a rotor that operates 
at constant TSR. centrifugal force Increases 
as the square of the winds'peed 

There are two operating conditions you 
should consider when ca lculating centrifugal 
force. First is the normal opera ting condition 

~that occurs in maximum design windspeed 
· JUSt before the governor beg1ns to l1mlt the 

rotor rpm The second is the abnormal, or 
runaway operation caused by a faultygov­
ernor For a small mach1ne, a 50 to 100 
percent overspeed IS not unreasonable. That 
is, a small rotor designed to operate at 300 
rpm m1ght h1t 600 rpm, m runaway ·cond1t10n 
As a r(latter o f fact, 1t m1ght go even higher if 
1t held together long enoug h. Jo est1mate the 
centrifugal force under runaway conditions, 
use a spepd rat10 (SR) up to tw1ce the normal 
design value in the equat1on above. 

.. 
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Rotor Drag and Blade Bending Moment ·-
-~· 

.. 
An approximate formula for the drag force on 
a· windmill rotating in wind speed V is:. 

t- Rotor Drag = 0.0026 X ~ X V2 
, 

- . 
_ where A is tNe iotor frontal area in square 
teet and Vis the windspeed in ni_ph. 

.!Problem: A three-bladed. propel/or-type 
rotor 12 feet in diameter is generating its 
rated pbwer in a 20 mph wind. What is the 
rotor drag on this machine? 

Solution: The frontal area of a 12-foot 
__ prop_ellor-type rotor is -113 tt2. Thus, 

"y 

Rotor ·a rag = 0.0026 X 113 X ?02 
• 

- = 117.~ pounds. 

... 

had a solidity of 0.1,· tor exampje, the .static 
drag on each blade is: . . 

Static Drag"'= 2 X 0.1 X 39.2 
= 7.8 pound$, 

'ahd the static drag on the entire rotor is 
23.5 pounds. -· 

. _ The blade bending moments, in inch­
·pounds, is calculated from the drag force on 
ea~h blade according to the formula: 

Bending Momrrnt = 12 x RC x Drag, 

where Dfag is calculated for either the static 
or rotating conditidns, as above, a.nd RC_js 

Since the rotor has three blades, the drag the distance in feet fr9m the . .tetnerof rota~ 
· force on each blade is one-third of 117.5 . tion to the b/qde center of gravity. This 
pounds, or 39:2 pounds. Thfs.-;s the drag _ _fO!mufa yields only an approximate val-ue of 
.force trying to ber.1d the blade in th.~- powA-.------- · the bending· moment, but it is very close to. 
wind direction. It should not be confused· an exact value that could be calculated 'from 

· witt)__ the aerodynamic drag on each blade much more complex equations. 
-- ·· · tfiat acts in the plane of rotation. trying to Using this equation ~[ld. t]l£ Q~CJ._(}e_drag _SJL_ 
.--s-Jew~the. fotar.y mot:ion--fJ~e.- -~~·- ·· tnel2-foo1 aTarrie-ter rotor already calculated. 

The drag force on a windmill that is not the blade bending moment is 1410 inch-
rotating. or parked, is approximately: pounds in the operating mode and 282 inch­

Static Drag = -2 X S X Rotor Drag 
' . 

where S is .the solidity of the rotor, and the 
Rotor Drag is calculated from the first equa­

"'~ tion above. ff the rotor in the example above 

pounds in the parked mode. if the -center ~f 
- gravity lies halfway befween the tip and the 

hub of each blade. The poii;lt of maximum 
stress occurs right ,where the blade attac~es 
to the nub-at the root of each blade. · 

Blade-bending loads are caused directly 
by lift and drag on the r~tor. Rotor or windmill 
drag depends on rotor sol idity and. rpm, and 
the windspeed . Rotor lift contr,ibutes to 
bending in two directions·: bending along 
~ 

_________________ ...;.... _____________ __;_::____ ... _ . . . .... _ _ .. -
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~the _di(ectiqm, of rotation .and downwind 
;·, bending . Th\e bl~de.structure must be capa­

ble of withstanding the total bending load . 
Rotor dra_g causes support towers to topple, 
guy wires to :break, and rotor blades to bend. : .~--- ,: 

· Consider the h~gh--solidity, rnultiblade w.ater­
pumping windmills. Stand in frQnt of such a 
machine, arid it will resemble a solid disk, 
with no place for wind to flow through. The 
higherthe sblidity.'the higher the rotor drag . 
In the case of_ a rotating windmHI, drag is · 
determined ; by approximate_ly how much 

" power you eXtract from the wind. ~_simplified . 
formula for calcu!?..tio.g.theapproximatE? rotor · 
dra_g_Js--~rese-r'lled here. · ~ · · 

- - Conditions you should consider in this 
caiCJ!,Iation a~e the·rQt?.ting (ope!at_ing} and --_., .~ 
static (parked) loa~s for normal winds, and 
for the high~st winds expected at the site. In 
.normal '«~nds, 'you can expect that, because 
of governor mischief, your rotor will occasion-

- -- ally{jeVelop more tf1an lfs· rafed povier. As 
much as 50 percent more is a reason-able 

. design value.~e the high power v.alue and 
the winds pee ~t which the rotor-will develop 
this power as _sign conditions. For the 
ro-tor, calculat~drag at highest possible 
windspeed-more than 100 mph in many 
cases. Then, select the hig~e~t9J.H)_e_$.e1wo. .. .. ---:-- ··· · 

---:catculatro·ns-:-:.;·p-a~ri<eCfveT-Sus·uperatirfg-=.:as·---- -· -- · · 
representative of the loads applied to the 
tower and windmill structure. These drag 
loads ~II be used to calculate blade-bending' 
moment by the procedure given h~re (see 

~ box),_ and tower bending moment, or guy­
wi_re loads, as discussed later. 
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While rotor drag is used to calculate 
blade bending in the downwind direction, 
powershafttorque can be used to calculate 
btade bending in its thrust direction. Torque 
is not really a force, but more precisely the 
result of a force applied at a certain radius 
from the center of rotation-a twisting force. 

Powershaft Torque 

· B.lade lift causes powers haft torqfe that 
turns the shaft agai~st the generator load. 
Torque is d1rectly related to blade bending­
mostly at the root end; it tries to twist the 
powers haft and shear '1he blade hub off it. 

\Nhen the total torque has been calcu­
lated. each blad€ can be considered to 
contribute to it. In a three-bladed-design, for 
example. one thirc1 of the torqu~e represents 
the blade-bending load onE:;ach blade. Also 
use the total torque· value to design the 
powers haft. This Sh8:tt mus1 transmit torque 
loads betvveen the rotor and its load without 
twisting a~ong its length and faiUng. 

The powershaft torque, tn tnch-pounds, on a 
wtnd machine can be esttmated from the 
form uta· 

0 X HP 
Torque = 2245 x 

V X TSR 

where 

D = the rotor diameter m feet, 
TSR = the tip-speed ratiO, 

V = the wtndspeed in mph, and 
HP = the horsepower generated by the 

rotor ' 

Remember to use the horsepower output of 
the rotor, not the generator or other device 
being dnven by the powers.haft. ftyour evalu­
ation of power IS-expressed in watts instead 

Here are a few of them: 
........ ,_, ______ _ .. ______ __ ,, , ...... .......,...,-... -................... ·-··· .. . ... ~ - .. ·-- ~~ ---~ "" -...... . ......... -·······"'' ·- ...... ~---- -.. -

tension, blade bend1ng, and tors!on. !t m\JSt 
reta in the airfoil shape and twist, and rema1 n 
firmly attached to the hub. There are several 
~;vays to accomplish alf g_f these des1gn tasks 

1 . Soltd wooden blade, or partially solid 
carved wooden blade with bolted steel 

·.oraluminum hub attachment. Wooden 
blades can be skinned with fiberglass 

/ and resin for improved protection. 
· 2. Tube spar, with foam. balsa wood. 

honeycomb. or other Hrler, c6vered - · · 
with fiberglass and resin. The spar 
can be made of aluminum, s: r 
sta1nress steel. . ..... 

3. Tube spar, with meta! ribs and skin. 
The metal skin assumes both the air­
fo il curv~ture and the blade tw1st. Rivets 
and epoxy bonding wi!! keep the skin. 

of horsepower, use 3.01 1nstead of 224.5 in 
this'formula to get a result-In inch-pounds. 

ProQiem: Suppose a 12-foot diameter 
windmt/1 generates 3 horsepower at TSR = 6 
in a 25 mph w1nd What'1s the torque on the 
powers haft? 

Solution: (rom the equation above, 

. 12 X 3 
Toraue = 2245 X ~- . __ 

· ~~X b 
" = 539 mch-pounds. 

If th1s is a three-bladed propel/or-type rotor, 
then each blade expenences a bendmg 
moment equal to one-thtrd of 539, or 180 
inch-pounds. This particular bending moment 
acts in the plane of rotation-along the thrust 
direction-and maxtmum stress occurs at the 
root of each blade. 
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FIBERqLA 5.5 SKIN LAMINATGD 

Wooden blade construction with a fiberglass skin. 

W9X> OR FOAM 

F18ERC{LASS SKIN 

\ 

. ~ 

Tube-spar blade corystruction with a fiberglass skin. 
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., - ribs, and spar tQgether. Rivets may be 
aircraft aluminum, or steel pop-rivets. 

4. Tu'be spar, with molded.Aiberglass skin .. 
The fiberglass skin wif'l'be·fQur to eight 

. laminations thick and.mustbe strong 
enough to avoid flexing ip stroRg 
winds. A few foam.riq5) may ~e bor)ded 
inside the fiberglass. . 0 

5. Sail-wing blade. Th~se blades are made 
with a tube· spar, a stretChed_-cable 
trailing edge., and a .plasticized fabric 
membrane.(the f~bric po~es are sealed 

. again~t air leakage). 
' 1\!e sa'fj-wing membrane changes ~~rvature 

i..n response.,to changing airflow, and can 
generate high lift very efficiently. The mem­
brane must be stretched fairly tight for best 
~·normance. An oJdeal membrane can be 
rrt~de from the lightweight nylon fabric used 
for backpacking tents,_ or the extra-light 
dacron .sailcloth used on hang gliders. . 

. . . . .. ' 
The-carved-wood metho<frequ1res con-

struction s"kiUs fami I iar to most ~eopl~. 
Carving wood is easy, fun, and very reward­
ing. Wood, however, rnay not be the best 
materiaJ:with which to make awindmi!l blade. 
Wooq. is certaTnly the most readily available, -­
renewable' resour~ce, but wood soaks up '· 
moisture, and, it's· difficult to prevent this 
from happening. If one blade absorbs more 
water.than another., an out-of-balan~e condi­
tion will result. You can see the resu It of this 
imbalance by chan§·ing the weight of. one 
blade in your c9Jculations for centrifugal 
force. In th~ overspeed condition, imbalance· 
can cause the rotor to' shake. itself to death . 

. ,~ 
~-
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TLIBG SPAR SHE=EiT MGTAL SKIN 

Tube-spar blade construction with a sh~et metal skin. Similar 
construct~on is used for the skin of modern light airplanes. 

·~ ST'RUCTURAL 
LEADINq ECXIE .. 

CANVAS 

t 

CABLE TRAIUNq EQL(£ 
>·· 

Typical sail-wing construction. A cable stretches canvas or Dacron 
fabnc from a tube-spar lead1ng edge '· 
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A hvetted ·aluminum ptade · used in a straight­
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But if _!DU keep the wo 
'#-~- -'4..:4: 

they are a great WP.Y 
l-ots of pe·ople a 

with Method 2-- a tu · 
hori'eycomb fille~. sk •• 
A lthough honeyco 
·method is an easy 

.. \t.l ·. 
'_-. - -\'!1· 

_ · b lades . . The skill s requ ired to wi th -
honeycomb-and Jibergla~s are easily lea 
and the r€sults of your efforts wi ll be·strong , 
high-pertorrftance blades. 1he rivetted alu­
m inum strtlcture a lso yjeid$ - ? ~q l ade)~a t Is 
strong} lightweight and ·Ciu.[?ble~ :And th'e 
skills of rivetting, d riHing, m~tir1ormirJ9· and 
benqing are easy .. to master. · · · . 

.:! • . ' ··t· /"': ' . ' ~ ·. 

· Your first pass af s~ru(,ftural design wi ll 
be based on a guess of'tne b lade ·~:e igh t . 
Us ing that estimate, y.ou calcu late the-loads 

· , and s ize' the st ructure accord ing ly. With the 
- ~de's ig n tha t far a long, ca lcu·late Dthe 'actu al 
. we ighi of the blade. ChancetS ~ .are,· your 

· ., .estimate wil·l need correction , and the blade' 
design wrll need to.be revised. Continue this 

· iterativ,e proce.ss until final ~lade vyeight 
equ.?ls es timated b1ade wejght. 

. f , . 

·,.., -:··· 
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'ca l le~)atigue fa~~'re. . 
It was a fat ig u-e failu-re that b rOLJght 

down a blade from th;~ Sm ~th-Put~n; winc.J . 
turb ine in 1945. Wa rt i ~e shortages 9f. mate- ~ · 
r i_i;i iS had · fq rced the !imC:l.'C tl t n e to orema i n ° " 

parked_ for . severa l years wa11 ing for i ·re­
p lacement bean11g . Dunng that tr me,-- the 
parked blad~s were subJected to vibration.s 

0 • 

induced by Strong 'Wincjs . Jhese rrpeatea, . 
. vibra.tions ult imately .fatigued on.e b lade. ·A\. 
small crack developed. which u ltimately led \ 
to a b lade fa ilure. 

· How 9oes a d._esigner avoid fatigue l?il­
u. ~es? The secret lies in understanding all 
thie cyc lic, osc illatory loads and the response 
ot the ma'terials .. sub'J ~cted to them . Most ~ 
materials have fatigue design curves-· ca lled. 

' ~ . ' . ' ' -
S-N curves~wh i ch g i'ie the stress .leV'el that 

.can be sustamed for a g iv en .number of 
·cyc les. Depend ing on the type of mat.erial 
used., fat igue-fa ilu re cond itions often begin . ' (, ' 

·:··' when the rnateria l is cyc lica lly loaded wi th 
. : more than 20 percen t o f its maxrmum ·allow-
. able st ~ess . Thus, if y9u expect a tube that 
w i.ll break when ·loaded to 20 ,000 pou.n_ds 
to endure cyc lic loads, you many not design 
for more than 4,000 pou hdS o r SO Gf maxi-

Flutter and Fatigue . mum cyc lic load. Check the S-N ~urve for 
•.: the material being cons idered to determ ine 

where fatigGe fa rlure beg ins. . ' 
Yo'u r w ind machine must be ab le 10 

.- <f·'· ' 0 • -

withstand the varrous t,'?.nsion. torsion, and 
' . ' . . 

bending loads. But· how" many tim es can 
those loads be applied anq wrthdrawn? -
Continued flexing mig·ht result in a cratk.rri . 
the structure. and a sub$equenC fai lure. 

i'.: .,,.:-:::. 
-· . ··- · - ~ 

. Flutter can be thought of as a lqrge­
sca le, cat.as'trophic OSC)IIation . Take a yard­
stick or~ plastic ruler. and pin it w ith your 

. pat'm to the top of the table so; that 'half of its 
- length is stJcl\ing over the ed9~~ Wrth the 
·. other hand, twang the end of the ruler. l~:~w i ll 

..... l • 

··1 · 

... 

\ 
.\ 
' ' \ 
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osciH~te ahd ''dampen our:th~·-ren~'~* ·~he 
free end. Make the tree end longer, then 
shorter.'T~e srwrter tength oscillates much 

-~ . . ... 
taster . than the longer. Notice that longer 
lengths usua!ly have more deflection , which 
ifllplies e1ther more bending moment or • 
le~ stiffness. !n this cas.e, the longer the 
free arm the greater the bending moment. If 
you change to a dHf~rent materia l (e.g., from 
wood -to piastiq !_ess sttffness will cause· 
more bendiflg deflection. 

Blade stiffness is crucial to prevention 
of f!utte(~\j\/hen Y<?U tv..tang the yardstick, its 

.~~·~H!ations dampen out-. they,.. converge. In . 
aflutter s1tuation, a winpmil! b lade will not_ 
dampen· its os.cillations. Jf osc ill a~es more 
each cycle until the structure fa11s. '-

' Flutter starts l;;vith 'a b€nding oscil lation 
(or a torsionaL tvtisting oscillation) that roc.: 
curs at the natural frequency of the blade. 
You found the n·at_ural frequency for each ot 
Ul~ different lengths of yardstickby twanging 
H o'n· tKe table. You could tir)d the- natural 
frequency of your blade by tw.ang tn g it. but 
. 'II . 

. the biade expenences pt,her forces b,esides 
the bending moment Trrese omer forces­
especialiy centrif~uga ! stiff~n i ng-compl icate 
matters by a!tertng the natural frequency. 
Calcuiatir1g the natural frequency of spinning 

F .. b!?~~s is a <;; .. omplexma~hematica l prob.lerr: . 
Another·difference bet\veen the yardstick 

~nd a rotor o!ade m operat1on is that the 
wind~ forces. acting on tr1e rO'tor blade are 
conhnuaily excit1ng,the biade to oscii iate 
The v:~ind forces and the.b1aqe' f\ex1ng gang 
up lo drive.tr,e oscil lations beyond the 

:if 

1 1 1 

strength ot the blade. To prevent such flutter, 
the biade must be stiff enough that it will not 
brea.k when its.. natural frequ~ncy is excited 
by the forces of the wind or by any other 
cyclic lorces. 

While the aerodynamic ·and structural 
des ign projects are under way, you must be 
aware of the various mechanical details that 
constitute the rest of the wind machine . 
Apart from structural design o~f load-carrying 
beams and powershafts, other features to 
consider are the governor, yaw contro~s . 
and provis ion for_ automatic and manual 

··shut-off controls . TheseJeatures are crucial 
to the proper operat~on of ydur wl&achine 
and to: its safety and loAgevity: 

Governor Design 

A govern or is crucial to the structural life 
of ayvind"'machirie: no gdverrior, no. machine. 

· A governor can be a human operator sta­
tioned at the machine and trained to take 
appropriate corrective action in the event of 

"nigh winds. -This was the traditional method 
of contro ll ing the early grain-grinders and 
water-pumpers ot agricultural societies. T~e 
vanous 'forrlJS of mechanicai governing 
devJces range from 'simple, spring-loaded 
·.v(dgets to cof]l plex. com pu ter-contro lied 
servomechanisms. Here are some of the 
proven mec han!cal concepts for governing 
you r w1n~achine: 

1. A:rnmg 1he windmi!l out of the wmd. · 
E1ther turn it sJdeways O.P tilt it up-

' ) 2., \ 
' •, . .,.. . . 

l ~# 

• A 
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Governing a wind ~achi')~ by aiming it sideways. This approach 1s used 1n some small J 
w;no genera~O<S ana mo~ytarm wro<lmrlls. . . ~"~"~. .. j 
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./ A tilt-up governor. A few r~C generators u~e lhrs method 
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usually done by allowing the rotor to 
pivo_t out of the wind when drag forces 
are excessive. The American Farm 
multiblade windmill, for example, is 
slightly off axis with its tail vane, so 
that excessively high winds cause it to 
pivot s1deways . 4 

2. Coning , or allowing the blades to form 
'a cone in the downwind direction. 
This reduces the frontal area, thus 
reducing the power and rotary speed. 
The blades can be freely hinged with 
perhaps small springs t'o hold them 
out for starting. Centrifugal force will 
hold 'them out during normal rotation, 
but tempest winds wilhncrease blade 

T.-;,:' · drag and ca~.$e coning. 
, .. ~~~ . 3. Aerodyh~~, .. ·· · c_ 1f~?ntro_ '_· This method of 

control . , . .. d§ivec;t;.the most de-sign 
1-'""= <~ .. \ . ~· J!f."··::-' 

attentio .· . . • ·. cc:ltn accomplish power !'f ~ 
control by blade pitCh control-'.rotating · ·· 
the blades to change their ang:l~~ a_r\Q 1 __ ['_ --- -· -

reduce power. For blades made with 
' I 

tube spars. you can mount the tubes 
i . ._n bearings at the hub, so that _ the ~, 
blade angles ~an be changed, and -., 
provide some ·means .-bf controll-ing 
this angle. ·. · ..___ ~ 

The most common method of control ling 
blade angle in smal l installations is to mount 
a ''flyball'.' __ on each~lh€-4-}yl:taH-tr+es--·- - - ­
to swing into the plane of blade rotatiq n 
against a return spring. This action rotates ' 
the blade out of its optimum power con· 
figurations and reduces the extracted pow~r. 
Another approach involves allowing the 

•. .! 

·' . 

' .. 
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Rotor coning. ThiS and oiher 
ffexib !e-hub governors reduce 
blade !oads in h;.gh ·.:·:1nds. 
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A.JJyball .governor. At h1gh rotor rpm. the flyballs swing i.nt6 the plane of rotatid~ . " 
feather1ng th€ b1ades. 

1:; I 

-~.,~:~ 

! 
i -

/ 

i 
' i 

i 
I 
/ ( 

/ . ; 

I . . ,; 
I 

I 
I 

. ~ ' 

r 

.. ..-· ·, 

a 

I 
I . 

I 

I 
I 
l 
I 
I ·· !--

/ 
' 
' ' i 



F"-· · 
I 
l 
I 
I 
1 

.. 
. 

. 

. ···~· I 
~\ 

t.··.'._ •. :_ •.•.• _ ••. ___ ,, 

1·_._: . 

. 
. 

II{··· 

. 

' 

' ~-

/ 

1 .... _-.. -.-.--__ ··-. 

. 

1··-.··.·.· .. 

' 

I
. 
! 

,_._ 

. 

II) 

. 

I. :: 

I ;.-.· ;_\ '• 

A 

\J 
Thre-e different tai!-vafl·e designs. \'ane 
C is the most sensitive to sh1fts in w1nd 
direction / 

~ .. , .... ~. '. 

····-. - ~·-·· 

------,r----------------------------;---t-----;-------~~~ . . . .. ...... .... .. 
\: · The Wind ·Power Book - ~ 

.... 

:114 
' 

tube spar to s!i;:Je in and out of the hub. ,l1, 

strong ~pring holds th'€ blade in against 
. normal centrifugal force, but excessive rotary 
speed overcomes the spring tension. The 
blade slid~s outward but is forced to rotate 
by means of a spiral groove or slot. 

One further method of aerodynamic con-

exiend. _____ _ _ .. _ 
---Drag b-rakes --at the blade tips are one 

more way to harnes? aerodynamic drag for! .. 
use in ~o'(ernor. By rT1oynting smaii plates 
there that extend as :_centrifugal .. force in­
creases, excess 'wind power can be di~­
sipated into Jhe- airstream-protecting the 

.• . . . . lli 

blade~. Spring tersion and activation '<Jeom-
. etry must be carefully .adjusted so that the 
drag brakes COrrie i'rito play only 'whe-n ' 
necessary to limit the~ rotor rpm. 

With any of these methods, the blades 
~ and blade-control devices musl be linked 

together so that all blades react together. lf 
ohe blade's configuration is permitted to 

- vary from that of ,the other blades during 
high-speed rotation, severe vibration and 
~balance problems wJll set in Jimmediately. 

....._. 
\ 

Usually this is catastrophic. Link all blades 
and controls together . 

.. -'·- ~· 

---- - -- f 

Yaw Centro! 

The yaw axis is the directional axis of a 

improvement, and Cis the best. The reason 
is simple. You want the tail vane th_at is most 
sensitive and responsive tb changes in wind 
direction. Design C r1asithe highest ratio of 
va~e span (distance fro,m top to bo1tom of 
the vane) to chord (distance from leading · 

f edg.eJo trailing!e?g.e).·Such a desi~n is lik~ 
a gl1der wing des1gned to make the most ot 
ligh't updrafts tcnsupportthe ctaft aloft with­
out benefit of a motor. Practical ratios of 
vane span to chord are between two and 
ten. A typical'vane might be five times as tall 
as it is wide. 

I 
I 
I 

Mounting the blades downwind of the 
directional pivot is another practical method 
qf yaw 'control. Blade drag keeps the rotor 
aimed correctly. ff you design a machine of 
this type; balance it to be slightly ~eavier in 
front of the pivot by mounting generators or 
otherheavy things up front. Tail-mounted I 

~ -~ 
_j 
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Wind Machine Design 

b!ades are requ1red If you plan to use free­
blade con~ng for QC?Ie wind protection. Bur 
there is a small problem with tail-mounted 
blades: the turbulent airflow downw1nd of 
the tower causes the blades to vibrate as 
they pass through this area. This v1bration 
can exacerbate fatigue problems, and should 
be reduced as much as possible by stream­
lining the tower near the bla·des. 

Shut-Off Controls 

r 

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

115 
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can also be shut _off automatically if an 
abnormal operattng condit1on such as blade 
imbalance is detected. It's cnost important 
to p!an some sort of automatic sh~t-off con­
tra! into your system. lf a bl?de parts com­
pany. this control wili keep the rest of the 
machme from tearing itself away from the 
Tower. 

The shut-off control mechanism can be 
designed 1nto the yav; control (if a tail vane 
is used) or_ the governor (if a feathering 
system is used), P.. lacge. rel1able brake is 
used for fun shut-off on some systems. 

The need for automatiC shut-off can result 
. from a_n'y abnormal operating cond1t1on. 
such as an unbalanced rotor caused by ice 
bulid-up or 1mpact V·Jith birds, stones or 
buc.kshot. \Nindspeeds that exceed the 
destgn timfts sr1ould normally cause the 
governor to feather the blades. lock the 

l 

A Dun lite wind generator in Willits, California. The tail-mounted f1n keeps th1s 
rotor a1med wto the w:nd 

brakes, or t1lt the rotor out of the wmd. System 
m';3lfunct1ons such as generator failure or a 
bf~wn fuse might create an unsafe C~nd1tion 
from \Vhlch the wind machine should also 
be protected. 

How does an automatic shut-off contro l 
'Nork? ·~·~ mechan1ca1 or electrical s1gnal 
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tt-1at causes a shut::.oa~Borr.Hqanu or response -~peed sensor might be al) ~nernumeter or a 
d19pends on an abnormal condrtTq,o}2tDetng __ ,s(llall va_n'e lftat, i.n .high~.Q1PSj·overcomes a 
s-ensed. Blade imbalance or v.UQ'fEi.tions ~-ot _ :"spf-1·f1g aop- throws"' a swi{Eh .to ac_tuate the .. \ ~ 

. •. i '- _ •. ··...:~·. -_·- ·, ' " -:~_·"'! .• ,.._ --::!~ ·:_';. :· :· ···' __ .... ~:~~ .. ~- .. . ,.· ·~1"'.-, ~· . 

any type c~n' ~e sensed ~%~S~,,~!.e · sort of.- · rest:·:of the-' s~·u:-t-of] systern. Other· systerTl ~·~t' 

aC'celerometer. One machine Ijses.~an iron<-' paiilroeters , .r!lay be s'imilarly sensed, and 
ball resting on top of aRiPe.::~tn·~ pa!h~·tied · .. ,_<:~~fj.Uf:att 'eft~cted ·'accordingly. . · 

·~ , . ' I! -~ · \" ·..;:.:: · · _,_ _ . . ...;~~.I, •,.: . I , f:' (. ;..; ' , C'__ _. "'' ; . ~ ~-

' to a shut::-off switqh so'~J~~~-~-~-m~tEI -the "· ,. :By,now,.yoq·-may rrave realized that each 
·.-.· ·. . . . . .. . .. J.-,.~ . . ..: .•. ~... .. . . .. . . > 

ma,chine begm to r.~'?~~~· ba~l ty:{jlples part Of a.\'VlAd SystemS~~~ @e planned as 

{~~~~ ~hh~sP~Fb~~i! ;1~-ff;:~~{~:~. , ~f:h01;a~~~~h:0~~:=*~~~~~~~9t~~r~~~~~~ 
spnng releq,se and swmg)tl~1all" v~'fl€·-srde- ma~ce o_f that system.tA poorly planned 

ways.,fea_ ther. th_e bl~de~/ ?r apply_ a b_ra_ .k-~. s~ste·m willperlorm.belo expectation~. This 
Another, rJ!Or~ sophisticated s-olut1op;Js _chapter ·has concentrat d on the des1gn of .. 

to use an. eiedronic acceieration sensor ma<:hir)ery sitting atop the tower; the next is ...," 
that sends i~s signal to an electFomec,ha(l- devoted to t~e~-construction of complete 
ical pevice that stops the machine. A wiod- systems . 
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There's much more to a~wind power system 
than just the blades and powershaft. You 
have to convert the rotary mechanical power 
into fibrms. m_ore appropriate to the task at 
hand: the reciprocating (up-and-down) action 
of a pis~on well pump, the electrical power · 
in your house w~ring, even heat inside ? 
water tank or barn,. Some form of transmis­
sion takes this powedrom the wind machine 
to the actual point of.use. And energy storage 
is required in most systems to take care of 
th.e times when there is no wind. Loss of _ 
energy and power can occur throughout 
the system; careful design, construction and 
maintenan<;;e are your only protection against 
these losses. Finally, some form of backyp 
power is usually requ_ired, and controls are 
needed to make sure that a'il the parts ~of a 

(:i;. wind s.ystem func~ion together properly. 
Wind sys~ems have become more ·.com­

plex. Skills requir_ed to build wind machines 
have grown, and designs have bec;ome 
more sophisticated. Fla1 airfoils evolyed into 
aeroqynamically curved shapes; bicycle 
chain drives were replaced by gear boxes; 

"" wooden pushrods became electricq.l wire~. 
The many practical. wind systems already 
developed pr.p_vjd-e--ijs_a, firm bas is for tu rther 
work. Withriew technology and fresh think~ 
ing, we can design many new systems to 
meet current and future energy needs. 

The basic elements of a wind power 
system are dlustrated in the accompanying 
diagram. The Wocks represent system com­
ponents;Hfe arrows indicate th,e transmi$­
sion of power or energy. All systems, even 

119 

the simRJest, have a powe.r source and .a 
user. The power source \ffiay be an old 
multiblade windmill, and the user a nearby 
sprinkler or an irrigatio_n ditch. Rotary shaft 
power is converted to reciprocating mechan­
ical power to drive a. piston pump tbat lifts 
water out of the ground to the irrigation 
ditch. Such a system is not very different 
from the earliest wind power applications. 

But suppose you wish-to irrigate during · 
the night, and the wind blows mostly during 
the day. Or, suppose you need to irrigate the 
crops every day, but the wind blows only 

~h::~ . ~oa~~o~:~~e vvpeue~.p1;d e~~t:rc~~~~?i~ 
needed. This pumped water is a f~- of 
energy storage, just like the chemical energy 
stored in fully charged battertes. MosJappli-. ~ 

cations of wind power require some·form o·r l 

storage so that power is avai l~ble when the 
wind has died. 

Thus, most wind power systems Include· 
a wind energy converter (the wind machine), 

·a user (your appl icatioQ), and sorne form of 
energy storage. . 

A wind power system ~s often planned 
for applications that reC1uire a constantly 
available source of· energy. Suppose·, for 
example, that wind is used to power a remote 
dat-a· senso-r and transmitter. Cleq,rly, certai n 
applications for remot~~ta collection, such 
as forest fire prediction, r~quire an uninter­
ruptable energy source. Systems that must 
always provide power, oregardlesgs of wind 
conditions, must be provided with a backup 
energy sou'rce. For-the remote tran-smitter, 

W 1nd power 
source ~--~ Energy storage 1----

..• 
t 

Back up' 
oow~r 

User 

Block diawam of a wind power system. A com­
p lete system 1ncludes energy storage and a p rovision 
Jor generattng back-up power · 
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WAT£R 
H£AD 

5TORA~f!! 
-'L.--- TANK 

A complete ;water-pumping system. W1nd power lifts·water_through the "water head" and overcomes fnct1on 
losses in the pipes. · --......._ 
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backuR might be a propane-powered gen-
erator; a switch that, when thrown, connects 
the user to utility mains; or jump~r cables to 
fhe electrical system of a handy automobile. 

ln a,ny cas~, you must -pay attention to 
the co~trols d~signed or bwilt into the sys­
tem. You cann¢t-attend the wind machine's 

. needs at ever)/ moment, so it's important to 
consider its ~bility to shut itself off when 
high winds : ccur, the batteries are fully 
charged, or ,'ust before the water storage· 
tank. overllo / s. 

Electro~, c voltage regulators like those. 
used with a,.' to motive alternators will prevent 
overcharg_.'/ g of batteries by ;t~ducing field 

\ . 

c.urrent taUtle .alternator, thus reducing-the -- . ... ........... .. 
alternatpr's output and its load on the power-
shaft. The batteries won't be overcharged, 

··but the load on. the wind rotor will be reduced, 
thereby increasing the importance of an 
ad€quate governor to protect the rotor under 
all conditions. Such governors can be 
desi.gned to use (1) mechanical forces gen­
erated by springs and flyweights or (2) 
electric or hydraulic seNomechanisms con­
trolled from electronic or other sensors. Or, 
as in the case of the farm water-pumper, 
wind forces acting on the rotor tilt the rotor 
sideways out of high winds. _, 

The final design and selection;okcom­
ponents that make up the b[ocks in a diagram 
of yo~r system depend mostly on the apRii-

' cation you select for your wind system. W~ter­
pumpers have different design problems 
and $Oiutionsthan battery-charging systems. 
If water is to be pumped with an electric well 
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Building a Wind Power. System 

pu~p, you must consider the problems of 
both water pumping· and electricity genera­
tion. Let's look at some of the available 

-solutions. . -
' 

Water-Pumping Systems 

l21 

rods and pump seals. 
A foot valve at the bottom of the well 

serves as a one-way, inlet valve. Usually, a 
one-way -check valve is installed between 
the well casing at the pump·outl~nd the -
tank. Installing a check valve here reduce~_ 

water loss backward through leaking pump 
seals. 

Many kinds of wind machines have been • Among the variou-'s other pumping 
built tq pump water, including the Cretan schemes are paddles that splash water over 
sail-win'g, the Dutch four-arm, and the Halliday the edge of shallow wf?lls, disks drawn by 
machirl-e. -But perhaps the most familiar wind- a rope through:"a tube,' and various screws 
powered water-pumper is the m ultibladed and C8f]trifugal'-"water ' slingers."· Such_ low-
farm pumper that is a common s-ight in rural·.. technolqgy pumps have been built by Dutch 
America and parts of Australia and Argentina. · millwrig~ts for draini_pg land- behind dikes , 

• •• <;. 
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· R?tary powers haft motion is transmitted, and by Asian:rarmers :icrigating rice paddies . _,~, . 

. $Qr:net_ime$J~rough a-speed-re1u~~r .gear-'- and gathering .salt from . .seawater on l~rge The spiral-scre~}ater pump has~ been used. in 
b.Q)<;,JQ __ a_ __ QX.?-D.Is§bgtl _ _ti]_?.L9PD.Y~.d.§ .. I~-~-Q.1C? _th_:. ....... c. ,-~~_t~_r_- _heated _ salt P9f1SiS: .I~~~~ .. .,!JJ .. §1S.bJn.e .. ~~-.- --· .-- ·,.·.-Dutch· m~rchifi'es· to drain large', land areas. 
I i near rec i pro cati n g (up-down) rn oti on of the -__ · . are approp'riaTErsofDli6rYs.fo-fm any o'f today' s 

.. sucker rod, a vertical shaft extending down ' energy 'needs'; part_icularly- in remote,· rural 
fhe tower to the pump below. Sucker rods ar~as. · ~~ - · · . - . . . 

' 
_l. f~. 

got their name from the fact that many deep- · A recent method qf wind-powered water 

---~-~'.! __ P.!~.~~~-P~0:P~ _l_i~~-~ --~~·{v.:~~~~ _ () _n_ly_ g_~ . . __ . p~f:0Pi .n.g ~-~- ~~- .C..C?.~.Rr.~~-~~-c:l . ?.irJ.oJr..a.r}~fE?r. .. .. ..... _ ...... .. .... . . .. ......... . ... ... .. .. ... . ..... .. . . .. .... ...... .. . ·.' ..... .. . .. .... .. . . . . .. 
the upward, or sucking, f1iotion of the rod. the power to Ute point of u.~E?- Rather than a.... . ·· 
Such pumps are called single-acting piston sucker rod descending:· __ J~,e tower, com-
pDrnP.~;~;doubJe~acting p,umps lift water on pressed air is ptJshf?dhhto.Ggn>'~:tube and 
bot~ t9e:· upward ~0d- downward str8J<e.s -gsettdo:Jais.e ~;'ft~(_o_4t, ,9fv1the ·gro'und. A 
Lifting~on the upwar.d stroke places ter"{sf·bn winl:fmrfl'·tfltives.~ a'' C:o~·y-e~t~Gf'lahcompressor 

_ , . ,.·;; ~-~-~ ~: _- · _ . __ ··.-_ . • _ .,~ - : _,,,._, ~--· _.c •. _" _-,, ._. __ , .. _}_~: -· r •_--" · -· _. __ · 

loads~on the sucker rod, while pumping on like- 9'ne orr at",spraV~p:a"rhP''corripressor. As 
the downward stroke applies compressi.ve . the r6torspins-;·Eiit.is corT)presse;d and sent in 
loads that can easily buckle a long, thine hoses to a storage tank-. This 'compressed 
rod-especially when .a strong wind is busy air drives then a submerged piston, bladder, 
bending the rod ever so slightly. According or rotary pump. Such pumps are. either. 
to many farmers, most of the maintenance adaptable to or specifically designed for 
required by water pumpers with double- this pur.pose. Air-drivel) pistQn pumps tend 
acting pum·ps consists of replacing sucker to. b~ .ela.b~rate de,vice;s. The air must first 

. ~ .. ;:?:~L ·:; ~'i : ;: .. /:; ~, I.,_ ·,."' , -
' 
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__ __,,.- ·- · - - -
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e pump, cornpressed.,.air bubbl 
to .the pump diameter as they rise, 

water to the surf~ce. ~- ··' · 

.. 
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~ -.............. ~-~ --.... -. 

·' 

-,..,. ~ ..... -. ~ ..... -"' -... -.......................... ~-..·-· "' ' ..., ... - . . 
. . ~ ..•... ~-.·· .. ... ., __ .. ., •......... :·"··~··"··-- ··· ... 

___ ..... __ __ "f!?.Y'!'!tYP/:14LL-- ---···· ····--· ··-:··-- ····· ··· water about twice the height the pipe extends 
' below the water surface. 

Unfortunately, bubble pumps operate at 
terribly low efficiencies of 2Q-50 percent. 
They waste up to 80 .percent of the com­
pressed air just to blow big enough bubbles to 
pump water and push that water agajnst pipe 
friction. But there is· a lot of room fordesign 
improvements, and bubble pumps are virtu­
ally maintenanc~free. The compresspr·driven 
by the· windmill is not maintenan'ce·--tree, so 

0 
0 
0 

it shouJd be installed in a place conducive 
to easy 111aintenance. Bubble pumps ·are 
not good·'at transporting water horizontally. · 
Burping wastes po much power that hori- . 
zontal pumpi-ng 'is all but impOssible~ You ,. 
ca,.,n, however, pump·wate:Hli§ft-enough-ver= 
tically to. allow gravity to carry the wate'r. 
·along a trough to the tank or user: 

'-
A centrifugal pump can .lift ~ater from a shallow · ~ater Storage 
well or a pond. . · . . ................ .. 

•· ____________ .. _______ ___ ........................... ~·-· .... -.. ==----.. -.. -- ................ .(3eneraHy;·purrtped·water ·musroE:f ·sTored _ 
----------·-·-------------- for a while (UQI.@SS it ls being used directly 

_drlve one way and then the other, eaqh time for irrigation) because the wino dpes not 
beirig valved on both the intak.e and release always blow when you need the commodity 
(exhavst) sides. ' it helps deliver. Early American pucnped-

A much simpler p;ump is the bubble water storage schemes included ponds for 
ump. Yov can visit a tropical fish store and cattle watering, stock-watering tanks made 

· see..Rne of these at work. Just blow bubbles of wood or metal, and redwood water tanks 
into a'plpe an9 they ~xpand as they rise, whh a capacity of 50.0 to 10,000 gallons. The 
pushing water aheae df them. They must be redwood tanks were built near or into the 
fully expanded to the w~lls qf t~ pipe before house for which the water supply was 
they reach the water surface 'level, or they intended .. About the only changes tha't have 
will"burp" and fail to pump water out of the come a·long are ~~alvanized metal tanks, 
grotmd._With bubble pumps, you can raise fit5eYglass tanks~· and plastic tanks. 

•• --~ + 

··-. __ _ 
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Two stor'ag -~rations-~re impor­
tant maintenance of a given quantity of water, 
and maintenance of enough water pressure 

_ to allow the water to be · used as intended. 
·· ·::_ __ --- Stock~wat~fi-r+g--fFDm poods requires -only- a--- --­

R()Qd .. )P.U of water-no pressure. - But a 
$.t;})iWer works best if the wat~r. tank. is at 

::'J~fi~t - 5 feet above the shower~ head. Some 
__ ~- ·a.ter pressure can be maintained bycharg­

; ·:·.cl11i'> \g a pressure- tank, as most electric well 
- ~if;>umps do. Often a flexible bladder expands 

t~tinside _the tank toaccommodate the extra· 
~~}~oium·e--(J"t wafer. Tt{fs arrangeniert aHows 
,, .you to have plenty of pressure-for a short 

, .:~~=when you turn on "' tbe faucet. 'A 50-. 
gallon accumUlator tank might be sufficient 
for all your water storage needs, but most . 
people need a targer tank ... ____ · 

Fcom an' ,architectural viewpoint, large 
· wate~:t{lnks are less ~sirable than 50-gallon 
d~m~~j3ccurfiulators. But in the days wfteo 
wiry:dr.tidWerw?s tbe prime source of pumped · 

-- . - ----------~- ~-~-~-~....,;;;=;;;;;;~;;;;;;;;;.=-:;;;ffi'_ •-"'E1'"'l:s;;:.__====:, ~~=-~.=!===. =:: __ ,=::.;,. c==i=: ... ===-==========--=---=-- ----=~ = 
-l~ 

123 

.... 

·· ' 

I 
. I 
J 
I 
.· .. I 
-------1 I~· ' wcit~i~~tanks as Iaroe a·s ·1o.ooo aallon s. 

!~-----------· . --... :: . .,,~w 8·~;·\~~::{;bfu~oo~-af~-h+tee-tttr~f---fet~---eft e-rr- --· ----~--·"·-·-··--
f - . "- . " - •. . -- . -.,. :o. _ ... 

' :-_,,t:TfiJegra'teq:~ ~_r:ectly into the dwelling. Nqw-
~ -, ·• ad~ys ;tf:i,~J.'tlend is·· definitely toward the 
\: s mane-r tanks. 

·,--;'~:.;·i· : ··:, ··_.-- ~- ". 

---- --~-----------------:'-----~ 

::.::;_•.~.• :·:~-~-:;.¥ -:·~-: ·-~ - • I 

- ~- - ·-·-lnorder:to s1ze your water pumping sys-
tecqf;fou; wi-ll have to estimate your power 
r~~~~gment?- How much water do you need? 
H~fasttwhen, and how often do you need 
it?~B~ariswering these questions , you arrive 

• ;~ - .' :;y; ·_ -~ - • 

at arfenef'gy budget expressed in gallons of 
-:~·;<;..~;._ 

;_;;--;:'~ 

__ ;~_ 

A water-pumping windmill of early California. The storage tank 
was bu1lt 1nto the 'structure 1tself 
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The power required to pump water is propor­
tional to the flow rate and to the, pressure -
against which the pump is work/ng. This . 
pressure is usually expressed i1! terms of the . 

- "head" which has two contributions: (1) the 
height that the water must be pumped from 
groundwater level, and (2/'an extra contri­
bution, called the "friction head," due to 
friction in the pipes retarding the fiow of 

'water. A fairly accurate value for tbe power 
riiquired can be calculated usin[fthe formula: 

G 
Power= 0.00025 X X W.ZH + FH), 

E~ 
where 

G = w~ter flow rate in gallons per 
minute; 

Ep = mechanica,J efficiency of the water 
pump; 

WH = water head-the v.ertical height in 
je t tro.m groundwater level to tank 
m I. 

F H = tric t~~~ 
This formula_ g r Tfljunits of 
horsepower; to ·in ~tts; multi-
ply by 746. 

This equation is meant work with the 
average flo"'! rate and to give 'yop"{h_e average 
power reqwred by the pump. f!),j1e "·!SJmple way 
to establish an a.verage flow 'r.?{e'ts to e.~timate 
vour need for water. eXoressed·ilJ aaHons. 
and divide this need by the n~~; of hours 

/ 
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Power for Water Pumping 

you expect the wind to_·'proquce usable power 
during the same time perioq. Do thfs..on a , 
daily, weekly or monthly bas($.-depending on 

• ·' .. ; :. ' - .r '!& - ~ 

the results of your Wind sulo/efl,_ To get tr~Jt-· - ·· 
$1 .......... ........ .~- ..... ·;_..."--II,... ..... ,..--.- .,;..:,;..,:- •• .f..- •.• -...... _...., J,,.....,.....~oj....,..,.,. 
uuw 1 dLt' rr r 'ddlf-r.:Jr r~ f.Jr;;r r r /U 1 u lr;;, UJGI r, u.::.u- rr rr;:; 
formula: '': ·1~~ , "'--

G::::;: 

.... ·"' .. , ~. - ~;?-" 

Gallons Needed 
60 X hours of, wind 

'?.' '· 

· Friction losses depend.on . the pipe length 
L (in feet), the pipe diameter D (in inches), 
the number N of pipe joints and corners, and 
the flow rate G. The formula for friction head 
P"H is: ( 

. . F-,H ·. l:. X G2 . 
1000 X 05 + 2.3 X N .. 

The pipe length L includes all pipes down in 
the· well, across the pasture, and kip the hill 
or into the tar-Jk. If pipe diameter changes 
along the way, as it US)dafly does, this formula 
must be used separately for each different 
length of pipe, and the results added together 
to get the total friction head. 

~ample: Suppose the depth of water in a 
well is 100 feet below the grounc! level. A 
3-inch:{Jipe brings this water to the surface. 
The water passes through one elbow joint 
and into a 1-inch diameter pipe running 
200 feet alona the around. then throuah a 
second elbow joint and up 14 feet before 

"tll 

,. 

' ~- . 

-+'' ·.-.. 

·.passing thro~gh a tfiircflfelqo:,.y and irito 'the 
tank. S1.1ppos.,e the farmer rie;'eds 2.700 gallons 
of water per day and ~here._ are an average of 
6 hours of usa,ble wintf per"'tfe¥/ ,Lfovv many 
IJIH'"'f-fr.. .1""\~ ~-~tjr"1,...J r"\,.....,..., ~lt""'\T ...,..,I ,,...f h.l""\ ,...,, 1-'"'"""}j....,,..../ ............ n . 
vvau4 Y,l v~u r';f;, ~-':1-.,vn::;r u·ru.:>t vr;:; .::)U!"f!"c;v tv a .. 

-~ water pump"W1th,, 75 percent eff1G_1ency? . 

So~Otion: ·The average flow.rat~, needed is 

. 
\' 

• ' .. - ~;·i~.. . ,. : . .• . • - . 

~ ..,, ?7nn . 
G -~ ~-60· -~(6- ·:; 7.5 gallons/min . . 

, 
Tt.te, friction head in the 3-inr;;h pipe is 

= 2.3 feet . 

The friction head in the Hnch~.pipe is 
. 2 

FH 
= 214 X 7.5 

2 3 2
) 

1otJO X 15 + ( . X . 

= 16:6 teet. _' 

The total tnction head 1s the sum of these 
tv;o cor:tributibns or FH ::±: 18.9 .feet. Then t.he 
pump power required is 

--
Power ~o.ooo25 x ; ~5 x (114 + 18.9) ~ · 

= 0.33 hp. 

Tn oet the answer. vou lust multiolv bv 7 46, 
S~'the power req~irement IS 246. watt's. 

r . 

/ 
/ 

1, . 
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ituilding a Wind Power-System 

watE;r, which you c.an conY,ert to foot-pounds 
or kilowatt-hours. Usually there is plenty of 

I room far water conservation~ Do you really 
expect to take half-hour hot shewers, know­
ing there is no wi'n·d blowing? 

Careful · study of your planned water 
usage may reveal important conservation 
areas. Drip irrigation combined with soil 
moisture sensbrs can tremendously reduce 

I . 

the perceived water ·requirements of many 
crops . As opposed to large s~ock troughs, 
the_automatic stock-watering devices com­
rnonlya.vailable at feed stores reduce evap- ·. 
orative :losses and algae growth. Emulsifier 
showerheads , water .softeners, and other . . 
devices can readily redt:Jce domestic w~:qer 
cons·umption. Conservation shou1d b'e 'part 
of any equation used to calculate an energy 
budget. 

Next you will need to determine the height 
. ~~your water must be rai~ed and th~ flow rate 

.required. The power required to pump the 
water is proportional to t'he flow··rate af;\d the 

. water head-the height above groundwater 
_level to which the water must be pumped. 
The lower the flow rate or..~water head, the 
less po'!!Y r~qufred. ~ 
~do you measure groundwater level? 

A str.ing with a weight and float attached will 
a o, if the well driller isn't arour:,g:lto give you 
his findings. Note, however, tn·~it well depth 
probably will change with season. Through 
careful _prospecting. you might find a shallow 
well site; with any luck, such a well site will 
be near the intended .water use . 

Long pipe runs take their tol l of power 

i:: -
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through friction . Friction in'creas es with 
length, with the square of flow rate (twice the 
flow rate. means four times the friction). It 
decreases with the fifth power 9t the pipe's 
diameter (cutting a pipe diameter in half 
increases the friction 32 times). Take a 50..­
foot garden hose and measure its flow rate 
with a faucet turned on full. Add another 50-
foot length and measure the new flow rate . 
Add enough hose, and the flow -will be 
reduced to a trickle. Then try this .. test with a · · 
smaller diameter hose and see what happens. 

To reduce plpe ' friction, select ·a pump 
that produces low flo'w rate, and a pipe yvith 
the larg.est possib~e diameter and the fewest 
joints. You can't always choose a _pump on 
the basis of flqw rate , however. For. a pump 
'to absorb any amount of power from the 

· windmill and translate this power into water 
floW,· it will do so at high pressure an·d low 
fi.£?W rate (deep well) or low pressure and 
high flow rate (shallow well), or some level in 
between. This happens because the power 
required to lift water is a function of well 
depth, desired flow r.a,.t~ .. and friction. Increase 
any of these and y:du increase the power 
. . c -

required. If power is li1-[1ited and wafer depth 
increases as the summer ends, the flow rate 
must decrease to compensate. Jet pumps : 
which use a jet of ·high-pressure water to 
lif1 well water to the pump where it can be 
sent along its w,.ay, are so ld on a basis of 
horsepower and well depth. You can mix~ 

·and-match jets a"ri'd pump motors if you 
wish, but if you deviate muc h from recom­
mended settings, you will be ignoring a 

~ .---·----r--r--~·-·---,-..,...----,.-----.-~ 

D I 

~ 
s 

' 

4 ·-·-·-·····:: ___ ~··· -- t --~--
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~ 
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o I . -& 2 ~ - ___:___ T --· . ... _ ---. ------
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2QO 400 

G-10 

60Q ·BOO 1000 

Pump, power needed to lift water at a flow rate G,· .·---.- --- . __ 
in gallons per minute. To gei the w1nd power needed' 
to drive the pump, d1v1de by the pvmp efficiency-
about 70 percent. • 

·-.... 



0:;· . 

• 

.;! .• 
; ; 

. -·- ---::---· 
~- - ··- -- ---

- ·····" 

~- ·. 

'-*· ----._ 
- 'i. -

______ .. __ •' 

, · 

. 126 The Wind Power Book 
. / ·- . 

_tremendous amount of research that has d iscarded by.fe.frigeration repair- shops. Bu.t 
· gorie into ''·improving the efficiency of these a small pr~b le·m -remains: aeration' of the 
units . Your best option to reducejJow rate is water in the ~amber. Water under pre*ssu re~ 
to use the l,argest pipe size possibl·~-; · w,il l, over a pe~od of time, absorb the trapped 

Tuning ci,water pump system often reveals air, an=· t. he nk will till up w.i.th ~-ater . No-
interesting characteristics. Take the case of surge c . ·c ity wil l result unless the tank is 

----~--_:___--a~. -rp;~ls~tFro:rin::t\-typ~ - water pu r;pp ~ _ .w-hi·~h- operates ~rio ·cally burped-app roximately the·-

•' 

·--~ 

.. 

----· ---· 

off a cranksnatf in an·t>sci.ll~tory fashion . opposite of burping a baby. There, yo'L.i coax - --
The speed at··which the pistor;:l',.moves along air out; here, you let air in. A commerc ial 
in the cylinder changes cdnstantly-fro.m surge tank comes equipped with a· rubber 
zero at the instant it chang/es d irection to a bladder that solves the problems by separat-
maximum speed at the ~.idpoint of its travel. ing a i ~ fro.ri'l water. 

::. . , It's th is maximqm flow rate that needs.close By selecting large pipes and r~duc i ng 
examination. For an average flow rate to- the number ofjoints ~n the p ipes~~SQE3C lally · _ 
equai-your calcwlated vq.lues,..the-maximum corners-· y:du mrnimfz8.Syst em loss-es . M ini-
instantaneous flow rate must be much mizing seal leaks~ eliminating evaporative . 

~: faster-fast enough,._i0 fact_~ ·_trtat flu id fr ictiqn losse·s, ahd selecting efficient pumps are 
really becomes important The pump wi ll a,lso effective means in optimizing a syste_m. 
not operate effic i~ntly un less the pipes can _ Maximizing energy avai lab ili ty in the des ign 
handle this ~urge 'Jn flow rate. ,_ , ~ process (i.e., matching wind m·achin·e to wind 

. Other than using large .. d iameterJ pipes, . availability) should then yield the energy 
there· is only· one s-plution. :Adding a surg~ desired. Also,· you should select an aero-
chaaiber.hear the-p~mp wil l solve the prqb- dynamic design consistent with the l ev~ l of 
lem at (ow cost. Wh~t is a surge cham9er? technology you wish to employ. All-of this is 
It's a Jarge tank -of tt\apped air. plumq.ed to fol lowed by conslruction, installa_tion, testing 
th-e water line. Whenever a flow surge puts and tuning of the system . 
pres'sure on the long water line, mo$t of that ··-- ····-· ·· ------ - .,.. 
pressu re instead com presses the air trapped Wind-Electric Systems \.._ 
in this c hamber. W-ate--r~~enter? the surge ... "· 
chamber qui-ck ly but leaves ~t slowly, uo_cjer Because electrici ty is a low-entropy, high-
pressure from the ai r it compressed, durin'g· ·- ----q.uality form of energy, it -an be r~di ly 
the time between surges when the piston is adapted··te .. many end u·ses. H~nce , there 
pumping more water into the chamber at a are many d ifferenlsystem s that can use a 
much lower instantaneous flow rate.. w indcharger as the power---source. T~ese 

A lo'w-cost surge chamber can be made i n c lu~de G.~-~ [gi ng batter ies fo r domes-He 
from· recycled refrigeration charg ing tanks power and lighting , driving an electric water-

------~----------------~------~----------------------------------~~--
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pump, powering a remote electronic sensing 
device, and powering wind furnaces for 
home and farm heating. The possibil ities 
are virtually limitless. 

lhe earl iest domestic windcharger pow­
ered a radio set and sometimes a .light 
Batteries were used for energy storage, and 
either a gasoline or kerosene gef)erator was 
also on hand ·to boost the batteries. Or the . 
farmer carted them to town occasionaliy if 

. the wind didn't fully support the electric 
demand. In town, an appliance and imple­
ment repair shop-usually also a windcharger ' 
deai8(-WO~Id recharge the batteries while 
the farmer ran hts erranas-.--T've . o-ften re­
charged my-batteries in the trunk of my car . 
while enroute to town. 

The electric system used by many farmers 
prior to ru ral electrification was a direct cur­
rent (DC) system, like the one illustrated 

·here. A two-to-four-bladed windmill turn ed a 
generator, often not too different from an 
automobile generator, that produced electric 
current flowing in a single direc tion along ~ 
wires connect ing it to the battery ban~. 
Today. the same DC system is used in ·most ' 
domest[c·wind-eiedric ·syste-ms. This system­
has no ~revis ion for alternating current (AC) 
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in radios has been eliminated,but the use at" 
inverters in general has not. Today, wind­
electric systems are being used to power a 
greater variety of loads than did the older 
windchargers. H (storically, direct-current 
devices P{~ch as lights. radios , electric 
shavers, ~hd electric irons were .the usual 
loads. Now 'microwave ovens, color TV sets, 
freezers, refrigerators , and washers are 
becGming common. Electrically, these 11 a­
volt AC loads are very different from ·their 
32-voft DC ancestors. Because of this differ­
ence, the selection of _a n appropriate wind 
system design is more c.omplex than it was 
in the past. 

· Optimizing a wind-electric system des.ign, · 
or planning that system for maximum energy 
production at least cost, involves selecting 
the smallest component or subsystem J-Aat 
will do the job safely. A wind-electric system 
is completely optimized when no energy 
storage is needed-an unlikely situation . · · 
Energy storage-tra)iitionally batteries­
\vastes an enormous amount of energy and , 

. l 

often runs S1Stem cost beyond practieaJ ~ i . b:·~ 
limits. Arriving at a site and system design L : ··~; 
that closely couples load timing with wind 
availability would b~ ideal. Often as not. 
though, you need energy.quring the evening, 
and the winds oc.cur in the morn ing. 

. ! 

D C 

SATI£ R.If5 

LOAD 

.. Jeads ;-·such as refr\_gerators, washi.ng ma­
chines, and the !rke. The old radio_ sets used 
a mechanical vibrator inverter in t~eir internal· 

circui try to convert t[le usual 32 volts DC to Generators and-Transmissions 
an AC voltage that the radio power supply ..... --·--·- -- ·· ··· ·-·---·· -----
could use.. . . _ Wind power is converted to rotary shaft 

TO OTHER DC LOADS 

Dir~ct-current electricaJ·systertlTJsed with many 
windchargers . The battenes are w1red 1n ser1es 

<---- --. __ ... .. - iNith_the invention ·of tran-srstors an·ct lnte--- -- · power and finally into' electrical 'power by ·a 
grated circuits, the ,need for vibrator inverters generator or alternator. The generator might 

.. 
' 
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be AC or DC 
l 

but an' alt~rnator generally 
produces·Ac. Most automotive alternators 
contain AC-to-DC rectifiers that supply DC 
current t? the au-tqmotive ~Jec:t~i~l system. 

·· AC po_weLcg.n pe gene_r~t~d d·lrectly..at the 
• .-<... ... . .... ~ o;- • 

wind generator, or AC can be made from DC 

~ The Wind Power Book 
> 

have been built-the old Jacobs, for ex-
ample-with a large, heavy, slow-turnirJ_g -~--· 

generator that could be coupled directly to 
. the rotoF. Some ne-.ver alter~ators are being 

tested that can also couple. directly, but 
most generators an·d alternators spin so fast 

, using ·ar}_inverter. · that a speed-up gear ratio' is needed. , 
... . ...~ .... E'"'' • 

Aitern~ting current comes directly from 'vVhat form does the speed-up mechqn-: 
'\ -~ 'I 

.~ wind Q1aCnines that are designed with either ism take? ·Chains, belts, and gearboxes are 
' induction generators -or synchronous gen- ~~the devices usually employed for the sp~\ed­

erators. EaCh is really a motor that ru~s at an .. ~-up task. Gearboxes that are readjly avaii~bie 
rpm that is governed by the loci'd and the at__local tractor-bearing,- chain, and. pulley 

~ 6:0-cycle line frequency. Usually; these mo-; ... stores are suitable: These gearboxes start . 
tor~. run at' 1,750 to 1,800 rprn,f witt! the._.,· o'ut as speed reducers, but windmill designs 

~ =--C -nigher rpm occurring when the motor is fully simply run 'hem backwards as. speed: in-· 
"' unloaded. creasers.· w·t1en· runnin9- a gearbox back-

Direct current ls generated by either a, wardsJhe horsepower rating-whicr·l would 
DC generator or an AC alternator with recti- normally equal the maximum rotd.r..t}.orse­
fiers. Traction motors usedi,ngotf·catts~fOrl<·---· power~shouTcr be conser.iative / select. a 
lifts, and electric, cars are ~uitable for use in gearbox larger.tt1.an.needed. · / 
a wind-generator. UsYrallythese motors have Chain drives m·ay be cheapef than gear-
coml(l'lutating brusti'es rhat carry· the full boxes, but oiling and tensioning require-
output current of the generator. Alternators. · ments can make them a less desirable 
come in -a yariety of sizes and types;-trom solution. Some designers have successfully 
small autom-otive types to hefty industrial enclosed their chains and sprockets in 
alternators.-Automotive alternators are not sealed .housings with splash oil. lubl~; a 
very efficient (abo4t 60 percent co'mpared spring-loaded tensioner coupled with the 
with over 80 percentforthe industrial v_ariety oil bath cotlld make a chain• drive a reason- · 
,and DC traction motors) and must be driven able part of your projec~, 
at high rpm. They are che~pl however, and Several b"elt driveS'' are available; the. 
find their way into lots of wiMd projects. tqothed oelt and 'the- V-belt C!re the most 

The alternato'r or generator is coupled to . _c _qmmon~ Toothed belts an"d pulleys. are 
the rotor through some form of transmission nearly as expensive as gearboxes, and these 
that serves to s~eed- -up-the--refatively slow~ belts can be temperamenl:al. If their pulleys 
turrii.ng powers haft to the higher rpm -re-· are not properly aligned, the belts slide off.lf 
qui red by the generator. Some machines the torque is v~ry great at low rpm, they hop 

\ , •. 

' . 



Building a Wind Po'wer Sy_stem 

teeth and eventually self-destruct. Cold 
weather can destroy them too. V-belts tend. 

··toward higJl frictioni which means an inef-
v ~ ~ 

0- ficient power transmission, ,but they are by far 
the cheapest solution. Still, gearboxes are· my 
favorite, most easily obtained transmission: 

Storage De.vices 

Since you are likely to need energy dur­
ing periods of no wind, ~ome form of energy 
storage will be required. The three main 
types of .energy storagepvailable to you are 
therm~l, mechanical, ard chemical. With 

· thermal storage, you simply convert wind­
generated energy int<J!l'; .heat by using an 
electric-resistance heater probe or, more 
directly, by stirring a tub of water. You then 
store this heat 'as hot water, a warm bed of 
rock or gravel, or ~molten heat-storage salt. 

. #These techniques are discu.sse9 later under 
" · the:s9bject of wind furnaces.,) 

Mechanical energy ~.te'fage involves 
coaxing a heavy object into motion or lifting 

· it so gravity will later return it. A favorite 
analogy of mine is to think of wind-generated 
Ellectricity powering an electric motor mounted 
at the top of a 1 00-foot pole and busy lifting, ' . by cable' and winc-h, a 1955 Oldsmobile_._ __ 
When the car readhes the top of the pole, 
the energy storage device is saJd to be fully 
"c'harged." If juiqe is needed,- the Olds is 
allq.wed" to drop-spinning the motor in 
reverse as it falls. The motor becomes a 
generator, providing electricity on demand. 

• 
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When the Olds hits the ground, the storage 
ceJI is said to be "dea~." Pumped water is a 
better way to store energy that l will discuss 
later. 

A more familiar energy storage cell is 
the flywheel. Instead of lifting a bit of American 
his tory I 00 feet aboveeverybody's heads, a 
spinning disk stores energy. Conventional 
wisdom says that this spinning wheel should 
be large and quite heavy_ The more .W'eight, 
a-nd tf1e faster it spins, the more· energy the· 
heav:x whe'?l can sto:re. More recent think­
ing h-a? resulted in the development of super 
flywh~ls. These flywh~els are not very heavy, 
but ~h~~ spin incredi~ly fast-. 3\0,080 rpm or 
more, cOm pared with ·about 30.0 rpm for the 
heavy. w~eel. Because energy\sto_red in· a 
flywheel- 't-s- directly proportioAah-to weight 
(double _energy for double we\ig~t) but in­
creases with the square of th~ rP,,m~qu.adru-
ple energy for double rpf1!), an \enprmous 

,., ' ': I 

amount of energy can be storE?d ·\n '? really 
fast-spinning wheel-but not withd.J.Jt 'pef!p.l-
ties. At such high spEJeds, air fr1·¢d'Qn~is 
considerable, sosuperflywheels' are tYpiCally 
insta(led inside a vacuum chamber. Also, ~ 

-, 

the bearings must,be very precise devices, 
carefully designed and built. These problems·· · ..... 
notwithstanding, su~er flywheels may ev~n- · 
tually compete with batteries for storage .. of · ·. · · 
wind-generated energy: . .- .! 

There are two approaches to chemi.caT 
energy storage. One takes elec;:;tric§l~power 
_and splits a compounc:f, say, water; .. i~q~i~f 
constifuent . parts-hydrog~n and oxygeri.' .. 
These constituent§:1 are stored · sep~ratB,Iy / 

. i 
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Commonly u;;ed to power golf carts, this recharge­
able battery can be used- for: storage of wind~ 
generated eleclr~cty. 
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Battery banks are the most ·common energy stor­
age for wind-electric systems. 

and later recombined to produce electrical 
power as needed in a fuel cell. These cells 
are becoming more available recently and, 
while expensive, offer a means of using the 
energy of chemical bonds to provide the 
needed energy storage. Another approach 
to chemical energy storage is the traditional 
battery storage device. The rechargeable 
battery is th'e only type beir)g considered for 
w_i.flQ. energy storage. Metal plates inside 
these batteries act as receptors for the 
metal atoms that plate out of the electrolyte 
(the acid in lead-acid batte'ries, for example) 
as the batteries are being charged. When 
the batterv subseauentlv discharaes. these 

~ - I - J """ I 
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~(netais return ty. solutron in u-,e electrolyte­
releasing electrons and ·.generating direct 
current at the battery poles. ( 

1here are ·dozens of different batteries­
~ach named by the type of plates and/or 
(electrolyte used. The most common are the 
! lead-acid and the nickel-cadmium batteries. 
! Lead-acid batteries are ~sed i.n c·ars, golf 
·carts, and other common applications. 
Nickel-cadmitlm, or nicad batteries as they 

' are called, are used when higher cost is not 
too great a penalty and w~en lower weight 
and improved tolera~ce to overcharging 
are requ ired. Airlines use nicads. 

You can use either type in your wind 
system, but you must be careful not to over­
charge a lead-acid battery, or discharge ·it 
too fas.t. The nicad battery can stand Hjese 
abuses, buf it'has one qujrk worth m~~ion­
ing-a memory. If you discharge-ti nicad 
only half-way each time, eventually half"'way 
will be as far as it will go. If your electric 
shaver uses nicads, it's best to run it dead 
periodically. Whatever the battery used, you 
can reduce storage lossBs by using clean 
termina~s and well-maintained batterie.s. You -. 
should also try to have sensible dis-charge • 
rates, because high discharge rates lower 

' the storage efficiency. 

Inverters 

Electronic, stand-alone inverters convert 
direct current intd alternating current at· a 
voltage and frequency determined solely..by .. .. 
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each inverter's circuits. Inverters that turn, po_ssible to enharfc'e over~~~ system efficiency 
s~y, 12 volts DC into 110 yolts AC are avail- by using small/i~';;ertero/ at each. important. 
able in a variety of amperage ranges and · load. ·!his ij the app~ach used by Jim 
voltage and frequenc/y accuraqies. For ex- Cullen in rys solar- and/vyind-powe~ed home 
ample; a really cheap 4-ampere inverter- in Laytor<ville, Calif6r~ia (See Chap.ter 2/. 
th9-t's 110 volts at/ 4. amps, or ab_out 40.0 · These ocal inverters ~hould be selected to . G 50 

.. , watts-· is available in the recreation vehicle oper: te only at ~heir peak efficiency. Be ~ 
m~rket'for under $100 (1980). Voltage output Sl:l to pay attention to their surge ratings. · :E 

i ' . ....t .. w 
mayva,-yfrom 105 to 115 volts, and frequency ost loads, especiillly motors, d-raw a surge 
fror:n 55 to 65 cycles per second. And the/ otcurrent several thnesJheir rated amperage 
output is not the smoothly oscillating sin~ fora few seconds during statrt:lng. This current 
wave of .expensive inverters, but rather/a surge can destroy an inverter that~· not 
sq~are wave, typical of chf?~P inverters. designed fqr it. Consul~ Jim ..,-CuHen's book 
Sqyare-wave AC is useful for_ o~rating (see Bibliograpl:ly) for mor,e details on the 

75 

25 

QL---~-L------~--~~----~ 
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m·otprs, lights, and Other noplsens-1tlve de- instp.llation and use of stand:-alone inverters 
vice's, but stereos ahd television s'ets tend to~ in a house Wired,fof direct' CUrrent 

~ Efficiencies of two different Inverters, A well­
, matched inverter oper'8.tes at more than half its rated 
• "power' lev.eJ. ' r •' . •• . 

fi ... ~ .. ~ ~.· ~ 

sou~d fuzzy because of the,.eff~ct square Synchronous inverters perform a slightly 
wav~s have on their pOwer s'upply. · different task than ~the stand-alone' )types.· 

· f0ore expensiye inverters ar~ available They still turn DC into AC, but they d(iVe·,·aYi 
with dose voltage regulation, a quartz crystal existi~ A.C·Iine. The AC outgut fro 
to control frequ~ncy, and a sine wave-out- · cnronous inverter is fe~ c;jirec 
put. For applications ·where th·e AC output line such as your househ'o. 
will power ele~tronic devices, this type of current is available from an 

· tnv~er may .be necessary. · · ~oHiis irw-erter myst synch output 
W'here voltage and frequency are not:- with the t;.e line and operqle ~n ·parallel with 

~ ' I j • 

j i;(npo.Qtant, but sin.e_·'Af?Ve. output is, a motor- _ the other source. ~o be ful_ly ~yn9~rohized, 
generator type of mverter can be used. Here, the wave forms-sme wave~ m the case of 
DC ROwers an electric mGtOf that in turn utility power fed into your houset.lold wiring-
spins ·an AC generator. AC generators pro- must mateR~ In tact, f'T'losts_ynchronous inver--· _ _ __ .. -
duce sine waves, but heayier loads slow the ters' use the wave form they are wbrk:i'ngwith 
motor down and cause frequency and volt- to establish inter,na[ voltage and trequency 
age drops similar .,to those of the cheap _regulation. 3 

· . 
1 

• 

electronic inverters. lnverterstend to operate To get AC into your house frqm a wind 
at highest efficiency at or near their rated . , g~nerator, then, you either st~rt With AC at 
power. Because your AC loads aren't always the windmill, or turn DC into AC with an 
on, or on at the same time, it might be inverter. Either way, a maj~>r safet~ aspect ... ' -
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The Gemini synchronous inverter. This'electronic 
device converts direct current into AC power syn­
chronized with utility power 
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TO UTILITY 
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ELECTRIC 
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A synchronous inverter couples. a DC wind gen­
erator to both the utility grid and .the house wiring 
system. ' 
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must be considered : if you shut house 
power _off .to seNice the wiring, the wind-

. generated AC source must be shut off, too. 
Failure to do so can be fatal. In gaining 
approval from your p~blic utility to link an 
AC wind system with ''your house, the safety 
issue will be the primary topic of discussion. 

Designing Wind-ElectriC Systems 

-By now, you're probabl'y considering 
some . sort ·of end use, or goal, for w,in9l 
generated electricity, such as powering your 

.. house, heatin·g a barn-, or whatever. Whaf · 
sort of wind-electric sy~te.rrr.plan should be 
used to reach that goa.l? .. , . 

The first c'heice the designer of a wind­
electric system must .make is whether he or 
she wants an AC or a DC systehL Then, a 
suitable plan takes account of seve~l impor-
tant factors: ;-r~: · 

• The nature and tifhing 'at the load 
. I 

• Rated power of the~in''dmill 
• Constraints of cost and\availability . 

Most important is the nature ··?nd timing of 
o the load. Look at a typical d?mestic load 

plan. A small house with a few inhabitants 
has the us.ual array of c_onsurner gadgets. 
The energy and power requirements fOF this 
. household are summ·arized in the table. 

Your needs for electrical energy and 
power depend entirely upon the appliances 
you have and how you use theme to deter­
mine these needs, you must examine aiL - ~· 
your ·appliances and · rnonitor or estimate 

' 

~ . ' 



--------=---~--------

Building a. Wind Power_ System 
' 

their use patterns. Whenever possible, you 
should determine the power drawn by each 
applianr;e-its rated power. This will_ usual_ly 
be written~ in watts or horsepower, on a label 
somewhere on the appliance. lf the appli­
·ance is not labeled, an AC wattmeter mig_ht 
be used, or you could consult the manufac­
turer to determine the rated power. Appendix 
3.5 contains extensive tables of the energy 
and power requirements of many electrical. 
devices . 

• If low-cost system design is your ,goal, 
you will have to have-some estimate of the 
timing of th~ loads placed on your system. If 
all the -- devices listed in the example illus­
trated he.re were used at the same time, ·- . · about 3,500 watts of ~lectrical power would 
be required. In a 11 o~volt AC system hooked 

' '~ up to the utllity lines, that's only about 32 amps 
(watts = volts x amps). But in a 12-v91t 
wind-etectric system, you_'d need to supply 

- a~flOSt 300 amps! In addition, the rl!Qtors in 
a-ppliances like refrigerators and freezers 
draw up to five times their rated power tor a 
few seconds after startir,~g. This surge doesn't 
contribute much to the overall energy needs, 

. but it might well put an excessive load on bat-- , 
teries, inverters or ·other system components. 

The methods you can use to estimate 
load_ timing . all start with an inventory of 
your e!ect[ical devices as illustrated here. 
Con;;ult Appendix 3.5 for more detail -about 
exact procedures. Once-the monthly energy 
use has been estimated (about 300 kWh in 
our example), cor:npa~e it to your monthly 
electric bit1. If they don't compare, something 

--- --------~---~.~~ ---~-~-"""'1 
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Electrical appliances ln a small household. The energy and ~ower needs of these devices are 
summarrzed 1n the table below. 

is wrong with your estimate, and you should 
try again. ; · 

Virtually all of the devices commonly 
available off-the-shelf at ~onsumer goods 
stores will require 110-volt altematlng cur­
rent. The on-line AC frequency should be 60 
cycles per second with only a slight varia-­
tion in frequency allowed. If the hou-se is so 
equipped, you should use one of the AC 
load s'ystems shown_ on the next page. 

~ 

rEN!~RC>Y AND POWER REQUIREMENTS FOR A. TYPic A.L-.:iOUSEHOLD 

, A ~-~e·.-~-- l HourfUsed Rated Power Energy Use 
· pp 1anc 

--~ (hrs/month ) !watts ) , _( ~_Wh/month) 

tngerator 500 36 0 180 
chen l1ghl 1 120 t 0 0 1 2 

_ ....._l;ledroo m hght · - 1 0 0 1 00 1 0 
I "' • 

Porch1i\:lhi--_ 100 ~0 

L1vtng room light · 20 1 00 

Bathroom lt~hl 100 75 

Televlston \ 20 · 350 

M1crowave oven 

-, Slow cooker 
Misc. kitchen d evices 

1 5 
4 0 

8 
8-

1500 

75 
• 250 

500 

4 

12 
B 

4 2 
22 

3 
2 

i Blow dryer I I Mtsc ~at~..:_oom devices __ 2_0 -+----~5_0_----+--'--------', 
L _! _OTALS _j____3_500 _ ____j_ _ _ 3_~_j 

-· 
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DC generator Batteries DC loads 

. 
----- --- --- ----- --------

' 

Baueries 
DC to AC 

AC \oacls DC geneta to t mverter -·• 

. ' .. 
Synchronous 

AC loads DC generator 1nverter ·. 
~ 

~ 

. 

AC sourer:: - -
'-~- .... __ ··--- , -) 

· .. 

,/ 
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·Block diagrams of four · basic wind-electric systems. 
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If your load is off-line, or not connected 
to a utility grid power line, then you should 
also select one of the AC systems but 60-
cycle power is not mquired. Gener~~-~0-;:!..C~.--~ 

~----e,nerg}'·~sTorage ana an···Tnverter are used 
with off-line loads. 

If the household load is on-l ine, then the 
source of backup power could weJI b~ Jhe 
utility li'nes. By synchronizing frequency of 
the wind-generated electricity with the line 
frequeflcy, the wind system can operate in 

, parallel with the utility power supply. The 
power required by the domestic _loads caQ 
be 'supplied entirely by wind, if available, or 
b.y the utility if not. The two -pewer sources 
could even operate in tandem: .. · '-· ............ · · · ·--· ·····- ·· ······" 

Rem ote electronics applications are 
often ideally suited to wind power. Telecom­
munications equipm,ent, envi~onmental mon­
itoring sensors, and forest fire spotting 
equipment are a few ~xampl,es of installations 
requiring electrical power that is usually 
unavailable fr:om l::l-tility lines. These loads 
are almost always off-line and require a DC 
w·lnd system. _ ---..... 

A pri-ncipal difference 'between remote 
·electronics wind systems and similar systems 
used for domestic purposes is the nature of 
the load._A windm ill des igned for remote 
work must be highly reliable , with controls 
to make it self:.sufficient for ex1ended periods. 
One might reasonably expect a domestic 
wind system owner to shut down his ·gener­
ator manually in a storm, but sending some­
one backpacking into the woods ·in the 

'· face of a storm is out of the question. Fully '", ,.·. -
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automatic controls cqn be built into either 
. system, but cost constrain~s might rule-out 
- their use in mbst domestic \systems. 

Wiring diagrams for direct-current sys­
tems range from simple to complex .. Dir~ct 

----. -~· currentfrom- the wi·n-cfgenerator'c-harges--th-e -
•two-batteries shown in fhe diagram. on page ) 
127. There the batteries are wired in series­
the po'sitive term ina I of the first battery is 
linked to the negative terminal of the sec­
ond. If each batJery is rated at 6 volts, the 
two together will generate the s'arJ;1e voltage 
as; a single 12-vottbattery. By lin~ng them in 
parallel, as shown in the first figure at right, 
the voltage output is limited to, 6 volts. If 
more batte-r~es -are needed_ to store_more--­
energy at the;~tgher voltage', they would ,be 

.. ----- --·-~ · linked in :se~Tt?s-parallel to each other, as 
illustrated in the/second figure here. 

-~-'"-. 

If a good timing match exists betwee,n 
need and resource, most of the wind­
generated electricity will· directly power the_ 

· { load. If there is no nqe_d, the batteries will be 
· charged, and some en~rgy will be wasted 

due to the in effi c iettey-·-ek--A-a~g~ng the-­
batteries. 

An electroni'c circuit that monitors system 
voltage rriaY, be·' needed to., prevent wasting 
wind-gen~ted electri9ty when the batteries 
are fully charged. S~ppose the battery is 
fully charged and wind power is available 

_but no electricity· is being used .' The load 
monitor senses this condition b~cause, wh~n 

· the battery is fully. charge·d, voltage in tne 
charging circuit will tend to- ri'se above 

_- normal chargin~ltage-a 12-volt battery 
I 

,,/' 

' -- -------- ----~·- 1 3 5 ____ _ 

BATTERY 

BATTERY 

TV OTJ..-IER DC LOADS 

Parallel battery w iring increases the ampere·hours 
you. can store but lowers the voltage. ., 

;• ... 
.. 

.t 

+ 

BATTER I E~ 

B ATTERIES 

TO OTHER DC LOADS 
0 

Series·parallel battery w iring . Use th1s approactl to 
store ·more electncal charge at h 1ghe~ voltages 

. , 
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Sizing a He~ter Probe 

To· determine an appropriate value of the elec­
trical resistance needed in a water t.Jeater 
probe, use Ohm's Law. This is a tried and 
proven formula that requites only a knoWledge 
of the current (in amperes) you expect to fiow 
throl!gh the protie and the voltage of the 
system: 

. Voltage 
Resistance = A~~·""""..,// · 

....... , I 'l'{r/ CJ.:> 

The current passing throug6 the probe is just 
the excess current from your ·wind generator 
that you want to dissipate. 

Example: Suppose your _wind system has 
a 12-voft generator, with a maximum charging 
voltage of 14.4 volts, that is rated at 80 am­
oeres. What resistance do you need in the 

·heater probe to dissipate half this rated 
current? 

Solution: Using Ohm's Law wiih the 
mum~cha~ing voltage, . .. . ... 

. . 14,t. voH$7 :.,i. ::=:· "= · · 
Res1stance. ,_= ... .. ·. · · 

,__ 40' amps 

= 0.36 ohms. 

then purchase a heater probe 
with a resistance of 0.36 ohms. If your system 
instead .coufd generate 110 volts at a charging 
current of 20 amperes, and you wan ted to 
dissipate the full current in a water heater, 
the probe resistance would have to be 5.5 
ohms. Note that the 0.36 ohms in the previous 
example would too.~ !ike a short circ'uit to this 
110-volt system. 

~· 

' i.) 

j 
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DC 

.-. 

~ 
0 0 

LOAD MONIJOR 

WATER..HEATER 

Series battery wiring with a load dumper. 
When the load monitor sens~s aFl overcharged 
battery. 1t d1verts current fa an electric water 

.heater_ ·. 

·r'}' 
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w111 charge up to a.bout 14.4 voits. At tnls 
voltage and above, overcnarging occurs, 

·which can damage the battery. As long as·. 
the charging voltage' remains below a set 
voltage,'say 14.3volts, the monitor continues 
to charge the batteries. Once the voltage 
rises above this point, the monitor switches 
Dlf'a relay that adds a new ·load to the Circuit. 
This load gives the excess wind power a 

- ·place .to do some work without overcharging 
the batter-ies, thus avoiding any waste or 
battery damage. After the new load has been 
applied and charging voltage has dropped, 
the load monitor will switch· the~ relay to off, 
and begin charging the batteries -9,g-a1n. 

. What sort of extra load ,am I talking abqut? 

' ->.· .. 

It can be an electric resistance heater or a 
backup heater probe in a solarstorage tankJ ,. 
or hot water tank. That's a convenient place 
for extra wind en'ergy to go, with no waste. 
If the water gets too hot, invite a neighbor 

< 

6ver for a shower. You ' can easily size 
this heate·r probe with the· procedure given 
here (see box). · 

A final, important feature is a backup 
electrical generator for extended windless 
periods. Folks who travel about fn large 
motQrhomes know all about these gener­
ators. Some are npisy; others are not. They 
come with pull-starters or .eLectric s!arters. 
The example shown here h?S a sec·6nd load 
monitor wired ·to the· .. ·starter. The monitor 
SPnSP.S 8 VRfv low voltaae COnditionJindicat­
in-ga~dy-ing battery.lt then starts the gene.r-· 
ator~ or rings a bell.to ~!gnal you to do the 
sariYe·. If you have to :start, the generator 
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yourself very often, you are likely to develop 
interesting conseNation practices. 

Besides the losses that occur in the 
generation and storage of electrical energy, 
important losses occur in transmission. 
Make sure that wiring runs are as short as 
possible, wiring patterns ·are neat, electrical 
connections are sound, and the wire itself is 
sound and well-insulated. Also of critical 
importance is the diameter or gauge of the 
wire. Wire~that are too small for the currents 
being carried will warm up excessively and 
waste energy. Use the procecjure given in 
Appendix 3·ta calculate the wire sizes neces- . 
sary for your system. Then use one size 
larger than calculated. Wires tend . to be 
permanent fixtures, while IGads ~~most 
always grow. 

What else can be done to enhance effi­
ciency in a wind-electric system? Quite a bit, 
actually-. especially in the area of load V 
management. I've already talked about your 
electrical energy budget, and how to esti­
mate ij. ln the course of studying your load 
ch_aracteristics, you will probably notice that 
some of the loads tend to crowd together, or 
be on at the same time. Through the magic 
of '"'peak shaving" you can cause loads to 
unbundle, lowering the peak power drain 
on your wind syste_m (or on Edison, for that 
matter). This doesn 't mean you Will actually 

I . "" . 
save :energy 1n a measurable quantity. If 
you uhplug the refrigerator while the toaster 
is running , the refrigerator will make up for 
the ross as soon as it's pi ugged back in. 
However. your batteries will last longer, and 

137 

Above: One possible backup generator for a 
wind-electric system. 

.. 
Right: A complete DC wind-electric system, in­
cluding DC and AC loads, and back-up power 
source. 

in the process of zipping around unplugging 
things, you might actually find areas for 
improvement. Som€ usage might be dis­
carded simply to reduce the number of 
things that must be unplugged each morn-
·ing; others will not be so obvious: But, during 
·the effort, you'll probably be a lot more 
conscious of your load .and end up using 
less energy. 

Wind-Electric Water Pumps 

Pumping water with electric well pumps 
is a common practice throughout the w_orld. 
8 ut, using a"win_ocharger to run water pumps 

. I 

' { 

L OAO MON I /Q.q: 

LOAD 
MOIVITDR 

WATER Hf'P.TER 

5TAR.TFQ.. C~l\lf.RATOR. 

TV OTHE:~ DC LOAD.S 
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windcharger is supplying power. Here, bat­
teries would have made the differ~nce. · ~ 

Instead of an AC motor to drive the well 
pump, you might wetf consider a DC motor 
with a voltage and power rating·compatible 

(:··with the generator in the wind machine. An 
inverter is not required, but you might add a 
smaHr:electrical circuit (control box) to switch 
the_p~~p off when too little power is available 
to pdmp any water. The AC motor considered _ 
earlier is a constant-power device that spJns -

, -,, , at a fixed rotati~nal speed :and dlives the 
\, pump at a fixea rpm so that a virtually con­

., ~_tant p_umping ra~~ is. achieved. The. C?C 
motor, which is lf1:Wiy to_ be a converted 

,~traction motor from a golf cart, will spin q.~ an 
_ 'rp·rn-gover'h~c3 only by' the~power available 
to~ it Bul-a' eYe 'motor _is not compatible with 
jet pumps'{which many modern small wells 

·. " . 
use) becauSe they are designed to spin at a 
ffxe·d rpm. It 'l's __ compatible with a positive 
displacement pump, such as a piston pump. 

\ :-'\.. 
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' D C PUMP : ' WATER TANK 
' 

A simple wind-powered electric pumping system. Theoniy storage is a large water tank 
\ ._ 

. ·:;:)f9u migh1 require ? hybrid system ~hat De mAc 

c()'fu.bines elements of most of the electrical BATTERIEs INVE R TER PUMP 

• . . ji ... 

WATER. TANK 

' . ..__, 

"'~,;~~~:lfG:ations ,diagrammed sp far. A typ ical ro orHER USEs A ~ -
: ~Wif10:electric system is not detficated entir~ly t A. complete wind-electric water-pumping system. The well pump' ts JUS t one of several loads--powered by·tmh~is--.-.-·:,;. ·:· ';·_- ·_.-~-. . . . '- ; ' ·· .....-.:.:.. 

· t0 water pumping, althougR such a system 1, ! wtndcharger · :~ 

is possible. The lower drawi~g sh9ws a hybrid. ' \ -
or flexible wind-ele9tric system with major \is 'deliver~n·g ~r:rough power to pump water. 
emphasis on water"pumping. Note that the · rThe control box could be~set to sense a 
added control box uses .the water level in (crisis water level in the tank and draw cur-
the storage tank as Ofle of its inputs. Another 
input might be power available from t_he 
windmill. The control box could sense a 
need fo'·r water in the tank, but hold off 
drawing frQm the batteries until the windmill 

, , 
'' 

, rent from the batteries, or ring a bell to warn 
, '!> the owner. The controller could be pro­
<tgrammed so that if more wind power was 

a.vai lable • than· the batteJies needed, the 
pump ~ould bring the" -W'ater levels .. up-to. a 

.,~ 

------------~--~------------~----------------------------~--------- ~ 
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"tun reserve" level- takilg advantage of th~ ~ . supp ly 'water to hi$ cent~-pivot" irrigation 
qccasional excess power a wino . system systerrfs, whi_cti are used to irrigate potatoes. . ' ' . 
might produC?~~ . Sue~ programmable intt3l- Th~e · LHiiity lines .. already wire_b to the pumps ' 

' ... 

ligence,. when coup lea· with several. wind npw p_rovide all the n~·ce$Sary povyer, but . 
energy applications, leads to highero~"~all ~. a constanJ-trequency, synchronous wind 
system_ efficiency. . : .·. · . .. : _ ~ generator."col)ld ~e wir~ to 1operat~gether 

(' Chapter 2 described a nov~l techniq~.e · with , or in p_)ar,al lel with, the,· utility lin·es . It is 
fqr generating · ~lectricity _ ·and pumping ~unfikely{hat ·a. 4QQ..:hp WiQd.system is Within 

· -- wate.r-the Bushland, Texas,· experi_mental .· thfs farmer's budget,-bUt an·y··wind _ power 
system being tested by the U.S. Department '\ supplied ~ill offset the power required -from·; 
of Ag~riculture. This particutpr:sc.heme-uses ttle uf1-1ity lines .,_ A'hy or all. of these pumps 
t;he f~l_ l_ ~.apabil iti~sof,~h-e e_le~tr!c well m~tor, . · c'o.u~·~pe cou~le:d to ~ wind t~~bine in an · 
If no wrr:rd power IS available dunng pumping, arrang~me8t s1m1 lar to the Bushland ;Texa~ , ~ 

. . the motor d985 the entire-job, : spinning at- macnine. . . ! ~') < 

abowt 1 ,750 rpm. W~en the wind increases, 
" an ,electronic- contcol circuit releases · the 

... windr1_1ill brake, and\ a/S mall starter rnotor Wind Furnac_es • ~ 
spi_ns-the wind ·turbi'n~' up to speed. At that · - ·· · 

.I 

point, a clutch engages to couple the 'torque A wi·nd- furnace iS a wind-pbwered heat-
from the turbine ·to tne· torque su ppli~.d by ing system. Low-grade_ heat i~ ~eeqed for ~- . . 
the electric motor. M0tor rpm increases as ~ domestic purposes and to~. agricultural and 

· more wind power becomes available-. When . industri al processes. Hot water can warm a 
· mbtorrpm reach~~, about 1 ,800, no electricity ; · room in winter, and provide. a hot bath or 
-· is -need~d from th~utility. As the rpm increases ·. ··. stari l iz~ a milking parlo r, and wash manu-

. 'above 1 ,8QO,., the motor turns into a genera-, faduredparts before painting.'Hot air warms 
1 ~ tor, pumping juice' back into the.utility lines}_· rooms.· and barns and. can dry parts after · 

/ 

· A typical synchronous application :for - ~· -washing . Solar heat is rapidly reP{acing g.as, 
· · this type of wi[1d-electric watef pumping oil , and coal-fired heat sources in many 
.· would be an industrial o r- agricultura l' water ·, i domestic applications, and in some indus-, 
... pump that drives a large irrigation system or 'f trial and agricultural processes . On e.-could 

an industrial procl~ss plan't. Such a pump is ~ . -treasonably expect to apply wind-~nergy to . ~ . . -
probab lY' a' 220-vol t or 440-volt. motor from heating-p~rhap~ as a,complement to sola--r ,.. 
ten to several hu rnd red horsepower in size., energy . 
An Idaho potato-far,mer uses a: 400-hp electric • . ~ Wind furnaces can be _used to supply 
pump to ·litt'water ()oo f_eet out of the ground the eXtra heat requi red for home cl imate 
into' a h'olding pond . Four 14-hp _pumps control in regions where it i ~ bpth windy and 

.. ) . · -.~~· . . 
· ' . ·. ;;~.(~·:, 

·. 
:; 

·• . 

.. 
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Building a Wind Power System 
; " 

. cold. Many parts of Eastern Canada, ;the 
, New England coastal regions, and the Great 

Plains states and provinces are likely areas 
for important wind-furnace ap"'~lications. 
J Space heat r~guirements Of a building 
depend on t-he temperature difference be­
tween the indoor and outdoor air. Heat ~ows 
from war;rn to cold, and when this difference 
is large, s~rious heat losses ensue. Insula­
tion, caulking and weatherstripping are typ-

\- ical measures t6 minimize these losses. 
But ftl:1e overall heat loss can be severely 
increased by cold winds. The rate at which 
heat leaks out i§in·creased by wind chill and 
by higher thah oormal infiltration-the· pro­
cess where cold air sneaks in through cracks 
and small openings. Wind increases infiltra-

.. '-·"'"'lion by bUilding Up air pressure ag?inst the 
house, pushing more cold air inside. Wind 

·" ch~ll is an increased conduction of heat 
away from the outside surfaces of the build­
ing. The wind carries heat away Jrom these 
surfaces much faster than normal. Beoause 
of greate( com~exity, infiltration' loads are 
much harde("tq predict than wind chill heat 
load.s. _ ... ~ 

The beauty of~ using a win_d f_urnac;e for 
extra wint~r;_ heat_. is·· that it works hardest 
w.hen it is cneeded most. A solar heating 
system or wood stove can provide_ your 
~base heatr~quirements with a s·mall wind 
furnace to ~provide peak .load heat. This· 
approach limits the need for energy storag~t­
hence it's a c-heaper system. 

·-~ 

Your wind fuJnace ca~ be used to gen­
erate heat for just about any purpose; the . . 
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Average wind power available, in watts per. square meter. d'&ring the winter m~ntRs. 6Reg 1ons of high'·p·ower . · · ~ 
are good areas for w1nd furnaces · ··· · ' .· · - t· 

con-cept is not limited to space heating . 
However, space heating uses 1owertemper-

: '~-atures .than most other pro·cesses (80-1 00°F, 
compared with 1 00-150°F for domestic hot 
water, and higher for many industrial pro­
cesses). Lower temperatures are easier to 
reach and easier to keep . If you careful ly 
size your storage tank and use. plenty of }~ 
insulation, a wind furnace can provide a fair .. 
portion of all your heating needs. 
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heat. Or a pump couid be used to splash 
water against the te}nk-wails. Sjmllarlyj the 
windmill can drive an air co·mpressor. Com~ 
pressed air wiii rise in temperature while it 
is being compressed, 'and as it is released 
throug~ a turbulent outlet. Windmills for 

.. these purposes must deveiop high torque 
at tow_ rpm; so high solidity is ~G-essary. 

A windmill can also drive a heat pump 
directly. The heat pump can be suitably · _ 
designed to produce low temperatures as 
well as high. Thus, some of your refrigeiation 

....... - li. 

needs, as well as heating needs, can be 
satisfied with a heat pump. Such heat pump 
systems are already available for conven-

I 
I . ~I 

.J 
. I 

. . ~I 
-power. I 

Perhaps the most versatile heat ge"nera-

tional and solar energy'sources, and ~an be 
readily adapted to or , designed for wind 

tion method is to use a windcharger to drive ~ I 
an electric-resistance hea;er:' Such a system I 
(t~e University of Massachusetts Wind Fur-l 
nace project) was d~cribed in Chapter 2. 
Electric baseboaroheaterq or heater probes I 
for water t~ are very common. ·wiring 
these .0-eVfces to a windcharge(is a simple . 

A wi~d f!lrnace can· be linked to an active sol<?;r heating system. 
m,at-ter, requiring only a load monitor to pre­

///vent overloading the windchamer in ~ow 
//:/ winds. This-ver-satile system can also prow ide 

-, 

·' 

/ 
_.. 

" electricity for other purposes when it's n<;t- ··· · 
Wind-energy can be convert~dt6.heat in · needed for heat. Such a wind furnace ·is 

several ways. If a windmill dri\/es a paddle ideally suited to installation in tandem with ·a 

} -· 

that splashes water aroLJnd-inside a closed, solar heating system; where a small amount I 
insulated tank, the wa.ler will be gradually- of electricity is needed' for solar pumps, · _' 
warmed-. Almost aH6f the mechanical energy controls, or fans, and the rest can be applied 

d_e .... - ~ ...... lv...;;t_,r_e_d_h __ v __ • ______ .m_·_e_r_= a-d-d .......... le_s_r_is_c_o_n_vP.-~ rt_e_.d __ -t-o---to_q_e-at ...... ____________ ...;._ ____ ir-- I 
·- - I 

;l ·. ~-- .. '' •. ~- ~~" ,.,,,_,_, __ ,_, .. ,,, -•"•·•·O• "'"'" '''~""''" . ., ,,,---~-~.;-.,~,,., . ---~-~-~'·'"""=' _~··-.- ··• ·•"'..,.,.'···· ''·,;=,·~~-._, ,, ,,,~- -- -"~~--~·- ~~~·-'·'~~-~~--N_-_._·-~ 
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r~ 

I 
I 
I 

·r Space heatlng is needed because heat fiows 

I 

-·--otrom_· ·· tlie ·warm, comfortable. inte. rior.s o1 a 
building to the cold outdoorair. TH'e rate at 

·· ··which heat must be added to a building 
1 'st)ou_ld. equal the rate a~ which heat !eaves 

I 
the building, or disCOITJfbrt ensues. carcula,-

.•••... tions for this heat loss are not partiQufarly 
complex, but they are tedious. They can be 
done with a cheap pocket calculator and an 

1
.. afternoon of concentration. Often they must 
'. be done to satisfy building code require-
. ments b_efore a new dv..:elling can be built. 
·.. Complete heat-' loss calculations are too 

r:--- :-____ 1_d~taij_e_d_ tQ__pres_~_'}_t_ ~erf!. bu!_ s_e_'!_era! goo_cj J 1 
. methods have been useaw prepare a graph 

. to help yD..U...e..stimate the heat lnss...oLdwelb.~­
inqs. This qraph describes the heat toss rate 

1
·,_····. . . .. . . 0-for·'tt;pica/ single-family dwellings ranging 
., from poorly built, 1..1ninsulated to well-built, 
: highly insulated structures. However, this 
: .. araoh bvno means illustrates the best or 

1:· ,. worst 'i()u.can do. 

1
·.·.·. The_' hea.· t loss rate_ Q is p .. resented in units 
• of Btu/0.0/tf. or Bnt1sh Thermal Umts per 
, degree-pay per square · foot of floor are.a in 
· the house~ To calculate the total heat loss 

1
: ~ per month, you need to know the humber of 
~.·.·.•. degree-days ~t your locale. This is a climatic 
~. · vtwable that li'id1cates how often and how 
J• much the,average outdoor temperature falls r 

I. below 65';F. Tables of degree-days are pre-· 
; sen ted in ! Appendix 2.5. Then the monthly 

i _._i heat foss !of a dw~lfing can be estimated 
usina theY.armula: 

1,_[__ / ~ ~e~t [oss ~ 0 :cOO X FA , 

W,here .QD is the nurnber~;of degree-days for I ~~~;~:i~:~~:;:;;;;:~~~·~~:~:~~hE::d 

I .'­
b-~-~. 

.. . :: .. 
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Building Heat Loss 
I . 

_tf]e\heat-loss wiii be given in units of Btu. To 
get the f?eat loss in kilowatt-hours, divide this 
answer by 3414. .. 

Exsmpfa: A house witn 1000 square feet 
of heated _floor area is Joca~e_d_ if! La~ ~eg~9! 
t{evaaa. If the nouse nas H-11 1nsU1at1on m1. 
the walls and R-19 in the ceiling, how large (s. 
the heat loss during the month of January? 

Solutio(]: From Appendix 2.5, there are 
688 degree-days in Las Vegas during the 
month of January. Assuming this to be a 
windy month there, you can read 0 = 11 
along the 1 p-mph wind line in the graph. 

_Tf]en . _ . _ 1 
. - .. 

Heat Loss = -11 X 688 X 1000 
\ 

= 7,568,000. Btu. I \ 

,: ·j \ 

Dividing this number by 3414, tj(e heat toss . 
eauats 2,216 kWh-the amo()nt of electrical 
energy needed to heat this house during the 
entire month. It would take a 3-kW wind gen­
erator operating constantly throughout the 
month to supply this much energy. 

Suppose that only the extra heat loss 
caused by the wind itself is to be supplied by 
the wind furnace. Tf:Jis heat foss can be esti­
mated by using the difference in Q between 
the windy (Q = 11) and ()a-wind (0 = 7) 
CC)nditions in the formu/f1: 

; 

Heat Loss = 4 x 688 x 1000 · 

= 2, 752,000 Btu , 

or 806 kWh. This amount ofefectrical energy 
could easily be supplied by a ~A1ind generator 
;i, lrinn a mr.nt.h IJJith an ""er"'ne lAJinrh'nClCl~ 
Vl,,llii':J IIIVIJUI Yt'llll /1 C(V IO.'::::J F'fiiiVVfJVVV 
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1
ind machine installption using a gin pole_. This Kedco m;3ch1ne was tdteq up lully 

assembled ~v 1 tn the tower ' c · , 
I . . ' . 

' · 
~ j •.• \. "'2 
7;. ' . :"• 

·· """ . . 
. , ·- ,-~=:_ .. ,. ;~!~· . 

The Wind Power. Book 

Plann ing a wind sysi'em involves a com­
plete understand ing of the requirements of 
each co~ponent. With wind-powered water­
pumpers, the plumbmg may rectuire freeze 
protection- often accomplished by burying 
pipes below the frost depth. Lightning pro­
tection must be considered in all installations . · 

.t Oth·:~r questions ,concern space. bo "you 
have enoug·h room to complete an instal)C}­
tion and perlorm the necessary maintena·nce 
and repair operations? Do you have a coo l, 
we ll-vent ilated, we ll-protected area for bat- . 
teries , e lect~~bnic equ ipment, wiri~g and 
such? One of the greatest.nuisances might 
send you _off to buy 6-foot-hig h fencing, 
gates, signs, C!nd a shotgun:Time and again, 
I've found complete st rangers climbing my 
tower as though it had been installed just·for 
that pu rpose! ( 

The major points to cons ider, in any instal-
' lation are the fo llowin g: i 

~- SaJety ~ 
• E:tf ic iency 

. • Cost : 
• Environ mental impact. 

•' 

Your own ·situation wi:ll dete rm ine the 
order of ir:T}portance for each oi!hese. points. 
The first th ree are discussed here; envi ron­
mental impact is d is~ussed in ChapTer 7. .. __ 

The dual cons ideration of cost and etfi- ··-
ciency usually work against you in . wind 
machine design-higher ·effic iency ahmost ./ 
alway~·; costs more. Qn the other hand, shorter ~ 
wire r·uns cost l es~and are more effici€nt 

../·, 
.' 
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• Hoisting it aloft fully assemb~ed 
• Hoistin·g it aloft pa.ctially assembled 
• Hoisting individual compot"lents for 

., 

Lightning Pro'tection '• · 

' A finai, very importanF-saiety feature is 
J.ightning protection for vo'ur wind machine. ' 
Any wind machine is C1 prime target for 
iightni.ng because it's us!Jaiiy the taiiest 
metal object around. The map of tbunder-­
storm frequency ·presented here shows .the 
average number of days-p_er year with thUf)­
derstorms over the U.S. and Southern Canada. 
From this map you can see that~the Ro"cky 
.Mountains an9 the southeastern United 
States are the two principal areas of major 

·thunderstorm activ-ity. Anywhere from one . . . - .• .. 

strike every other year to four strikes per 
-year might be expected at or near your ,site .. 

Just how big is a typical lightning strike? 
~Lightning current typically p~_§_.ks-·af20,00Q ~ 

/) 

inunderstorm frequency in the United States and 
southern Canada_ Contour ltnes H'ldtca~ the aver.:. 
age numbP-r of days per year wtth thunderstorm 
occurrence. 
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· amperes in a l-mierosa;tix?pd pu l!se. AbouU~h\:,~t~.suitable protection shot:Hd ·'be '.include(ij in • 

.· -ur.i-1rdGiiG ····· · :· percent' of the. tim~. -~i p~ak§_ .. a~ 1'00,0QO,;\~.:;J·he wind machine design and instfilla.tion. ·· 
amperes in the same time 'ifi'tgi\Jal. Clearly, "All' bearings and· shafts should have brl;!shes / 
you cannot afford to overlook lightning pro- that pass. electric curreAt around bearings, ··· ~ 

· · tection. Without anaqequate.electrical path rather than through ttie bearing. This,..will 
to the ground, lightnir:1g will damage your prolpr1g bearing lite. All transistor cir.cui'ts 

· wind machine with electrical heating, rpag- shou·ld be in-stalled at the base of the tower 
· netic forces, or general mayhem. Corona or elsewhere, not aloft. Such a practice 
balls-' ' glowing balls of ionized air-. have ma~~s . i~. much_ easi~r to replace zapped 

. . .been seen to enter an.electrical conduit by parts. F inally, wiring and grounding ought to 

.~:4: • . - -~ . flowing along . a wire. When a lightntng ball be io.stalled according to the building codes 
enters an -electrical bo{( and discovers it has_ for lightning protection. The real key to suc-. ·;:-~;;~_::.~: :: ·-.-:·- . 

-. -_ ,_ ... 
... ·. -~ ._-. 

·,, 
,.-· 

i:t.~: . 
; . --~- ~;.,..\ , . 

--, .. 
. . ~~-~-' . 

. . ... 

nq w.ay ou~ it responds like any irate prisoner-7 . cess in any_ installation is a good 'elec~ri cal 
-~.troyrng the contehts of its confinement .. conne . .ction~Jo the earth. In dry--soils)---this 

.. .. - ' . ·c(,\1 . .,. 

-- c:ell. On a iess dramatic level, the very small means m~ny ground rods sunk 8 to 10 feet, ~ -- .... -~. · ·· ·· ·· 

. .. static· discharges asso.ciated with "electrical or even ~;pre. In moist soils, you need not 
· air" (juring a th understorrp can easily zap . take as ·l f{&cqcare.. · . . 

...-~ transistor circuits and fu~s . ·Over a long · ,~: 

/ 
' / / 

/ . 

/, 

period of time, they can bu rn spots in wind­
mill bearings or wiring . ·· 

A lightning rod is a devic~ that provides 
a path for a lighlning strike to reach ground. 
Most wind machines act as their own light-

.. ning -rod. ·so~e farmers..- kee·p their "old .... / 

~ .. ~;-: ~ '~~ //f/1!) ~ 0 -~ f2 • :-~--wind.c~argers alo!t for the ~ole ~u.rpos~ of 
~ --~~=~ .~. If .-! . .-~- ~ r.~,~ provid ing protection- from lightning stnkes 

#}. ~-w§~/~ WI&~ 1
' rjl~ on ~ nearby home. But this means that the 

71Jqfjf~~~g~~: !~~- ;~,Wf; massiv~ current c_an flow directly ~hro_ugh 
::~1~'(ffif!!f!J;ff/(£/ ... ·rf::;l;t/1;111 }/Ji the __ del1cate machinery. AD alternative IS tS> 
-· ~W.~:t1~-, ~~ I .. ~/1~ t/f install a special lightning rod on the wind 
· ~ouND RODs~ machine i t~eiJ, providing a direct path to 

• ground .for the lightnfng current. Such an 
Property grounded. a lightning rod establishes a ~ppro.ach has been used on the wind 
.cone of protection over a wind machine. The -slip • 
nng allows me macni~.e to rotate without getting machine that powers the wind furnace at 
tangied the University of Massachusetts . . 

Whether or not a lightning rod is used, 

. " ~-- .. .. " " -----·-· . ·~·-- ------ . 

Comments From The Real World 
....... "i···· !·_ 

Wind machr~s c_C!'? be very useful in 
generating so~f~~I, t~,Y power you ~e~d . 
They can .aJso ·, o-~~qUite dangerous, If Im-
prope-rly installed or maintained. After ten. 

' . .. 
years of designing; testing, ir1s1alling, ah9 

· owning man~ different- Wind machines , I 
"t• 

·· have found that most of these dangers 
appear only when peopTe are around. Ropes 
break or knots loosdn while tilting 'Up a 
tower. Nuts , bolts, and too ls fal' l from the 
tower top wt)Ue someone is up there wdrking. 
Worse yet, people often climb' tow.ers:- to 
work on th.e.ir machines'\when they are ti~ed 
and not really up to 'he conc.en trat1on 
r~q u i.red. -:, ., 

-------- --- ------,--
--~- ' - ------ · ···---- --. ....... , · . ---·-·······. ---~< 

··•.· . 
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Building a Wind Power System 

The following tips are derived from my. 
own experience with dozens of installations: 

. " 
·1·. An installation takes more than twice 

" as. long to perform as the least opti­
mistic guess would have it. Start early, 
or ari_angE:; for_!he proj~c-~ to be sp) it 
into several tasks that can be per­
formed on separate days. 

2. Wind at the top of a tower ·is always 
stronger than . at the bottom. Always 

-=rf!:-=ake sure that blaees cannot begrn·­
spinning before. an installati9n is. 

. complete. _ 
3. Really plan. the up-tower operations 

•i", carefully. Know the pocket in which 
each tooUs kept, or .who .wlll perform 
which task, and when. Trying to cho­
reograph the dance routine of.a 400-

147 

pound elephc1nt 60 feet aloft ¢an be a 
difficult, if not downright da.ngerous, 

' task. · r 

~ . Figure that tying~a rope knJt will lower 
I 

tha~ rope's strength to hJlf its adver-
tised value. . ·. · ·- ·· ···-···-···· · .. ·- -· -

. 5. Try to avoid "fire-em-up-itis .'' Don't be 
in a hurry to let the machine spin 
~ nder wind power. Let its first rurf' 

· occur dl!~ing a ve~_ Qli"ld bree~-~~~?_Y~ , 
·----the-fufl~power runs until you are certain , 

that the rotor spins smoothly and a// 
'the bolts are tight! _ 

6. Always wear a hard hat when working 
below somebody else. 

7. Always wear a climbing belt and attach 
it firmly to a strong part ofthe tower. 

8. Try not tolf ok down! 

-~ ' ' . 
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Ther,e --are many factors other than· energy-_ ··:: penetrate energy system purchas~s , _J9Gl.t 
ne-eds and available ·techno1ogyAh9lA,~,\t·.;~: ~.-,L;~d_js toward serious considefration'·QlJbe 
ence the decision to_ plll"Chas~ or bulld 'a · · life-cyclf?-costs of a system, house, ·appli­
windpoJver mach-ine. Legal and social coh- a nee or-car. The lif~-cyc le cost includes not 
straints on the 'seiectio.h of wind energy . only the initial price of an installation but 
systems stem fro m age-old questions . also its maintenance, fuel costs, and iriteres( 
conceq~ing the -rigflts and: obligations ._bf -on mo ey borrowed or spent. In home pur-
citizenS:" Financial issues_ seem- to be the es, passive solar homes usually have a · 
greate-srbaffrer to widespread. higher initial price but produce, at little or 

. __ power;. but as tbe pric -· _,gss_il fuels ___ no operating cost, much of their own corl]fott~ 
increase, win . Ill become increas- control energy. The monthly cost of owning 

.. , . . . i . 

... ~~i<fi.l .. L • Federafand state proje~ts such a home is usually less than that of a 
incentives are rapidly_Jetftrr~f"and , ·' conventiOnal home purchased at a l owef .· 

'penetrating these i Dsti~utt6n-al barriers:-: _ initial_ price. -= · · · · ~ · · 
helping to i C!~rease.the use of wind en_erg_y~- · _ · Similarty, two wind generatorsj each rated 

~-:::,.,--<= ... :.:.:_~ - ~--- . • .• · · - ~ . · at 4kW,)nig~t each sell for a different price. · 
_... The more expensive unit has a larger rotor 
Wind Power Economics diameterJ]lari does the cheaper uni( Sdme 

p~ople would be inclined to buy the cheaper 
i often hear people clai~ that wind power unit just to minimize~ .initial investme~t 

is "free.'' Others ask , "Will the wind power my- in a wind system. Bt..r! which- machine is 
house?" ~Y now. you should. have a-g·ood actually che?per? To answer that question · · 

, idea of wha_t it takes to power your tJo6set.·· ····.·· y~u must determine several factors. 
-;_' and you probaBly underst_a[Jd that ?Ltnotrgh First you need the total sales price of 
\the wind~ blows wheth-er-yO'u use·· it or not each com pletely installed system. You must_ . 
h .. arnes's ing t_he win_c;tis definitely not free. add up the cost of eyeryth-ing from buildihg · 
··--., Then wh9-tdoes wind energy cost? Lots permits'· to concrete foundation to wiring . 

oHpl_ks simply add up al~ the costs involved and testing. This is the so-called "first cost" 
in ~<compl ete wind system installation and of the system. 
stop\ right there. Similarly, lots of people Next you need an accurqte estimate of 
simply ask how much a new house cos'ts the amoun.t of wind energy each system will 
and don't look any further. But there's a new produce at your site in a year's tim .. e. If the ----

_. trena in cost assessm~nt. It started with only data you have for the site is t.he mean 
automobile purchases and is spreading to.-:. annual windspeed , use a Rayle igh distribu- · · 
appliances. Soon it 'Nill reach home buyinfl, tion (Chapter 3) for that speed. to get .the 
and at the consumer levei· it's beginnin.g to number of hours the wind blows ~'at each 
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Wlnd Energy Costs 

A compieie ·economic ar1alysis of wind energy 
verSL/.S other energy options requires an 
estimate of all costs incurred over the life of 
the wine[ system YoL{ also need an estimate 
of the energy it produces per yeat. The 
annuai (:OSt of that energy can then be 
compared with the cost of conventional 
supplies .. 

To perform suc.h a life-cycle .estimate of 
your wind system costs, you need to know 
tfre following: ... ... __ · 

-- . .. Purchase prJce of equipment, in dolfars .-
• Installation costs, in dollars -
• Annual maintenance costs, in dollars f 

• Annual insurance costs, in dollars 
• Other annual costs, in dollars . _ 
• Resq.te value of equipment, in dollars ·· 
• Annual interest rate paid, in percent· . 
.. ExpeCted system lifetime, in years . 
• Annuaf]fnergy.yield, in kilowatt-hours 

ff you don't know aft these quantities exactly, 
trY to estimate them as best qS possible. 
System lifetime, for exar(lpfe, is anybody's 
guess.-

Start your analysis by adding up the 
purchase price and installation costs. Then 
multiply the sum of a11 the annual costs by 
the expected 1ifetime of the system, and add 

- this product to the ,tot at above. Finalfy, sub­
tract the estimated resaie value of·the·· 
equipment. Exclusive of financing· costs, this 
result is the total cost of wur system 'Over its 
expected lifetime. T() get the average annual 
costs, you divide this result by the expected 
Jtfetime and multiply by a factor that includes 
the costs of borrowing money. An example 
will he lp ~o illustrate. 

Problem: Suppose a w.1~11d system can be 
purchased ott-the-s.he!f t6'/ $4,000, including 
vtind generator, tower. _batteries, wiring and 
controls. Suppose that instaHation of the 
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system costs another-$1,000. Based upon 
discussions with other owners of that model 
and with the ,111anufacturer,· you can expect a 
system lifetime of 20 years,. with annual costs 
for insurance and maintenance averaging 
$200 per year7 You estimate a resale value 
for all the equlpn.1ent to be arty $500 at the 
end otthfs 20-year period. If the system is 
projected to yield 3000 kWh per yew at your 
site, ·wha"t are you payin_g per kWh tor the 
energyjt produces? 

s_oiution: Eirst add up· all the costs qnd 
subtrac;t the resale value: 

Purchase price 
installation cost 
Maintenance & i~urance 

. Resale va~ue 

$4,000 
1,000 
4,000 

$9,000 
'-500 
$8,500 

To get the average annual costs of the 
system, you should include interest paicYci's 
an addedexpense. Using simple interest at 
10 percent per annum, the average annual 
costs of this system are: 

$8,500 
1.10 x ~~ = $467.50 oer year_ 

LU • . -

Whep divided by the energy p!tduced per 
year, this -number gives you the unit cost of 
the wind energy delivered by youi system: 

$467.50 
~.OOO kWh = $0.16 per kWh. 

This figure may•seem high, but wait a minute. 
If you take the F{3df3ral·tax credit on the 

--capital costs ($5,000) of the ihstaflation, you 
save 40 percent, or $2,000. This credit 
reduces your ave(age annual costS to 
S~57.50 and t.he unit cost to $0.12 per kWh. 
(State tax crer;fits may reduce this cost even 
further.) ·· 

' . 

,··.I. 

~) : 

, ... 

The Wind Power Book 

wtndspeed. _?then L.iSe the_ power curve ior 
each mach}ne to get the watts available at 

·each windspeed, and multiply watts times 
hours to get the total energy (in .watt-ho~rs) 
available at that speed. Finally, add up all the· 
watt-hours availabl·e; ·this total is a rough 
estimate of each vvind generator's annual 

. . 

energy yield. 
. ~ t'JGw you have the first costand __ ao ~sti~ .~.-~ 
.mate of the total ehergy yleld:-which is the 

. annual yield times the expected lifetime of 
th·e,system. If you stop right th~re and divide 
cost by energy yield, you· get a very rough 
indication of the cost in dollars oper watt-

' hour, or per kilowatt-hour, of energy pro­
duced. For a !typical Si111a!l wind machine, 
this might be arrywhere from i 0 to 30 cents 
per kWh. Depending on where you live, your .. · 

cu_rrent_ :l_ec!r2c b~l mig~~ .~e ~ba.s.~d on .a · 
pnc~ or 'L to 1 o cer1ts per Kwn. tsut 11te-cyc1e 
cost a~alysi·s goes fur-ther: , . 

Other costs that need to ·oe included in 
yo-ur analysis a're the costs of maintenance, 
insurance,· financirrg, and faxes. Mainte­
nance costs 'are difficult to estimate, but 
they might be qovered by a mainJenance 

/ . . . 

contract with the installer. I ns,u ranee costs 
are easily identified by calling a broker. The 
financing costs of your installation are more 

·complex. If you take money ou.rof a savings. 
account or other securities to purchase your 
wind system, you suffer a loss ~of interest. If· 
you borrow the money, you usualiy pay an · 
even higher interest rate. In either case, the 
cost of the mor1ey used is important to a fair 
economic assessment 
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.• · A helpfu~}i(~pc,:edurg to pertorm an ~nnual Conventio'nat energy costs are rising rapid ly 
. . ·- .assessri:t~tot~fhe,totahsystem costs .is-given as shown in the graph. Once you . install a 

··here ('s:e~rboxi.:J?~;a lif~GY.cle ass.~~~ men~~ -wind system, you ~begin payi.ng for it in the 
....... _ y,ou addup~1~;9'$.ts.pyer the .entire;~~t5fJh~ · form. of interest payments , taxes, mainte­

machine, si.Jbtract tb~·r§..sale ... vaJbe est_imate~ · · narice and other costs. Som·e of these costs 
and compare this tota(CJqHar figure.,Whh the will be-·af.fected by inflation, but the major 
sav~ngs in energy_co'hsum .. ption·casts over,~,,,_ costs will occur at a fixed ' rate. Event!Jally, 

. . . . ... ''. ·., . ' -.. ~ . ,·.:r ... .• . 

the e'xpectedsystem lifetime. ·" ' '·qonventional energy costs should exceed 
Among ~-the ~ -.:many. changing aspects too costof your wind system; After that hap"' 

'involved -t-A- estimating .YCH:Jt~~J~.~gye~eest - pehs,'··--the wind equipment is saving you 
are the fed~rp.l, stat~~--:~df:Fpe'rha~s even. money. A gooc;) ~indy site caq begi.n to 
lo~al §overnment ;"!ocYentives to help yo~ save money within a few years. A poor site ~ 
decide to buy Windequipment.The prim-ary might never save money. Tax credits may 

' - / '"incentives are tax credits; many states and . h~sten the break-even day, but'the selection 
c' ~the federal government have programs that. - of a good windy site is the most important. 

. hel~fipance your wind energy syS1em by factor. , , 
· redu~.your iricome tax liability. Ta.X·credits 
~t riot pay the -whole price, but in some 
states, like Caljfornia, they redl:Jce the ·cost 
by about_SO percent. You_take this reduc.Jion 
into account when calculating· tne first cost­
of .your system. 
· : Similar govemment p~og·rams are start~ 

- ·--' ( 

ing to make !ow or no-interest loans available 
for_ conserv_ation and energy. equipment 

' 'The.- e-lectric :uii fi ties are beg inning ·to get 
intcYthe act her~. Other in9entives may show 
Up in the l.orm of properjy-tax relief,· Dr a 
reduced as'sessment of p.r.operty value for 

. "- - people owningv;,~ind equ!pmenLSU9h jncen­
trves will lower th_t annual costs 'you associ-

Legal lssue_s 

Tt)e legal Issues involved in owning a 
wind' power system cov·er two impo-rtant 
areas-your rights and your obligations_. You, 
ha:ve certain rightS', grantea by law, that can 
be obtained by agreement or contrac--tor that 
come automatically wrth'~land ovinershlp~, _ 
Other rights may h-ave to b.~ obtained through 
th·e courts. Your Gbligations are to protect 

• 0 

the health, safety, and welfare of others . 

" ate~wi th the winq equipment.. 
When you cQmpare you r wind system 

. energy CO?t 'Nith the COSt of conventional 
energy sources using the life-cycJe costs, 
you _thust include the effects of inflauon . 

Suppose a family has purchased prop­
erty in a windy canyon and intends to build 
a home-'and install' a wind generator. The 
legar-questions that come with purchase of 

... 
·, 

~ ... .. . . 

'the property should be determined early on. 
A title ;;earch wi ll find any restrictiOns placed _ 
on that property. lf-e previous o_wner speci-, . . .. 

' ' 
. -

'·· 
:2 0 .50 
s 
::.t: -

040 Qj I 15% Inf lation.:.. 
0. I 

~ I 
_g) I 

0 0.30 I 0 
W ind j pow er at 

.;=:- 0. 20 SO 16 ,per kWh 
0 -~-I L. __ ;:: 

u 
Ill 

0 10 LJ.J t 0 
~"' 
VJ 

8 1980 . 1'005 1.900 2000 .. . 

. · 1 Year 

~-- c~mpariso~ of wind el~ctric and utility power 
costs. The w~nd power cost assumes a $5,000 
purchase and I ~mstallatJon fee. ·plus 1nsurance and 
mainten,ance qosts .of· $ 200 per year over a twenty-
year !1fet1me. I ---. .. : · 
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fically excluded t!1e installation of any wind t:: 

machine on the property, that yvould'be the 
end of the wind system unless the new 
owner chose to test this restriction in court. 
Such 'a restrictio.n is' uolik,ely, but trouble­
some architectUral restrictions often do exist. 

_,\(These can limit th~~height of a structure, 
determine its architectural style, or force the 
.owner to submit to the whims of an architec­
tural review board. It's hard to imagine ~ 

· wind machine de~igned in $q~thern Colonial 

· . .The Wind Power Book 

styie, and if the maxim0_'m 9tmcture height is 
limited to 20 feet, you·m ight as·well,forget it . 

Zon ing on;i inances 'lre the next area of 
potential legal problems. The county may 
have certain restriCtions that ljmjt property 
to certain well-defin~d pwrposes-residential, 

>;> '! ' . . 

agricultural, commercia1 , _industrial, and so 
fort~. These zoning. ordinances may also 

··specify architectural sty_le~. b}Jilding height 
,,_limits , and other restrictions that affect a 
wind system . plan. Zoning regulations are 
enacted for the purpose of protecting -the 
''public health, safety, and welfare." They are 
usually administered by a zoning commis-
sion ,- piB.nn ing department,. or bui ldin.£J 
irispector. Y9u may apply fo r a varianc-e 
whenever you( proi~ct is at odds with an· 
ordinance, and a tlearing wil l be held to 
determine if the varianc~ is to.be granteq. 
Potential wind-system ov·iners typically -have 
to apply lor a variance if tower heightexceeds 

<I . 

the maximum h~ight restriction. · . · ... 
Building codes are yet another.?ourg_e 

:-ofpFo5Jem_s.Bef6reyOu C~rihegin to lay the 
tower foundation, you will probably have to 
obtain a bu ild ing. permit. Typical building 
codes are t6e Uniform Bullding Code and 
the National Bui lding Code; complete books 
Or} whichever code your county h:as adopted 
should be available at the local , library. 
Building codes specify fotJndation , struc­
tural , electrical , and plumbing requirements. 
In some cases, your friend ly building inspec­
tor may de~ide that the codes· do not apply 
to your wind system. In most cases, hoWever, 
they do. Your design will have to show, by 

i" " 

.:~ . 
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-

-- -~- -~ngineerl~g cal~-~l~t·i~~~. th;=ty;~;: ·h-~~~;' .... -S -~rel~ ~h~t~~~r wind cros~~s your~r-;·P~-rty ----- .... -

cof11plie.d with the codes. In some case~, a is yours to .use as yoLJ see fit. But wh(lt · 
registered professional engineer will. hpve happens when your f\~_ghbor decides to 
to check your drawings and calculat1o~s. build a high-rise structUre just upwind of 

.~ _often a de. eply ~)dden resr:iction to$''-_o_ ~r your machine? Zoning ordinances aside, 
rlghts- Grops- Cif3 -because a wmd syste . IS•· ··-·you may not be able to stop such an action .. 
an energy producer. In every state a P olic Recently, a lot of legal debate has focused 
Utilities Commission has licensed o '~ or on sun rights and solar access-the rights 

;. ,' 

more utilitycompal}ies to provide thee ergy ·to the sunsh_ine that normally falls on a 
l'f---··· --·~ _ _; ____ -need€d by homes, farms, and busin property or crosses aa, adjoining plot. A , 
~-- -- ----h't-mo5t cases, this·-public lice11se- · i i ar legal aebate w111 eventually exam me--.----

, ,, to a virtual monopoly. 1 n some count' s, the win_d rights. For now., the problem is not 1 

-~ __i~~;~~~a~e':e~~rm:rt;lu~~~~:rtt;~~ · . H~~~h~ya~~~~~~ i~~~hs~:e;~~~~or>~~t~~i~T11 ~~ .[ 
. water §_ystem ~ - and charge you ior t~e water. rights appear to be a problem, you might try 

1 

' 
=: -'~ :~_·•_ .:.~~---~~s_._~---o_·_

8

n ___ . __ ·--s--~-=---~-!_·---~a_._t __ ~_::_-_o_ r>;_-t~d_n_Y ___ ·--~-~--R··-· ~--· ·~--------~--e_

1 

__ ._~~~-~----_-___ -_._-__ ~--- ,_··-~-------_____ n __ -_____ 7a_~;JR~nn.(~~~------t;i;_.-~_--~-- _~: __ u ____ -___ ,s_:!_-_~:~ + ~ · ---· ·· :--~iW R~g~-~~~-Y~~ic:!::_ ___ .-t5-_ :-::u~!~.!~· : -:_ -tonc-~rnrng-you~neignbo~mper!Y:,&Ease~ · ---
----- - ~~ - -- _ ,,,,, ___ -····----~ -- -···_· -=~-~ ' -- ~:. ... r;<~ ._i:, 

~WA} requ1res lhat-t.Jffiltles buy electnc1ty ments ar~ granted o~ld for dnveways, · 
from small pdwer producers, including wind power line crossings,sewage lines, and Qther · ·· 
systems. This -regulation now makes it possi- similar uses. A wind easement would restrict 
ble for you to cogenerate electricity at your structure and tree heights on the part of , " ~ -

.; house orbusiness, with full cooperation of your neighbor's property tRat is in yo~_~_yfi_Q~L .... ----·-- · .. - - -- - - ·· ·-·--·- ~~···--L~--- .. __ 
-="---_::..-=::!ha:locaL . .e!oo.t.ricA.tt~Ht-y-.";:.-The--Aet--spedties·---'-1-e"fcrnrtea·:----··· ---- ---·-----·· -------- ----- - ------ -------- _ ..... -·-·- -· · · · · ·- . · 

! that u{ilities must buy this Coger>erated Along with your rights to llarness wind · / 
1 power at their marginal co.st of new power power, you have certain obligations, most of 

( -~eneration---which is a high r~te these ~ays. ~hich ar~ concerned with the_ protectio~ of · 
~ But the exact rate they pay will pro..bab.l..y..b.W-fe.-MKi--f+mb. Many of these-s-afety obliga-
J the subject of debate and litigation for some tions Will be satisfied in the course of com-
. . ~ 

· years to come. However, your ~ight to sell plying with building codes. For example, 
;. "'them excess power is clearly set forth in preventing electrical shock is covered by 

PURPA; it virtually elimir~ate~s,any restrictions el~drical codes.t··while plumbing codes 
... -- by~ public;_u_t_i_li!Y_ gn yguf:_gpjlity jQ__pJoduce .. specify sanitation re_qu irernen1s for a water-

power. pumping windmill Jbat supplies domestic 
Perhaps the most fundamental legal drinking water. 

question concerns your r-ight to the wind.· In my opinion the main area of cohce-rn 

\·. 
- l' 

~ -

--- ------',--- ·:::-~--~ ---11 
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Rying rotor blades are one of the potential dangers of owning a w)nd system. Take care to plan for such 
hazards before installing the machine. .:., ~ ·~ · 

t. . 
. " ' - i 4i> 

- --~·-· 

The Wind Power Book · 

that mp.y_ not be covered in your building 
codes is the attractive-nuisance value of a 
wind system .. Install· a swimming- pool in 
your yard, and you will be required to fence 
it in. A swimming pool attracts children ·and 
creates· a safety hazard . A wind system 
attracts everybody-not ju.st chi ldren. And 

\the safety hazard is made worse by the fact 
that. pea~ usual ly have less. experience 
with windmills than they do with· swimming 
pools. 2Your obligation is to protect trespas .. · . 
sers from thEt safety hazard you cre(:lte py; 
_install ing a ·wind system. Check with an 
attorney, but expe t to insta ll . at least a 
·safety-fence aro (j the tower. . 

Your oblig tions extend to the· protec- . · 
.lion . of your n ighb0rs from- taWng -t-owers,­
flying blad~s televrsion interference, .iind 
other enviro · mental damage. It may be that' 
you install your tower so far from the property • 
line that it cannot collapse into another yard . 
But /you cannot so easily predict how far a 
broken blade wfll fly. Hence, you normally 
purchase S()Il1e form of liabili ty insurance to 
help cove.r any damages ... and keep yo1;,r 
wind equipment~in top shape s·o you. don't 
need to use that· insurance. 

-· -- ·- .. ,____ 

, 
Social ls~ues 

·To a large extent, the social issues of 
technology are reflected ~n t-he ·laws, codes, ···. -~ 

- and ordinances just discussed. The experi­
ence or mood of society, o r needs of a 

" group of people, help to guide the creati.on 

.• 
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of laws that govern the applications ail owed. 
lf a group of wind energy_ systems is· re-:­
sponsible for several accidents or injuries, a· . . 
law wili very iikeiy be passed that governs 
the use of wind machines. , 

Social issues abound on a more per-
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just purchase whatever equipment he recom- · 
mends. Recent approval of the Residenti~l 
Conservation Service (RCS) regulations now 
means that your utility must offer you an 
audit of your potential for conservation 
measures, sqlar energy, and wind energy. 

sonai level, too. Whenever you instaii ~wind An RCS representative wili heip you with 
system, some .other person or· group of some of the initial planning steps;. check 

.. persons living or working nearby will react. with your local utility for specific details. 
During site evaluation you should simulta- Because of RCS and PURPA-which 
neously assess the social issues likely to allows you to cogenerate power-it's a sure 
occur at the site. Make sure your neigh.bor's bet that wind systems will soon become 
reactions to youJ installation will be favorable. very attractive to a wide group of users. This ........ .· . 

Neighborhood concern for safety will be~rowth in demand for_ wind eq\Jipment will 
first in importance. Next will be concern stimulate new Q.esigns, m~re competition; 
about any advE?rse effects your system will and a wider · selection of equipment. The 
have on locat television reception-unless v.arious incentives to stimulate increased 
cable television is used by all the neighbors. use of wind energy will take a firm griP.-Q_n 
One company brought cable TV in with their the market. \ 

,, 

win.d gener~tor t~ satisfy ~he neig~bor.s. If ~ou think your s.ite is windy and you -----..__J--'- . __ ______ 
N_o1se a_nd v1s~al 1mpa~t w1JI also _anse 1n have f1~ured out what 1t takes to. p_ower your - ~ > 
d1scuss1ons w1th the neighbors. Wmd ma- house, 1t would make tremendous sense to . ---./ 
chines do not have to be much noisier than contact your local utility RCS office and 
the wind that drives them; only poorly planned your state energy-office. Ask them for infer-
machines make substantial noise.---- - - - mat1on tne'{ma:y have accumulated on wind 

Looking over the entire rarrge of tasks ener,gy for your area. Also ask them for the 
involved in planning your wind system, you · forms necessary to qualify for any tax credits 
may co~clude it's a bigger task than you that may be available. Sort . .out your options 
thought. Up to now, your only other option and pursue the project carefully. The results 
was to leave the entire job to a dealer and will be more than satisfying. 
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How to: Read a Graph 
.... .~ - . 

., 
. . -~ 

·Graphs have been used throughout this bobk to sirpp lify~alcuta-
. tions. They also help to compress a-lot of oumerical information into 

a conven_ient visual form. Computations which would normally be " 
,difficult 0~ laborious can be done easily with the help of a graph. ( 
But some readers may have tr0uble interpreting or usiri:g graphs; · · 
this Appendix is designed to help them. H·ere are a few IHtls~t(;:ltive ,,;,, 
examples . 

Example 1: The curve in.the first graph defines the relationship 
between tvyo quantities, Value AtB.nd Value B. lf Val.ue A equals 8;· 
whaLis the corresponding Value B? . -

$OIL)tion: Start on the horizontal scare {"x-ax'is") at a· ahd ~ve 
.vertically (Gr draw a li,ne) up· to the curve. From this'· point of 
inter~ection, move horizontal_ly .(or; draw a · lin~) left to the vertical 
scale ("y~axis"). Thus, Value B = 4 i'n this exampfe. · ~ 

Exam pi~ 2: Suppose you _know t\atValue ··s · 2.5 in the f)rst 
graph, What 1s the correspondmg Value A? 

Solation· From the vertical scale at 2:5 (halfway from 2 to 3), 
move horizontally right to intersect: the curve, then drop down 
vertically to the horizontal scale as s~own. Thus, Value A= 4 i-n 
this example. 

Sometimes there is more than one curve on a grapt1 that 
applies to your problem. Often, there are' a serieS' of -cuTVes, each 
corresponding to a_§.Pecific value of one parameter. Here, )lou have 
to seleGt the appropriate curve, or even add an:9ther curve tb the 
gra.ph. An example wi ll il lustrate. 

1 Example 3: Look at the second graph. It contains two solid 
curves corresponding to two separate values of Value C, C = 10 · 

~ and c' · 20, in your prohlem. But you need to know what happens 
when Value C _: 15. What do you do? ,.. . 

SoluUon: V~lue C = 15 is halfway betWeen Value C = 10 and.· 
Value C = 20. Simply add another curve (dashed curve) roughly 
halfwa'\; between the two solid curves, and proceed .as:jn the-earlier 
examples·. 

.: i 



~~----~------------------------------------~--------~. ' 

Appaadix. 1.1: How tn Read· a lfraph 159 
.. 

--- . 

-. 
' . 

___ , . . --- · · 

' .. 
··-- -· - a-

... ~- - : r 

10.-~~----~--~~------------~--~ 

., ' 

. .. ·· .. ~ .. ---~ . 
.· . ' ... r--·' ~ 

: ~ 

---~ - . 
-i,-

h 

I . 

8 

~. 6 
>-
Q) 
::J 
(\) 

> 
·. 4 

2 

•·. I 

•. 

-t 

0 • 

,. 

Value .X 

. . 

---- .--· 

····?_ 

.· 



:1".-~ 

I 
I.-· r 
1 
..... . . . 
. 

1·. 
• ••• 

1•.· _) 

I .. 

·•.· •. · 
, . 
. 

I 

Multipty: 

Atmospheres (atm) 

. 160 

CONVE,RSION FACT6RS 

By: 
-: ...... 

76 

1,033.3 

29.92 

'14.7 

To Obtain : 

Cent1meters of Hg (0°C) 

Centimeters of ~0(4~C) 

· lnch€5 of H~(32°F) 

Pounds/inch2 

British Thermal Uni~ (Btu) 252.0 calories · -
' \ • 777.65 

3 .9275 x 1 o- 4 

1,054.35 
0 

2.929 X 10- 4 

Btu/hr 4.20 

777.65 

3.927 X 10 .... 

2.929 X 10 4 

0.2929 " 

Btu/ft2 0.27125 

. Btu/ft~/hr • 3.15 X 10- 7 

4.51 X 10-'3 

calone·s (cal) 0.003968 
.. 

3.086 

. 

Foot-pounds 

Horsepower-hours 

Joules 

Kilowatt-hours 
~ 

calories,(min 

Foot-pounds/hr 

Horsepower 

j ' 
r 

Kilowatts l I 
Wa~ 1\ 
Langleys (cal/cm2) •. 

Kilowatts/meter-2 1 

Langleys/min (cal/cm2/min) \ 

Btu \l 
Foot~pounds 

I 
4.184 Joule-s _ ~ ...... ...... ...~~.. ............. ~-'-~-·~~~,--,_ .. ~ ........ ~~-- --·-· ~·--~-·~·--·· ...... .......... ~·,··"·'··=" 

. ............. .., ....... _,. ,__.. .......... ..... ....-~ ........................ .._... .................. -~~ .............. - .. ~- .................. ~-::1' ..... . ·--~--· .......... ""'~· --·- ...... --~..:: ......... _ .. .,_..""-................. ~· ~ ........ ....... • 

--------- • 1.162x1o- s Kilowatt-hours 

Calories, food (Cal) 1,000 calories 

calor,ies/cm2 (Langleys) 3.69 Btu /ft2 

Centimeters (em) 0.0328 Fe_et 
r 

0.3937 Inches 

··; 
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CONVERSION FACTORS 

••• • l+i-1, •. 
' IWIUillt-'IJ, 

Centimeters/sec (em/sec) 

Cubic meters (m3) 

Feet (ft) 

Feet/minute (ft/min) 

Fe~tlsecond (ft/sec) 

Foot-pounds (ft-lbs) 

Gallons (U.S. liquid) ., 

Gallons/minuts, (gpm) 
-.-... 

._· ~. ~-; 

a .. ,. 
~,. 

0;0328 

0.02237 

0.0283 

7.48 

28.32 

35.315 

264.2 

1,000.00 

30.48 

12.0., 

1.894x 10-4 

0.508 

0.01829 

0.01136 

1.0974 

0.681 B 

0.001285 

0.324 

3. 766 X 10-7. 

3,785.4 

0.1337 
,..,,., .. 
.:::.01 

~·~ 

0.003785 

3.785 

2.228 X 10-3 

0.06308 

T..-..nh.t ..... i ...... 
IU-VUI.CJIIII.o. 

Feet/sec 

Miles/hr 

Cubic meters 

Gallons (U.S~ liquid) 
·' ·~ 

.Lite·rs 

Cubic feet 

Gallons (U.S .. Iiquid) 

Liters 

Centimeters 

Inches 

Miies 1::'c1-• 

Centimeters/sec 

Kilometers/ h r 

Miles/hr 

Kilometers/hr 

Miles/hr 

Btu 

calories 

Kilowatt-hours 

Cubic centimeters 

Cubic feet 
r', .h;_ ; __ h,,... 
VUUJV ll IVliV..:J 

Cubic meters 

Liters 

Cl.lbic feet/sec 
~~~ 

Liters{sec 

~·~ 

''\, 

.;· 

--------:-------------:-----___;;;.,._ _______ _;__ __ _;,;- -~ 
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A·ppendix ·1 .. 2: .. Conversion .Factors 
./ 

i 

I 

CONVERSION FACTORS 

'·""-Multiply.~. By: To Obtain: 

Horsepowe.~(hp) 2,546 Btu/hr 

·" "" 550--- ----_-- F-eet-pounds-/sec ---·· .. _ -- · · · -:- - · --- ·---.. .. -_:::-· _,_-- - ... 

r 

Horsepower~hours 

Inches (in)­

Joufes 
-- .. ------- · -

Kilograms (kg) 

Kilometers {km) 

Kilometer/hr. (km(hrJ 

Kilowatts (kW) 

'·· 745.7 

' ~,546 

1.98x 1()6 

0.7457 

2 .54 

9.485 x; 1 o-4 

0 .7376 

2 .778 X 10- 4 -

2.205 

, ' 0.6214 

0.9118 ; 

3,414 

737:6 

1.341 

Watts 

Btu 

. Foot-pounds 

Kilowatt-hours t 

Centimeters 

Btu 

Foot-pounds 
Watt~hours 

' Pounds , 

MH~s 
/ 

Fee tis~ 
~ • r 

Btu/hr 

Foot-pounds/sec 

· Horsepower 

-<: KHowathhours (kWh} · .\ 3,414 ' ! · Btu . 

r 
[ -

. · 4ngleys · . 

,., 

1 .. 0 ,. 
,; 1,000 

0.0353 

0.2642 

\ 

-· 

calpri'es> cm2, .. 
·~ i" ' ." ; 

] Cubic centimeters 

Cubic feet 

Gallons {U.S. liquidr . 

'('~ ..• 

j 

.:1 .• 

·····-:.·:-·-----~---~~--.~·::--....... _ , __ 
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CONV.ERSION FACTORS 

'~-

Multiply: 

Meters (m) 

. " 
. . 

Meters/ sec (m/sec} 

Miles (mi) 

Miles/~our (J!lph) 

" ' 

Ro~nds (lbs) 

Squ·are feet (ft2 ) 

"·:-c_Squ;are inches (in2) 

-. 
f 

• I 
Square)<i~ometers (km2 ) 

... 
,_ . "' J • .~ 

, / Square me.ter~_ (ni2) 

By: 
I 

':·3.281 

39.37 • -........ 
,. ~2~4 

' 5;280 

1.61 

44.7 

88.0 

1.61 

0.447 

0.4536 

0.0929 

.... 

~ 
._J;'fot4§2 .. 

~ . .... ,.. -.-:, 1 --

~ !' ··o·.006944 . " '-. , -

1.0764 X 107 

<!._..To Obtain: 

Feet 

- - : tr'iches--~- - . : .~-~.,. .. _ __ -----
. 

Miles/hour 

Feet 

Kilometers 

Centimeters/ sec 

Feet/min 

Kilometers/hr 
~ 

Meters/ sec ' 

Kilograms 

Square meters 

\· . 

Square centime.~ers ' ~ 
Square feet -- · : 

~' Square feet 
J .: 

0.3861 SSJuare milesc "' .- ·, ' . 
_: r - . . .... : • ( --- -···· .... - ·· --.J. - , 

1-o. 764 ~ &quare feet . _l .' , i r . ~ .,.~· ; 

'' . .J , . W~tt~. (yY)_ •• ',).· 
. . J; .,I. .. ,rtP: ~· t i ,.: . ~- ' 

. ..... 4,414 · "' , · ·' , .Btu/~r · · · · ·. r · 
... -~ . ~~.-: . ~~ ,j: . f . ' • t ., :r;.' ~ • • • •• • ' 

.,:,:j' ,, 
" • ·~ ' 

r I -

' ·watts/cm2 
- i 

W~tt-hours 

: 0. oo 134 1 ~ ... _ Hersepow-E:r 
..~ .. . ". . , . 

·~1-72"; Bt~ fft2/hr, 
..···• r:c . 

3.414 

860.4 

Btu 

· . - calories ·- ---. t 
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,_ 

· Ra!t~igh~Wigp~peed ~Poi.s(;'ll;~mri . · ~-

ThJtayleigJ:F~~~{i~~~i:n 'i:a one-~rameter equation (see chap­
. ter 3)':th.at ~,c:~n be osed to estimate the number of hours the wWid 

_ ..... . ~~=-_: .. ~ ~ ·~ ' ~)<. .. • ~-·~ # • .. 

bi_O~,§-~~~).t£~if''cular windspe~d. The single para_m-~~r .Ln .tbe 
. equatton· Is ~lfe'a:nnual average Wtr:;)dspeed (the mean w~nd,speeo) 

~·· · r .- \ • • 

, . a,t-the_ ~ite 1n'q~:Jftstion_.. ,The .accompanY:ing ta~le ,pre~ents_values o_f 
the Rayleigll d . - · . ·· ·• · . . ·~: wi'ridspeeds ranging from· 8, to 

~· # _ - • • ~ -- • - • • • ' ~ •.. • : J I - • . 

- ·~ '--- · \1 · 'j~ ··0J :;m'Ph: ~r · ,_rJEf in trlrs .table a~-~ th r . num~~rs of 
_.,_L ; . ' · -'-'.:-:-;:!fi·ours on .. w1nd· to , b.low ·at each ·value of· the 

· . · ~--~;wrci osr column. · 

·. . .. ' ;i:::.\. pose'" your site had a mean winds peed . of 
nted to estimate 'fi ow often the wind 6iew at­

s~rk:ad down the column marked "14'' at the top until you 
tne.-:h~onfal line marked "23 '\ at the left. Yot.:rget the result 

·."1 ~4 , 'f whih rtl-eahs that the wind will blow at 23 mph approxi.mat~ly 
;~:.~4- ·J'lours_ per year at this site. . - · : 
. :, ··ft-;::tro getthe result in ternisof the percent of time each winds peed ..... 
. occu·rs, divide the table entry by 8760- the number of hours in a 
year:Thus,-the wind blows at23 mph.forl94/8760, or 2.2 percent of 

.... ~r th ~ . e_~me. 
/ 

.... . . -

.. 

. ·~ . 

I . ··'' . 

\ _ . 

J 
r 
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Appendix 2.1: Rayleigh Windspeed Distnbution 
;. ·E.: 

I 
r 

' . . 
RAYLEIGH DISTRIBUT10NFORVARIOUS MEAN WINDSPEEDS . 

.-

JWlndspeed Mean Wlndspeed, mph 
mph 

8 9 10 -11 12 13 14 15 16 17 
.. 

. .. 

a· 784 731 666 601 539 A 484 435 391 -SS3 320 
·• 

9 716 697 656 605 . 553 503 457 415 377· 344 

. 10 630 644 627 
·' 

594 554 Sl-2 . 470 -~ 431 395 
~ 

363 

1-1 536 578 , 585· 570. - 543 510 476 441 408 377 

12 441 ~04 5.33 536 -- 523 ·sop 473 443 415 386-
- ~ 

.· I 
13 35"1 429 474 494 494 483 464 441 416 391 

,1 .... _ .. ______ ,_ .. . .. 
14 272 356 '~413 446 459 458 A48 432 412 391 

· ·--· .. --·-·-- --
1 ·" .· .f 

-:--:--·-·--:·-· -· .. -;'!'" 

·.-·\o'" 
; '15 1,·-· •• 204:. 288 353 ?396 -420 : ' 429 :: 42.7. ~ ~18 404 ·387 

'· 
.. . -- - -tS ~ ----
f ': ) ..{. , . 

.. ; --· . 
-;;. 1.7 .. 

'" . . 
.. .. - -'--; "18 ' .. 
-~ . 

19 

- --2~ ~ - -- ' - . 

' 
21 

. 22 

I 23 

.I 24 

I 
25 

. ~-

26 

I -
: 14~ ~ :227f;.,29p ·, -378 •• 

. 
.345 396 :·403 400 392 380 :" 

,_ . .Jo.., ~ . - - -~ ·. ··' 1os ~ ;'"175 
,. ~-- ------~ ... ' . f > ,. 

242 296 .:.336-'- - 361 37~- . 379 377 · 369 
., ..... . - - ... -. .. . 

···' ..... ; 

132_ ... 194-- . 2,50 . _' 294 
. I ' 

345----35-~- ass: 355 7~ 325 , 
~ 

/ 

49 97 153 ?07 253 . ;289 314 330 337 339 

32 70 1-19 ... ·1·70- ·216 F54 --· 283 .. 303 -- 31"5 - 32l"' 
! 
I ~ ..... •'2()_. 50--- - --90 136 1 ! :,_. 

181 .. 220 · 2s2-- -2rs---- "291'~-- -'3Q2--. 
i / .. 

12 I 34 68 1oa 150 

7 23- . 50 84 123 

4 15 - 36 J 65 99 

3 10 25 --' 49 79 

1 6 18 37 62 

. 
189 

160 
.. 

134 

111 

91 

~ 

222 

194 

168 

143 

122 

.. 
I 

248 

222 

197 

173 

150 -
... ·· 

2-68 - : ·28'1 

244 260 

,._ ~20 
.. 

239 
.. 

198 218 

"176 197 

.--~~- . 

,--- -- -~· 

·"' 
-

I 

... .• 

. ... 

. 
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RAYLEIGH. DISTRIBUTION"FOR VARJOU~ MEAN WINDSPEEDS . 
Winds peed 

. ' 

Mean Windspeed, mph 

mph r-8---9--1-0-. --11-~·;..;_;-____ -.1-3--1-4--15--1-6---1-7------t 

27 .. 

28 

29 

30 

31 

32 

• 33 
' 

.8 . 4 12 27 48. -· ·· .74 102 130 155 177 

.4 2 ' ·8 20 37 60 85 111 136 158 . 

.2 . 1 5 14 28 47 70 / 94 118 140 

.1 

0 

0 

0 

~- ·' . .. 
4 ' 1-0 -21 ... 37 . 57 79 102 . 124 

.5 2 . 

. 3. ~ -

. ,. __ . . .9. 

7 

5 

3 

... 

•• 16 

11 . 

~ 

29 
!.- · . . -

46 

22 -_ -37 

17 29 

66 

55 . 

45 

87 108 

74 94 . -~ 

63 .• 81 

. .. 

- .. - -'1' . ~ .!Jt •• •" ~ O' ··-000 0 - ~----- - ..... --- •l - •- --~·---- --~:M 

,P . .o · 2 -6 ;;. 1l . , 23 _. ~ 37 ,~ 53; 76. ~ . 34 : 
~. 0· 

- ':, --- ··-- -- -- -- ·- ~ ____ _L _ __I . . ... --- --==~ - --.-·--- -- - ~-:-- ! ~ 

t> .3 1 " ,;4 i 'b . , 1 ~ ·3(): ' ~ • ... 60. 7 . r . 

, -37 

38 ' 

.. . 39 

0 

0 0 

0 .... . 0 

·.o· 0 
.. ...... .... :'1. 

~4-o - ----- -u-- - ··u 

41 0 0 

42 

43 

0 

0 

0 

0 

0 

.1 

0 

0 

0 

0 

0 

0 

0 

3 

.4 1 

. 7 

5 

4 

14 24 ';36 '51 ' 

11 

8 

t9 30 43 

15 24 36 

I '. .f' 

.2 .9 3 6 
2 -- - ·s 

12 20 

16 

13 

{' " 

30 r ~ 

.. _, .6 
l ' 

0 ' 7; ' 4 
\ ~ t : . i 

1 "3 

O·· '· .3 . .9 ·3 

---
9 

7 

5 . •' 

0 

0 

.2 , .6 

.1 .4 

2 

1 

..... 
25 

20 

10 17 

8 13 • ·'' -

6 11 

!-'I 
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SURFACE FRICTIOJ\COEFFICIENT 

Description of Terrain \ 

Smooth, hard ground; lake or ocean \ 

Short grass on untilled ground _ \ 

Level country with foot-high grass, occasio1al tree . 

Tall row crops, hedges, a few trees \ 

Many trees and occasional buildings \ -
\ 

Wooded country; small towns and suburbs \ 
.. ...... \ 

Urban areas, with-tall buildings \ -
·' 

-~~- - -~-- ~- -- - \-
j 

-- -----,---:-- __ .... _ 

... 

... ____ ..... ____ •.. ---- ~--- --

_; 

0.10" 

0.14 

0.16 

0.20 

0.22-0.24 

0.28-0.30 

0.40 

,• 

·······- ·· . 
~ 

.· 

/"" ... _ ____. 
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Wind speed versus Height 

If you know the surface friction coeffrcif3nt oi (Greek "alpha') at a wind 
site (see Chapter 3), you can read ily estimate the windspeed at a 
given . height h8 -.from .. ni~asurements at another heig_ht_hA~_The 
equation used to a-ccompllsn"''ffl is leans·:~-" . ::~--- ---- -- ~-- ------ · 

(
h )a 

Vs=VAX h: 

where VA= the winds peed measured at height hA, 

V8 =the winds peed estimated at height h8 . 

The surface friction coefficient a usually has a v~lue· between 0.1 0. 
(very smooth terrain) and 0.40·(very rough terrain). Typical v~lues fo r 
o: can be found in the tab le at left. 

The equation above can be used with various valwes of a,.,to 
develop the, series of "height correction factors" presented in the 
table on page.l65. Here, a ~- listed atthe top of each column, and 
the leftmost cOlumn lists the.heA;ght in feet. To get thewindspeedV8 

at height h8 when you have··measured the winQspeed VA at height 
hA, use the following simple equation: · 

Hs 
Va = VAX HA , 

---

where HA and .... H 8 -are the -height correction factors read from -· 
the table . 

These correction factors have been normal ized to an assumed 
an(ilmometer height of 30 feet above ground. They are also based 
on an assumption that the anemometer is not immersed wi thin the 
layer of slow-moving air below the ·t.ops of trees or other nearby 
obstructions. For level te'rrain with few or no trees, height ll)easure­
ments start at ground level . When there is a g rove of trees nearby, 
start all your height measurements at tree-top level. · 

.......... .. -·-··I ···· 

:;f 
~ i 
,_. 

1 t'<· 
_/ 
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Appendix 2.2: Windspeed.Versus Height 

Example: Suppose your anemometer 1s mounted 50 feet 
above ground level, but there is a grove of 30-foot trees just 
upstream. If your wind mach ine is to be mounted atop an 80-foot 
tower at this site, and th.e anemometer measures a mean wind speed 
of 10 mph, what is the mean wind speed at the machine height? 

Solution~ First you have to correct the machine height and the 
anemometer height for the grove of 30-foot trees. Subtracting 30 
feet from each of the respective heights, the effective machine 
height (h8) is 50 fe-et and the effective anemometer height (h~ is 20 
fee_t. Assuming a surface friction coefficient a= 0 .28 for wooded 
terrain, and reading down the column marked "0.28" in the table ot 

I 

height c_orrection factors, we find that HA = 0.892-'rand H 8 = 1.153. 
Thus. the mean_ wind speed at the position of the wind machine is 
expected to be: 

·' 

; 

1 .1 53 
Vs=10 X - - ·-

0.892., 
= 12.9 mph . 

If there were no trees ne~rby (l~vel country with only,p.n occasional 
tree), and the anemome_ter measur-ed ·1 0 m·ph at 30 feet hig-h. the 
mean winds peed at the 80-foot level would be, assuming a= 0.1 6: 

.. : 

! ' · 

1 .170 v B = 1 0 X ·- - -· . 
. 1 ;000 

= 11 .7 mph. 

So the extra 50 feet of tower height gains you only 1.7 mph in mean 
wiridspeed over level terra in. But remember that wind power is 
proportional to the cube of the windspeed. The wind power 

, availabie at the 80-foot level is 60.pe,rcent greater than that avail"able 
...• , i/ . 

at 30 feet. · · · _ .-·· . 
_____ ... 
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.------ ---·--·----- ··--···--··--····---- - --···--·- - -------------,.-···-

,, HEIGHT CORRECTION FACTOR , H 
r-----~--------------------~.--------------------------~ 

Height Surlace Friction Coefficl.ent, a 

t--(tq ---o..:..1o~Jo~~~-0.1~a. .. o.2oo o.22o o.24o o.2eo o.3oo o.4oo 
10 

15 

20 

25 

30 

35 
40 

45. 

0.895 0.8~? 0.839 0.802 0.785 i 0.768 0.735 0.719 0.644 . ' 

o.933 o.9o8 o.895 o.87o o.858 o.846 I o.823 o.812 0.7:57 

0.960 0.945 o.937 0.922 _0.914 0.907 \; 0.892 o:a85 o.8so 

0.981 0.975 0.971 0 .964 0.960 0.957 L 0 .. 950 0.946 0.929 

1.000 1.000 1 .ooo 1.ooo 1.000 -, _ooo ! 1.oop 1.000 1.000 

1.016 1.022 1.025 1.031 1.034 1.037 I 1.044 .1 . 047~ 1.063 

1.029 l .041 1.047 1.059 1.065 ~ 1.071 . 1.083 1.090 1.121 
I 

l.-041 - 1.C)58 1.067 1.084 v1.098 i 1.102 1.120 J.129 1:176 
, ' 
\ ( ' 
i 1i 
I ~ 

h' I 

5o· · 1.052 1.074 1.085 1.101 . 1.118 ! 1.130 1.153 1.165 1.226 
j------+----+-- ---1-- ---t--:r' --~----!----t-:----t-----t-----'--1 

55 

pO 

z _ , • 1 

1.062 1.089 1.102 1.12ff 1.142 1.156 "1-184 1.199 1;274 

1.072 1.102 1.117 1.148 1.164". 1.190 1.214''' 1.231 .. 1.319 . 
s5 I 1.o8o 1.114 , 1.1~2 1.167 1 . 18~1 1.203 11.241 1.261 1.362 

70 . ! 1.088 1.126 ! .145 1.184 1.204 , 1.225 1.267 1.2-89 1.403 

: 7~ i 1.096 1.137 1.1?8 1.201 1.22'3 1.245 1.292 1.316 1.442 
~ -·······-- ·--·---- -- ··-····---t· . . ...... . .. --··- - · ... •···--1--- --t-----l----+----t- --t-----,..j 

80 i 1. 1 03 1. 14 7 1. 170 1.216 1.2~0 ! 1 .265 11.316 1 .342 1.480 

es I 1.110 1.157 \· 1.181 ·1.231 1.2s7'""t·.! -283 
1
.1.339 1.366 1.516 

I I . I 
I 90 1. 116 1.166 1. 192 I 1.245 , 1.273 i 1. 301 . 1.3{?0 1.390 , 1.551 

1 95, 1.122 1.175. r 1_.203 · 1.259 i 1.288 -
1

i 1.3·18 11.3aol 1.413 1.585 
' ' I I ~~~-r--1 ~ ~~~ 1 ~~~ l : ~~~-~+;-272 

1
, ~-~-3-~ _1,,,.....· 3_35--+-_1._4o_o-+-_1._43_5-+-1_.6_1_a-i 

! 105 i 1.133 1.192 ., 1.222 1 1.284 , 1.317 i 1.350 1.420 1.456.. , 1.650 
110 1.139 1.199 1.231 11.296 . 1.330 I 1.365 1.438 1.476 1.681 

115 1.144 1.201 1.240 i 1.308 ! 1.343 . 1.38o 
1

. 1.456 1.496 1.'?11 

120 1.149 1.214 1.248 i 1.319 I 1.356 1.394 1.474 1.515 .. 1.74.1 

125 1.154 1.221 1.257 1.330 1.368 1.408 1.491 1.534 1.769 
--···--.---·-----j~·--- ·--- --- - · .... ---+-~--1---+----+~---J 

1'30 
i 

1; 158 1.228 1.264 1.340 1.380 1.421 1.507 1.552 1.797 
135 . 1 1.162 

I 14o I 1. 1s7 

J 145 I 1.171 

·L. 1so .· l1 . , 75 
--·--- ···- ·- . - ··---··· 

. 
1.234 1.272 1.350 1.392 1.434 1.523" 1.570 1.825 

-_1.24 i_· 1.280 1.360 1.403 1.447 1.539 1.587 1.851 

1.247 . 1 . 28~ I 1.37o 1.414 1.459 1.554 1.604- 1.878 

:~~-~~-- ---~-~29_-:J1 .379 1.424 1.471 1.569 1.620 1.90~--

() 

·--- ·---· ···· --·---

I·· .. ... 

\ . 
\ 
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Wind Power Tables table contains the fo llowing information: 
} . State or province (obvious abbrevia-

. I 

. tions); 
This ~Appendix list~ .--monthly average wi(1ci 2. Exact tbcation of the measuring station; 
power data for::d#§2 stations ill -,the United ,3 . International station numb:8r; 
States and southern Canada. ThesE;} data , ,tf ~ Latitude in degrees and minutes (3439 · 
have been eXtracted from th~ repprt Wind ··· means34°39' N); · -

' ,. 0 

Power OUmatology in the Unitec;i·States, by 5. Longitude in degrees and minutes 
Jack Reed (see Bibliography);. they repre- (8646 means 86°46' W); ' 

-. .. 
' ! 

' 1 

sent averages over at least 20 years·of Wind 6:Average apnual windspeed, or mean 
measurements ma<de at airports and weather windspeed , in knots (To cGnvert to 
.stations. Average monthly and yearly wfnd mph, multiply by 1.15); 
power available at ·these sites is listed irl- .7. Twelve values of the monthl-y average 

.• units of watts per st-1uare meter~ multiply by _ wi_nd power available, in watts per . 
0.0929 to conyert th~se numbers to watts -. - sqs.1ar·e meter; · · 
''pef square foot. ·· ~t~ ·. 8 ~ Average of these .twelve. mont~ly 

These data have ri6t1 been corrected - . averages.' ,_ · · 
- J~~; ;·t . ,y;t.... I • 

·for the various heights above ground level · ·'The most common ly used abbreviations 
.. -

of the a~emometers used for each ll)easure- for the location (#2 aboye) q.re: 

·· .... 1 

-~ ' 

r:nent
1 
They also reflect many possi_ble dis_tor- . APr- airport 

tions in the wind pattern§ caused by natural AFB -· Air Force_ ~ase 
terrain f~?,tures and nearby buildi",ngs and ~ AFS ~Air Field Station 
trees. Thus, no particular set oLthese data·-··· ·. ,lAP' ·. :~·:'. , ntetnational Airport 
can .be blindly accepted as n~pr.eseJi.tative ,~· .· ,:; "IS -. · i·sianct 
of a particular re@ion. l"pey d-®, ·tioweve~.... .c NAF -·· Naval Air Field 

... _ .... 
-~-'" ···. 

-./?·· 
~--·· 4'-•··· ~ . 

_,.. ,. ----f :>~- '.- t. 

provide a rough idea Df the wind' power ·~~ P.T- point --
available ar]~t· the month~y-~ariation·'tn wi'nd' .. , WBo-··__ Weather Bureau Office. 
power a! a farge number nfc.sites , By com- r:'"TrY to contact the actuaL station for more 
parison of your m~asurements with those of dB-tailed information abowt local wind pat- '\ 
nearby sites in these tables, yoy., can obtain .terns. Jack Reed's report. is also,t~or'th a 
a better idea of the patterns to expect at your cfoser look. Besides th.f:l data presented in 
own_ site. tbfs table, th.is report c'ontains rough wind-

. ~ . 

/ -
... .. - l ~- • 

: _.., ..... _ 

;,if ---~-

- ~ 

~- .... -:· -
.. ·; _If• ' ~- .. 
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'The measuring stations a_re I is ted by. -·speed distribUtions-the percentage of time 
· - region within each state or province; states each mo\)th that the windspeed was re-

··' . -·- -· ,.; ,. ~- .-;: 
ar~ liste~ first )n alphabetical order, followed co~d~d in·· each of eight different speed 
by Canadian prdYiQces. Each line of the ranges-for each station listed here. ' · 
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• >. 

,.. 
. MONTHlY AVEBAGE WINO POWER IN THE UNITED STATES AND SoYTHERN CANADA 

;·:,._ t 

' -" " . ' 
Wirid Powe~~ Watts per Square Meter Ave. . .- ~··· -

?-~ Speed ,. -State Location Lat Long Knots J F M A . ..... , M ;j J A s 0 N D Ave. 
i. i--

\_ ·, 

~)6 Huntsville -' 3439 8646 - 6.6 80 109 118 87 48 37 29 31' 
li.L· 

'A so 78 87 6G. 
I .. 

' AL Fol-ey 3358 . 8605· e.o 133 182. 153 174 142 •106 13 66 1Gl9 96 l~G llS 122 .. ~ ' ~~"! 

I .. 
: 

\ AL ~adsden 
.. .• 33~8 8605 5.8 . 84 104 114 99 43 34 25 21 . 4\0 45 63 G:3 Gl ~ 

,. :;;;,. 

6~ AL Birr:tingham li.PT 3334 8645 7.3 127 157 156 1~7 so 64,, 49· 44• 69 lOB 106 ' 97 ' 1 
\ 

AL" TUsca loCisa, Vn D 'Graf APT 3314 8737 5.1 79 79' 93 -· 69 33 ' 21 15 21 28 36 55 69 49 4 

! --·-· 
' AL ~_el-m a, Craig AFB 3221 8659 5.7 74 86 91 69 ' 42 34 i~- 29 26 37~ 31 48 54' $1 ·' .-, - - ' ':1' . 

.;-r· ---
:P._:;·. 

.---
~ontgomery AL 3218 8624 6.1 74 90 as 68 39 35 34 •:::·;·. 26 39 :··, 36 51 62 53 --· . 

' I 
I AL Montgomery, Ma:xwell AFB 3223 8621 4.8 58 67 69 51 28 25 20 19 27 ( 26 39 45 39 ,. 

• A.L Ft. _Rucker, c.,irns MF 3116 8543 4.7 40 50 55 41 23 18 ' 12 12 19 19 29 35 30 ~ .. , ... 
-

A.L Evergreen 3125 8702 5.3 
-

66 69 78 57 
' 

29 18 17 17 21. 
; 

24 38: 51 .40 
I 

.. " 

AL .. Mobile, Brookley AFB 3038 8804 7.3 ios 104 128 119 ·' 94 ·sa. . 43 41 .. 69.~ ... \51 12 .. 89 a.o-
' - -- - -- --·· --'t/ . . -•. •· . I ' < - .. ·- -~---------- --· 

' . 
2i7 

·. AI< Annette IS s'so2 13134 9~5 320 264 216 199 110 97 71 77 128 324- _;.,<19 199 
·' ·-· 

.. ~ - . - -
~: ~-

•. 
·' ( ' ' ~ ,. 

AI< Ketchikan -
5521 13139 5.8 59 53 42· 52 47 37 38 . 44. 43 67 75 ... is 57 

' ... -- -- -~---··.- ·• ·'<•••"'"'-·~·-.-·-·-·-·-·""""'''"''"''.....-r~~-·-·"-.:..<7...--_..._. ~-r ··--- ..... ,.,., 
.-. . ! .. ... 

AK Craig 5529 13309 7. 9 lEl's lS9 167 132 82 '95 71 55 113 186 174·'· 165; 128 
-· ; · --- ·- - .. '·-

AK Peter-sburg ' I 5649 13257 3.7 26 40 37 41 32 23 22 22 24 29 22 21 33 
' 1 

AK Sitka 5703 13520 3.5 109 26 34 42 27 23 22 14 34 .,44 46 93 37 
' ' 

·1 

134 123 127 67 108 170 157 159 115 .14.K June a~.- "PT . 5822 13435 7.5 119 95 70 60 

AK Haines 5914 13526 e.o 2ta 202 203 140 74 Gl 94 54 72 160 238 159 146 
\ 

Adapted by Dr. Richard Schwind from Jack Reed, Wind Power Climatology in the United States 

------------· 
--:r 

,-, . ·• 
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{' 

S~te "-ocation, 

I At Yakutat "'" 
I 

; ... 
' -
~ Middleton rs~AFs 

i· -, 

' AKl Cordova, . Mile 13 APT 
j 

! 

~ Val<;lez 
! 

/ 

l 
AK Anchorage IAP 

II Al( Anchorage. Merrill Fld 

I AK Anchorage, E1mendorff •. 
t 

AK Kenai APT . .... 
AK Northway APT 

AK Gu1kana . 

AK -Big Delta 

AK ~-- Fairbanks IAP . -
1\l( ,Fairbanks, Ladd AFB 

';-!· -o 

I 

1 

~· -· . . , ... 

·AK 

AK 

AK 

AK 

Al< 
/ 

,;I< / 
' 

·AK( 

' 
·, 
' ' \ . .;. .. 

Ft. Yukon APT 

:t-:enanaAPT '• 

', 

Manley 
' 
Hot Springs_ 

Tanana 

Ruby 
' ' 

t"',alena APT 
;: 

~alta9 

168 
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Ave. 
Speed 

"'· Lat Lo~g Knots J F 

5931 13940 7.0 177 144 

5927 14619 11.9 625 597 
' 

" 

6430 14530 4.4 46 48 

6107 14616 4.3 72 28 

6110-; 15001 5.9 6.1 95 
1 ~ ..... ~- . 

: '~"'. 

"" 6,113\,~ 14950 4.9 57 66 

AFB 6115 14948 4.4 46' 60 

6034 15115 6.6 96 109 
--- ~~ - ~-; 

6257 14156 3.9 16 21 
·:lo 

6209 14527 s:a 4S 88 

6400 14544 9,2 447 322 

6449 14752 4.3 10- 16 

6451 14735 3.5 10 17 

6634 14516 6.7 )0 4'1 
~ 

6433 14905 - 5.1 68 44 
c, • 

' 
-~ ' 6500 15039 4•8 76 54 

~ 

6510 15206 6.6 :a 2 : 85 
, 

.6444 15526 ~6 .-5 58 133 
' ' 

16444 1'5656 5.4 156 69 
: 
'· ! 

6420 15845 4. 7 46 Ht3 

· ---~--

------------.._.____ 

M A 

114 100 

468 355 

42 41 

75 41 
,-

48 61 
' 

29 .27 

so 41 

94 66 
I 

130 44 

85 105 

239 147 

25 37 

\ 28 

64\ " 81 
-'!''" 
l 

48 : 45 

84 ·109 

89 . 83 

119 84 

66 77 

26 
,-

81 

r:·.' 

Wind Power, Watts per Square Meter 

M J J 

90 71 56 
·' 

238 141 96 . ' 
37 23 18 ,. 

·' 

36 16 13 

108 76 
~ 

61 

41 40 23 

40 3'4 24 

61 63 56 

40 42 33 
~ 

111 98 83 

148 85 68 

50 44 33 ,_ 
• , 

38 35 23 

91 84; 86 
~ . ' 

46 34 ~: 27 

93 99 ':53 
~-··· 

56 53 47 

40 51 46-

51 53 48 

,31 33 30 
--

A 

64 
' 

·i 

134 

l"' 

7 

52 

22 

22 

54 

32 

100 

102 

29 

~'-29 

81 

26 

{.'' 

42 

29 

42 

61 

-.. 
' 

~-
. .. 

28 

s 

96 

243 

32 

7 

46 

30 
" 

26 

53 

27 
.• 

95 .. 

163 

28 

23 
' 

74 

33 

63 

so 

64 

61 

37 
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' ' 

0 N 0 Ave. 

~81 l8J 169 114 

519 see 608 376 
~\ 

53 47 48 36 
• . 

"' 
45 ' 100 ~ 7 2 53 

38 38. 50 61 

30 59 23 37 

30 46 l3 36 

83 85 80 74 

22 18 !.6 28 

76 48 40' Bl 

209 :!00 333 215 

' 22 13 10 2'1 

24 12 9 23 

52 31. 31 6( 

42 45 44 - 42 

104 62 52 62 

64 56 - eo 73 

76 • , 0 .__J 54 -:9 

59 59 49 59 

56 40 51 56 

" . " 

. .. , 
' • ..... .. .. 

; · 
I 

i 
I 

. ' 
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Appendix 2.3: Wind Power Tables 

State" 
-~ ... 
~-· 

. ·-·· 

Location 

Unala~leet APT 

- --·· 
~oses Point APT , . 

Golovin 

• . ' -·· 

Nome Pt.PT -----------

Northeast Cape 1\FS 

169 

·~ . 

. .. MONTHL Y.AVERAGE WINO POWER IN THE UNIT£0 STATES-ANo·sounn:FfN CANADA . -
... -··-- '"'''· ' '· ' -" ' '''··- -· ...... -----------·- ---:-~- ~ .. --_·· · - ~ ... ~ - - - ~---- - - - -.- -·-· - ·-········· .. ----------------··· ·-···--· ··· ···-

Lat Long 

6353 16048 

6412 .16203 

6433 15302 

6430 15526 

63.19 'l6858 
-

Ave. 
Speed 
Knots 

10.5 

10.6 

9.6 

9.7 

11-0 
-- ---

. . -

Wind Power, Watts per Square Meter . 
J F ~ A M J J 

I 
A s . 0'1: N D Ave. 

520 502- 336 191 112 96 1i6 146 175 234 395. 376 Z65 

329 363 275 . 279 149 129 181 2J3 217 222 246 
/ 

188 229 _ '2~6 250 142 li7 178 26~ 271 259 359 256 Z36 

328 

468 

308 
'~ 
' 

263 

-~ 

228 ~25 i~J 119 

246 347 239 137 

117 162 
j ',1 

218 240 

199 230 138 217 
. ' 

3'87 328 

..__.:.....______....:.._ __ .... 

---!{'j.n City 1\FS ___ - ,-6-5~"4- ~o755 
~------···------...........---

763 919 811 6,58 42~ 271 260 334 352 522 722 _726 549 

AK 

AK 

AK 

AK 

't<otzebue 

cape Lisburne 1\FS .. 

Indian Mountain AFS 

Bettles APT 

Wiseman 

Umiat 

Point Barrow 

Barier rs 

Spa."rrevohn AFS 

McGrath 

Plat 

Aniak 

Bethel APT 

~-· 

/ 

6652 16238 455 418 310 294 161:~ 187 ;212 
., 

234 2213 270 397 366 291 
•. 

6853 16608 10.5 432 268 335 266 227 210 303 216 26~ 432 444 333 . ll4 

6600 15342 

6655 15131 

,6726 1.5013 
. -

6 922, t,s~oa 
- ! r, 

j 

7118 15647 

' . 1008- --l433B 

~106 ~53~-
:_ ~\ 

__ 6258 -15,537 

625J·. 15557 

6229 15805 

' 6135 15932 

.6047 16148 
I 

s.4 11s 113 sa 
·# 

6 .3 28 44 57 

3.1· ··2e 26 16 

6.0 

10.5 

11.3 

4.7 

4.2 

f13 121 

215 194 

512' 468 

69· '73 

13 27 

43 

162 

379 

108 

29 

58 

62 

15 

77 

167 

279 

76 

37 
'l \ . 

4.4 25 37 36 37 

e.i .. 
206 - 266- 205 150 

< ' 

57 37 JO ;>"36 52 86 

66 62 44 38 43 43 

24 15 23 14 "12 12 

eo\. 
... \ 

t&-4 

216 

47 

' 
39 

30 

116 

93 62 53 

143 145 208 

145 123 208 

35 36 41 
-~1 ' 

35>· .· 34 3-5 

27 ,27 
' 

57 51 

:Zll 25·8 

287 470 

54 63 

J2 24 

100 lOB '-143 168 

5.6 

9.8 

51 5'9 63 59 49 34 41 ; 47 

-
22~ 258 2-24 

~ 
166 12 5 108 110 137 ·. 140 158 

i 
' ' 

!!.• 

...... 
1-

95 104 \ 70 
.)h4>.' ''' " '' \ 

4l // 4i 48 

u:· 16 23 

121 

286 

486 

74 

15 

78 7fi 

193 l9Z 

425 341 

12 27 

21 31 . 

185. 184 .. t72 ... ''· ' ... . ' 

47 42 40--- -~- -·-

185 211 171 

r---·~-

=--···-~~-· -··-· · 
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MONTHL Y AVERAGE )VIND POWER IN THE UNITED STATES AND SOUTHERN CANADA ·' 
... 

' . Ave . Wind Power, Watts per Square Meter 
·' Speed - -·- .. . --- - - -

-- ··-- ·-- -

LOCation· ·' State ' -. .Lat- ---·l:ong · - - Knots--- - J - F M A M ,J J A s 0 ~- 0 Ave. -·· -.. - .. 
.. .. -

.. 
~ 

AK Cape Romanzof .AFS 6147 16602 11.7 692 699 4_93 
I 

476 246 124 110 154 234 . 305 520 654 Jeo 
;, 

.AX Cape Newenh~m AFS 5839 . 16204 9.8 400 371 330 288 168 119 10\ 142 165 212 300 315 241 . 
< I - ---- -

.. - ·' -

. ..AK.. ---~od.i.a~ ·---·· ---- - --- - -5-744 - 15231 -a-:a· 328 271 258 198 
l 

124 87 S2 77 120 210 2'14 321} 199 
- ·~ - . - . 

AK King Salmon A~ 5841 15639 9.2 250 260 235 180 182 138 92 139 156 180 230 :t06 l9l 
--- -- · I I 

•' I ' 

AK Port. Heiden AP'l' - ~57 15837 12.9 576 564 493 361 289 273 22S 381 466 51 439 565 429 ' 
' 

Port .. !!tol1or 5600 - 1:6031 8.8 158 16~.-- 171 195 
•· 
135 144' .·· Al( 81 1013 164 222 26'0 219 172 . 

~~·- .. · 
...... -

N< Cold Bay AP't' . 5512 16243 : 14 .. 6 - 7:16'" 
... 

731 ·699 ' sao 506 455 426 Sp7 46"2 606 652 631 573 
~ - ·-~ ~ .. ~ ... -. : . 

...... _. ... 

A.1C Dutch Harbo-r · NS . ·-5353 16632 ' 91£ 355 376 . 29~ 223 135 125 69 ·1os··. 169 l90 419 266 233 .. i 
__ .-:;.._ . ·~ -- _, . 

Driftwood 5..358 16~'5'1..:__ . . @ -~0 .,,•· .. 204 203 154 " 77 
' .. 

.. AX Bay 148 115 •72 88 71 120 161 . 182 .. ~31 
' -· -- - ... - '"' ... -· i 

4-~ -AK Unnak IS, ·cape AFB .. 5323 16754 13.5 . 6'51 688 _5_77 514 454 251 163 249 466 603 -606 ~23 
/ -

--- , _ - - - ... ---· - - . - .. / ' -- .. - --- ~ - -- / - - - - - · · tf _. 
f6"647 66'2 

-
AX tliko1ald 5255 14.0 538 560 532 566 437 321 239 283 361 634 732 482 -
AX Adak 51:'5"3- - -1"7638 12.2 426 467 528 453 366 223 218 258 331 502 - 4~H 525 404. 

.I ' -.- < 
. .. .. . ... ·-----·-··· . ... ---- ------ . . . . . . . .. . - --. - - -- · ~- · -~ - . .. .. -· ·-. ·· ···-

~ Amchitka ( IS 5123 17915 18.0 1764 1517 1418 1062 653 448 405 457 740 1053 1165" 1569 ·1o2s 
;_.-·· • . , • . - . - -- ·--=-~ -....... , • ..:;.:~~---

AI< N:.t~ ~xs [ - 5250 17311 . 11.2 ... . S s l . .... . 5.82~ . ---5-Cla-- -403· -.. -.-2-35=- -i-6-Z..--~t3·S·"··---t~ ·-_=-"361) ____ .366 ~-' 4To4- 5S4 368 ... .... -- .....;.;-.,--., .... ----- __ .,_...._ ·-··-- ··"· ---- .:...::.....---. - ·-· .:~ i 
I 

! 

AX Shernya APT . 524-3 . 17406 1547 887 . 932 !_ 878 641 483 .266 235 285 432 301 977 870 633 
. .. ······ 

'· 

AK St. Paul IS 5707 17016 15.0 758 867 684 SlB 355 207 175 282 399 693 .691 791 . 547 
. 

AZ , Grand .. canyon 3557 11209 6.2 38 43 49 71 66 55 35 . . 31 57 58 44 28 49 
. . ' 

M: Wins1o.~ AP'l' 3501 11044 7.3 104 104 232 169 l~l 141 93 77 · 63 73 63 ' :'- 78 • l ll 
' ' 

-- -
P\tttiam 'l'.ff · - 3soa 70-

.. \,69 AZ - - -Plaq-• ta-f-f .- 11140 6.4 71 96 95 93 86 40 ' 33 52 ' 56 69 69 . 
-~ , __ I . 

l.:~ a AZ Maine 3509 11157 8.9 132 186 2l8 253 240 2.t 4 111 6S 116 178 139 1~ 1 
'· - .. 

I -· I 

" 

,, _,... ' . . 

' . 
,.. ;~· 

..... ... ,-_-, _ 

fh 

' 

.. 

.... 
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State Location 

Kingman 

AZ Pre_scott 

AZ Yuma APT 

AZ Phoenix 

Phoenix. Luke .1\FB 

AZ- Chandler. Williams AFB 

AZ 
' ' 

171 

MONTHLY AVERAGE WIND POW-ER IN THE UNITED STATES AND SOUTHERN CANADA 

Lat Long 

3514 11233 

35I6 11357 

3439 11226 

3240 11436 

3326 11201 

3332 11223 

3318 11140 

3207 11056 

Ave. 
Speed 
Knots 

-:'t 

7.5 

8.9 

· 7.s 

6. 8· 

4-8 

4.6 

4.1 

7.3 

J F 

111 '116 

126 156 

54 95 

55· 62' 

16 28 

21 :a 
;_,l!· 

17 21 

71 59 

M A 

l54-e.2-01 
,, 
' 172 ~03 
' ' ' 117 ~144 

' 
68 } 77 

' ' ' 34 ~ 39 , .. f 

M j 

142. 126 

15:3 166 

138 124 

71 69 

37 35 

82 

126 

75-

93 

41 

28 

52 49 43 

35 34 33. 
i 

69 90 87 73 175 

A 

,· 

68 

gg' 

56 

77 

31 

s .... ·· o 

86 1CO 

10 2 124 

67 57 
• 

45 40 

28'' 24. 
,, 

• 

N 0 

!.03 82 

llS 1~7 

59 44 

55 51 . 

22 

21 39 25 18 

2_ 8 __ 2_2 ~· l'=--"'8'------=;'16=--33 

54 62 78 82' 7i2 

54 62 78 82 

AZ jTQcson, Ollvis-Koot:h'an_AFB .32lO 11053 5'. 7 ' 48- ·•· 48 57 63 60 51 35 42 40 43 45 

41 .AZ 3l:f4 11020 5.7 

AZ )Douglas 3128 10~937 •,' . 6. 4 84 
~ 

AA .}Walnut Ridge AP"l' 36oa~ 9056 G.o 93 

AA Blytheville ~--. ----........ -. 8957 85 

59 84 
I .,...... 96 66 

94 166 143 128 86 

81 103 104 58 44 
Q 

106 108 lll 66 41 

19 27 30 34 

61 46 47 63 62 75 . 

27 22 28 43 64 75 

26 36 39 . -~-+~-~-- ·-~·- ---·--·~ .. -,,.,.·~··..,...--

1,.. 
25 .. 67 71 

75 

71 

49 

\. · 
AR 

AR 

Pt. Smi ~h APT 

Little Rock 

3520 ~942 2 

3444 
,, 

AR Jacksonville, Ltl. Rk. AFB 3455 

9214 

9209 

AA · ,: _Pine Bluff, Grider ··.rld 3410 
.. -

9156 

AR Texarlc~na • Webb Fld 3327 9400 

C.A . :'Needles APT· 3446 11437 

,, 

7.4 

7.6 

76 

82 

~.a 61 

6.5 102 

86 116 104 

91 105 

67 . .85 

89 102 

96 

70 
.. 

87 

7.7 , 92 108 128 115 

Bt' 62 

70 58 

47 34 

51 39 

77 69 

51 45 ' so 

46 46 48 

28 24 28 

31 29 35 

48 49 62 

6.7 lOB 125 128 112 108 98 67 67 58 

I . 

66 

50. )3 

29 45 
., 

45 71 

61 74 

81 

87 

78 llJ 124 

Ave. 

ue 

95 

29 

34 

'74 

74 

49 

SJ 

87 

62 

65 

73 

70 

64 

80 

' ····-.. -·--.. ~ 

·, . 
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MONTHLY AVERAGE WIND POWERIN THE UNITED STATES AND SOUTHERN CANADA 

State Location 

CA El Centro NMS 

CA. "l'hermal 

Lat Long 

ll54t 

11610 

Cl\ Imperial Bch. 1 • Ream Fld 

3249 

3338 

32~4 11707 

CA San Diego, North IS 

CA San Diego 

CA Miramar NAS 

CA San Clemente IS NAS 

CA San Nicholas IS 

CA- Camp Pendleton 

l c~ OCeanside 

I CA Laguna Beach 

I cc: __ _!l Toro . MC~S 
I n Santa Ana ~AP' 

j c~ 
I CA 

-l CA 

1 CA 

Los .a.li.rni tos liAS 

' 
Long Beach APT 

-Los A.ngele 11 IAP 

Ontario 

Rivertide. March AFB 

3243 11712 

3244 "11710 

3252 11707 

•· 3301 11B3S 

3315 11948 

3313 11724 

33.18 117 21' 

.333~ 11747 

. ~~~~-- J 3.4 0 ... 11244 

·3342 ' 117 so 

3349. 11807 

3349 11809 

3356 11824 

1404 -111737 
("' 

)J5J . li7l5 

CA San Bernardino, Borton APB 3406 11715 

CA Victorville, George AFB 3435 11723 

Ave. 
Speed 
Knots J F 

. 7. 7 98 126 

9 .l . ,' 66 79 

51 
,r; ,_ 

s. 9 .. 4-e 

5.3 

5.4 

4.4 

6.3 

5.2 

e.o 

s.o 
... 4.8 

4.6 

4.g 

4.9 

5.9 

7.7 

32 41 

30 33 

23 24 

53 72 

152 :-t-99 

30 35 

129 122 

35 le 

45 38 

43 43 

36 39 

27 40 

40 57 

36 117 

35 43 

43 43 

·. 

Wind Power, Watts per Square Met,r 

M A M J J A s 0 N 

. / 

171 208 225 189 

153 

80 73 79 e~--'9e 76 

103 149 191 

54 54 52 45 

125 

35 

114 

32 

119 /~2 76 '' 63 
/ 

30 J l 43 42 

56 

40 

28 

89 

295 

45 

108 

44 

33 

47 

47 

45 

56 

)0 

97 

306 

61 

82 

37 

30 

46 

44 

48 

49 41 33 32 

47 29 -,, 
'2~ 19 16 17 

'., 

67 "~a 33 32 

"" 348 244"-""161 166 

53 43 ',~""" 44 
', 

35 

27 

31 

25 

18 19 

~3 ' 32 

-164 140 
! 

36 24 

67 

30 

59 49 '4_9 64 66 

26 

37 

41 

43 

...... ,,...._, , 

30- 27 26, ,, 25 25 ,, 
22 19 19 1~,, 23 

31 

32 

35 34. 32 31 27 

JO )2 

22 21 

20 2~ 

54 69 

180 159 

28 29 

96 116 

22 .32 

36 43 

43 

37 

29 -< 26 
' ' ,_ 

Ave . 

127 

111 

43 

39 

:n ··-

22 

. 55 

209 

3B 

87 

34 

28 

37 

34 

35 

69 70 63 49 43 44 

148 124 13~ 135 

39 36 3a is 48 

""' 109 118 

40 4•4 49 51 52 
/ 

,33 2i 25 22 

92 

49 )7 

20 

71 

28 

17 

46 121 '·to J ,, 

29 32 

28 29 

4.4 

3.5 

7. 7 ' 99 134 170 183 163 135 87 85 

19 

74 70 87 90 118 
i 

/ -- ------ ·----------- --- ------'---------' 

f, 
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Appen·dix 2.3: Wind·· Power Tables 
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, \ 

..... 173 .. 
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MONTHLY AVERAGE WIND p()WER IN THE UNITED STATES AND SOUTHERN CANADA 

Long 

3452 . 11647 

3541 

3455 

11741 

11754 

· Ave. ' ... 
SptMid 
Knota / .:J ·. F 

' 

9.6 94 ~ 17 3 3iS 

156. 238 
,, 

. . -~. 
.Wind Power, W•tt• '*' SqU•re .._tar 

A M J J s 

290 355 236 177 159 145 

249" 225 186 114 126. 111 
I 

' 
7.9 

121 

90 118 187, '206 236 2 30- 1.55 .• l31 99 
' 

·, 

'/ 

". J 

0 N ·0 

121 107 

124 103 93 

87 82 B~ , . 

ralmdale 3438 

3438 

11806 

11805 

tls32 

163 205 226 267 315 328 2.54 

173 

200 

141 

165 .'158 lJO .· 109 

121 146 233 234 234 2.29 107 
' 

3423 lOS 128 88 96 96 108 . 101 68 67 

10" 

CA 

CA 

CA 

CA 

CA. 

CA· 

CA 

I CA 

V'andenherg. C90ke AFB 

~ 

2t._ Arguello 
\ . 

·,_ 
..... . 

. 3413 

34ij 

3407 

3454 

3444 

3440 

11830 

11905 

11907 

12034 

12035 

4 .. 6 

4 .4. 

. 5.6 

6.1 

7.2 

lOS 

63 

100 

75 

62 

72 

3~14 

3526 

1203.9... ___ ..6.. •• JL __ 60 

Este:to 
'f . 
I 

· ·P_as6 Robles. Sn Lli Obispo 3540 

12052 

1203'8 

Jolon 

~onterey NAF 

Ft. Ord, Fritzsche 'AAP 

Taft. Gardner Fld •. 

Bakerstiel~, Meadows Pld. 

3600 · .. 12114 

3635 '121S2 ' 

3641 

3507 

12146 

11918 

3525 . 11903 

4. 3 

. 5 :~ 

~.8 

5.0 

5.-7 

4.4 

83 

34 

9 

30 

30 

20 

5.4 '· 27 "· . 
i 
' 

82 

79 

80 

67 

lOS 

69 

66 

39 

~ 

33 

31 

18 

·-.....,, 

66 

49 

71 

114 

99 

138 

134 

69 

57 

10 

45 

46 

20 

50 

46 

. 78 

94 

.,: 97 

135 

127 

76 

76 

6 

48 

61 

29 

55 

43 

43 
.I 
51 

93 

115 

133 

21 

26 

33 

93 

67 

79 

146-. 17 3 

60 

105 ' 127 

-ll 
I.~· 

11 

Sl 45 

67 63 

45. 46 

69 65 

-~----~----------~------------------------------------~-~· --------~---' ~ \ 
' \ 

. •. 

22 

! 20 

26 

63 

34 

58 

19 

19 

26 

s; 

33 

'54 

19 

2S 

56 

41 

51 

lOS 120 ·· 131 

22 

106 

8 

'35 

66 

31 

47 

_,..-r 

31 . 42 

B 
\, 

32 

59 

22 

43 

59 

6 

23 

41 

19 

34 

·q 

10~ 

76 

31 

35 

66 

51 

7~ 

129 

47 

42 

4 

113 1:!2 

10) 90 . 

90 69 .· 

50 76 

15 - £2 

se-

76 

91 

66 

89 ~ 7 3 

44 

32 

6 

77 

30 

; 6 

21 c 20 
I 

JC. 

34 

-16 

25 

25 

18 

24 

Ave.· 

' 187 
t:t-

1SS 

!41 

16 3 -

49 

·.41 

55 

85 

ltS 

53 

'64 

7 

35 

26 ... 
-41 

· ... -.\ 
~ :l. 

.. 

~ I 
J 
I 
I 

-.. 1 

I 

J 
r'] 
t . ·-1 
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CAN.ADA 

.···.! 

state Location Lat Long 

CA Sa.kersfield, Minter F1d. 3530 11911 

CA '· Lemoore ' NAS 

CA Fresno, Hammer Fld. 

CA Bishop APT 

CA Merced. castle AFB 
- ~~--

CA Livermore 

CA 

CA 

CA 

CA 

CA 

CA 

San Jose APT 

sunnyvale, Moffett ~ld. 

s~n Francisco !AP 

Farallon IS 

Oa1<lar:Id · 
'Jii.,y 
49 

-3620 11957 

3646 11943 

3722 11822 

3722 12034 

~/74 2 ·1214 7 

3722 12155 

3725 ·.· 12204 

3737 12223 
If 

3741) 123oo'1 

3748 

3744 

12210 

12212 

9-an Raf lton AFB. 3804 12231 

'·. CA 

CA 

CA 

CA 

~ 

CA 

CA 

... .-_ -:: 

r~!i,--._ - >x~ '_.-~ .'" 
sacra'men to ' .. . ·.·• . 

. '<,':' i . ~· '(, '·~;. . 

Sacrame~to t .. Ma~her·'&f.FB 
.. ' ,, \ 

J816 12156 -

3855 12342 

3831 ·121.30 

38j4 121-10 

Sacramcn~o, McClelian VB 3840 12124 

Auburn· )82_7, '12104 

Blue Canyon APT 
/ 

··~· / 
Donner Swnrnit. /:/ 3920 

Ave. 
Speed 
Knots, J F 

31 

4.8 21 30 

s.s· 24 "28 

M 

38 

38 

42 

Wind Power, Watts per Square M.;~er 

A M J 

49 61 73 

40 ' 45 47 

48 c 60 ' 62 

J 

38 

35 

42 

A 

25 

29 

33 

s o . 

22 21 

25 27 
p . 

2s 23 

7.5 74 106 161 145 1~9 100 80 . 81 85 101 

6.0 56 66 72 74 " 69 1e··. 59 52 . 44 44 

7.9 109 108 115 124 158 180 173 143 107 85 

6.4 51' 47 61 61 86 84 52 43 . 46 34 

5.4 47 so 54 . 59 62 54 4!. . 35 
. 

N D 

19 25 

1a . 19 

p . 20 

88 

34 

€.4 

45. 

32 

80 

42 

71 

47 

56 

9.5 9'6 129 183 228. 268 280 236 211 171 141 so 91 

9.6 61 406 287 193 188 2()8 100 91 83 • 106 204 17 s 

7.4 

6.8 

92 

52 

94 

75 

122 

77 

4.8 51 52. 54 

10.7 114· 153 

13. 0 40 1 '3 98 

7·8 145 145 

6.0 117 108 

6.5 107 102 

176 

361 

126 

89 

98 

.a .4 ~ 106 149 l(f9 

16,8 

' 
i29 

_, , .· 

;"!. 

125 

92 

52 

129 

101' 

50 

232 347 

488 500 

118 116 
_..;, 

69 63 

79 83 

76 

106 92 

269 266 

124 

98 

so 

488 

614 

128 

69 

90 

'75 

226 

99 

74 
-· 

97 

69 

.39 39 

577 481 

388 513 

92 . 83 
· , 

56 45 

62 56 

65 

57 64 

173 168 

65 

57 

30 

)32 

321 

64 

38 

49 

65 

154 

65 

so 

34 

182 

368 

70 

. 46 

67 

57 

110 

439 

69 . :Sl 
40 51 

32' 51 

106 

320 

61 

59 

75 

69 

91 

467 

123 

88 

84 

67 

lJO 168 

579 645 

... 
;(' ::,.;., 

Ave. 

34 

30 

lOJ 

59 

122 
1 -

54 

51 

176 

212 

93 
71 

45 

270 

421 

·95 

72 

79 

83 

122 

463 

' . ·-
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA 

-~ - ::);-. 

-~ -

'• ,, 

Lat -long 

12209 
\ 

Ave. 
Speed 

----Knots 

5.1 

-.J

I cc.A-a. . , ,Willi~-ns 
Ft·.· Bragg 

.... -. --~··- , . 

392?, ""12349 -~ 5. 9 

·' CA Eureka 1 Arkata APT 4059 

~· ~cA _ 

CA 

CA 

• 
co··. 

,. I 
co 

co 

co 
,.,... 
\..V 

co 

co 

co 

'\L co ,, 
CT . , 

. : 

Mt. Shasta 

,Re~ng 
. ...... - -

Montague • Siskiyou Co APT-
-. 

-La Junta 

Alamosa APT c."-

4116 

4034 

414~ 

4146 

3803 

3727 

38li 

Colo Springs, Peterson Fld 3849 

Denver 

"9"\.--··--~llVO::&. t 

Aurura C,o, Duckley F1d. 3942. 

Akror., 4010 

Rtfle Co, Garfield Co. APT 3932 
:':-· 

Craig 4031 

Hartford, Bradley Fld • 

'"12406 

12216 

12224 

12231 

12228 

' 10331 
I 

1055-2 

10431 

1'0443 

10452 

1 nA c::..A •v-·J--. 

10445 

10313 

6.0 

11 .9 

7 .9· 

s.e 

5.3 

8.3 

7.4 

7.7 

9.0 

"' ., 
,.~ 

e .a 
A 1 -.-
6.7 

ll .7 

10744 4.1 

1073) X-7 

7<241 7.7 

! . . 

F 

75 59 

163 172 

75· 88 

93 

456 535 

' 7l: B6 

65 130 

-~ 

Wind Power, Watts per Square Meter 

M 

64 

179 

82-

109 

349 

94 

A- M 

56 49 

112 .126 

96 - 46 

102 

309 

81 

115 

343 

sa 
120 122 --130 

J 

52 

12~ 

44 

B7 

29,7 

89 
~ 

l)t 

J 

31 

78 

177 

A ' s b N 

29 )4 39 43 

105 , l ., 
-~--

64 78 

26 25 )3 50 

39 50 61 

163 182 214- 295 

' 62 68 68 72 

76 71 
\ ·,_., . -. 

..... _ . 

·' 

0 Ave. 

62 so 

1~6 1! 1 I ' 

51 

75 75 

26 2 309 

70 74 

98 

loti_.- 108 123 115 78 63 

69 

123 

'59 

100 

50 45 -. 64 82 

51 

89 ' eo ; 
• -~~-....,J . .,U~~-'"'I)·n)~ ,,,,_f,.._;~-····~" ~""'"""-~ ...... ~ ........ "'1 ........... _,""1,...1 .... ·:~~\-., ............ , ••• -~·-"'- ; ·'"' ~ '" " "/ '~-. , •• ·- · ". ~--- ........ , . •,. ~ - ··,' 

115 

92 

101 

142 

lf7 

·.-. 

136 

110 

122 

163 

- 93 

139 

- OA 
J"T 

60 ~ 60 

216 313 

17 32: 

57 63 

115 127 

222 

195 

180 

217 

1 A C:. ........ 

204 

254 

231 

..,,0 ........... 

19~ ' 183 

't3l 163 
·-

7~9 121'' 

383 359 

37 69 

70 9.7 

142 129 

.... 

168 164 94 84 85 7'-s 139 '115 . 134 

214 

168 

1,99 

, ") .... ... ~, 

132 

112 

276 

51 

80 

96 

167 

129 

163 

, "ll, ........... 

126 

100 

239 

39 

58 

75 

84 70 

lOS 84 

99 . 86 

94 

95 

54 

226 

26 

50 

.54 

' , . 

.,, , ... 

83 

87 
' 
52 

184 

23 

52 

53 

85 

82 

lOS 

6S 

~es 

102 

51 

24J 

31 

54 

61 

·._ 

\ 

91 \ , 77 

81 

10~ 

88 

88 

51 

212 

25 

61 

74 

'\,. 

138 

..,,. ,, 

118 

126 

57 

252 

23 

56 

74 127 

104 121 

128 142 

a-, • 1-n~ 
U I •· ~\.I I 

136 126 

121 ~109 

59 

280 

15 Jl 

51 62 

100 93 

/ . 
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. 
... . MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA 

--- \ - - · .... --- .. .•. -·· ·-·· ·Wind Power, Watts per Square Meter - ·····- ·- ··· Ave. · ··-

Speed -
State location , . Lat Long Knots J" F . .. .. M A M J J A s 0 N D Ave. . , ..... ... - .;I 

' 
.. 

\. CT New Haven, 'N~ed APT 4116 7253 . . · 8.7 ll7 122 142 120 83 65 52 60 78 89 114 106 98 

l CT Bridgeport APT 4110 7308 10.4 244 2'74 256 219 158 114 96 101 139 l92 214- 251 ' -186 
('i · 

OE Dover AFB 3908 7528 7.7 1_35 152 148 125 85 69 49 49 73 78 99 104 96 
.. 

I DE ·-~ Delaware Breakwater 3848 7506 12 .7 449 570 477 430 283 196 163 190 270 4o-3 3CJ i ·110 143 

r • 
i OE Wilmington, New Castle APT 3940 7536 S.l 127 149. 175 147 lOS 85 66 59 61 ~ 1!.8 126 ·109 
j 

' J DC Washington; AndJ;_f!\o/9 Af1'/ 3848 7653 7. -r 1~0 156 161 126 77 51 39 36 45 62 101 109 90 
1 ·----- - .. 

. I -- - - - . . 
DC Wash in ton, Sol ling AFB 3850 7701 7 .5 ).25 173 171 140 84 58 45 40 51 ' 72 119 1 12 101 

.. ·•-. 
,ft -, -. DC washington National 3851 7702 8..6 142 151 163 134 95 82 . -62 44 67 85 103 107 . lOS 

1 ! 
I, 

DC washington·, Oulles IAP 3857 7727 6.7 104 115 118 111 66 42 37 . 41 40 42 66 78 68 1' 
0 ' • 

~ 

FL Key west NAS 2435 8147 9.5 158 172 172 176 122 98 78 71 133 1'33 139 147 131 
' 

·:~ 

FL Homes·tead AFB 1- 2529 8023 6.4 61 74 90 .89 72 51 31 35 66 59 60 56 60 
- . . 

~ 
·----~ -- ·- -·- , 

FL ;Miami 2548 ~eol6 7.8 87 98 '111 116 80 59 sa 54 90 88 78 79 eo 
'· 

':1 

FL Boca Raton 2622 8006 8.2 80 ' 108 125 135 109 f2 51 55 109 140 108 106 99 
~ 

FL West Palm Beach 2643 8003 8.3 123 129 151 145 
.. 

106 7g 70 6·7 80 lOS 126 102 108 

' FL Ft. My-era · 2635 8152 7 .0 9_~ 111 153 156. 104 79 59 70 99 96 90 101 101 
, .. 

·s t ' n Ft. Myerl"l. Hendricks Fld~ 2638 

B~ 
7 .1 59 68 99 91 74 39 47 76 85 se 60 69 

FL Tampa ~ 2758 823 7 .. 6 85 100 100 101 76 67, 40 38 61 - 65 1"3 so 68 
.. ... 

Macdill 
II 

67 73 62 67 67 FL Tamps. AFB 2751 8230 . 6. 9 73 95 98 83 59 51 · c' 35 40 

FL ~von Park Range AAF 2738 8120 5.4 50 51 55 64 45 30 18 24 61 73 43 48-1

· ·- .... -4-5.__ 
" r ., 1'--

FL Orlando. Herndon APT 
. 

2833 8120 8.2 .. 86 110 131 ... 120 99 8~ 
-

-~6 9 - as 91 107 .89 99 9 / 
' . 

< • " . ' ... 

•· . ..• 
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Appendix 2.3:· Wind Pow~r Tables 

State 

FL 

FL . 

FL 

FL 

FL 

FL 

FL 

FL · 

FL 

PL 

FL 

FL 

FL 

FL 

FL 

f'L 

FL 

. ' 
-r -· --~- ·-

~-

•. 
Orland<;?, MCCoy A..~ 

Titusville 

Lat 

2827 

2831 

. C_oca~ Beach, Patrick AFB 2814 .. - -- --

Cape Kennedy AFS 2829 

Daytona Bea ch ~PT ' 2911 

Jacksonville, Cecil FLO NAS 3013 

Jacksonvil l e NAS 3014 

'Mayport. NAAS . { 3023 
{ 

. \ 

Tallahassee _,. 3023 

1-!arianna 3050 

Panama City, Tynoall AFB 3004 

Crest vie.., . 3047 

va_lparaiso, Eglin AFB _. __ _ ..... · 3029 
... -~ - -- . 

Valpa._{~~_;:~:D~ - FTd 
-- - -·-·- . 

V~lparaiso, Hurlburt Fld. 

Milton 1 Whiting Fld NAAS 

3039 

3025 

3042 

Pen•acola, Saufley Fld NAS ~ 3026 

~nsacola, Ellyson Fld ., 3032 

Pensacola. Forest Sherman Fd 3021 

Valdosta, Moody AFB 3058 

Long 

8118 

8047 

8036 

8033 

8103 

8,157 

8141. 

8125 

8422 

8511 

as·Js 

8631 

8631 

8632 

8641 

8701 

8711 

8712 

8719 

8312 

---...--- . -

• 
-~ 

' 
; -

Ave. 
Speed 
Knots 

5.9 

6 .7 

9.9 

5.2 

6.9 

7.2 

5 . 8 

6 .9 

J 

... 
-,'51 

57 

127 

112 

43 

61 

82 

5 1 

92 
' 

6.7 " 79 

5.6 68 

6.2 66 

1. o·-· 104 

s.s 
7.1 

6.8 

7.8 

8.0 

4.8 

55 

107 

98 

87 

110 

40 

F i 

76 

72 

149 

141 

65 

60 

lOS 

59 

104 

101 

I 

'· 
.... : .... ~ ... : .~-~- -~ .... ~:·:·::. 

M "' A 

7l. 

72 

144 

103 

146 

56 

81 

92 

76 

115 

120 

85 

67 

58 

134 

90~ 

142 

.,.iO 
... 

70 

90 

66 

86 

.97 

57 

Tf4 •t- :78 

123 !lOS 

71 

115 

51 

93 

. I 

62 .J 55 

114 125 . 

109 110 J 94 

104 . 116 112 

119 '113 . 106 

51 

• 0 . -.f 

54 

_,..,..... 
; .. 

43 

.} 

f. 

177 

t 
f 
l 

I 

\ 
\. 

- ..................... ~ . . ~ ;r .... ... ... . · \· ~ ................ -.-· -·· -------: .. -· .. 
- . t \ 

\ 

Wind Power, Watts per ~~~-~-~e~er 

M J J ~ S 

46 

44 

liS 

71 

3-5 

67 

41 

65 

62 

31 

56 

78 

36 

62 

57 

86 

79 

29 

I 

41 

42 

80 

55 

~4. 

·31 

60 

67 

28 

48 

29 

43 

52 

41 

91 

40 

40 

43 

47 . ·42 

22 

48 

46 

31 

44 

42 

62 

28 

16 

40 

33 

23 

36 

-37 

48 

56 

21 

.• 

24 

32 

43 

47 

)7 .. rS2 

95 

19 

38 

39 

2f;J 

36 

' 113 

39 

.·76 

l.~_d 

39 . 

55 

37 ··· ·- 65-

16 

37 

38 

21 

32 

35 

44 

57 

19 

3.5 

55 

40 

34 , 

65 

79 

65 

73 

33 

!/ 

0 N 

48 

56 .. ·so--· 

191 

94 75 

108 

3'3 . 37 

~~ , ' 

90 

61 

55 

... J.~ 

46 

48 

33 

57 

63 

57 

71 

32 

62 

74 

51 

71 

64 

60 

55-

84 

39 

84 

81 

74 

D Ave. 

56 49 

76 73 

" , ,. ., .1.~0 . i2 0 

39 

64 

68 

51 

·84 

75 

65 

59 

88 

45 

92 

99 

81 

99 

35 

39 . 

'~ 0.) 

76 

75 

. 4 0 

76 

7 5 

78 

88 

35 
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA 
.r 
I 
i 

., ., _to .;;., 
.;-· 

... 

· --.-- --~ 

., 

-

- -· 
Ave. Wind Power, Watts per Square Meter ···--- · . ... .. . \ , 

Speed-· '· 

State LOcation Lat Long Knots J F M A M .. J J A . s 0 N ·. '-... ? Ave • 
...... -

f ...,./, 

I ' '··-. 
11: 

Moultrie 3108 8342 6 . . 6 73 84 ' 
.. 

GA. 89 79 45 32 34 30 47 .60 
•. 

59 7'5 .... 
58 \ 

' ' .. ; .. 

GA. . Albany, Turner AFB 3135 8407 5.3 50 68 73 55 i. 33 27 23 19- ·- "31 " 27 36- .11 41 . ! ' 
~ ' j I ~ 

GA Brunswick, Glynco NAS 3115 8128 5.5 39 i 54 5.3 ·' 52 40 36 28 25 38 39 ~5 37 40 
. . : I 

·' 

GA Ft. Ste...,art, \>.'right AAF 3153 · 8134 3.7 20 ., 30 32 ! 23 22 14 12 10 14 16 1 5 2 3 -------·-fq/ 
' .. ··- .. 
' 

GA -- Savannah · 3208 8112 7.5 88 108 98 I 87 ~ 49 46 . 45 · 61 62 63 72 69 
1 ... / 

I 
··. . / \ 

GA Savanna~, Hunter AFB 3201 8108 5.8 59 76 86/ 70 44 . 40 34 ' \ 31 38 43 48 47 Sl . / -
' 

GA-. _Macon 3242 8339 8. 0. ~2 112 10~ 117_~- 59 56 .-44- -&± - ·5-6-- --:-~-- - 13 - ·7 s -
... ... ·- ... -· - - ·-· · -- - ·-·:..-· - - - I I - -,..·,. 

·~--nt=z:. Robbins AFB 3238 8336 4.9 54 76 7:5 59 35 26 22 18 27 31 42 44 41 
I 

l ts I 
J6 

... 
GA Pt. Benninq 3221 8500 3.9 64 ll 51 28 21 13 13 21 22 )2 33 

.. 

~3 
. . -GA Winder 

~ 
340.0 8342 7.6 99, 113 91 57 50 51 44 43 79 92 ' 92-· 78 - .. 

- -
~ -. I 

GA Mairsville - . 3455 8456 ' 6.2 87 9~ 109 74 56 42 36 33 33 49 100 ]) 64 ' 

. . ' 
r . 

GA . Augusta, Bush Fld 3322 8158 · 5.9 68 , . 83 ~7 83 43 41 36 32 43 39 45 49 53 . 
GA Atlanta .• , 3339 8426 8.5 170 169 16s 151 ·a4 67 56 46 73 80 109 127 106 

~ I ... ~-- . - . ·-· . .. 

Dobbin• 3355 
, I 

GA Marietta, AFB . 84)2 5.a 8'9 99 lOS 96 52 38 34 30 
. 

40 50 ·66 72 66 ~ . I ..... -
I .. -·· ..... .. - -

.HI '2120 ·155: 
.. 19.4. . ... -· 

_ ... . .... 

Hon?J.ulu IAP -~ 15055 9. a lltL . ~ll .. .- l~ - --163 ·1:72 " 189 141 128 133 144 153 • 
. , _ ... - -- - .. ·- ·-.. ·-·- - ~-

- ·· - ·-··- .. ---· _._ ... - -· •I ' . . ........... If'! ...... _,;.;...... _ •. ·-- • 
. .. .. ·· ~ ·-·- I . : 

"11!. . ,. ~-:-B-arbers PoJ.nt,. NAS 21;1.9 15804 8.3 106 99 ld4 102 93 ', 97 10 0 102 77 76 95 104 95 - I 
0 - I ' I ., 

HI Wahiawa, Wheeler AFB .;_, 2129 15802 5.9 48 49 61 59 60 70 72 65 ' 43 40 39 49 54 
' 

. 
.. ! • -~ 

HI ' .Waialua, Mokolei:a. Fld 2135 159,12 1.7 · s9 52 97 141 115 136 151 158 113 8.4 89 lOS 109'' 
; 

HI Jtaneohe Bay MCI\S ·2127 15747 10.0 131 144 157 
0 

156 140 137 143 143 116 113 135 168 141 
. 

HI Barxing Sands AAP 2203. 1~941 5.6 112 62 42 40 33 24 20 12 21 38 43 69 4~ 
' . 

_J.. '. 

G ~ 

' ' \ 

. - - · .--~\ ____ _ 
- ----- ---- . - - - - \ . ··--· ;;;;;;,· ..=;;;;;;;;;;;;.;;;;:;:;:;;::::;.:.:===-=----__;_-----------~\ ---

···~ \\ ······· 
\ 

\ 

-~ ., ,. 
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~ 

• MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA 
~ 

-

State .. Location 

/ ·- -
Fld HI. Molokai, Homestead 

__. ~ 

i P.I Kahului NAS 

HI Hilo 

1- HI Hi1o, Lyman Fld 

ID Streve11 

ID.• Pocatello 

ID Idaho Falls . 
-~·-··-"'-··--····"· 

ID Burley APT 
__ ......... ·------------ - ···-

XD 'I\Jin Falls 

IO King Hill 

,IO Mountain Home AFB 

ID Boise 1-PT 

IL Chieago Midway 
' 

IL Glenview NAS J·. - - - --········ 

' 
lL Chicago, Ohare 

IL Chicago, Ohare IAP , 

.IL Waterman 

IL Rockford 

IL Moline p 

' IL Bradford ~ 

.. 

'" 
Ave. 

I Speed 
Lat Long Knots J F M A 

2109 Hi706 12 • 3 110 195 249 291 

20.54 15626 11.1 203 204 240 276 
"t-Il: 

1943 15504 7 .7 82 86 77 71 
' . ,. ·-

1943 15504 7.8 82 . 86 77 71 
' 

4201 1131] 9 .7 275 255 189 175 

4255 11236 8.6 211 224 230 :l09 

43!1 11204 9.7 22.6 195 321 295 • 
.. 

4232 11346 B.O r~s· 162 246 199 
... -- -- ~------· .. ---- -----~--------···-··· · -- -~. ~- -- · 

4228 
; 

4259 

4303 

4 3 J-4 

4147 

4205 

415-9 

4159 

4146 

4212 
·, 

41\27 . 

41113 
' 

1 

' 

11429 8.7 

11513 8.8 

11552 7.3 

·11613 7.8 

8745 9.0 

8750 . ' 8.4 

9754 9.7 

8754 9.5 

8845 9.1 

8906 a.s 

9031 8 . 9 
·~. 

8937 10.2 

l6a. ·. lEn 232 237 

220 222 357 363 
I 

94 .. 
136 ' 154 172 

103 112 ' 127 119 

129 145 151 144 

164 16~) 203 206 

220 242 268 272 

189 199 227 229 . 
236 269 2.22 269 

112 107 135 164 

121 151 215 200 

210 271 284 290 
: 

.. 
' 

Wind Powar, Watts per Square Meter 

' 
M J J A s 

250 )12 361 342 266 

335 366 375 .J7 7 283 

65 67 63 67 59 • 

65 67 63 67 59 

161 148 127 120 127 

163 159 113 87 102 

241 214 132 ~39 166 

156 116 73 sa 72 
~¥-------

lSS 139 ss 74 86 

330 216 169 147 212-

144 121 9i ' 7·6 80 

95 79 64 56 60 

115 '70 53 52 74 

137 ' 83 56 52 72 

-197 140· 99 eg, 140 ~ 
; ' i 

174' 118 83 71 11\, 

134 100 50 6'0 77 

126 85 61 70 82 

155 93 63 54 91 

203 129 68 
-~ 

88 ·96 

0 , N D Ave. 

~ 

266 l33 238 266 

2,19 247 200 276 

56 52 74 67 

·t~ 
52 74 61 

188 209 166 • 
• 

10 148 176 160 

184 178 172 200 ·~ 

89 114 150 131. 

114 131 172 . 147 

158 165 lBS 221 

lOS 89 81 110 

76 84 95 91 

95 149 134 112 

' 
lOS 143 .137 128 ., 

, . 
162 258 213 193 

... 

129 221. 176 162 

99 210 175 H\,6 
. ·~ 

92. 126 12 1 107 

113 185 141 130 
,r•, 

123 237 18·3 196 
·~ ~ 

· ~" ---, 



. + 

·· .. :.~- '··' . 

180 

' .' \ 
·- -The Wind Power Bo~k 

-. MONTHLY "VERAGE WIND POWER lN THE PNITED STATES ANDSOUTHERN CANADA ' \ 

, -, I 

State Locatiqn Lat Long 

' . ' ... 
. _.: --1' 4Aoll . ~ 

Ds?'ll f-n'' 1 _,.h •• ~r-.,_tt:@ ""_ ..... _...,._....,) -...- --- 4018 8809 AFB 

. ' . 

IL Effingham 3909 BB32 · 

IL :'!- Spr"'ingfie1d. Capitol APT 3950 ·. 89~0 

3956 9112 

3833 8951 l 
IL ___ - -·Quincy • Ba1~win F1d 

~ : .L · Be1l,fvi1le. Scott~ AFB 

• u I..L Marion, Williamson co APT 3745 8901 

IN 

,_ IN 

IN 

IN 

IN' 

IN 

IN 

IN 

IN 

IN 

Terre Haute_, · Holman Fld 

Ind,_ianapo1is -

Columbus. Bakalar AFB 

Milroy 

Centerville 

MariOFl APT' 

__ Peru, Grissom AF'B 

't,afeyette 

Fort Wayne 

Helmer 

I}!f . .Goshen 

r;-

MCCool 

._; 

3908 8732 

3927 8717 

3944 8617 

3916 8554 

3928 8522 __ 

3949 8458 

4029 8541 

4039 8609 I 

'4025 _f656 

4100 "f~512 

4133 8512 

4132 8548 

4133 8710 

Ave, 
Speed 
Knots. J 

I 
! F 

.. 
M A 

-
8.5 158 ~64 193; 210 'i 143 j 91 . 50. 

'·, • : ... J~ 
41 : 66 

·-~ ... 

9.3 217 116 95 73 ~ ~e. __ <~9 95 

10.6 

9.9 

7.2 

7 : ·6 

8.1 

8.2 

1.1 

7.0 

215 253 

209 :229 

129 140 

159 186 

1~9 139 

160' 151 

174 198 

97 106 

' ~-

308 29s 212 r3t:; ·. 92 ;,$2 

215 · 220 137 98 11 Ea 
- ~-

I 
' . ~ ' 

162 143 85 -;61 36 3J 

230 243 136-'' 88 5~.~,2-45. 
~~ /~! ~·;. ~r~ ~ . 

165 154-.~ 98 -- 6'9 / / 46 ' 38 
. ~·-~ 

203 182 '105 ]'~- 4J - 3~ 
. - -i - / ., _., 

247 2os, 147~ , i\96 / 6e o -sg 
,. _ , ~- '.~. ;. ;: 

12e 111" · '11 ·so J6 32 

9. 5 -243 270 230 209 116 115 73 67 

9.0 196 237 209 182 101 97 64 
"' 

8.4 21I 254 279 255 160 116 64 

57 

so 

119 152 

95 136 

46 -6 . 

88· 93 ..._ 

60 71 

60 79 

81- 108 

44 -58 ., 
94 101 

79 93 

79 95 

, 

N 

145 

' 217-

263 

211 

109 

.187 . \ _ ... ~ ~ 

118 

130 

176 

91 

D 

127 

144 

242 

194 

96 

29 

117 

134 

161 

88~ 

189 163 

176 136 

253 186 

Ave. 

121 
" 

136 

~98 

161 

90 

139 

lOQ 

115 

143 

74 

148 

134 

170 

7~7 123 137 158 165 109 65 40 36 53 69 131 133 1'00 

~15 

146 
J. 

161 

_, 
.1'" 

10.3 290 317 2~0 316 175 142~ 91 98 112 '126 

9.~ 149 167 230 205 154 ~01 73 66 96 116 

9.6 256 243 263 242 141 100 79 76 133 153 

296 222 

214 171 

242 215 
~ -. 

8.9. 229 209 208 221 124 104 75 73 89 103 ~182 148 146 

9.9 '• 243 243 256 155 !28 92 92 107 156 188 

10 ~ '294 297 311 2~0- 183 149 82 96 130 157 31~ 231 .22{ 

.. I 

I 
I 
I 
I 
J 
I -----1 

./ 
I 
I 
I 
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App.endix 2.3: Wind Power Tables 

State 

IA 

IA 

IA 

IA 

._ . 
IA 

IA 

IA 

KS 

Location 

Dubuque .APT 

Burlington 

IO\ola City J\PT 
., 

Cedar Rapids 
.. 

Montezuma 

-~. 

-.:~; f., ~ 

Des Moines. 
• ; :" 

Ft • Dodge APT •-J 0 

Atlantic 

Sj.oux city 
., -~----

Ft. Lenvenworth , 

··,;, ..• 

KS - - · 01a the NAS 

KS 

KS 

KS 

KS 

KS 

KS 

Topeka; Forbes AFB 

Ft. R.iley 

Cassoday 

Wichita 

Wicntta, McConnell AFB 

Hutchinson 

Salina, Schilling AFB 

'"" 181 

-· 
MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHER.N CANADA 

Lat Long 

4224 9042 

4046 9107 

4138 9133 

4153 9142 

4106 9226 

4135 9228 

.~413. 2 

4233 

4122 

9339 

9411 

9503 

4224 9623 

3922 9455 

3850 9453 

}904 

3857 

9538 

9540 

3903 9646 

3802 9638 

3739 9725 

:J?37~ 9716 

3756 9754 \ 

3848 9738 

. 
Ave. Wind Power, Watts per Square Meter 

Speed 
Knots J F M A M J ' 

' 
J A s 0 . N - D A\Je. 

......, .. . -

9~4 2bB 209 239 317 241 150 112 135 ' 170 198 :312 2!1 

--
<. 

' 
210 

9,5 ' 147 160 .257 164 94 ' as 52 44 72 97 . 200 144 126 

4 
.8.6 175 195 231 229 118 

9.2 160 171 21 249 ·157 

82 71 61 61 100 205 159 

97 · s3 49 
·" .. 

~9 102 138 131 

\46~ 

132 

9.1 209 243 251 239 '169 140 118 112 156 169 1;]4 168 17 9 

11. o 2 1 o J J o 3 3 o 3 9 o 2 s 6 2 o 3 1 o 3 ll} 1s o 1s e 2-: 1 2 2 3 ~ zo3 1 
<· 

9.9 1~2 - 19J 251 2e9 t8o_ 126 .· / 81 61 <, 109 142 219 

185 

178 168 . 

10.3 

11.3 296 350 363 

. --; 
f . . \ 

457 -295 

i4o 

256 

9.7 180 172 247 283 206 143 

6.3 73 84 116 lll 73 57 

9.2 143 157 211 187 139 117 

9.8 

8.6 

138 

117 

14,7 

134 

237 

186 

229 

195 

-
170 

132 

159 

115 

a.o 112 ·· ·122 224 23.3 111 130 

13.0 

12.0 

10.9 

370 

243 

222 

436 

273 

234 

5 50 550 '350 

344. 337 2~ 
___.,. 

3 3 6 -3 1-7 ~ 2 5 2 

310 

276 

237 

~.- ( . 

7]_ ~·4 7ft 104' 161 188 

270- ' .. 
136 123 l ·SS 190 264 

89 

31 

69 

107 

69 

l> < 
"\- I 

82 114·;- 1 ss 212 170 

3J so 52 78 66 

69 91 10~ 152 136 

112 

79 

lj6 

88 

137 

95 

159 '163 

125 '104 

86 102 139 1ja 125 106 

251 2BJ_ ... __ 284 371 '3·11_ 

~ 

199 

256 

169 

69 

13 5 

15 7 

120 

139 

377 231 

168 

--- --~ --

177 . 203 22l ·---~i49-237 ·._25-:3 

151 
. 
' 

136 116 188 200 207 

10 • 7 2 8 7 3· 3 5 3 7 2 3 7 5 3 ) 0 3 51 2 15 l 9 5 3 0 9 2 8 0 3 0 8 2 6 9 3 0 5 

9. 1 134 16 8 2 3 0 2 2 1 l7 6 15 0 10 0 112 . 14 8 1 j 5 14 1 . 111 15 5 

. ~ ... 

• ·o 

:.L .·, ,o.•· ......... 

. . , ·- -~. 

, ,· 

., 
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Location 

Hill City~ 

W"'a. ...... __ ..-..: ••• "'n... 
'"""""'~ .... ... ... ._ ,¥ o.c ... 

-l-

.. 
" : .. ·~ . ,_._ 
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M~-N',-HLY AVERAGE WIND POWER IN THE UNITED STATESiAND SOUTHERN CANADA 

/ 
i 

l 

I ~ 

Lat Long 

·Ave. 
c~· .... ~ 
Knots J F M .. A 

Wind Power, Watts per Square Meter 

' M J J . A s 

The Wind Power Book 

-> 

0 N D Ave. 

3923 . 9950 9. 7 122 :1.99 , 337 · 262 210 226 152 1~5 153 , 14C 153 131 184 

291- --350 A A, · .. A.IC:o -.-...l.. --w:Jo 
'lt:.·o 
JUQ 296 296 336 

Garden City APT 3756 1004_3 12 .4 2 27 326 451 450 415 .456 277 27 2 309 259 216 204 '295 . .. ·· 

Corbiri . 3659 8408 

KY Lexington 3802 8436 

··!CY·-. 3846 8454 
··-- - • , + 

LOuisv-ille, -·Standiford Fld 3811 9544 

Ft; Knox 3754 esse 

Bowling .Green, City co APT 36Se 8626· 

K"l · ~f't • c arnpbe 11 

~ - Paducah 
-~ ·, ... 

---LA New Orleana 
t/ 

3640 8730 ' 

~704 8846 

2959 

LA New orleans, Callender NAS 2949 

9015 

9Q.Ol 

9109 LA Baton.Ro\?.9e 3032 

-LA Lake ~harlea. Chenault AFB 3013 9310 

LA 

Polk AAF 

Aiexant;tia, England AFB 
/ .. 

·Mo)rOe, Se~man f'~<1 

LWi. /Shrevepo~ t 
/ / 

~/ Shreve'~rt, Barks~ale AFB 

\ ..... ; 
- ' 

..... -: .. 

3103 ~9311 

I 3119 9233 

3231 9203 

32za 9349 

3230 9340 

71 54 65 59 ' 26 15 ·16 12 

e.g 161 1sa 156 :169 1oJ 75 61 47 

6.5 

6.6 

123 

75 

lOB 

132 

84 

121 

137 ll3 65 _ _1.7 

16'4 96 53 32 

126 ----·111 64 46 
f .. -

6 .6 131 115 -l36 113 65 39 

49 

' 
26 

30 

jg 

39 

27 

25 

32 

16 

72 

29 

39 

46 

5.8 78 88 '107 89 51 32. 27 

6.7 109 106 122 106. 59 44 35 

25 29 

a.o 
4.o 

7.4 

129 137 

47 55 

lOS· !'06 

.... · 

33- 40 

144 114 76.- 52 '44 - 43. 

50 35 26 ___.....----~ 10 
...------.-----

81 

26 

107___...--9'5 72 52 ;40 . 36 so 

e .3 184 .;:156 204 176 ·12sl 91 SB 57 67 

5.7 51 69 78 6B 47 37 23 15 21 

4.6 45 . 57 52 37 . 20 • 15 13 17 

88 104 lOB 90 61 46 •J6 36 46 

8.4 128 .138 145 131 92 7i 57 55 58 

6.0 69 . 74 83 72 4B 36 27 27 35 

"'' '~-

lS 4'l 44 36 

7 3 148 146 113 

54 

36 
·;· 

47 

57 

39 

48 

91 

24 

53 

' •, 

106 !01 85 

5~ -· 66 ' 56 

98 96 76 

89 

60 

93 79 

90 

128 

31 

79 

69 

93 

109 

40. 

92 

56 ' 

74 

96 

30 

74 

67 133 140 122. 

29 55 51 41 

' 21 . 41 35 

51 73 79 68 

69 105 ill 97 

34 53 59 51 

I . 

... ~-
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• 
~ MONTHLY AVERAGE WIND POWER IN THE,UNITEDSTATESAND,SOUTHERNCANADA 

-
-~1 ' Ave. Wind Power, Watts per Square Meter 

. Speed 
.. 

~ 
' 

; 
' .. 

< 

State Location Lat Long Knots J F M A M J J A s 0 N 0 Ave. 
r 

Portland 
G 

4339 7019 127 145 159 140 103 eo 197 61 83 l,O.l 112' 12~ . 107~ ~ 8-4 
: 

' 
. 

ME Brunswick , NAS 4353 6956 G.a 109 116 106 107 87 64 55 48 so 69' '80 9? 82 

ME Bangor, Dow J'..F'B 4448 6841 7.1 13:2, 138 136 113 . ·''83 . )(f' 54' 59 63 82 100 110 93 .. 
'·' - ... .. -'. 

4641 6803 7.8 151 167 J.51 " 161 1~-3 sa·· 77 69 9i 115 110 134 12'.> ME Presque Isle AFB •. - ' • ' ' .. 
~ 

t ME L~mestone, Loring Am 4657 6753 6.9 97 10.7. 110 88 69 55 48 45 60 68 7.3' 78 74 
... 

- J 

) I 
' . • > 

f'l) Patuxent.: River NJo.S 3817 7625 8.1 159 l77f 186 1~8 ' 97 76 59 59 83 .L.02 ·138 139 119 
I 

MD BaltimOre, Martin F1d 39'20 7625 6.9 107 111 119 95 53 44 ... 37: - -39 34 46 57 64 61 
) 

MD Baltimore, Friendship APT 3911 7640 9-6 206 253 265 209 152 117 96 79 110 117: 179 188 - 164 

MD Ft. Mead·, .Tipton MF 3905 1646 . 4.4 57 . 58 69 65 37 19 14 14 14 23 42 41 38 

MD Aberdeen, Phillips AAF 3928 7610 7.9 126 170 173 . 157 95 66 52 ._55 69 95 121 118 10.9 
-

MD camp Detrick, Fredrick 3926 7727 5.4 101 122 144 11.0 51 33 25 22' 30 47 
" 

96 75 72 
•. 

!om Ft. Ritchie }944 7724 4.6 38 34 33 37 21 16 ' 14 23 18 27 27 52 28 
MA Chicopee Falla, Westover MP 4212 7232 "7. l 122 143 131 133 96 70 ~2 48 60 81 104 114 96 

f. 
MA Ft. Devo~s AM 4234 7136 5.4 45 40 66 84 44 31 29 32 JJ 39 48 

.. 
53 45 

MA Bedford, Hanseo:n Fld 4228 7117 6.1 109 120 117 94 70 48 39 36 44 65 80 92 ~ 76 
,;. 

' T· MA Bostont LOgan IAP 4222 7)102 11.8 314 321 314 268 195 150 128 lOB 1Jl . 131 230- 2?7 . 227 

M1\ Boston 
~ 4222 7102 11.7 314 321 314 268 195 150 129 108 1.31 131 230 277r 227 

• , .. 
MA. South Weymouth NAS 4209 7056 7.6 125 125 146 136 ' 84 58 43 56 53 71 92 102 90 -
MA Falmouth, Otis AFB 4139 7031 9.2 188 199 198 193 

' 
147 110 87 90 112 '139 148 185 149 

H.'. Nantucket 4116 7003 11.6 304 346 290 277 190 ,. '140 104 113 169 - 214 2G 1 . 2 t)!) 223 
'· 

MA Nantucket Shoals 4101 6930 16.7 1024 1025 977 838 632 551 592 544 482 769 856 927 757 
.-

.t •-. ' 
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) 
1 } · ' 
I 

i . MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AN.D SOUTHERN CANADA ' 
} . 

' ' -.r . 
Ave. Wind Power, Watts per Square Meter ' 

Speed ' 
.• 

• ' ' 
State Location Lat Long Knots J F M A M -- J J A s 0 N ·0 Ave. 

,· 

( 

•·' I Shoals 4141 6747 17.1 1168 1175 1058 891 619 575 519 . i MA Georges 378 473 739 ', 891 1156 783 
' , . 

.ir:;>; 

MI M.t. Clemens. Selfridge AFB 4236 B249 8.2 157 151 160 =145 96 71 56 53 71. 84 156 r4~- 115 . i 
I 
" - I 

MI Ypsilanti~ Willow Run 4214 9332 9.5 169. 3.69 244 194 139 101 es 77 104 113 18!3 1'7 3 147 
' 

i < MI. Jackson . 4216 9428 a .a 196 149 182 215 106 92 57 69 77 -9'9- -tis-- 147· · - 121 

I I 
, 

' MI Battle Creek, Kelogg APT 4218 9514 8.9 161 189 "205 179 124 99 76 63 106 99 . 152 180 137 . I 
·.' ' 

'· I 

R~plds 4253 8531 . 120 134 62 
-

.I MI ~and 8.7 180 158 112 77 54 83 87 162 135 113 i -· 
. I · . . . .. ..... 

·- - ····· ----I MI , Lansing' 4247 8436 1o. a 2_'";3 298 356 287 178 112 69 74 123 146 251 269 203 _\ 
.- -

: -- _ .. -

'MI Flint 1 Bishop APT 4258 8344 - .2. ._6__ 2.31- 2n-6 -246---195 14~ lo9~as- IT 129 140 210 223 167 ·' _ .... - ·-- ~ - -· - --·-- - · -
-· - -· ~-- -

__ .. 
: - _ ... --·-···· 

" MI Sag ina..,, Tri City APT 4326 8352 9 .'? 218 196 223 196 152 111 92 74 121 128 199 189 I 
' 

.::-

•· 
·Mu~kegon 4310 8614 9 .4 140 

-· 

MI Co APT 156 164 171 121 96 69 70 eo 155 177 166 9 
·fo 

~~· 

MI Gladwin 4359 8429 5 . 9 6l 71 92 76 63 40' _31 24 34 39 61 53 53 .• 

- -··· 

MI Cadill~c 1\PT 4415 9528 9 • 4 210 204 219 193 172 151 104 89 139 '161 208 20J 171 
._. .... ···-·- -

MI Traverse City .. 4444 8535 9 .• 5 229 206 249 207 147 132- 100 91 160 187 250 225 178 

MI ' Oscoda, WUrtsmith AFB 4427 8322 7.6 117 123 121 116 91 76 55 ·.· 56 71 94 109 tns 94 

il:! 
MI Alpena, Collins Fld 4504 8334 7.3 76 76 92 lOS 88 \ 59 49 46 52 62 67 58 70 

-

~' ~ 
HI Pellston, Emmett Co ~PT 4534 8449 s .9 183 159 192 165 154 115 lOS 81 115 144 175 185 147 

; ' 
;. MI Sault Ste Marie 4628 8422 8.3 114 105 119 125 113 77 62 57 79 93 115 108 98 

' ' ' . 

MI Kinros!!, Kincheloe 1\FB 4615 8428 7.6 88 lOS 106 120 106 69 53 56 68 81 109 93 89 ... 

C.. · - ___ MI Escanaba A~ 4544 8705 7 .8 126 164 148 186 191 150 116 93 135 163 232 14 3 154 

-~' 

:. ·· MI C?winn, Sawyer AFB 4621 8723 7.5 94 116 109 116 100 72 52 57 65 92 lOZ lOS 90 I 

' 
"' , -

... 

j 
t . . . 

.. " ' i "' : .. 
. , ... 

' ): 



1',:.\ 

. . 
----- .. ------· --

... _··r·t Appendix -2.3: Wind Pow..er Tables 185 

. 
MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA 

--
. 

\ . . .. ·\'" . . . ,. 
Ave. t Wind Power, Watts per Square Meter . 0 \ 

Speed 
State 

MI 

M1 
.I 

MI 

MI 

MN 

'_MN· 

MN 

!dl 
--

MN 
. r 

MN 

MN 
-
MN 

' MN 

.MS 
·. -~ 

MS· 
-

MS 

MS 

MS 

MO ¥ 
E 

MO 

,.. 
Location -.;-

'Marquette 

Calumet ••• "i. 

. r 

Houghton Co APT 
' 

t~onwood. Goq~bie Co APT . 
_ Minneapolis • St. Paul IAP 

. 

·st .. clou(it• Whitney APT .. 
Alexandria 

···- --
Brainerd 

-
~ 
~ 

- ~- - -
Duluth IJ\P -. 
Bemidji AM' 

International Falls IAP 

Roseau 

Thl:ef River Fal1s 
~- -- ' ;. 

Biloxi. lCeesler AFB 

Jackson 
.. 

Greenville APT 
. 

.... 

Meridian NAAS. 
~ 

Colwnhus AFB 

.Malden 

St.· Louis. Lambert 
~ 

,. 
1; , 

-~ I ' 

~ 

; 

... 

• 

Fld 

~-

------------ ---------- -·~·---~-----. . . 
i "' 

I Lat Long Knot a J F i M· A :~ 
., 

4634 8724 7·6 79 84 118 l.25 

e,s 116 126 _]136 4710 8830 139 

4710 8830 e. s - 11-6--- 1·26 136 139 

4632 9008 8.-5 164 199 167 290 
.. 

4453 9313 9 .-;4 1~7 ·14 :2 152 211 
~ .... · i 

4535 9411 6 .'9 70 70 102 129 

4553 9524 10.7 221 215 __ 2_62 290 
-

4624 9408 .6 .9 90 92" ·- lli. 167 - -- .· -~- --- ' 
4650 9211 10.7 219 229 249 299 

···-- ·-· ·----· ····-····· 

4730 9456 7.~ 104 120 111 240\ 
. 

4834 9323 8.4 95 103 110 ' 175 
h ... .. 

4851 - 9545 6.5 33 31 50 58 
' 

4803 9611 8.7 215 207 194 305 
' 

3.024 8855 6.9 82 79 83 Bl 
... 

3220 9014 6.2 85 92 BQ 78 

3329 9059 6.6 89- 100 104 90 
~ 

·3323 8833 3.5 29 40 37 25 

3338 8827 4.7 52 ·60 61 48 ,, 

3636 8959 8.3 151 117 162 152 . j . . 
3845 9023 7.9 ... ~ ll6 143 ' 138 

·~ 

\. - - ..1 

\ 

f. ·· ···-------
·,·, .• "" ---~~-... _--..i .... _ ............ _ ...... __ .....,;,....._ __ .....;...;__ __ ___;_..;:.....,;.::...__ ____________ _ 

' i '-· 

M J J A s 0 N D Ave.· 

' ·< 

117 96 } ' 70 ."£~ 89 - 85 ee 66 91 r; 73 . 
1 

AI, 'J_--::- - ~ 

"' 
106 90 -::-'78 66 ' 97 108 116 112 108 

~-
> 

106 90 78 66 97 108 116 112 . 108 
'\ I r 

280 174 t3p 139 200 '213 i1o 203 202 
I 

-:1 I ~ ·.· 

"186 l33 ea 86 112 130 ;167 123 ns~~-: ~· 
~ .. 

. ~I- ' ,.. 
99 71- 44 18 55 66 94 58 i~ 74 

-· i··· 

249 ... 202" 128 161 182 263- ... L;l63 196- tl9 - ·-· 

. 
}--

134 98 -62 sa 1Q.7· 81 123 89 102.. 
r-

2'33 147 12·2 111 154 196 254 206 _ 202-
' 

. - ~ .. 
- -- -· . 

201 155 117 1-20 133 "1,41 162 i22 144 

155 ·103 S2 -· 88 119. 122 163 117 i 119 
~ 

51 35_ 16. . 20 27 < <34 49. 41 37-
. 

279 199 . 135 157 189 2·21 )09 219 219 

64 49 38 35 58 55 66 68- 63 

46 31 • 26 25· 31 39 6) 77 57 

66 48 32 I' 34· 49 50 65 77 67 
~ . ' . 

1-2 ·: B 9 5 e 10 17 21 18 . 
' 

25 17 15 13 23 21 )1 40 34 

109 75 57 53 62 74 124 l!B 105 ,.,.. . 
94 60- 41. 36 55 60 92 96 86 

~ ' . 
' 1 

-

/} 

-------··--····----~ ~-----__.____....-

•. 
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State 

·# 
:MO 

MO 

MO 

MO 

MO 

MO 

. MO 

MO 

MO 

MO 

MO 

MT 

MT 

MT 

·~. :·'jj 
-\-. 
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MONTHLY AVERAGE WIND POWER IN THE UNITED srATES AND ~OUTHERN CANADA 

Location 

Ne'1 Florence 

Kirksville 
. , 

, . 

Vichy, Rolla APT 

Lat Long 

3853 9126 

4006 9232 

3808 9146 

Ft. Leonard Wood, Forney ,.F 3743 9208 

Springfield 3714 9315 
"' 

Butler 3818 9420 

Knobnoster, Whiteman ArB 3844 9334 

Marshall 3906 9312 

Grandview, Rchds-Gebaur .AFB 3851 943S 

Kansas City APT 

Knoxvflle 

Glendive 

Miles City "'PT 

}lolf Point 

t;lasgow 1\rB 

Livingston · 

Lewist~ APT 

Havre 

3907 9436 

3925 9400 

4027 9522 

4708 10448 

4626 10552 

·4806 10535 

4824 10631 

' . 4548 10832 

4540 11032 

'4703 10927 

4834 10940-

Ave. Wind Power, Watts per Sq1,.1are Meter 
Speed 
Knots J F 

.. . 
M A M J 

10 .1 198 231 238 231 138 lOS 

~ 

J A s 0 N D 

85 85 111 112 199 165 

10 .s 250 271 297 310 1~1 137 111 103 118 158 231 191 

8.6 153 158 211 170 
tJ 

81 88 

92 

so 

72 54 
, 

37 .22 
" 

45 

21 

68 

26 

76 142 156 
-11 

so 62. 67 

• 
9 .7 183 243 230 263 123 96 10 77 97 -10 183 170 

9 . 3 212 208' 266 226 123 124 74 , . 

7.4 Q6 109 146 . 151 94 65' 40 

9 .s 203 2~3 263 . 2SO 115 109 

B.l 105 101 156 173 113 76 

82 

55 

.:! -~.4\ 115 126 165 182 145 129 105 
~-- \-...;\ 

\ L 

10 .~1 210 211 284 278 144 124 
! 

8.2 121 137 258 225 192 150 87 

7. 7 .131 141 145 222 217 • 125 

8.6 123 137 120 . 161 134 87 

65 81 131 156 160 

45 61 70 
. { . 

94 .. 81 

90 89 9S 1,56 136 

91 ~10 110 

..... ___ ... 

S!J 74 

99 li3 112 ' 143 122 

91 98 125 171 151 

71 85 113 135 94 

137 

. 96 

\ 

·-·· 

139 14~ 

104 ~ 109 

lll. 
. .,i 

93 

t22 

116 
' 

8.1 117 112 "143 326 246 126 171 245 22 3 183 ·124 
( 

a . 6 13 3 13 1 12 s lJ a 

l~.o 23o 210 1es 202 

13.5 

8.6 

778 

198 

I 

819· S74 415 

185 141 & 163 

B . 7 148 106 

13~ 102 101 138 126 

137 110 ' 99 129 152 218 237 

239 233 253 321 500 713 1058 

108 92 95 114 125 189 153 

12 3 115 75 74 86 120 112 127 

i ' 

Ave. 

l_58 

104 

117 
I 

52 

150 

152 

87 

143 

100 

132· 

158 

135 

.149 

-~_15 

~ 79 

133 

173 

500 

140 

114 

' ' 
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• MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA 
,/ -

"• ' 

/~:ng 
' I 

Ave. . Wind Power, Watts per Square Meter j' ... 
Speed ' 

State Location· Lat Knots J F M A., M J J A s 0 N D Ave. 
I 

,. 
···---- . --' . ' 

MT Great Falls IJl.p_,. 4729 11122 11.6 444 4J9 300 281 194 193 13,6 143 197 300 456 -~509. 304 
-~ 

M.T Great Falls 1 Mah.s tt:om M'B 4731_ 11110 8.9 253 240 181 176 120 112 80 80 115 178 215 263 169 

MT Helena APT 4636 11200 7-3 145 95 142 134 63 113 85 44 lll 34 61 65 90 
-- -·· -- ---------- X I -':>--· 

Whitehall 4552 11158 710 543 352 274 221 245 174 260 
.• 

602 MT 11.4 193 167 410 344 
0 

.. 

MT Butte, Silver Bow Co APT 4557 11230 6•9 98 101 116 158 141 120 86 85 93 9_3 ·' ~ 76 104 
c: 

MT Missoula 
' 

4655 11405 s.o 49 36 64 75 72 70 64 4: 57 23 19 .. 26 50 

N9 ·Omaha 4118 9554 10.0 19"1 186 264 280 186 148 104 104· 122 158 217 191 177 
# 

' 
NB ~- Omaha. Offdtt AFB 410~7 9555 7.6 118 123 189 198 138 99 67. 58 68 93 112 112 115' 

t-.~" ~rand Island APT 4058 9819 lLl 177 . 195 270 31.2 251 217 161 158-,.~, 179 180 23.2 200 211 
' ' .. .•. ' 

NB Overton 4044 -\.,9927 10.5 209 195 323 389 276 243 155 149 162 202 299 182 222 { 

'..J 13 

NS North Platte 4108 1104 2~ 10.5 1 193 233 0 374 435 321 208 153 153. 206 246 234 166 254 
-: • ---~ 

N3 Lincoln JI.FB 4051 9646 9.4 163 - 173 258 251 193 143 97, 102 102 119 17 3 146 162 . -
-· - -· ( . ... 

NS · columbus---: . . ~ . .- . . ....-.·-~ --- ----~ "" - ---- .. 4126-- : '97 '2r ' 10.0 184 192 316 301 246 172 113 lll 120 184 150 143 18 6 
l 

' NB Norfolk, Stefan J!,.PT 4159 9726 9.7 236 235 308· 387 275 215 142 17 3 204 281' r• 361 255 .. 256 

' • ~;-..~-~ 

NB Big Springs 4105 10207 11.7 270 284 430 450 ... 349 ··. 270 210 210 217 ":S4 297 251 290 
; 

F 

1a3o-~16-:s NB Sidney 4108 275 267 369 395 294. 227 193 160 680 227 241 188 248 

NB Scottsbluff AP"l' 4152 10336 9.8 147 225 271 254 189 180 119 . 124 122 166 ' 254 199- 165 
,.. : 

N9 Alliance 4203 10248 10.6 203 209 274 358 289 233 189 2')4 233 228 . 238 .210 2 38 I, I 

1\"B Valentine, Miller Fld 4252 10033 10.0 HH 237 267 323 286 242 199 226 230 271 338 24 2 253 
""' .. ./ '· 

\ '• 

~'V Boulder City 3558 11450 7.6 lOCJ 162 185 230 247 293 186 197 137 95 155 Sl 17 3 
-

. ··.·. 

•· 
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA 
~ ; 

.. .. 
~ '· 

._,.. 

' 
' I) Ave .. Wind Power, Watts per Square Meter •· ,. 

., .. Speed .. 
'· ' -- ' 

State Location l Lat Long Knots J F M A M J J A s 0 N ) D Ave. 
l ~~ 

I 

( ., - ... 

~ Las Vegas· 3605 11510 e.7 105 142 186. 229 '225 209 166 . 141 lll 122 67· \. 92 150 
.... 

; . 
NV Las ve_gas. Nellis AFB '3615 11502 5.7 73 89 137 138 125 .123 77 75 61 63 66 · "'51 - 88 ; 

.. 
' . •t 

!nd'fan Springs NV AFB ;• 3635 11541 5. 3.1 38 75 141 ~96 154 109 - 64 46 ·54 28 63 ' 54 8.0 j 
' 

~ 

NV Tonopah APT 3804 .11708 B.7 99 '150' 196 196 174 142 98 94 104 113 109 ' 101 ·__::, .133 

·" 
NV Fa11QQ.. NAAS : 3925 11843 4.1 · 48 50 l~ 72 60 49 29 23 '25 30 27 36 44 

-- ' · 11947 5 .2 17 1.23 99 sn 81 52 52 NV Reno ¥· .. 3930 108 56 54 45 44 74 
{ . • 

,, 
? ' . . ·: 

NV Reno, st"ead M"B 3940. 11952 5.9 79 10$ 125 : 132 '·' 110 . 91 72 72 56 64 51 69 85 
: 

.. 
•. 

·.·NV Humboldt 4005 11809 6.7 61 76 141') 102 103 118 .. · 98 83 66 57 47 48 i9,. 
- ' ··-

"""'"-·· 

NV Lovelock 
' 

4004 11833 6.4 lQ'.g 91 121 99 98 113 80. 72 56 67 43 ~ 47 8l 
•. (!• ' • 

·r 

'\..- -
NV Winnemucca APT 4054 11748 7;2 79 91 117 115 lOS 97 ·eg 81 73 80 55 !60 86 ·' 

" 

NV Buffalo· valley . !~ ~020 11721 6.4 66 97 94 94 102 97 77 62 57 59 53 52 76 
.. .( . . 

NV Battle Mountain 4037 11652 7 .J 148 80 ,;147 113 132 113 BS 70 61 102 . 64 66 98 
_....;,. .• 

-· 

NV Be_~awa 6 .2 57 98 112 
.. 
106' 99 68 63 62 45 51 76 4036 11631 86 79 

.. •. ' .-

NV El'Ko ~ 405'0 .. 11548 6 . 2 68 ·76 100 92 99 . 98. 9·:h 76 75 73 ·s2 60 16 
- ) 

' % to9 NV Ventosa " 4052 11448 6 .a 139 160 178 179 166 112 104 97 88 93 99 
--· ·· 

~ 

NH. Portsmouth, Pease AFB ·J 4305 704'9 6.6 190 112 99 82 
-

73 50 39 37 42 54 63 90 68 

NR Manchester, Greriler F1d 4256 7126 6. 7 r -;:.-s. 150 134 137 83 68 49 1>7 51 72 9:5 127 86 
1 

NH J(eene 4254 7216 4.8 63 86 69 74 67 48 -29 31 34 42 43 so 53 
.. ; -- ·- • 

NJ Atlantic City ~927 743~ 9.1 185 207 207 166 109 81 62 61 81 :1. 07 144 164 129 
-

~ 

NJ Ca.rudetr ' 3955 7504 132 131 167 160 -86 73 64 ' 55 62 82 118 111 104 
: -~ '. .a.o 0 

! 

~ I . .> 
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-~. ;: .. 

. . 
' ' •.. ,. ~ . - MONTHLY A.YERAGE WIND PQWER IN THE UNITED STATES AND SOUTHERN CANADA 

" ,, 
' ..,. 

' Ave. 
.. 

Wind Power, Watts per Square Meter 
Speed ,_;;, - -

\ . . ··-· 
State Loca,ion 

. \ 
•, . lat long Knots J F M A M J J A s 0 N D Ave. 
~ 

> i. -
-;.· •.• ... . ~- , . 

" 
~- NJ' Wrights-:t'O'Vr.l, McGuire J\FB 4000. 7436. 6.6 . 100 114 '114' 11) 1 48 42 30 28 40 52 73 8~ 69 " 
' .·· !, ,: 

i,. 
. . 

NJ Lakehur·s t ·!\AS 4002 7420. '7.4 133 158 Jr66 131 94 62 49 41 48 60 9~ . 109 ; 93 
' : . '· 

. 
: 

NJ' Be lma~~ 4011 7404 ~ .• 1 80 82 83 57 37 31 23 23 30 so 51) 55 1 50 . . ··'' 

._ ,;.. 
,i ·,_• e .. ' •. 

'4> 

N\) ~rentoq 4017 7450 8.1 125 145 146 194 as 7 1 47 55 • 70 92 14Q 120· 105 ' . ;·· ~ ; .. .i . ~ . _; 

74}0 :7 3 I 
.. NJ, Newark· 4042 8. 7. 145 145 157 126 107 80 68 71 9p 100 110 109 

,' 
~ - ' 

t.."M ,, ~ Clayton ,t· 
/:.· ... 

3627 10309 13 .0" 447 397 519 483 4'27 360 230 2'0 7 255 279 350 J9S 354 
,-<# " 

;· 

.. ... -t~ 

t-'M ·Tucumcari ,.. 3511 10336 10.6 273 321 3 51} 365 293 227 16-7 154 166 207 206 2C!S 260 . . ... .. .. ·• 
' > 

' \.. 
~TM Anton Chico .! 3508 10505. 8.9 . 204 257 306 227 130 132 78 67 74 101 14"3 14 0 155 

~ 

!.' ' > 

NH, Clovis, Cannon AFB 
< ,. 3423 10319 9." 171 215 320 279 228"' 204 1:26 93 111 122 160 180 l'86 j . 

NM ' Hobbs 1 Lea co APT 3241 10312 10.4 195 "' 2.4 353 276 250' 215 138 109 118 109 166 rffa ~t 190 
.I ..• 

1-."M Roswell APT ·' 3 32~4 10432 8.5 148 191 27 3 260 216 172 101 82 c"84 102 1~-6 172 163 
·, 

Roih..re11. 
: "'<' 

NM Walker AFB 3318 104)2 7.3 79 102 145 145 129 135 93 71 65 72 82 86 98 
- -_-f ....... 

' . ' ' NM Rodeo 3i56 10859 9 .4 195 216 250> 325 259 191 t 166 131 129 155 2.10 17 3 203 
'> 

·- ·'llo, 
' 

N'M Las Cruces. White S21nds 3222 10629 6 . 1 100 106.- 169 149 123 08 50 43 41 42 82 99 89 
.. -· -

' - • NA~ Alamogordo, Holloman AFB 3251 10605 ?·6 45 . 59 ':J2 101 85 72 54 43 38 35 41 40 57 
' ' / - ·' NM :f\lbuquerque, Kir.tland AFB 3503 106_}7 7.6 "- 83 115 154 190 160 134 101 7 2 88 97 80 74 112 

' • 
' 

dtto 
~-

NM 3505 -10600 9 .6 21-8 311 491 37·2 271 254 116 102 94 17.6 234 228 243 -.. 
'· """" '·' -- ' . 

· -. NM Santa Fe ~;'!' 
~ 

'>. 35~.7 10605 IO.) 218 200 308 308 ·. 248 217 138 1.13 .135 154 184 194 201 .. . . . ~-· --
.. ...... • ' 

~ 
· , 

' ., 
.~ 

'= Far,rningt'on '- ' 
.· ... 

s'o 42 83 NM APT - )GI\5 10814 7.1 53 74 136 151 106 101 78 55 .,. .... 71 81 -

' ·1 ., 

- - NM . Gallup 3531 10847 6,2 .92 133 237 293 248 217 92 82 75 114 84 54 14: 
., \. .., '· .. ~ J, .• 

'• ....... ,: 
' .,. ~-~-· 

' . I . 

,\t~ .f 
;.· I 
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MONTHLY AVERAGE WINO POWER IN THE UNITED STATES AND SOUTHERN CANADA .. 
-0 -~ , 

Ave. Wlnd.Power, Watts per Square Meter . Speed .·· .. 

State Location Lat Long Knots J F M A M J J A s 0 N ·o Ave. 
' 

NM zuni 3506 1,0848 8.4 127 109 234 220 1£~3 138 sa 54 80 104 97 12 6 127 
,. 

' 

NM E1 Morro 3501 10826 7.4 76 113 229 210 ·'· ·185 136 95 66 66 92 ' 91 83 ' le7--.. .. . ' . -· -

N"" .. Acomita 3503 10743' 9.6 150 169 283 223 156 ,'143 -96 82 75 109 143 136 169 . 
'· 

suffolk AFB 4051 7238 ' 8.1 146 145 154 133 "100 ' 
: 

82 69 110 120 118 .. NY Westhampton, co 67 87 110 

I NY Hempstead, Mitchell AFB 4044 7336 9:2 194 221 ·. 211 189 134 l~p 99 88 100 129 185 194 15 !:):' .. I 

' ' . -
NY New York, Kennedy IAP 4039 7347 ;.o. 3 · 242 ,' 259 · 260 204 151 139 122 106 120 140 17 3 180 168 

I - . 
NY New York, La Guardia 4046 7354 • . 10.9 300 282 283 211 160 123 105 110 1~5 174 217 278 197 . 

' 
10Ef 

-

NY New York, central Park 4047 <'- 7358 8.1 114 117 99 57 43 38 37 61 63 83 95 76 
' 

.,. 

NY He"f York WBO 4043 7400 11.6 436 428 384 259 211 173 ~ 146 107 143 209 329 336 261 . 
I 

,. 

\~.6 " 
NY B,ear Mountail'l 4114 '7400 i-'12. 5 476 463 550 444 311 183 171 163 271 289 396 350 

/ 
.,. 

- ' 

NY _:Newburgh; Stewart ~FB 4130 
-· 

7406 7.8 164 206 193 176 108 76 61 52 64 101 136 163 124 
' 

., 
.. 

NY New Hackeneaok· 4138 7353 6~0 83 91 93 87 so 42 3:1- 32 40 63 93 84 63 
' _ ... ------·-···· 

NY Poughkeepsie, D.u:hess co APT 4138 7.353 6.1 68 90 ~ 90 52 43 33 28 36 46 66 74 60 

NY columbiaville -4220 7~45 - ··· .13'. 7 185 220 226 17 3 \ 131 104 69 69 97 138 !.6~ 17 2 138 . 
' ' .· ; 

NY .Albany Co APT 4245 7348 ·,1 ~9 148 163 173 138 95 80 68 63 81 96 103 111 108 
;:-

.. .._ (' 
~-- .t' 

NY Schncctady ;...; 4251 7357 -:r~ .. 4 l56 116 tao 155 123 B;i 82· 67 84 '68 112 114 112 
. , 

~-~ 
.... ., 

NY Platt1burq AF'B. 4439 7327 ~6. 0 
. 

c 3 78 76 82 70 52 42 36 41 54 66 60 o.;, 60 
, . ,. 

> 
193 NY Massena·. Riehard.s APT 4456 7451 9.5 176 ; 192 217 193' 150 129 108 101 111 154 170 158 

;. 

NY watert6wn APT 4400 7601 . 10.0 409 312 373 298 153 134 119 99 171 197 27.8 350 236 
../ -

NY Rome, Griffis~ ~ 4314 7525 5.7 91 108 109 94 66 44 )0 26 36 so '71 82 65 
, 

\. . 
' 

.. 

---~--~-----·-----'------------------------------....-
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MONTHLY AVERAGE WINO POWER IN THE UNITED STATES AND SOUTHERN CANADA 
' 

.. '• 
" Ave. Wind Power, Watts per Square Meter . ' 

' Speed r State· Location Lat Long Knots F M A M J J A s 0 N 0 Ave. 
~ 

NY Utica, Oneida co APT 4309 7523 8.2 1{7 130- 113 100 74 81 43 49 --59 67 106 lll: e7 
.~- ~ . 

APT 161 
.. NY Syracuse, Hancock 4307 7607 8.4 158 174 166 108 80 66 61 76 91 129 138 115 

' 
~ •. 

,N'f 
1 

Binghampton., ~loorne Co APT 4213 7559 9.0 157 183 194 191 138 77 73 70 77 10"- 155 160 1•!2 
t v 

NY Elmira, Cheml.!n.g Co AP'I' 4210 7654 5.6 73 78 91 80 so 45 29 25 34 57 79 69 59 
~ .. .. 

~'Y Rochester 4307 7740 9.8 205 229 240 ' 201 138 123 9a-"' - e2 10.2 !.2) 19: 194 153 
•. 

~7 Buffalo •. 
4256 7843 11.5 468 430 417 411 422 281 278 383 377 334 354 306 382 

NY Buff-alo 4256 7849 10.9 254 258 322 1,239 .. 160 151 132 118 145 160 227 251 205 

Niagara . .-Falls \ 
NY 4306 7857 8.3 193 175 147 ~30 106 82 72 67 82 lOS 134 176 126 . -' ., 

7 
i __ ,.-· t NY Dunkirk 4230 7916 11.2 488 348 368 302 173 154 121 127 174 269 396 :361 ' 281 

~69 - \ ' .. ·· --·- ·······--·-······ ··-· ....... - .. ... NC Wilmington 3416 7755 8.1 118 151 163 102 87 77 80 98 97 101 97 10"8 . . ; / 

NC Jacksonville. New Rvr. MCAP3443 - 7726 6.0 59 72 84 79 ' 
53 44 32 31 43 40 49 46 51 < 

~ 

.' 
NC Cherry Point NAS 34~4 7653 7.0 '92 lOS 124 125 84 68 57 ·57 84 66 67 74 83 . ,., - . 

.. NC Cape Hatteras 3516 7533 10.6 195 229 209 202 144 138 117 135 180 16') 16_& - 168 169 ----. ~ 

' 
-. . 

NC Goldsboro. Symr~Jhnsn AFB 3520 7758 S.4 55 71 aq 
.. 

' 
72 45 32 30 23 36 29 42 qf? 45 . 

.. NC Ft. Bragg, Simmons AAF 3508 7856 5.8 63 ·82 76 :to '46' ---- -··· ··-··· ··- --·-··· --- ----
32 27 24 27 J) 53 4-g 46 

' ' I - i NC Fayettevill~,' Pope AFB 3512 7901 4.3 43' 54 60 55 34 25 24 21 21 2 3. 29 JO . 3 3. 
... ···-

. charlotte. 
. ' .. 

NC Douglas .i\PT 3513 fJ0:>6 7.4 tc.:. 101 120 118 69 57· 50 53 10 76 7~ ' 
82 82 

-~--: .•. ,.,.. . 
4:1 '18 74. -

54 NC Asheville 3536 8232 5.5 77 •77 110 90 24 17 16 JJ 76 · . 
' ' {;' .. 

( .. --
NC .Hickory }.PT ~ 3545 ·8123 7. 2 .. 69 69 89 79 "57 so 50 49 49 54 63 .6·1 62 

: 
' -

Wituton '141: as ·• ~·-· ::- lll NC Sale~ 3608 8014 8 • 1 166 149 169 68 66 54 97 106 98 !17 ' ' •. 
.. I ' 

) 
• . ·-

' 
' 

• { 

' - r -. -
·' 

.,.,_,~,•;,.,,_,.s:o;,~ • .,-:::~:,.'r'.,....~~ ; .V :-,-:_• .,.-."f:,--.,.,_~--""' :•:"" ':.:;.~·:~·~:-or.<i'f,>. :, _~.-,·! •!;:..,.~- '-'- > :.l•:·.: .:;,.,:. ·•-:·~•-:·" •' • " :> .-' "'"''<r"'""i<"::~,--;Tj~,.,.;,-,'!'!'!!:".•~ ~-... ~?.':~i1- ~!".':'l~:·~··•'!:o-:~~~~""'l"' '·~~_."="",.'-''..-,_ "'....,~"~~·'!'~~~~·••:••••::"' ""~'"'~'-'""'-~""~'!'!'-10'~-..:~-· : _ . --~~---- ;;··,.......,.; '!"""..f· 4;.>:t",~=~""""""'~""'-'<;;,.·.'fto.;..,_,,.._ ·'-"" -. • .. ~ .. ~-·-· ~ - . . , ,., ..... -..... ;·::: ~:.,:., c ._, -~- :: .. ,- ~"-· 

. • ' . ' . i ' -
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.. . . ::. ·- .. -· . . ----- ... ~ . ··· ·-- ·-· .. 

~- ---- --- - -- ---- L -- ----- -- · ···· -- -- ....... - -- ------- -- --- ~ . .. ------- ···- ·- ---- - --· ~ 

--· _ .L.- ----- - . --- - -----------
~ONTHL Y AVERAGE \fiND POWER IN ]HE UNITED STAT~S AND SOUTHERN CANADA 

. 
{ ./' 

' ' 
... . 

" ft. ? Ave. Wind Power, Watts per Square .~ter . i . . 
\ .... - ·. --- { ' . Speed 

State ''--~--~·~~--:. .. ~- ,- · ~ Lat Long , Knots J F M A M J J \A s 0 N D · Ave. - • ' • 
. .-/ ~- -. ' 

~c -Greensboro 3605 7957 6. 7 67 .:o~ 
. 94 : '94 47 37 34 ~9 . 35 43 69 ~1 58 ' •• . 

\ . : ' 
7847 

. 

NC Raleigh . 3552. 6.7 -S.9 81 ' !06 113 53 ~1 49 . l7 45 41 64 61 64 
- . ; ! 

I 

NC RoCky Mount APT 3558 7748 4.2 72 74 '97 86 . 49 .- ~2 51 4;-3 45 so 5'7 60 52 • I 
/ ' \ I ' 

NC E1i~abeth City · 3.616 
\ 

7611 7.4 81 99 95 98 76. /65 50 · sa 67 
I' 

7L ' .. 63 63 1 74 . 
' 

r -

ND Fargo, Hector AP'Jt 4654 9648 11.7 280 . 264_ 293 389 286 :215 144 160 225 i 280 337 2.11) 263 
·. .• l -. it i ' 

' 
.• -

ND Grand For lea AFB - 4758 9724 8.9 ' 167 182 ·- 183 197 166 103' -- 71 - 88 12l- 147 147 172 146 . -· -*· i ' " . ' • .. ' ·- I 

ND Pembina 
.. ~ 4857 9715' 11.7 308 3-91 ~321 341 3'35 26~ 187 24 1 261 329 401) . 409 308 

< 
~ 

~ ND Bismarck APT 4646 10045 9 . 5 147 14') 186 250 217' 174 118. 1:19 157 1 67 186 14) 170 
' 

. I ' . .· 
( ' ~ ', 

' 
ND Minot AF8 4925 10121 9.1 191 192 166 199 · 18~ 117 95 98'·. 127 '164 l6)·- -ra1 157 

'• i . . .1-"" .. . 
• •, 

., 

ND Williston, Sloulin Fld 48 t l lOJJS 8.2 eo 86 lQ9· 14~:. . .l-41 . . 104 76 83. . l'1i 98 88 - 78 -- - -98-. .. ' . .. 
·,, . 
'. ' . 

NO Dickinson - 4'647 10248 13 ·• () 402 365 462 486 ~Ol 402 246 208 301) 312 426 334 362 . .. i 

,. ~ 

411~ 
. ' . .. 

OH . Y q_ t~:f.H1 s ~own APT 8040 9. ~- 187 177 218 178 115 84 . 66 ~~7 81 95 180 1e'a 133 
... _, ... - -· ' t 

· c , . 

i 2'2! 
. 

OH · warren · . •. 4117'. 8048 . 9 .3 . 196 183 197 197 ' 116 95 61 ·s9 82 164 149 136,. • . . r 
.}· 

.•11 .. -·~ · ' ·. \ ' 

·• ~' -~ -- .; 4055 l ' 118'-. OH Akron . 8125 9.1 163 184 192· 151 10 1 75 55 5 ~ 70 Sq. ~156 147 
' ~-~ ,. '~ , • • 1 .& ' -· ~ ~· :· ~ 

. .. 
- .~'I 

.. ... .. ''"' , ") · . 
·~ . . 

J . - OH Perry1 4.141 : 8107 .. - io ; 7 2')6 . 296 2~0 277 136 liS 82 9~ , 136 ' '311 211) 223 ':. 
.{ - - ! 

.-.~ . ·. . . ;! . 
\ . 

. ·-....... ~ 

oH cleveland 
. 

i 4124 \_ 8151 10~1 189 2J7 244 211 ,14"'7 111 80 "72 104 122 230 20 2 1S2 
'r . . :•, . ' 

.. 
- 7'>: ~ .., : 1 

, . -. 
OH Vickery\ : (~ j 4125 ~ 8255 10.7 28~ J lt) )f)) '284 150 136 89 sa 130 ' 157 284 '217 217 

' 
\ .... ..... _ . ' . . 

;t 

""oar 
- \ 

•\ "' 
Toledo ' 4136 "8340 7.7 +09 . 114 1.38 108 76 51 39 37 49 60 89 93 80 ' 

1 . 
" I \ • 

i 1 . f t 

..... r············· . 
- -

OH ~ Archbold 4134 \8419 .a.e 182 176 18·2 189 ' 99 86 57 62 84 98 182 1 3 5 
: 127 

; • 
' ''PH { Columbua 4r '.825) 109 llB 136 116 ,"';\.\ 74 52 37- 35 44 55 · 1~0 91 82 

7.2 
,. 

. , ....., ' . . 
I ' 

.. ' . 
) ' i 

- -·· : , . -.. 

. 

.. 

-

~-

~ .. 
" 

: . .• .1_/ --

-~ 
~d 

" · ..(. 
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. MO~THL y AVERA~~-WIND POWER IN THE UNITED STA YES AND SOUTH~AN CANA6A 
l ,, 

~· -·- •... "- -• < 

\j 

Ave. Wind P,ower, Watts per Square Meter 
. . Speed· ~ -

' ' 
State . location Lat Long Knots J F M A M J J A. s 0 N - D · Ave; ' . .. . 

' 
OP. col \!!!'bus, Loc~ournc AFB 39<'.9 8256 5.8 109 127 135 120 7 '1 53 36 33 43 58 93 '?~ 

" 
8~ 

I . ' I 

OH Hayesville · 4047 821B 10.0 257 2'5 1 236 204 · 123 124 7() 76 104 151 258 2 0 ~ 163 
~~ -· · 

OH Car.iliridge 4004 8135 6.2 110 103 110 94 54 so 4 0 32 4 C J 9 30 7 3 7 !. 

' 
~ zanesvi.lle, canU:>ridge 3957 81.54 7·. 7 160 142 188 158 87 67 46 32 56 6j l3 6 1 30 105 

' --
OH Wilmington, Clinton co 1\FB 3926 8348 ' 7.8 133 148 l66 157 . 94 6C 44 37 48 ' 6:? 117 11 9 93 

os. Cincinnati 3904 8440 8.4 133 135 150 144 .. 9 0 63 51 . 42 61 77 1 26 1'!.2 99 . ,, 
-

OH Dayton 3954 8413 9.0 179 192 207 173 108 73 59 4q. 69 84 170 l6 Cl 125 . . ' 

OH o'aytbn' wright AFB 3947 8406 7.6 161'-· 188 226 
' 

182 Ii] 83 sa· 50 71 86 162 !.57 128 
I 

I OH Dayton, Patterson Fld 3949 8403 .- 7.4 171 186 202 176 108 73 47 43 61 79 160 145 120 
I ;. --

OK Muskogee J~~o 9522 8.5 149 189 230 210 13.2 94' 53 71 8 0 l i'J 8 114 99 131) . . 
-

OJ< ~1sa IAP 3612 9554 9.5 157 178 196 185 155 116 94 85 110 1~8 145 149 14~ 
Oklahoma City -f 3524 9736 12 .2 306 3 3 3 ~. 3T6 .. 386 274 250 165 1·53 2 1G 

~ 
265 -~-~:. OK 182 248 

• / 
< 

I 
OK Oklahoma City, Tini<er AFB 3525 9723 11.4 2GJ 277 370 412 319 318 176 153 197 ~30.; 243 248 264 

~ 

' . I 

OK Ardmore . AFB., Autrey· Fld 3418 9701 8.7 140 165 204- 203 123 llJ 71 72 0 6 93 132 ·114 127 
I . .,. - . 

OK rt. Sill 3439 9824 ? 9.2 174 215 272 247 193 182 104 91 125 "'-4 0 164 165 17 3 
' I ' ,. 

OK Altus AFB 3439' 9916 8.0 99 134 198 HJO .• 140 126 7 1, 64 79 92 9~ 92 113 
' 

. 
OJ< Clinton-Sherman AF'B 3520 9912 'E· 'g. 8 lR~ 202 283 262 224 158 84 77 108 lD 139 161 165 

~ 

OK Enid, Vance AFB .3620 9754 9.0 162 17 3 229 188 aJs lJ8 88 81 100 10 7 136 142 1J9 . 
" . -·--· 

·; 

-oK Waynoka ~ 3638 ·9851} 12.4 2 9-5 416 56 2 556 389 310 290 250 275 309 308 2()1 356 
·-

' - . 
OK ~go ...;.. 3€118 9946 10 .s 20J 207 281 323 257 321 168 132 17) 161 167 188' 221 

'· ' 
. -

OR ontario 440l 11701 6.2 S.l 70 96 143 13,9 10"7 115 t 122 75 69 49 41 as 

I .. -
- .. .. 

r 
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES. AND SOUTHERN CANADA 
v 

r-. . . ' 

! 
. ~ '· 

., ~ 
-~ :·· 

Ave. Wind Power;. Watts per Square Meter . . 

Speed 
.,. ·.- ·.-. - ~ . --.·:.:a ' . ... 

State Location Lat Long Knots J F M A M J J. _, ._ A .s ·o N D A:ve. . •:· ., '-' . : . 
,:_ .. 
r. 

"' ' 
' 

OR Baker 4450 11749 7.0 44 52 47 5'4 47 40 ~ 40 40 3tfJ 45 38 .-/43 46 
r- __ ... -·· 

·. . . . 
OR. La Grande 4517 11801 8.1 328 261 173 131 93 66 55 .. .. 54 60 82 /2o1· 312 152 . 

. • . . 
Pendleton'· Fld 4541 11851 9.7 96 196 1J38..--· ·1'7~ 'teo / 

... 
·OR 164 134 124 134 98 ... _127· 134 145 

i, 
. ·· . • .. 

OR 4335 1L90J 5.9 46 46 68- 69 57 60 49 44 . ..46" 
.. 

50 51 .Burns l ,43 40 
l 1. .. /".,' . ... ;~--~ .. ' 99 

l ' 
OR Klamath Falls. Kings ley F1.d 4209 12144 . 4.8 84 . 77 86 62 44 .... )->:r-'. 30 36 53 - 66 76 60 .. 

~ _. ... · .. ·"// 

5.6 
.. ' _.-- / 

OR Redmond. Roberts-Fld 4416 12,109 56 76 '63 6 ~_,_.--·-4"6 .. _..4"6 29 30 38 3& SA 45 41 
. - -· .• .. . 

~ .. --· . 
365 

.• -

OR Cas-cade 'Locks 4539 12150 l3.1 651 718" -3"3,..., 331 351 387 ~353 344 451 643 750 465 
' . . ' - ~ 

OR CraNI\ Point 
' 4533 j2214 9.6 746 765 209 1.48 . 107 50 36 so •tl3 304 '712 650 308 

' -
Port 1 and/ I.AP 

' 
( 

.. 

'oR ,. 1 4536· 12'236 6.8 139 104 91 ~61 44 ~9 45 38 38 - 51 91 131 .. .]5 
.___..;.....: 

0 

' ~ ' 
. 

OR Eugene, Mah1on SVeet F1d 4407. 12313 . ~- 7 .~6 83 86 1l0 94 79 74 89 74 79 58 ' 73 77 81.' . -' . 
..... q. 

8.4 88 
_::-··· 

.. ····oR· North Bend 4325 124J.3 76 128 108 107 185 : 192 149 88 ?J.- . -~0 94 113 
' - .. ' .. . 

4.2 . .. 32" 
.. .. 21 29 ~-· 23 

OR Roseburg ~3\14 12321 22 23 26 28 l6. 22 16 18 19 

. ' ' ' -
Astoria: 

., 

OR .C1atsop co APT 4609 12353 7.2 125 11')9 . 95 82 69 66. 71 61 54' 70 1115 111 84 
• ' ' 

~ 

--- ' 

---<salem, 
I 

. 

OR McNary Fld - ~ 445,5 G 12301 7'.1 . 160 122 10() 72 56 47 52 44 47 59 11')4 137 as 
\ ' 

, 
I . 

OR ·Newport 4439 12404 a. 5- 110 lOi 107 95 127 J..4S 151 lll 69 1.2 95 129 113 
# l ' " 

< 

0~ Wolf Creek 4241 12323 2.5 10 ·11 15 16 19 19 22 18 11 9• 8" 8 14 
' 

. 
' ' 

.. ,.. 
. 

Surra'!\it 
. 

4236· 123~2- : "' 223 '316 310 276 
OR· Sexton .- 11·6 3:!3 283 243 196 

' 
23G· 243 255 269 248 

.. 

' 
. 

OR Broo'l<ings 4203 12418 6·4 91 131 96 68 58 55 35 26 37 43 7'2 92 63 ., · .. 
r '' ,.-·· 

r 1''··. 
OR Medford ' 4221 12251 4t9 

.. 33 , 44 53 50 57 51 so 49 39 28 24 40. 46 

' 
. ........ \ . 

OR Siskiyou Swm.it ' - 4205 12234 a.s 96 115 102 82 129 150 170 ,123 102 68 89 92 109 
t 

- ·-
l 

-----... -... _ .--~·.::_ . ~ 

.. ~ .... 
• ---''"!":-~'"~. • .,... -- · - ~~~-~::.;.~.:--~.,' ,.~-· ·- ... . _. -- ·:·~·-:-·=:-- ·- -·~ -- ~---_-i'D-··----·::· 

• •· ··. · .. I. . . ......... . - ~-------- .... ---~-- • . ···--·· ....... ··-·- ........... --
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MONTHLY AVERAGE WIND POWER INTHE UNITED STATES AND SOUTHERN CANADA 

Ave.· 
Speed­
Knots 

Wind Power, Watts per Square Meter 

State Location 
' . 

• ~·J f '. 

PA ' ' ~hiladelphia 

P}"- ~ ... 'illo...,, Groy.e ~iAS·. 

PA ·, _ A~I1e!l'txyNl)\ 

PA 
• 

.. 
Scranton . ~ 

Lat long 

3953 7515 

~01'2 7508 

4039 7526 

4J2B 7544 
---~..--

PA Middletown~ Olmstead ~FE 4012 7646 

l:Ia:rr is'burg ·• 401,3 i6Sl 
.... 

J F M A 

~ 

8.5 131 139 170· 133 

6.~ 11~ 136 148 1~4 

7.3 157 141 227 124 

7. 7 ' 87 107 94 95 

5~ 5 :· 97 ! ·12~ 113 96 

6.4 96 · 1io 12 s 88 

M 

93 

74 

77 

so 

53 

53 

J J A s 

78 62 52 61 
,/ 

46 35 30 43 

73 38 ,35 55 

62 47 37 so 

37. 31 28 28 
·' 

0 

84 

54 

N· D 

9~ /09 
88 <JO 

61 lOB lSl 

64 BS 84 

41 75 82 

41 31 .. 42 69 68 

PA Sri'rkplace ., . 4'os1 760& .. · 

. . 4053 . 7646 

12~9 464 '477 451 411 251 198 -13.2 137 211 318 411 424 

Pi'\ ~- -<,sunbury, -sel"inJt~r6ve 
-----. 

PA 
~ 

PA 

PA• 

PA 

PA 

.. 

... 
~ . 

A l.toona, Blair Co A.PT 
, . 

Kylertown 

-·:-...:·~--~-

---- -· 40.5 s . 7 71.9 ---- . 13.4 
I 

610 
---- --- I 

4053 . 7743 ' . 6 .f:f_ 133 

40 Q.4 ., 7·a"so~ ., ... ~ 
' 9'.4 '261 

7. 2 ' 168 --

85 115 

564 596 

7'3 

550 

38 

330 

' 139 · 139 169 83 ; 

308 -·-·32J 241 ' 13 1 

148 181~ . '150 92 

155 '·180 ~241 164 9_5 
.. ... _. 

410~ 781~· 9.8 ·147 

.4111 · 7854 
-~----

8 tj"·- :··1.2..7 7.5 1.18 

---" -<4l41L. 78.38 
; ~- ___ _. _ _. .. -·:.;·· . 

:··:- ·:.--
6.1 81 76 69 

· ~~~ n 

-~-~ - ---...... .__.._;..--:--.. 4205 eo11 9.1!· 234 191 2oa 14~ .. ·· 92 

29 

257 

68 

83 

1~ 

79 

19 18 

157 .c· 163 

44 46 

73 62 

49 42 

53 46 

98 85 77 

77' 67 62 

22 

257 

60 

83 

63 

56 

J2 

~03 

96 

179 

97 

82 

56 

55l 

128 

235 

174 

124 

58 

590 

126 

247 

120 

143 

98 146 202 .'. 2.4 7 

49 77 lC9 

- -- . . .. . . ·- --.. ::~~:::~-~--.,___ : . 

41.18 eftl-2= -- -c =-,_~""~.s.:--,. tt 189 169 19o -·· -J.7~ , c ''10-9 BO .65 58 80 107 170 163 

i 
Ave. 

103 

1" Bl 

104 

74 

66 

66 

345 

50 

417 

1()3 

192 

1o6· 

118 

200 

78 

49 

128 
. • . -------~----------- ~ - · --.. - ... :.c: . - '\ ' 

4109 7906 7.4 h 146 119 ~"1-M-_J;..~~~--~2~~~ 60 - ·~ A~._, __ -_46 75 112- -lOA ___ ~_:_ 

4630 . eo13 · a.s 166 110 197 16~ ·1os ' ..._7-s---·---ss ___ so 67 ' ': '-8"2 ~:<<!46- 1so 12o \ .· 

---pA Brookville 

P~ Pitts~r9 A~ 
. . -....... .,.--..... ~-~ . ·-... - --

.. 
-~--

~ 

· ·-- -.. 
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... 

·-·--- - -···­---- --~·-··-·· 

. .., --~ 

.-

·.:· .. 

PA 

RI 

Ill 

RI 

t :: 
, I sc 

l sc 
! sc 
j 

sc 

sc 

sc 
I ! sc 
; .. sc 

so 

SD 

SD 

so 

SD 

MONTHLY AV~RAGE WIND POWER IN THE UNITED STATESAND SOUTHERN CANADA / 
.. 

· . Ave. 
, I Speed 

·-- . . -t.at long·-·· ·-· Knots- -r- "F. ·· 

.• Greensburc;J 

Quonset Point RA$ 

Providence 

Providence. Green APT 

Be.aufort HCAAS 
~ 

Charleston . . ;r 

Myrtle Beach~ 
Florence 

Sum.ter, ShaW' AFB 

Eastover. Mcintire ANG 

columbia 

Anderaon 

4016 

4135 

4144 

4144 ..... 

3229 

3254 

. 3358 

7933 

7125 

7126 

7126 

8044 

8002· 

7856 

7943 

8029 

3355 8048 

3357 8107 

3430 824~ 

Greenville, Do·nald•on AFB 3446 
• 

8223 

Spartanb-urq 3455 8157 

Sioux Fall~. Foss F1d 4334 9644 

9.1 

8.4 

9.5 ' 

9.6 

5.7 

7.5 

6.1 

7 • 6 

5.4-

4.9 

239 

164 

226 

164 

173 189 

173 

44 

93 

49 

95 

49 

189 

70 

124 

65 

99 

57 

37 ~ 68 

6 • 2 65 74 

' 7.7 99 107 

6.3 

e. :a 

9.5 

67 

121 

158 

70 

122 

156 

M ·4-- A 

201 

163 

129 

160 94 75 · 12 61 ep 111 186 174 // 141 

15,6" 121 84 

192 

62 

130 

70 

180 

180 

61 

117 

78 

93 

64 ' 62 

54 52 

90. 96 

99 113 

80 79 

156" 129 

215 266 

140 117 

140 117 

43 35 

69 64 

54'- 51 

74 · ' 67 

40 

33 

52 

eo 

44 

95 

190 

31 

24 

' 42 

60 
i 
138 
I 

66 
I 

ll29 

~ : . 
61 

98 

98 

54 

49 

26 

I• 
J, 

70 83 115 135 14 ~ 123 

:: ~:: ~:: ~:: ~~ 
23 35 

52 63 

44 44 

24 34 .. 

35 

59 

40 

74 

36 

~: t: 
:: h 

I 

38 1. 41 

144 

144 

43 

81 

52 

72 

41 • . 

26 14 32 27 

38 

31 28 ·. 34 

42 

51 

32 

{;5 

94 

34 41 

51 52 

27 36 

52 60 

91 121 

73 

37 

81 

144 

44 so 

as 98 

39 50 

108 i 100 

212 147 

55 

79 

49 

g~ 

.161 

212 Watertown 4455 9709 10 .1 189 224 284 332 251 233 12·9 123 185 210 240 151 
I 

Aberdeen APT 

Huron 1 

Pierre ·An 

bpid City ~-

4527 

4423 

4423 

' 4403 

9826 

9813 

10017 

10304 

11 • 2 f;. \5 
f 

10 l 164 

9;8 216 
I 
~ 

{9 6 176 .f • 
l ,, 

234 

169 

205 

173 

341. 413 290 

219 285 214 

255 294 202 

239 234 178 

244 

165 

141 

144 

17 3 

131 

124 

123 

177 

131 

129 

139 

240 

' 165 

149 

168 

249 295 202 
i 

197. 2J<j ; '174 

168 230 : 207 

193 289'* 205. 

258 

187 

191 

191 

.. ·•.-: 



State' 

. \ . 
\ 

-~ilon 

,,. .. . . 

r -~ 

! 

SD Rapid .city, E_ilS\Io'orth A/FB 

SD 

TN 

TN 

TN 

Hot Springs 

Bristol 

J<no~vi1le APT 

cfnattanooga . -~-· . 

Chattanooga .. 

TN ,..._..; CSmyrna; Sewart AFB 

TN Na~hvil1~, Berry F1d 

TN 
~ 

TN . .. Me mph ia IAP 

. ' 

.. ······ · ·-·· 0 ... 

3549 8359 , 

3502 851~ 
~-:-~ 

3501 8512 

' 
-~:-. 351-5 

1600 

. 36()7 

3~2'!- 9.952 

3503 8959 

• ·, ' __ ...,_ .,.;.-_'jl,' ·. 

' 5. 4 -;.: 70 86 \106 

. 5.4 

5.2 

77 "84 'S4 

'·83 

63 

76. 

7.4 '116 

84 

83 . "'91 

132 

82 

117'' 114 

BS 93 - 84. 

"' 
1~8 125 

46 

. 32 

42 . 

44 37 ; 29 
..... . ' 

19 .. 18 ·: 16 
• r. t.· . 

~-
29 

-~- -- . 

22. : ·20 
' l . 

35 

19 . 33 

22 

67 41·; :. 33 . . 44 

31 

57 
' ' 

54''' 37 25 ~ \ 2.4 36 

89 .57 54 61 

67 _.60 

60· 70 

102. 110 

r TX BrQ...msvi1le, \'Rio Gra-nde IAP . .2554 9726-

137 

229 281 292' 277 . 211 

45 

185 1\41 ~ 102 .,., 104 150 186 

'l"X-

TX 

'f TX 

'l'X 
I 

TX 

' ·· Hartington -~FB 

'$' 
~ Kingsv1.lle NMS 

Corpus Christi 

Corpus Christi NAS 

Laredo AFB- · 

Beeville NAAS 

Victoria. Fo1ter AFB 

Houston 

a~e 124 11s 212 201 112 16o 132 129 82 75 101 109 2611 9740 ., 

2731 ."9'749 8. 5 lll· -~.~'30 162 '1B3 171 157 142 115 107 77 10.4 98 
-

. 2746 9700 
-'-

10~4 189 229 '26o: ~52 199 ti7 150 1~0 107 114'. 157 154 
. 

2742' 9716 L--..._11.3 
I 

2732 9928 lb.O 

282) 914Q 7.3 

28 51 96 55 ' 7 • 9 

2939 9517 10 .1. 

. ·, 

209 23'2 272 286 ~~63 225 189 "1~3' 150 14'4 . 2Q6 -· 11.2 
: \ 

.. : : . ' t 

~0 122 

81 101 

13'4 173 
r . 

153 ·185 

124 

198 

q 

129 

138'-112 

191 216 240 .. 258 186 139" 

( 

! 
~ 

//- / 

122 101 93 82 

60 52 . 76 72' 

58 103 124 

as . 74 , l.Ol 117 .... . 
159 185 

• 

6~ l-· . ,,. ... 
48 

139 

12.9 

179 

. zfo 

147 

85 

109 

1~3 

~-·~ ... 

'-I 

I 
I 



Ft. Worth 1 Carswell AFB 

!Y. 

. ~ 

:: ... ; 

F-. 1 

-.!_- ·: 

2959 

3012 9740 

3038 9628 

97.43 
-,, 

·3104 
o. 

3138 9704 

3244- 96~,(L 

32116 9725 

3247 9804 

; 
• i 

6.9 

8. 9. 
f. 

' 
~ .:_. 
·0. ( ~ 

7.~ 
! 

7.f3 
l 

7.0 

i 
8 ••. JJ 

... --~ 
,. 7.1 ., . I . 

~ ' 

9. 11 

- 9.2 

I 

----~. ----~-----· 

' ' 
·- .... 

Wind Power, Watts per Square Meter 

F M A M J A s 0 

96 '114 104 38 41 56 54 

257 227 149 144 147. 148 
···-··· 

T90 . T56 64· 

27\ 

54 115 as 

70 

185 

123 

109 

84 }~ 85 <·lOS 109 

.1B9 141 

59 

86 

145 

95 

123 

16) 

:..17 

155 

138 

120 

185 

...... 
go 

(J ~J 

95 134 129 

'14~115 12! 

140 167 145 
#· 

103 

l38 151 }.~55 

198 208 

111 . 135 128 

166 210 199 

154 216 194 
•. 

146 203 201 

45 30 22 

100 86 .,,_ \- sa 

104 • 104 \ 62 

. 94> ' 82 . 64 58 

si, 96 83 

187 166 

96 

117 92 

127 

118 . 119 

89 74 

130 --109 

162 153 

101 90 

154 1~4 

141 133 

16,2 154 

63 

136"" 108 \ 
\ 

97 48 

64 65 

:!) 

88 73 

49 49 

81 59 

12-·-~ 87 

72 61 

97 82 

71 60. 

103 79 

26 ·' 38 

71 

65 
0

61 

52 

95 

.. .. 
"tC. 

52 
\ 

58 \ , 

38 

.6-o 

• 

8,~ 

71 

56 

53 

107 

63 

78 

74 

47 

vs 

72 ' 102. 

56 

85· 

72 

79 

68 

99 

89 

88 

\ . 

"' 0:~ 

.. 
r 
I 

... , .. ·-

·-~- ! 

N 

~2 

239 

D 

75 

217 

I 
I 
t . 

Ave. 

72 

210 

121 .. 134. ' 1·28 

56 62 

102 104 

94 ., .e·1 

90 92 

49 

112 

98 
~ 

84 
. e-

72 63 ., 77 
--~~-

.135 . 103 142 

•'. ': .'1 
~ ·.· 

41 
\I 
] 
'I 
I 

,;;1 
. .. / ~-· ... 

~ ~ 

An 

"*"" 
i!A j. 

:I 

I 
u-. 

74' 54 

108 lOS 98 

117 116 115 

73 .. , 

1~7 

89 

96 114 

158\ 

76 

106 

146 
' 

. 1 

104 10:!. 95 

!.31 · 137 

129 121 

111 110 
il2~~j 

I 
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-\ A_ppendix 2.3~ Wind Power Tables. -
-~ 4 

,, -·. 
- -~. 1 - . 

... ..1 

·. Location_ .. ~ Long~ ·.., 

.. ~~neral: ~'/e J. t!!, a 
- . ' 

Ft ''Na.lt·ers ~ - 3250 o 98,03 
_ -NI.-F~ · 

·3237 9814 ~ 
... 

Sa;~to 
\ 

.'v - -~ ,..._ ~ 

:_ ' Sher:'l".an t __ Perrin ;l.."FB •. .... , . ., . . - ~. . -
-....-·. . . . . 

G~insvili.e ·· ··· 

- 3 3.4 3 . 9640·> 
,.. ~ - -_,;: 

. ~-. . 

334Q· . 9708 < 
.. - . 0 N l • ,f~, 0 

·•. • 9-· .·- .. , ·" r 

.. ~\" ..... 
TX - , .Wichita' Falls ~; j 35-8 9829 

TX 
~- . -
Abilene·~ Dy~~-s AX::B 3226 99~1 

. ; 

-- .. -
San ~ngelot .Mathis F1d 10030 . 

I _ _.,: ~ . -~ 
~ -~ . 

i 'f; 

RIN THE' U~IJED STATES AND ~OUTfl~-'1 CANADA_ 
,. . ' ... - _._,., . . 

Ave .. Wind Power, Watts per Square Meter 
Speed 
Knots J. F M 

8.7 117 135 192 

7.1 ., 92 136 157 

9 • L 17 z_~-J 16 4 · 2 17 

11-1 244" 303 338 
. I 

9.9 l6G ~· 178 244 

A M 

184 1~9 

163 87 

213 142 

357 226 
r:-, 

222 176 

•7.7 9l 104 ~4S~ 147 124 
. . l ... ~ 

a-.9 170 

a 

... 

J J 

136 92 .. 

83 55 

121 79 

184 ,1.41 

158 110 

102 61 

147. 96 

A 

71 

55 

73 

134 

95 

51" 

86 

S . 0 

'71 82 

60 55 

81 106 

155 163 

107 114 

58 66 

90 90 

N D •Ave. 

99 

112 77 9 

153 153 13 

222 188 22 
'· 

168 154 15 

07 87 

1:.3 108 

; TX' Sl!ln -Ange_lo, Goodfel1ow··~YB · 31'24. t0024 
. '• ' ""' 8.7 

117 . 154 ;, 195.' .184 

108 152 191 179 169 157 85 81 114 102 12 

- . 
TX. ,, Del 'Rio, Laughlin AF'B 

TX. o-an~dian 
' 

-
' 

TX 

"~~11o, E~g~~sh ~1~ . 
..._ ·.- . ~- .G . .... 

· chitaresi· - : 
' -.. 

''I'X Lubbock, Rease l\FB 
: -; - .. .t 

'I' X .. ~ig Spri.ng~ Webb Am. 
- . 

' Mldland 
•· . .. -~ 

Winkt Winkler ·Co AP'l' 
·~ 

·;-
'"* .... 

• J 

2922 10045 7 .6~· 71 107 114 120 11S 117 ,, 91 68 59 ~7 56 60 8 
, .. 
~ ~ 

3 s-bo 1002 2 · '· 13. o~ 3:90 416 57 o 596 430 344 263 231 310 337 370 290 37 
/ ~ 

360l ' 10233 .12.9 370 371 476 477 477 559 334 , 278 28.0 22.8 266 305 35 

. 
)514 1Ql42 

.<> 

3426 1()'017' 

3336 10203 

3156 10212 

3147 l031'2r ,· 

,1016 10401 
~ - -•; ;,. 

'!)!,150 . . +~4_48 

3148 "1~29 

'~ _,: .. · . ' 

1~.7 279 359 329 290 

152 194 272 269 221 
~ 

9.4 155 211 '291 268 204 

240 166 135 

204 118 93 

188 89., 67 

180 

117 

ee 

200 

126 

99 

221 22~ 

128 147 

140 ' 169 

-~ ' 
. 10.1 J.-55 1.,97 264. 't;6 '226 216 128 101 112 124 135 13'9 

8.9 

8.5 

1s~a 

91 143 146 155 133 123 94 76 as 

~ 5· 14 8 2 0 4 1 B 1 181 1 9 3 119 78 72 

].65 
1 

' ' 

897_ ' 892 999 

192 146 117 . 84 65' 85 

932 eGe 603 422 342 401 
-,J 

299 222 173 131 lll 102 

84 

75 

84 

89 102 

Bl 128 

88 119 

760 627 

1S3 163 

24 

17 

16 

17 

10 

11 

12 

71 

18 

• 

\ . 



h 

::: 

';~·~,~.;.: 

- , ~".' ' .. ' ~·. . . 

~ . 

· .... 
• ·> 

· State 
f 

Locatiori 

TX .El Paso. Biggs AFB 
.. 

· UT St G~orge 

UT Milford .. 

U'I' * Bryc~ Canyon APT · 

lJT Tooele, Oug-.... ay PG 

~-

; 

MONTHLY AVERAGE WIND POWER IN THE 
'· 

Ave. 

Lat ·Long 
Speed 
Knots, ..-·:·J 

10624· 5.8 

3703 1113-1- , - ·· -s:-.-r 

3826 11300 10 .. 2 

3742 11209 6.4 

3822 1104J 4.6 

~O,lL 11256 
~-

4.8 

68 99. 144 
. ·,. 

26 ' ·39 ·-73 
., ' 

179 241 228 

69 65.; ' 93 

43 41 ; 115 

38 48 69 

~ , Watt\ per Square Meter 

' J · . · · J · A . s . ·o 
. · :!. ·• I 

N A 

.144 96' . ,~ :~7 ·4-
'( r- .· ==-: ·:, 

47 1 38 l2 
- .. ~·-· _ .. ____ .... -.-.. :· ·:~ '!;_-: :· .. .- . .. l 

67 

275 

79 

84 

81 

.;72 74 . . 53 

302 1
• 241 ' _2.20 

, I 

94 \ 90 40 . 

\ ' 
102 108 JS 

' i 

yt 69 52 
I 

\ 

\ 62 
I 

40 
'· 

11 5 167 
\ 

\ 

47, 53 
\ 

38 \ .43 

5'7 \ 46 

25 34 

48 53 

40 36 

41 31 
""" ... 'l" --

I 
.I' 

D 

59 

23 

152 

49 

25 

28' 

\ Ave, ·~ 

\ 72 

6.6 

7 

trr Darby, Wendover AFB · ... _ . · 4043 11402. 5.3 ·"59 . 62 90 90 71
1 

82 ~-:~-- - - ~ -=- - -~-~ :.---- ~-~---- -- :-~--?,~-.. ~62 ' 

trr wopdovor _ ~AO 2 ___ . ___ sA- ~- 4& · - · 5·5 ·- ---~1 ,--·ro:r- · 114 --·-e-d 7 57 57 4 3 4 3 4 7 40 ' 6 2 
.· ........ _ .... -... 

tJT LOcomotive Springs 4143 11255 9. ~- 113 129 205 221 .;~ 15 167 125 11~ 93 

. ..-(-\- . · -· --

Ogden. Hill 1\FB 

Salt Lake City 

4107 11158 

4e46 11158 

8.0 102 
t-.J ' 

1~8' 127 

193 

126 
·' 

130 124 

195 202 

124 130 

,82 106 

~ ' U.2 lJ ! _ __2,9 __ 21._~___J._J~--t--'&----.UT 

UT 

iVT 

IVT 
I 

l 
~-VA 

V'A 

VA 

VA 

V'A 

. 

I,; ·-

Coalville 4054 ~lil25 
c$-

Montpe1ier. Barre APT 4412 7234 

Burlington, Ethan 1-.ilen AB 4428 7309 

Norfolk NAS 

Oceana NAS 

Hampton, Langley AFB 

Ft. Eu~tis, P~l'k.er AAF 
South Boston 

Danville APT 

3656 

JGso 

7618 

7601 

3705 7622 

3709 7636 

3641 7855 

3634 7920 

7.7 

3.9 

7.2 

7.7 

8.8 

7.6 

8.5 

6.5 

77 84 ' 100 100 

26 ' 35 39 32 

16'2 

114 

154 

135 

167 152 
~ 

111 '103 

182 171 

136 150 

118 

100 

139 

i26 ,, 

96 

30 

99 

85 

103 

1~6 187 193 166 122 
.. ,. ;"'" 

79 90 89 74 51 
. 

96 

29 

97 

70 

84 

62 

17 

69 

55 

52 

86 73 

42 ' 32 

18 

60 

52 

eo 
52 

73 

37 

94 

70 

111 

8·3 

68 

24 

103 

82 

"..27 

93 

" 
66 71 

17 

102 12 5 

100 114 

130 1.28 

97 107 

90 

121 

98 

61 117 ],37 135 146 '136 

32 43 46 61 64 58 ' 
-----~~~ ·--- ..... 

5.0 49 49 65 65 34 33 32 I 24 28 36 40 38 40 

6 .l 69 63_ 84 78 43 36 32 ' 31 33 35 ~l 39 ..;B 

\~: 
\\ 
i \ 
l •, 

I . 
! 
i 

- i 
I 



; ·· 

;; I 

-Appendix 2.3~- Wind. Power 'Tables 

.. MONTHLY AVERAGE 

!) I"! 
State Location 

VA 

VA 

VA 

VA 

WA 

Ro~noke 

Richmond·· 

Quantico MCAS 
•· 

Ft.S.elvoir, ))avi·son MF. 

Spokane IAP 

S~ok~n~, Fairchild ~F! ~ 

Moses Lake; Larson AFB _ 

Lat 

3719 
·• 

3730' 772 

"3830 77119. 

3843 77/1'1 
f 
j 

4738 11732 
I 

47313 fl739 

4711 j 11919 
··-+------ -··- ~----~ .. ·-----.. --- --- . ·-·-·:c-7----- ·· "·-------·· · · 1· .. ·--------- ·- · .. 

... ' . 4606 / 11817 

,.. 

WA 
::)• 

WA 

WA 

WA 

WA-

WA, 

:~A 

WA 

WA 

Wi\ 

Walla Walla 

Pasco, Tri City APT 

North Dalles 

Yakima. 

Chehalis 

~elso. castle Rock 
- (:_. '. . _-. . 

North H~ad 

Hoquium, Bowerman APT 

'ratoosh IS 

Tac.ana, ,...cchord AFB 

Ft. Lewis. Gray MF . 

Seattle fteoma ' 
' 

,I 

461~1 
11907 

•' 

45lh 12109 
) 

4734 12032 . 

4:640 122015 

..&iGoa 12254 
I 

/ 4616 12404 
.. . 

4658 1235'6 

47l5 12412· 

4923 1244'4 

4709 12229 

4705 12235 

4727 12218 

4741 - '12216 

I : 
I . o 
I 
I 
' 

·' -
! .. 
N . 

.. 
~ 

. \ 
\ 
I 

'• 

·- . :;• 
-·~ 

POWER IN THE UNITED STAT~ AND 

6.7 

6.0 

3.8 

J F 

152 .to1 

59 68 

55 . 63 

42 60 

79 

. 75 

60 

1.2 92 1t1 io6 

.• 7. 2 118 138 't34 

6'.2 69 6.2' 
·-------- -- - -.-:: · . .-

6.7 87 100 114 

· 6~8 342 331 346 

' 

>'-

121 .. · 
i 

i 

101. 

65· 

372 '~ 24:3 ,.).1~~ 
~ .. -· .... 

8.0 65 72 111 · isg· 276.4' 279 .c .. -
6-;4- · 6{}---- ·sr· {' .. 

89 115 78 -

6 .4 109 86 82 53 

6.9 128 107 65 

13.0 547 521 495 369 430. 357 

8.2 

7.6 

- 12 .3 

~-. 

4.6 

3.9 

9.5 

5.6 

141 

82. 

763 
• 

36 

194 

69 

112 lOS 

82 ., "7:·5 

603 443 

48 53 

28 ~0 
. 

210 211 

61 5~. 

88 

81 

269 

49 

30 

86 

68 
\ 

276 

38 

173 13.0 

48/32 

66 

l8 

117 

:;30 

120 

28 

\ 

----------~--------------~------~--------------------------------~----~ 
r. 

'· \ 
~- .. 

94 

25 
1 

' 

JS 

'1 9 

63 

64 ' 

ss 

48 

46 

34 

80 

92 

·53 

86 

247 

63 

41 

eo 

D 

' 
132 

47 

45 

~~ 

9,5' 
'¥ 
f~J 

<55 

Ave. 

102 

*s1 

.<:: 4 7' 

31 

• 79 

~00 

68 
-·-··-,.--·---·- .. 

8.9 76 ,, 

164. 257 

64 170 

40 62 

110 68 ., 
119 133 80 

460 773 

94 • . 103 

102 ... 

735 

41 

428 

88 

65 

388 

38 

24 

147 '·195. ~.149 

53 69 45 

. '~ 0 

1 
; . • 1'1._1o. 

,;, 

···---~-----
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.· State . 

·:_ ., . 

·' .• 

,. 

-. ......... ~.--

~-.. -~ ·. . 

>t ;'t 
.&:.: 

' ~:.· 

<:'i. 

.:·.~ -: ._.. . 
... , 
.Location 

\. 

-· ~vere~t, Paine AFB 
~·; 

Whidbey IS :w..s 

Be ll.ingham APT 
'• 

Charleston 
' 

·:c· 

_l.. __ • 

,·. ~ 

· . l 

!"· 
'· .I ~-. ..-' :,·· ... . · 

.• ., 
-•. 

. C 

I 

' 2~l2 !' 
. )._:. ' 

, . .r;, ~ ' ' ,, -~ -~ ~ 

.. • • ' .. :_ .• _ - ·~· .• ·: J : .·. ·:..; <·: ~ .;.'.';~~~-' . 
MONTHl-Y AVERAGE WIND POWER INT'HE UNITED STATES AND SOUTHERN CANADA •. 

I .:. : .. 

0 

'l·:: ~ • :" , fl ... . · ... 

! - ~ .• . 

- r· -~ . ' •' . 
· ;'!"i~d-Power,r.Waft, per Square.Meter ,; - ·. .\\ . ' . . 

· Lat A 

~~'. ' ·.. . 

. -47:SS· . ··l22'l.7 ·,,.: 
• • , f .. •' :·:~~ _ ... •' •• • :.: ·.' ' . 

- 6. 3 70 < :·:l'i . '66 . 57 
. ... ~-

'A4 
!
.,, 
,- ; 

·. :1 · 

J J ;y• ' A . . . 
. 39 . 39 

: .· ' .;,;,...:· ... . 

·~.· .· .. ·.. . 4~ .. ~-1 ,:},2240 
. ' - . . : ;~ . :>~-: ', ',: 

75 

,.40 

s'4 43 · ·~ 

·'; _4a4·s~,~- ·--1:{2°32 

7.1 . . 185 . 158- .. 148 ' 1,24 
. ~·--:".· : . . :·-

~~ 
132 ·9'2 . 66 . 

' - ' ,-- : 
.• J·' 

.53 

43 

. ·za, -···· 

.. 33 . so 
.I 

26 

lSi-; __ --~2 -. 

-~- .. "' 
,..,, 

'·· -.... 

· The witid Power ·aook ,. · ~:: 
. ._. .... ' .. •;t • _f • • ~ 

·o 

43 

104 

,., 

N 

&0 
160 

., 

D 

,... . '. 
21 ' "'45 ... 45 

. . . .. 

-. 

~-·· 

. <:) 

Ave. 

71 

39 . 

• . r-· .' _Wv : :.- ~elkins. Randolph s,o AM' 
' ' 

s,:s --~ ;~_JG 

,·'5 • 8. ' ·. so 

61 

. ·90' 101 92 . 25 .; - 39 . '.iif.-0 71, 68 
. -• . 

- - '!it.; ,: .. ~ ~_ .. : ._,~· 

.. ' 37 · . 26 ,; · is 

"· 

.· l.:iv ~·. Mo.f ganhown · 'APT.'' 
. :\ ; 

.. WI 
..,_t·. 

. WI 

I I TflY 

i lo:Y 

! r;~y 
I r; 
• NS~ 

··camp ·riougl~s ·• volk Fla . -
· ,-

,La .:~_rosse. APT 

~a-~·' ·ch.i'te~::, ·. 
. ·· .... •' ...... ~ . 

' .. :· 
Chey~n~·!!' ,)_?:1' 

.· •.. . ·. 

La::r~mie·· 

.Medic:tne BoW 

RocY.. ~prings 

Sher idan 

Yarmouth 

·.·····. 

.. . 
-.. - _,• 

~-- . ·-

. --~." 

• # ,; 

4 .)52 

9129 

4109 <' .10449 

4118 

41~'3 

. 4138 

4255 

4'446 

10540 

10611 

10833 

10915 

1Q627 

10658,. 
• • ~· # 

4390 6605 . 
. ~ ... . : . 

' .· ... 

l~ \ . 2·2 ,, . ·. ; :r.·' 

'\' ; 48 · 

17'3 : 129 '89,. . "·72 ·~·· 122 
.'•: 

·'"'} ' 

lJ·3 { 192 · t:!n· 
. ~~ -:'. . 

,. . ,. '.~ ~ ~ -
195 +2·~ ·. '95 . · ·~91 . 129 '1'59 

1-i 
229• 200 . 175 ;. 

;:· ' ··8. 8 ;12<> 
-,~i" ... .. ,-~f~ ~ . 
. a .3"- ··96 
:.-· . ' . . 

~f. . ,: .:: . • I ', 'I, 

'15,) . - . ~'9 7 . .., 2 ; 
-~: :~t:,j' 

' 64·.·, ~33 .· 28 
:-j -:· ,., 

145 · 2cn . i71 _' j¥6 
~-. 

·70 
1? 

·~ 1'13 . ),.02 158 9.3 
· .I 

~ . !.. 
• •· -k ... "!~~~-: 
lli~'9 : ,~:.\3 '· 453 . :4:~4 399: 242 ·. l'i 6 

. :. :·:;{if·.;· ..... 

·11/:$'): 498 · ·so6'.-, s2·o · 339 .· 3.1J,. Joo 
~.i 

,...., 

1~ . 7'·f.,' 77 3 
-ill. • • , -

~c_:-t 

. ~: 

'7 ;5 g.: ,, )82 5 
, .. : (!,, 

. ' 
-~ 

550 

' . 
518·. 34,3 

397 297 150 

'P' g·.) 

... 
26 34 

~ ~ v ,•r' • .. :;. -·. 

6 9. ,· 1q'o . -12 8 ·. -~7i 1 9 
a . -"'~ 

• as · lOO'?. to9 1 !.4 · 
'· 

22J ?10 284 

2~0 ' ) -'20' 10.6 503 i:76 - 551 35 7 ·-- '31'1 ---~64 · . . 216 ··6' ls9 . , ~-a6 
>' . ·":-:- .. ~~-= - . .,., 

11.4 ';.' 445 ''\ 4_17 . 35f 266 ·"'20'1, ~ ~22~ ' 1_45 ' 150' :: 219 . . 21')8 3.62 

666 71 7.1 80 ' .94 : 88 

· . 960 230 _. 173 ).53 109 

73 

84 

.. 
• ! '" ' 

-.:~ .. - . 

6(J _ .. 

·_, .. 

56 . 

67 ' ·. 84< 123 

76 

162 
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•· 
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49<t . 
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j 

(J 
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~ 
N'8 

QU 

ou 

SA 

SA 

I~C 

ac 

nc 

Mont: J .o lt 

~ 
Bagot.V i lle 

S t • H'1llh-e r t 

- . ' 

-r;~-n tor 

To-rontio 

Londo·n ·;. 

Rtvc:rs 
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Vi c Lod~ 
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4341 7938 
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7.1 ·~ 153 124 148 116 : 99 86 6 9 ··- 64 '70 94 98 ' 127 

11.2 .J~6 )~8 JlO 220 197 15 7 · 134 152 108 24'l 29 7 J8 l 

9.) 2Q(j 180 202 166 164 141 95 128 147 lfH 148 
.) 

9.3 224 21) 163 153 145 1)8 100 03 110 136 20 1 117 

8.2 

8.9 

8.6 

9.2 

·~. ) 

8.6 

12 3 

203 

198 

239 

)18 

19 

')1 

120 

176 
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166 
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20 

')1 

10.7 20G 210 • 127 

10.5 216 17 1 107 

11.9 J27 106 JlS 
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0.9 164 1~9 146 

12.5 1):'5 :, c. ) . )')6 
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The Wind Power Book 
' 

Wind Pow~r Maps 
"' 't-"A4:... . · 

·.:J· ''rhis ~pendix presents five maps· indicating roughly the wind 
p0wer available near g round leyel in the continenta l Un ited States 

·and southern Canada. They are derived from the same report as -the 
data in Append ix 2.3, Wind Power Climatology in the Un ited States , 
by Jack Reed.lhe first map shows the annual average wind power 

. available, and the other tour indicate seasonal average wind power 
for spring, summer, fall and wi nt~r. . . 

V~lues of wind power.'are given in units of watts per square 
meter :along isodyns ,or' curves of constant power.-To .convert to 
watts per square fbot,- multiply by'0~0929 . Forcomparison, note thac -- . 
wtndspeeds of lO, 15 and 20 mph yield win\d DOWer'values of 55, · · 

~ 185 .and 438 watts per square meter at sea level. These maps 
inqicate on ly the total,wjnd power avai lable in the wind; the actual 

· win"(j power ~xtracted by a partlq~_lar mach ine will be some fraction, 
usually 1 o-sftrpercern. of that ~vailat~:il'e. ~ 

The winds;peed measurements upon whi.ch these maps are 
based were made at differi'ng anemomet~r height, ~en though the 
s-tandard neJght is 10 meters (33 feet) .. N~ attempf was made to 
correct to·r these diHerences or for the effects of local terrain features 
on wind patterns. Small .variations in wind speed fronJ one station to 
the next are amplified by the cubic dependence of win-d power on ~ 

.· windspeed . These measu-rements were smoothed by averagiqg all 
values over circular areas 300 miles in d iameter before mcrkingJhe 

· maps.--TnEnsOdyns 'were also adjusted subjectively to conform to 
major geograph ic features like mountain ranges and coastJi_nes· . .. 
·-·· - These···maps lridfcafe' C'onside.rable.wind-power is--avai lable in 
the WesJern Great Plains and along the New Eng land and Pacific 
·Northwest coastlines. Southeastern and southwestern areas of the ........ ····· --··· .. · · · -- -

United States have very lim ited wind powe·r potentiaL 
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Degree-ijay Tables 

The hourly,,mont~y and yearly heat losses from a building depend 
on the temperature difference between the indooF'and outdoor air. 
To aid in the estimation of these heat losses, the American Society 

. . r 

of Heating, Refrigeration and Air-conditioning Engineers (ASH RAE) 
publishes the expected winter design temperatures and the .... 
monthly and yearly total degree-days for many cities and towns in 
the United States. 

The maximum heat loss1"ate occurs when the temperature is 
lowest, and you need some idea of the iowest iikeiy temperature in 
your locale in order to size a conventional heating unit. The design 
terT}peratures in the accompanyihg tables provid~ this informatlon for 
the United States. They indicate th~ temperatures beiow which the 
mercury falls foronly 2% percent of the time in an average winter. . . . ~ 

Degree-days gauge heating requirements over lhe long run . . 
' ! . ·' ' •• i • ,' -

One d~gree-day accrues for every day the average outdoor 
temperature·· irs 1 (' F below 65cF. For example, if the outdoor air 
temperature remained constant at 30°F for the entire month. of 
January, then 31 >< (65- 30) = 1085 degree-days would result. Of 
course, the temperature varies ove·r the course of a day,~othis is an 
oversimplified example. · 

Both monthly and yearly total degree-days for the United 
States and southern Canada are listed in these tables, but only the 

.. months of September through May are included here because very 
little heating is needed in the summer. The yearly total degree-days 
are the sum over a// 12 months. More complete listings of monthly 
and yearly degree-days can be found in the ASH.RAE Guide and 
Data Book (for the United States), and in th.e Handbook of Air­
Conditioning, Heating and Ventilating (for Canada). 
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Appendix 2".5: Degree-Day Tables 
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Canada 
Province and City 

Alberta 

Ca~.ary 

Edmonton 

Grande Prairie 

Lethbridge 

McMurray 

Medicine Hat 

British Columbia 

Atlin 

Bul i Harbour 

Crescent Valley 

Estevan Point 

Fort Nelson 

Pen tieton 

Prince Georg·e 

Prince Rupert .;. 

Vancouver 

Victoria 

Manitoba 

Brandon 

Churchill 

Dauphin 

The Pas 

Winnipeg 

New Brunswi-ck 

Bathurst 

····Chatham 

Sep 

410 

440 

450 

350 

520 

300 

Oct 

710 

750 

800 

620 

880 

600 

560 870 

340 490 

330 680 .. 
310 0/ 460 

460 .• 920 

200 

460 

340 

220 

-·"'} 260 

350 

710 

320 

440 

310 

·27-0 

520 

750 

510 

440 
', 470 

730 

1110 

670 

840 

686 

650 

640 

'Nov 

1110 

1220 

1300 

1030 

1500 

107_0 

Dec Jan 

1430 1530 

1660 ~ 1780 

1750 1820 

1330 1450 

2070 2210 

1440 1590 

1240 1590 1790 
• 

630 .,- 77_0__ 820 

990 1220 1360 

580 710 760 

1680 2190 2200 

820 

1110 

680 ' 

650 
' 660 

1290 

1660 

1250 

1480 

1255 

1010 

970 

1050 

1440 

860 

810 

790 

1810 

2240 

1740 

1980 

1778 

1480 

1450 

1190 

1570 

910 

890 

870 

2010 

2590 

1940 

2200 

1993 

1690 

1620 

Feb 

·-
1350 

1520 

1600 

1290 

1820 

1380 

1540 

710 

1080 

670 

1870 

960 

1320 

810 

740 

720 

1730 

2320 

1670 

1850 

1714 

1520 

1450 

Mar 

1200 

1290 

1380 

1120 

1540 

1130 

1370 

690 

940 

700 

1460 

Apr 

770 

760 

830 

690 

920 

620 

·960 

580 

610 

' 580 

890 

780 --- ___ .490 

·1110 740 

790 't! 650 ' 

680 480 

690 520 

' I 

1440 

2150 

1430 

1620 

1441 ' 

820 

1580 

830 

1010 

810 . 

213 

Yearly 

M~y Total 

460 9520 

410 10320 

460 11010 

400 8650 

500 12570 

320 8650 

-670 , 1710 

470 63 

400 8040 

260 

480 

500 

320 

370 

6090 

12690 

6410 

9720 

6910 

5520 

5830 

420 10930 

1130 . , 6-91 0 

420 10560 

550 12460 

411 10658 

1300 

1250 

8S·o 520 

850 • 490 

9670 

9290 

.. 

. - - \ 

r 

'· 

'•· 
· I 

' ··· 

7 _____ ..1 ~~~ . 

__ ,..-----~-
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~----~-·-·--------~·-~--- .... ·~------·-------------------.-~-----, 

Canada 
Province and City 'Sep Oct Nov Dec Jan Feb Mar 

~-."...(~--~·-·---.. --------~ 

\ 

Newfoundland 

Cape Race 
I 
; 

Corner Brook 

Gander ' 

Goose Bay 

St. John's 

l\ Nova Scotia 

, Halifax 
\ 

·' 

Sydney 

Yarmouth 

Ontario 

Fort Will1am 

Hamilton 

Kapuskasing 

Kenor! 

Kingston 

-- Kitcnener 

Lqndon 

North Bay 

Ottawa 

Peterborough 

1 Sault Ste. Marie 

250 

330 

260 

280 

350 

320 

320 

440 

320 

190 

220 t 

if 230 .. 

370 

140 

420 

320 

160 r 

170 

150 

320 

200 

180 

340 

390 

600 

660 

590 

590 

600 

640 

660 

''• 

940 

1000 

910 

880 

800 

890 

920 

1410 

:rs~o- · 
1340 

1'BOO 

.. . 1080 

1200 

1230 

1570 141.0 

1750 ;/1570 

1520 

1440 

1.240 

1410 

1430' 

,. 

1380 

1310 

840 1220 

610 _:'; 820 

1740 2020 

1130'" 1270 

1170 

1360 

1320 

1710 

1180 

469 

510 

480 

745 1109 

780 1130 

720 -~ 1040 

1262 

1310 

1180 

1180 

1280 

1100 

1180 

1340 

1190 

1160 

1150 

1240 . 
. 

1270 

1530 

1170 

1042 

1160 

1010 

740 

470 

1170 

800 

1280 

1680 

1150 

1830 

1260 

1580 ,1380 

' 790 

710 

500 

520 

490 

670 

580 

540 

650 

780 

1 ~70 2030 

1190 

1750' 

12li) 1 1800 . 1980 1670 

820 f250 ~420 1290 

860 

840 

1080 

970 

890 

1240 1350 1240 

12~0 1200 1320 

1550 

1460 

1320 

1710 • 1530 

1640 1450 

_14.ZQ _____ l3.30 

1010 ···· 1410· - -i59b 1500 

131 0 1850 j 20p0 1750 

l020 

1550 · 

1420 

11 10 

.· 1080 
' 

1040 

1350 

1220 

1130 . 

j13-1 0 
, r 

t' 1510 .. .~ 

Apr 

780 

870 

830 

830 

Yearly 
Ma,v Total 

420 

480 

480 

510 

8830 

9950 " 

8830 

950 . 7so 

900 640 

9290 

9180 

9440 
b ~ 

970 65Q 

1101 

920 

765 

850 

750 

. 890 

670' 

1.030 

860 ' 

710 

680 

650 
..-.::. 

840 

730 

770 12140 

700' 8940 

484 

570 

510 

7585 

- 8220 ' 

7520 . 

540 10640 

,330, 7150 

' . '600 .... -1 1750 ' 

430 

38o 
33Q_ 

330 

470 

330 

1q740 

7810 

7620_ 

7380 

9880 

8740 

sgo ....,.-3rs"""~.....-t-~o4C2"" - ·- --- ...... 
... ·---- - -~ -~ • .. - -~ lj ... - ----:,1-

820 470 9590 

950 520 1 , 530 J L Sioux Lookout 
. ··-----......,....._------,------------'-'~·-----"---'' ':.............------~--_J 



Appen~ix 2.5: Degree-Day Tables 
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Canada 
Province and City 

Southampton 

Sudbury 

Timmins · 

Toronto 

Trenton 

White River 

Windsor 

Prince Edward Island 

Charlottetown 

. ·-. ~-\. 

Sep 

190 

310 

410 

l54 

160 

440 

120.-. ,....·- · 

240 

Oct 

500 

680 

780 

465 

470 

'820 

410 

550 

Nov 

830 
<• 

1100 

:i'-

Dec 

1200 

1500 

Jan 

1350 

1720 

1270 .. 1740 1990 

777 1126 

840 .1280 

1770 

1249 

1400 

1990 

780 1130 · ~ 1220 

850 .1210 

Feb 

1270 

1450 

1680 

1147 

1280 

1740 

. 1100 

Mar 

1140 

1340 

1530 

101 8 

1080• 

1550 

950 

1220 

760 

870 

1010 

646 

67D-
-·-~-

1010 

580 

Ye;;uly 
May Total · 

450 .:8020 

510 - 9870 

550 11480 ' 

316 ' 7008 

330 1'7630 

590 N'A8oo 

~327D 6650 

560 

' ·-. 
·-
' 8710 '•. 

., 

-. "· .. 
f-------~-------.;___--,---------'-'--'-------'-----.------+-----l ' ·· ..... 

1460 ' 1370 

.. 

i 
I 

•i 
I 

Quebec 
-~ -· ·--·- . 

Bagotville 

Fort Chimo 

Fort George 

Knob Lake 

Megantic 

·Morrt Joli 

Montreal 

370 
-· 

700 

' 550 

670 

330--- -

180 

• 740 

1040 

890 

1080 

. 660· 

1160 

1440 

J27d 

1500 

1000 

660 1030 

530 I 890 

1730 

2010 

1 880' 

2010 

1480 

1440 

1950 1710 1450~ 940 570 

2410 2170 192Q 1460 1010 
··-·-·· -·-··· ~ .... ·····- ···- -~ 

2340 :-- 2090 - · i95o 1330 920 

2410 2040 1810 1300 910 

1640 I 1490 1290 e1o 50o 

1650 1470 131 0 91 0 . 550 

, 1040 

15600 

14480 

14890 

9670 

97.50 

•13'70 I 1540 · 1370 ' 
! -t ! ( f 

1 '150 700 '300 81'9.0' 
~ " I ~ ( ~T .. 

~ • .. ~ . I :. \ 1 

,, • ... . 

., __ 

-., 
' · -.. 

.... ..... ... L --- --- -c---

~ · .. ~· 

:"'.· 

.... ... ··. 
' •· 

' ·· -' 

... ,. . . 

. , _ .. I _ ,Nitchequ6n . . 590 . 970 - 1430,. 2050 i 2340 201 o 
~ -_;,__ J rnt ' tl .. . : i .• : ... , ' ;:_ • t-'· -J ~ .. - ·r--~~~,.;art,so.n ..• ~····:.~. 730 1oso · 1 f30 4 i 20 ::>o/ ~ 2470,,• 2299-

1820 .,, ·1310· . ~ro .· 145l0 r . 
~. ' _ ... -....a. 1 __ ..:_.:::_ -~- !:..-: f.:-_:_-- __.; _ __ --£ " - __ ,,,.!:.---.f.-,. , - .,- _ ·-r: . .-- .·-- -. - . ·:-- - -;.--- ,: .. _ _ :. • -r-,· ~ i· -- -::--.T•....:.z..-._ .. __ .~~ -~ .:._, . _.:. ·· · 
-- ----~-~---- ·- ":. ~ .-:::--· ~- ~-~- . . - -1 . ': ... : -~ ~ - . ' . .,. - ~ . 

2-190 ' 161 0 : 1140 . . 168'80 ' 

'-
' -.. _,-i ··· 

r-j 
I ~ 
' h 

I ! I 
r 
I 

.· t 
I ; 

I 

·_ \ 
. ~ \. . 

\ 
· .. 

.......... 

i .... 

f250 ···i O,uebec .. . · · •1 250 ~ 610 ~90, 1470 '. 1640 1460 

i , ·· stre'FptBbR~_._ ... _ ·_:.,----'..,,._. -~240-- -q~--59t'l . 920 1400 ·-" 1560 --,1,....,4-:-1 o=------:-1 =19=-=o:-
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Rotor Swept Area 

The. rotor swept area, or ·frontal area, is a parameter frequently used · 
in wind power calculations. This area, denoted by the letter "A,'' is 
the total surfac-e area perpendicular to the wind direction that Is 
sweP,t by the rotor blades. It is measured in square feet or 
square meters. 1 .. , · • . •. 1.) . . .... · 

.The first ·illustration on the facing page indicates the swepta:rec( : 
for a propel lor-type ·rotor. This category includes all rotors with a 
horizontal axis parall·ef to the windstream;· they sweep out an area 

-·· · perpendLcular _to the vyind direction equal to: ~-

I A:-- ~ >< 0 2 
= 0.785 X 0 2 

...... ..... ......... 4... .. .. ,., _... -·· 
•. 

1
/ w6~re rr = 3.114159;~'a_nd D ;.,diameter is measured from blade tip.fo . 

. blade tip a~ shown. A. convenient graph presented ~t letfwill_ help ... 
' I you convert diameter measurements ·into rotor §f~ept 9-rea, or 

n_ 1 000 1--- +---+---+---+---+-'-----'--+-- -tJ/,__--+-'-----+- -'---i vice versa. · 

~--- .... _ -·~-"--+--~· · +---+--+--+---+---1-l-+-____._~--+-----l . For vertical-axis , crqss-win'd machines similar to the second 

--
-'·· 

I ~ .. 

-~=-

. -. - 'I : _. 

. ~ 

.-. 

~ . I illustratinttk(i.e., those with a uniform radius about the.axtS"'f rotation), 

l ., 800 1---~.,-l-+-! _-- +-:---... +_ .- -+-'-1----l+v___....:.--+--'-...:........f__;;·•-,.f----1 ' the s~~pt ~rea:~: ·> ~ . . ' . ' ' ,' ' ' ' >; ~ ' ' ; :',;. ! 
3

' ~~. '" • _ .•. • . 
1
• ,__ , _ . , . ·t··-, · .. . _ . _ ; . ·: A_~ H~1ght ?< Width .. 1 · .· . . . · • '-;--r , · . . 1:. , , l 

600-· _--__ - "'-_-. , -.. -- - ~"' ,.-v· ... , . .. . . . -. , -· . 
.. - ,_., . ~ I , -• ~ . • . ,.! , • . · ' ;:- I • t 

·• . ·'·~~ Y.· _This i·s ·the -·formula to use with . . ~avonius and straigh~-bladed .: · " 
1 '' · / Darrieus ro tors. 

400 f-------11~-t----l---IV----,_~----+---+--+---+----1 1 n an egg beater-style Dprriew~ , the b 1 ades assume the'S h ape 
1 of ·a troposkein -· a co'mplex mathematical c-urve involving elli pti c '· 
l J / integfe:i,s. Fortunately, this shape can be. approximated fairly well 

· i .200 1---1-lr----i,___i_ /-~-v~-+--+----+"_ .. "'-1-------l---+-~ ·. with a ·~rabol a, and th1l swept are;;~ is about equa 1 to: 

___)-/f 
o ~~~--~~-~~~---L---L-~~~~ 
0 10 20 30 40 50 

A = 2.67 X Rad ius X Ha_lf-Height. 

Rotor diameter {ft ) 
The radius and half-height of a typical eggbeater Darrie~s are . · · 

-,., __ . 
indicated in the third illustration. 

1'.'-!t 

\.. ---~ ·-· . 

-~ ~? 
'i· 
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~~---------------------------.-------, Savonius Rotor Design 

• 

I .. 

400 

3X) 
• 

I 
! 

I 

f 
I 

Suppose you are designing athree-tier Savonius roto_r, similar to ttre 
one in the photo on page 7 4. You need· to .know the power it can 
~eliver at various windspeeds. To calc4late this power, use 
Equation 1 together with the v-alues of the rel~vant parameters and··· 
dimensions of the machine. F0r-example, say the rotor efficiency is 
gixen by ,the graph on page 95, and you ·exp~~t it to operate at a tip- · 
speed ratio of TSR = 0.8. Then you would ,reap E = 0.15 from th-at 
graph for the efficiency of this machine, and~· use this numbei in . _ 
Equ._§Eon 1__._$1J p pose aJsa that the h ~ i ght . .o.Lthe...:ro.to ~-ls-9- feet-a-Ad·-· -- . 
its width;{or diameter) is 3 fe~.t. Th~.n t~e rotor_ swept -~re~ is 
A =,3 X~= 27 square feet. Puttmg th1s and other mformat1on mto 
Equatior 1, you get . . . _ · 

I ·~ -Power . % X p X V3 X A X E X K 
' .. ·-.. ---~--... 

I . %X0.0023XV3 X27X0~15X-4·81 -I .· 0.020 X V
3 

•• • . . \\\ . 

Here,jyou have u~ed _K = ~.31 _so that power is ex·~resseB in watts if 
the w,indspeed V 1s gl\4en m m1les per hour. Thus, 1f V = 10 mph, the 
outppt power of this Savon~us rotor equals: 2Q_ VV?tt§~ e~:u:t.orm.ing __ ...... . 
similar cQ.Icul~tions at windspeeds ranging from 5 to· 30 mph_, you 
get a power'{curve like the one shown at left. A similar series of 
calculations will determine the powershaft_torque over .toe same 

. . . . range oLwindspeeds. · 
You should also calculate the lift and drag forces on an S-rotor. 

· .Lift is produced by the rotor because of the Magnus Effect-the 
wind is slowed on one side'. of the rotor and accelerated on the 
other. The lift force pushes sideways on the rotor; drag is a down- ' 

{ 
- wind force . Many people ystir.uate drag and (orget lift; this oversight 

0 
L....io~:::::::::. _ __j:__ ____ ---"-·l~:__ ____ __l_ ____ __j co u,ld be ' disastrous. ..· . f · 

10 20 30 . 40 · .' Use the following formulas to estimate lift and draQ fQrces on a· 
-·-··-···--------·--·-··------- -·--·· -----~-_:_~---Sa~nius· rotor: ····-··--·-------···----- -- ······· ···- --·------------- ···· ··· · --- - ·-------- -- ..... _________ _ 

Winct~peed (mph) , ·1 
,. 

Po~~ler cerve for a typical Savonius rotor. -Lift = 1.oa x cl x P x V2 x A; 
' .. 2 • 
Drag = 1 .08 X ,CoX p X V X A r 

\ .. 
.,·"' 

l 

! 
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Appendix 3 .. 2: Savnnius Rotor Design 

where CL is the lift coefficient (see Chapier 5) and Co is the drag 
coefficient of the_ rotor. The parameters p, V and A are the usual air 
density, wind speed and rotor swept area. . __ 

~ .. 
l)§ing the §9.S::Qmpanying graph of iitt _c:wd drag _goefflcients, 

you cari estimate lift and drag forces on this S-rotor. At a TS R = 0.8, 
· Jhe lift coefficient is CL = 1 .4 and the drag coefJL~nt is C0 = 1 .2. 

1 ,__ Thus, at a wind speed of 20 rnpt\ u-1e lift and drag on tr1is rotor are: 

r 
I 
I 
I, 

, 

-·· Lift = J .08 ')( 1 .4 X 0.0023 X 20 2 X 27 
=·37.6 pounds; 

Drag= 1.08 X 1 .2 X 0.0023 X 20 2 X 27 
__ = 32 2--pounds-~------------- --------------

The total force on the Savonius is the vector sum of the lift and drag 
forces. To calculate the total force, use the following formula: 

Force = V(Lift)2 + (Drag)2 
'-

Then, in our case, 

I ~" Force ~~:~~.: + (32.2)2 

- = 49.5 pounds . 

I This force is the total load on Uw support structure. Note that both 
lift and draa increas.e-w+ttf'fhe sauare of the windsoeed-double 

I. u - .. ;;~;~~~~~~~~i!~ii~~~1:~~~;;~~r~~:~~~~:~~~!~~~~ 
I. . ~~~~8n~~~~~~;~~n~i;i~;t t~ni~~:r~r:f;o~uac:pl~i~ ~r~:~~~ s~~ 

the rate of rotation. the to roue oroduced bv the-fotor increases and 
I fir1ht~ tht:~ hr::::d.(P ~~:'1"\.\/inf"l tho ,:~noc- s-'t"\--fnaJt tho c::_l'l"">tl"">r' he,.-.,...,..,i.e" a 

I ~~li-~d~r ~rth~~~- ~~~~·;d "~;;;·~~rla~e" ~ ilgl~'( v7o~~- So~~~~o~le 

.. 

2.19 
-I\ 

/ \ 
I 

I 
2.0.-------------------------------~----~ :-- .I 

I 

I 

0.4 
I 

0.6 

-

I 

0.8 

Tip-speed ratio. TSR -

' 

---

I 

1.0 

'; . . >1 

, I 
\( 

c I , I 
' . I 

-0.4 '-----------------;---------------' I 
I 

----·- ···~ 
I 

design the tower support syste~ to hold the rotor up in the highest 
expected wind and just hope for the best. l ---- ----·· 

I .· -- -------.:""-;-·-----_----_------~::.;r-----------------,---.;...._------
I ----.l 

1 I 
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Simplified Rotor Design 

generator ·s~tern to supplyth~: annual ene.rgy . drstribution occurs at 15 ffip,h-. a low wind · -
you need. The twelve-step desig'n proce- site. From· the lasttabte~ in Chapter 4; you . 
dure presente(1 __ bere is a "halfway' .method estimate the overall system efficiency of the 
for designing a high-speed propeller-type machine to be about 25 percent. The fof---- - · ------
wind generator. It is much r:n-oce ~etailed lowing_ design example results in a machine 

, than the simpl~ procedure given in Chapter · with a cut-in wind~ peed of about 8 mph and · 
5, but less rig~xous than the approaches a s-hut-off, or g1Jv~· ning, winds peed of ~~bout _ _ ....... ... . 

.... outlined in--so'me of the references cited in _40. mp. h. 1_ h0s1·it ~_ Ill achieve its- rated power 
the Bibliography. As ·!eng·-as the-aerody- over \fie importan windspeeds available at 
n~mic s?phisticatio~ f€1quir~d 1 is not ~oo ' this site: i 

_ . · .~J9h, th1s_ method .' .5. -- ~_.,.rg}Jable .>d.e.s.LQn . .,., .. ,;.«_·.,., ..... b._·-=- ·-·--~-- _,.:,_l --:;J-:-. -----:--~-----~--
.. ;::·.·.: .. ::: .... .. ...... -.·-·:;· :·-.-.--·--······· ·;-- -·--. .-::~: .. - --· procedure~-.--· ··· · ·· · · · "'' . · . 

. . ... Start by determining the ·windspeed at Step 1· ~leu/ate t!J§JJ>tocJ:ILame.ter. Use Equa-

. 
' ' 

·.,. ./' . 
, · 

h · h fh H7... t 'b f f .! ,~ .. .. l t1on 1 to ~qua.te the generator rated 
.w_ tc .; e -9"ergy "·"s~n u lon cu

3
rvef or YO\Jr ·r , 1¥ power to ·'the output power of IH'\Uf 

stte h1ts a peak. See Chapter or more - -~ __ · · --~-- · -~. --- ... _ .... .. . ·· . ~..~... ·- ---- .. .. 
. . :· - . . . .--- -:-·-- : · · s~tem ar me peak-energy wmdspeed: 

detailS on measu_nng . soch- a. dtstnbut!on. -- · · "" · · · · . · · · · 

Allow .thJs p~k-energy wi~dspeed-tcr qe In our exa~---le ~ · - 025 V = 15 and K = 4.31 ~ -
. your. f1rst _ cut' at a rated wmdspeed-t~e _ · P . ' . . _· ' ' ·r·. . 
· d ~ t h. · h h' tt . . for pow~rexpressed 1n watts anq ~vVtndspeed 
spee a w IC your mac me a ams t,s . .h A C _ G _ 1 ·Th · .. . 

t. d 1 8 th. h · . l · 1n mp . ssume A- ~ r- . en, . rae power. y 1s c otce, you are appro~1- --, .. 
mately ~e~er_i~g the machine's prime pow~r- 1 000 = 112~{;3 x Ax 0_25 x 4.31 

··· producmg range under the Wlfld resourc~ · . ,, ' . / -

I 

-"-----'--'-~-~ ~. · --- -
_curve~ ~.-~~er ·re. __ Hnerne_nts_ _in -¥9-llr-~_ . ·-. h · 0 -· .... -~·.· ____ ______ _ 

~ - . ------ ~--- - 1'00 -·--
calculatrons may be necessary, but thrs--11rst -~of A....:.. ·112 X 0_0023 x 153 x 0_2s· x 4.31 

--~pass snould give you a wind machine fairly ~--.,-....,. .. ...,;, ........ ....... - ... ....... __ .,-.. .-... . :----- .. . 

well matched to the site. A·= 239.1 ft2 
. . 

The design procedure will be illustrated 
by an example of a typical smaiJ wind gen­
erator. Suppose you hav~ a~...-eleotrical 
generator with a rate.d power output equal 
to 1000 watts. You have monitored the winds 

• ' ... 

. .. 
*· 

Then the diameter of this machine iS D · 1) .5 
feet. Had we assumed·a higher system ef,fi­
ciency, -say 35 perceoi instead of 25 , ·<tve 
would need a smaller rotor, D = 14.7 feet, to 

• j 

\ 
'. 
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Appendix 3.3_: Simplified Rotor Design 
·ir 

develop the same rated power. A highei 
peak-energy winds peed, say 20 mph instead 
of 15 would also result in a smaller diam-

, ' 

221\ 

300'(TSR = 125). To achieve 150 rpm (TSR · .,. 
= 6.2), a 12:1 gear ratio is required. 

I.. Step 3. Having selected the design TSR by 
appropriate gearbox selection, next 
determine the rotor solidity and the 1 Step 2. Mgtch the rotor/generator to the site 

eter, o = 11.3 feet. 

1
-- · . h number of blades from the graph and 

······-· _ __c~(_:::t:::r£~;,t;Efio;e~:E;f; __ --, : --tab/e~-~~~age~s-~~-96. . _- _ 
1
-- . . h . t A~~ TSR- 6; a sol1d1ty of 0.05 and a 1hree 
-_______ ------.s,;....0pe_e0_d_r,ra_mt__.

10a-=-c~1~~t~:-:ne~t_e_r_a_n-=-g_e_a-=-p-'--p(C?_f?!_~9. e.. bladed rotor are the ·best choices ftW ·our-----· 
r Y u · · · example. 

1
- If a low-speed generator(OC battery-charger 

'

-.:_·. type) is selected, ~ry to use--the rpm required 
by th-e generator at its rated power as the 

1
-------------------- rotor rpm at the peak energy winds peed. in 

our"example, suppose the generator requires 
--,~-3-mJ-r-pm .fo aChie-ve lfsrated power of I 000 

I watts. Then 300 rpm couid be chosen to be 

I the rotor rpm at 15 mph and no transmission 
need be used. However, this rpm corre-

- sponds to a TSR of 12.5 (See box on page 

1.
---:·---·------- __ J~o~~;P~~~~~a~i~Zr~~:s~ih a ab~ :fts~~~~ ~~ti~ -
. should be used to lower the rotor rpm to 150 

I :~~~~~:;~~~~~:~u;~d--L:~i~:~::~: 
1

··-. ___ -. i as an AC device where the rotor drives an 
• induction fl}Otor linked to the h.ouse wiring, 

the generator rpm must hotd v~ry ~losely to 
1· an rpm dictated by the gtfnerator synchro-

1
·• nous speed. Most induction motors spin at 
· an rpm of 1800 t61850. With a 6:1 gearbox, 

the rotor rpm in our example would be about 

I 
L--

Step 4. Draw a rough sketch of the blade~ and • 
divide it into several sections . .Calculate 
the speed ratio of the blade at each 
section by multiplying the design TSR 
times the fraction of the total distance 
from hub to the section. 

The speed ratio at any radius equals the 
TSR times that radius divided by the tbtal 
blade radius, which is 8.75 feet {17.5 + 2) in 
our example. Thus, 

SR 8 = 6 X 3 + 8.75 = 2.06, 

S Rc = 6 X 2 + 8.75 = 1..3 7 . 

For the sake of clarity, only three radius 
stations plus the tip station are used in this 
example. Stations every 10 percent of the 
spar are commonly used in actual design 
calculations. , 
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Step 5. From the folio wing graph, 'reaaappT()---..____ Step 6. From the folio wing graph, read vaiaes 
priate values 9f the wind angle ¢ ~---- of the Shape Parameter SPfoieach ··· 
(Greek "phi11

) for each station. sta;pon. 
'·-.~~ r._ 

;-I"J~ r....._ 

Speed ratiO, SR 

in our exampie, " 
~ 

~~~DO) = {jsoT -
'¢A(4~\1) =-~-D0 

, . 

¢ 8 (2<06) -1 7.6°, 

' <t>c(1 .37) = 24.1 °. 

...... ___ _ 

3.2 

'28 

2.4 1---

~ 2.0 

m 

116 f 
g 121 

f\0 
vu I 

0.4 

. 

I 1 t- I 
I 

·-~ ·~· 
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-

I ~1.11 1·1 II II II 

1~111·1111-llf'/ 
·1 I \1 fl + I I ·I I .I 

I~ 

"" .. 

-
2 4 6 8· 10 12 

SR • 

In our.examp~e, 

SPT = 0.17 1 

·spA= 0.371 

SP8 , 1 .1 0.
1 

SPcff= 2.60. 
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Appendix 3.3: Simplified Rotor Design 

Step 7 .. Choose an airfoil type and'determine 
the lift CQefficient CL that produces 
maxim1,1m Uft·to·drag ratio·· L/0. Use 
the graphical method from the· box on 
page 69 of Chapter 4. 

Sup~pose~we tFY the FX60-126 airfoil as used 
in that bo~. At the maxim~u~ lift-to-drag ratio, 

-L/D = 100, this airfoil has a lift coefficient CL 
__; fOB at an angle of attqck equ?l to 5 
degrees.-Repeat ttiis step-for as many air­
foils as you care to try, u.$ing drag polar 
plots from the references. We continue here 
with the FX60-126: ' 

Step 8. At. eac,h radius station, calculate 
chord lengths using the formula: 

• 

rX SP c= , 
r. CL X N' 

< 

where r is the radius at each station 
and N i~ thf3: ... nJmber ottJJades. 

··. --C:t:~~~ 
; . ., ·_\\··. 

II r is express : n )eet, th·en Jhe chord 
lengths c will be ·given.~ f~~.~; r;p~ltiply by 12 

tort your ~nswer in i'Wbe~qt~ exampl8 

Cr = 81758~0317-f~t;. ''(2:'~.5 in), 
• .. ·--~-~- :' ::~j .· ~---~ i ~:.·· -

6 X 0.3 7 ·~~ ···' :- . &,,, • :;· .ii1 , 
cA = 1 _08_ X 3 .. 0.69J~t,.:;8?~ in), 

Cs = 1 .02 ft (= 1 2.2 in)·, 

Cc = 1 .60 ft (---: 19 .3 in) . 
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1.6 
F;X60-126 

1.2 
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-o 

Drag polar plot for·the. FX60~126 airfoiL 

Step 9. Calculate thf} blade aspect ratio AR, 
which is justthe blade span divided by 

· the av€uagf:] chord length. .... 1 
•, 

~· . () . ~· 

From Step 8, the average chord length c is: 
' 

c = 0.4q + 0.69: 1 .02 + 1 ;60 = 0.94 ft . 

The blade span, or total radius, is 8.75 fee't, 
sd'~he aspect ratio is, 

AR= ~:~~ =9.3 . 
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"'Step 10. 

__ , 

I' 

The lift coe'tticient cuNe must now be . 
corrected for thlf'blade aspect ratio. 
This empirical correction a_djusts the 
angle of attack for..optimuntUD. Start 
with the angle of attack ao where the 
lift cuNe crosses the x-axis. Then the 
corrected angle of attack Be is given 
by the formula: • 

CHO~D LINE>// 

/ 1 
/ ' 

./ 

\ 
BLADE ANGLE (8) 

i ~ . '., \ 
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GL . 'I . 3 ) 
Be = ao + ([11 X t_1 + AR 

where CL is the lift'coefflcierit atop­
timum LID and AR i~ the blade aspect 
ratio from· Step 9 .. 

J 

In-our example, CL = 1.08 a~d.Aff= 9.3. 
From the drag polar plot on page 223, note_ 
that a0 =-5°, approximately. Thus , 

·" 1.08 ( 3 ) Jac = -5 + 0.11 X 1 + 9.3 . 
~ . . 

= -5 + S.82 X .1.3225 

-=-5.+13=8° . 
\ ,_ 

For more i~lorm~tion on this aspect ratio 
corre·ttion, cd[)Sult Aircraft Des/gnl by 1<: D . 

. I ' 

Wood. \ · 

Step 11. With this corrected angle of attack 
a e, 6alculate ihe blade angle 9 (Greek 
~~theta'? from f!Je formula, 

() = cp - Be, ' r 
, 

where the wind angle cpis taken from · 
Step 5. 

In our example, ac = 8.0°, so, . ' l 
I 

BT = 6.3
1

- 8.0 = ~ 1 .7° , 

(}A ='9.0- 8.0 = 1.0° 1 
.. , 

88 = 17.6-8.0 = 9.6° , 
?;; "'l 

9c = 24.1 -8.0 = 16.1 o · 

·' 

-· ~ ---

... 

. ', ~ 
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Appendix 3.3·: Sim.plifJ~d Rotor Design 

Step 12. Now make an ·ar;curate drawing of 
the blade showing the airfoil cross­
sections atthe/r proper blade angles 
at each st~tion, with the chord lengths 
calculated in Step B. 

.. 
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In general, you will need more-detailed 
information on airfoil sections ano perform­
ance characteristics than has been pre~ 
sented here. Abbott and Von Doenhoffs 
Theory of Wing Sections contains data bn 
all major NA~A airfoils. The January, 1964, 
and N·ovember, 1973, · issues. of Soaring 

At this point, you c~n experimenty.~ith design· M_agazine have data on tligh-.performance 
variations which include different ·airfoils and · Wortmann airfoils . See a1s.o.Ahe Handbook 

· t . ! 

simplifying assumptions like linear.twist _and of Airfoil Sections tor Light Aircraft~ by M.S. 
taper. The final drawing ls the startiQg· point Rice. All these references are included in 
tor your structural design efforts. , · .':~ . the Bibliography. ~l 
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Water Consumptior.t Tables 
; ~-· .. 

In order to determine the appropriat~~size of the pump and rotor in a 
wind-powered water-pumping system, you shou ld first estimate the 
flow rates likely to be required. These estimates wi ll depend upon· 
the intended uses for the water and the frequency of use. But only 
rough :estimates ~re p(?ctical because different U,§.WS ·may havl· 
very different hab1ts of water use. ..~ · - ·~ . 

.";·_·,~·-· 

On the average, h~usehold water use amounts to 100-150 
gallons per person p~r day- not including outdoor uses like 
watering lawns and gctrdens or-washing cars. With conservati.on 
measures, household use can be cut to perhaps 75 gal lons per 
person per day. Washing a car can take an additional 100 gal lons. 
Depending upon the dryness of climate, lawn-watering can requi're j 

up to 100 gallons per day for each 1000 square feet of lawQ. f 
! 

··--·-· __ -·-- ____ Fa(m water tJSe lsmore:..c.o.rnplex:TM--ameunt e-f-water-trSee f-or - \ -
drinking purposes, for example, will depend on the numbe.r and \ 
type of, animals, their age, the air tern perature, and the feeg or___ ---------·-

. .. •. . • • • • ··-·--·· - ------ ·· - · ·· •·•· ------· .. . --- I 

pasturage being used for them. Average water requirements of . 
c~ttle, chick~ns, pigs, sheep and turkeys are lis·t~d in. the tables in 1 

th1s Appendix. A better treatment can be found 1-n-Wmd Power for------ -- · ----· 
Farms, Homes and ~mal/Industry, by Jack Park and Dick Sc~wi'nd 
(see Bibliography). Even more thorough tables can be found in th~ 

' Yearbook of Agriculture (1955}, jssued by the U.S. Department ot 
Agriculture. Consult this book for irrigation water use, wh lch 
depends on type of crop, soil conditions, climate, and watering 
practices used. 
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Appendix 3.4: Water Consumption Tables 

Animal 

Holstein Calves. 

· Dairy Heifers 

Steers 

' 
Jersey Cows 

Holstein Cows 

Piglets 

Sows 

Sheep 

I 

WATER CONSUMPTION OF LIVESTOCK 

Conditions Gallons p~r Day 

4 weeks old 1.2-1.4 

-- 8"WBB"ks-otrr-- ---- .. t..._ - - - -- - · ···-·- ·- ------- ··----·· ····· : r:o· ·- ------- -· 

12 weeks old 

16 weeks old 

20 weeks old , -
' I 

26 weeks old 

Pregnant 

Maintenance ration . 

fattening· ration 

. Milk production 'h-3Vz gal/ day ... 

Milk production 2112-6 gal/ day 

Milk production 10 gal/day 

Dry 

Body weight = 30 lbs'. 

Body weight:= 60-80 lbs. 
' 

Body weight = 75-125 lbs. 

Body weight = 200-380 lbs. 

Pregnant 

Lactatirg 
~ -~ 

On range or dry pasture 

On range (salty feeds) 

On rations of hay or grain 

On good 'pasture 

~ 

- .. -o:~~ 
0 

~ 

2.2-2.4 

3.0-3.4 

. 3.8-4.3 

4.0-5.8 

7.2-8.4 

4.2 

8.4 

7.2-12.2 

7.8-2 1.9 

22.8 

10.8 ~ 

·0:6-1.2 

0.9 

2.0 

1.4-3.6 

• 3.6-4.6 

4.8-6.0 

0.6-1 .6 

2.0 

0.1-0.7 

Very little 

· .. 
. ' 

/ 

I 227 --·-, 

WATER CONSUMPTlONOF FOWL (per 100 birds) 

Animal Conditions Gallons per Day 

Chicks 1-3 weeks old 0.4-2.0 
-- .. ·-- --- ... -------~--- --- ... . ~ . -·-- ·3:5 weeks OTcf -......... . - ··- - ··-· - ·-·--· 

1.4t3.0 
.. - --· ~--·-- · - -~------ ~ 6-10 weeks old- ~--~f>-4:0-

- -
9-13 weeks old . I 4.0-5.0 

•. 
Pullets - 3.0-4.0 

Hens Nonlaying .. .. 5.0 

Laying (moderate temperatures) 5.0-7.5 . " . Laying (temperature 90° F) - 9.0 
:) 

:~ 

Turkeys 1-3 wee~s of age 8-18 . 
~0' 

4-7 weeks of age 26-59 

9-13 weeks of age . 62-100 

15-19 weeks of ag~ ,1 · 117-118 

21·26 weeks of age 95-105 
_,.,_ .. 

.. 

I 

I 

- . -· · ·· -· -··-.. 
· ( ." 
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Estimating Electrical Loads 
I 

. Your needs for electrical energy and power 
depe~d entirely upon the appliances you 
have and how you ~se them.To determine 
these 'needs, you must . . examine all your 
appliances-including eleqtric heaters, 
power tools and !ight~-- anc;f monitor or~ 
estimate their use ·patterns. First determine 

' . rthe _p~er ~rawn by each appliance-lltually 
·· expressed in watts or horsepower arid written 

on a data label somewhere on the appliance. 
If the appliance is not.,o labeled, try using 

~ .an AC wattmeter or.consult the manufacturer 
.,,_ to determine the rated power. ·A tabJe of 

· power ratings for typical appliances Is· in­
cluded at the end of this ··Appendix. This 
table is intended as a rough guide;· more 
accurate power estimates require specific 
.information about the appliances you are 
usmg. 

I , . 

If all the a ances we·re "on" at the 
same time, t owet drawn would be the 
sum of the rat~d- -··power levels of all the 
_?PP.Uances. · addition , electric motors in 
appliances like refrigerators · ar~~ freezer.s 

' \• . 
I 

,. 

,Tbe Wind Power Book 

j. 

r 

• 
· draw up to five t[mes their ratedpGwer for a . . ' 

· few seconds whil~ .. starting. Such a surge 
doesn't contrib\,Jtejliery muc;;h to the energy 
demands, but i't might put an excessive lbad 

) on the'-. batteries, irlverters or dther delicate .· 
\ . . 

system compooen~s. 
In ~eal applica:tiQ._n~ aiJ the el'ectric _pe­

vices will rarely, if~ver.J)'e on at the same .. 
time. The ·maximGm (or "peak") powe? that 
your system will have to deliver wiU be the' 
sum of the rated power levels of all the 
maj6r devices that are likely to be on at the 
same time. Accurate load estimates there-

. fore require , tbat ypu know or can estimate 
t . ' . 

the times when each (jevice is in use. For 
devices such as television sets, toasters, 

: . _· .. ·. 

I ' 

•· 

· ·\.~ot curlers, lights and kitchen appliances, , 
t~estimate .should be easy: you or your 
famify-~term1ne how long they're on. · ' 

For ~r dev ice~ like refrigerators, 
freezers , and ectric water heaters, a tt.ler-
. mostat controls t on-time or "duty cycle." 
Some of the methodS---. f determining this 
duty __ cydle include: 

--- - ---p - ~~, · ~·· · .,. 
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POWER AND ENERGY REQUIREMENTS OF ELECT~=uc APPLIANCES 

Item (with Horsepower) 

Household Appliances 

Air conditioner, central~ 

Air conditioner, Window (2) 

Blender 

Bottle sterilizer 

Bottle warmer 

Broiler 

Clock 

Clothes drier 

J 

' 

Clothes drier, electric h~af~~ (6.1/2) .. 

Clothes drier, gas QJ3at 

Clothes washer 

Clothes washer, automatic • 
/ 

.·rlnthas 'u"'ch..;r "nn"ontinn·"'1 1owll \,11..11¥ 9.-~UII'-' J ""'!"'-'" IYV tll,l'•••fll'-"41 

Clothes washer, automatic 
, r 
Clothes washer, wringer 

Clippers 

Coffee mak~r 

,Coffee percolator 

Coffee pot 

Copling, attic fan {1 /6- ¥4) 

Cooling, refrigeratio,n ,, ; 
~ 

Corn popper 

Curling iron 

Dehumidifier 

.. 

Watts 

•". ) 1 ,56f) 

190 

350 

500 

500 
' ' 1,400i 

1 - 10 

4,600 

. . 4,856 

325 

250 

200 

500 

275 

40-60 I 

~ .. 

8oo· 

300·- 600' 

Q,Q,O 

124-560 

460.-650 

10-20 

300- 500 

1,200 

375 

500 

Hours/Month kWh/Month 
\ 

620' 

74 116 ... 
Q.f1· 
~v ~ 1~· 

3 1 

30 15 

6 3 
6 ·a.5 

, 1 - 4 

20 '92 

·18 86 

iB 6 

8.5 

12 3 

12 2 
:3.. 

18 9 . 

15 4 

0.5 

15 12 

"' 
3-10 

10 9 

60-90 

200- 500 

-"'· 1 
: ..... 

0.5 

50 

36 

1 

3 

' 

, . .;.' :t 

I' 

\ 
\ 

' > 

'· 
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) · ~ppendix 3.5: Estimating Electrical toads 

PdWER AND-ENERGY REQUIREMENTS OF ELECTRiC APPLIANCES 

lte~ (with Horsepower) 

Drill·~ 

Electric baseboard heater 

Electrocuter, insect 

Electronic oven 

Fan, ~ttic (112) 

-- '· · · Fan, kitchen 

Fan, 8- 16 inches 

Food blender 

, Food warming tray 

Footwarr:ner 
' 

Floor polisher 

Freezer, food, 5-30 cu. ft 

Freezer, ice cream 

Freezer, 15 cu. ft. 

Freezer, frost free 

Fryer, cook-er 

Fryer, deep1at 

Frying-pan .. ·-

Furnace, electric control 

Furnace, oil burner 

Furnace, blower 

Furnace, stoker 

Furnace, tan 

Garbage disposal equipment (1/4- VJ) 

Griddle 

Grill 

Hair drier 

Hair drier 

Heat lamp 
'-------·- · - - ·-.. . , _____________ ,,_ .. . .. .. 

Wans 

250 

. 10,000 

5-250: 

3,000- 7,000 

375 

250 

35- 210 

200-300 

350 

50- 100 

200-406 

300-800 

50-300 

440 

440 

1,000- 1,500 

1:soo 
1.2oo 

10-30 

100-300 

500-700 

250 -"'600 

190-250 

450 - 1,000 

650- 1,300 
' 

200- 1,200 

400 

125-250 

Hours/Month . kWh/Month 

2 5 

160 

65 

30 

20 

330 

18_0 

4 

12 

5 

·--/ . 
/ 

1,600 

1 

100 

24 

8 

4- 10 

0 .5 

7 

1 

30- 125 

0 .5 

145;, 

57 

5 

6 

14.5 

10 

25-40 

25 -)00 
r 

3-60 

32 

0 .5 .' 

5 

5 

' 

0.5. 6 / 
/ 2 /. 

/ 
//2 

:.-,. 
I 

\' 

J 

.' 
! 

' l .__ 

.. -~ __ .'\., 
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POWER AND ENERGY REQUIREMENTS OF ELECTRIC APPLIANCES 

Item (with Horsepower) Watts Hours/Month kWh/Month 

Heater, aux. J! 1,320 30 40 - . 
\ Heater, portable 660.2,000 - 15 - 30 ) 

r / Heating pad I 25. 150 .. l' - i : 

~ 

, Heating pad 65 10 1 
' I 

~ 

Heat lamp 250 10 3 

II , Hi-Fi ster·eo ' - - 9 
' . ~ Hot plate 500 - .1,650 - 7-30 

( House heat~g 8,000- 15,000 - 1 ,000 - 2,500 
- --· - ---- ·-- . ------ --- --·- · ·····--- ---· ---·- ----------~-~--- ~·- ······· ·········----~ -

i. Humidifier 500 - 5- 15 
r --tron 

·· ·-

1,100 12 ; 13 

Ironer 
··---- ---. 

1 500 12 18 
( k' , ... / 

Knife sharpener 125 - 0.2 
' 
~ Lawn mower 1,000 8 8 

Lights, 6 r,oom house in winter - - 60 
Light bulb 75 120 9 

Light bulb 40 120 4.8 
Mixer 125 6 1 

0 

Mixer, food 50-200 
~ 

1 -; ~-

:d.;· 
Movie projector 300 .;:~:,. 000 - - i 

0 ,·. : 

Oil burner 500 50 
i 

100 ; 

Oil burner (113) 250 64 16/ 
Polisher 350 6 i 

' Post lfght, dusk to dawn a - - ~ 1 ·~ 35 

Proj~ctor ' 
J 

2 / 500 4 
/ 

Pump, water (3"/5) - 450 44 20 

Radio, console 100- 300 - 5- 15 
' ;:; .. ' 

Radio, table 40- 100 - 5- 10 
, 

Range 850- 1.600 - .. 100 - 150 

Record player 
> 

75- 100 - 1 - 5 



Appendix 3.5: Estimating Electrical Loads 
.j' 

POWER AND ENERGY REQUIR,EMENTS OF ELECTRIC APPLIANCES 

-:i:>' 

ltem (with Horsepower) 

Recorder, tape 

Refrigerator 

,Refrigerator, conventional 

Refrigerator-freezer 

Refrigerator-freezer, 14 cu. ft. 

Refrigerator-freezer, frost-free 

Roaster 

Rotisserie 
0 

-~--- j __ _§_~uce P<:!EL 

-~----- l 
I 

Sewing machine 
-:c- ..::il 

Sewing machine 
~­
[ Shaver 

1 .. Skillet 
, Skii-Saw 
i - ...... . 

! Sunlamp 

I 
I 

Sunlamp 

I 
TV, black and white (AC) 

1 TV, color {A C) 
: 
i Toaster 
' l .,~ 

Typewriter 

: Vacuum cleaner . ; 

Vaporizer 

\Naffle imn 

Washer, automatic 

Washer, spw1entional (AC) 

Watefheater (6) 

I Warer heater 

·1 Water pump, shallo~ (V2) -
i 
I 

! ~Water puQ1p, deep (lf-3 - 1) 

J 

Watts 

100 

200-300 

200 

325 

360 

1,320 

1,400 

. '300- 1 ,400_ - ... 

30- 100 

100 

12 

1,000- 1,350 -

1,000 

400 

280 

200 

350 

1,250 

30 

600 

200-500 

550- 1,300 

300-700 

100-400 

4,474 

1 ,200- 7,000 

.• 35 

250- 746 

i 

/ 

Hours/Month 
-· 

10 

150 

290 

500 

30 

30 

kWh/Month 

1 

25-30 

83 -- -

30 

95 

180 

40 

42 

I 

~ ------:~~ 1 
1 0 . ~---------- ·- --... .. . . . 

. 0. i 

5-20 ~ 

6 6 -

10 4 

5.4 1.5 

120 ~ 24 

120 42 

4 5 

15 5 

10 6 

2-5 

1 - 2 

3-8 

2-4 

90 400 

200-300 

5-20 

10-60 
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POWER AND ENERGY REQ-UIREMENTS OF FARM EQUIPMENT 

lte~ · 

, Barn Equipment 

_ Barn cleaner 

Corn I ear crushing 

Corn, 'ear shelling 

Electric fence 

Ensilage blowing 

Fe·ea ·grinding 

Feed mixing 

Grain cleaning 

Grain drying 

Grain elevating · 

Hay curing 
t -

Haypoisting 

,Milking, portable 

Milk ing, pipeline 

Silo unloader 

Silage conveyor 

Stock tank heater 
~ 

Yard lights 

Ventilation 

Milkhouse Equipment 

Milk cooling 
" 

Space heater . 

Water heater 

Poultry Equipment , 

Autom atic feeder 

Brooder 

\ 

\ ,, . 

. ; 

' \ 

(i 

,.--.,, 

Horsepower 

%.-2 

3-5 

1-7 112 

Y2 - 1 

1 -7 112 

% -5 

3-7 V2 

Y2- 1 

2 - 5 

1 - 3 

1/ 6- h 

lfz- 5 

Watts 

1,500 - 3 , 750 

750-3,750 
,; 

185- 1,500 

7- 10 

2,250 • 3, 750 

750- 5,600 

375 - 750 

185-375 

750 - 5,600 

185 -3,750 

2,250- 5,600 . 

375-750 

185.375 

375.2,250 

1,500- 3,750 

750 -2,250 

-200 - 1,500 

100 - 500 

125·- 250 

- 375-3,750 

1,000-3,000 

1,000 -'_9,.000 

185.375 

200 . 1,000 

Kilowatt~hours 

120 per yr. 

5 per ton 

1 per.ton 

7 per month 

112 per ton 

112 - 1 112 per 100 lbs. 

1 perton 

_ 1 per !Pn 
5-7 per ton 

4 per 1000 bu. 

60 per ton 

1~3 per ton 

1 Y2 per cow/ mo. 

2 Vzper co.w/ mo. 

4-8 per ton 

1 - 4 per ton 

varies widely 

_ 10 per mo. 

2- 6 per day per 20 cows ft 

1_per 100 lbs-.:milk 

800 per yr. 

1 per gal. 

10 : 30 per mo. 

- -112 - 1 V2 per chick 

per season 

.. .. . , 

. .­_, 
)f 

.\,' 

"" ._, .--r - "-"' -=·" ·t_·.:;-\: .... ~\ R' 
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Appendix 3.5: Estimating Elect~cal Loads 

.. 
POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT . 

i"' · 

Item 

Burgla.r alarm 

Debeaker 

Egg cleaning or washing 

Egg cooling 

'Night ligh(ing 

Ventilating fan 

Water warming 

Hog Equipment 

Brooding 

Ventilating fan 

Water warming 

Farm Shop 

Air compressor 

Battery charging 

Concrete mixing 

Drill press 

Fan, 10- inch 
I 
l Grinding, emery whe~! 

I ::::::: ~~:~~· 
; 

---- ~ lfgt}ting· · ··· 

f Lathe, metal 

I Lathe. wood . 
I 

f . Sawing, ~ircular, 8- 10 inch 

j Sawing, jig 
' '" I 

·1 Solderinn, iron .L -~ 

Horsepower 

1/6- 1 

114 - 2 

1/6- 1 

- , 

1/4- , _ 

%- 1 

VJ- V2 

V4- V3 

Watts 

10-60 

200-500 

125-750 

.. 40·- 60 

50-300 
~ 

50-700 

100-300 

50-300 

50~ 1,000 

185-375 

600-750 

185. 1,500 

125-750 

35-55 

185-250 

1,000. 3,000 

100-300 

50-250 

185-750 

185.750 

250-375 

185-.250 

60 z 500 

Kilowatt-hours 

2 per mo. 

1 per 3 hrs. 

1 per 2000 eggs 

1 1!4 per case 

1 0 per mo. per 1 00 birds 

1 -·1 V2 per day 

varies widely 

35 per brooding period 
per litter 

114 - 1 V2 per day 

30 per brooding period 

per litter 

) p~r 3 hr. 

2 per battery charge 

1 per CU. yd. 

1f2 per hr. 

1 per 20 hr 

1 ter 3 hr. 

10 per mo. 

1 per 5 hr. 

4 permo, 

1 per 3 hr. 

1 per 3 hr. 

V2 per hr. 

1 per 3 hr. 

1 per 5 hr. 

( 

POWER AND ENERGY REQUIREMENTS OF FARM EQUIPM~NT 
Item Horsepower Watts Kilowatt-hours 

Miscellaneous '· 

Farm chore motors 112 - 5 
i 

375-3,750 1 per hp per hr. 

Insect trap ' - 25-40 3 per night <-

Irrigation pumps 1 and up · 750 and up 1 per hp per hr. 

Wood sawing 1 - 5 750-3,750 2 per cord 
~---~ 

' 

., 
i 

. ' 
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field; an excellent resource for the pro­
fessional engineer,, with emphasis on 
large-scale systems. 

Fraenkel, Peter L., Food from Windmills. 
Available from Intermediate Technology· 
Publications, Ltd., 9 King Street, London 
WC2 8H N, United Kingdom. 
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by Wind Powt;r. London: The Phi.losoph­
ical Library, 1955; reprinted by~the 
Halstead Press, John Wiley and Sons, 
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wind-generated electriCity. • 
Hackleman, Michael, Wind and Windspin­

ners. Culver City, California: Peace Press, 
197 4. Also available from Earthmind, 
Boyer Road, Mariposa, California 95338, 
A popular how-to book on Savonius rotor· 
design arid construction, but its advo­
cacy of their use for electricay genera- · 
tion is somewhat impractical. 

Inglis, David R.,~Wind Power. an~~ Other 
Energy ,Options. Ann Arbor, Michigan: 
University of Michigan Press, 1978. 

Justus,· C. G~Winds and Wind System Per­
. formanr;;e. Philadelphia: Franklin Institute 

Press, 1978. 
National Weather Service and Federal Avia­

tion Admih(stration, Aviation Weathe r. 
Available from Aviation Maintenance 
Publishers, P. 0. Box 890, Basin, Wyoming·.· 
82410 . . 

Pu_tnam\ Palmer. C., Power from· the Wind, 
/~ 

New York: Van Nostrand Reinhold Com-. 
pany, 197 4. A reprinted edition of the 
classic 1948 study on the design and 
construction of the Smith-Putnam wind 
generator.·. 

Rice, M. s'.,,~ H~dbook of &,)[foil Sections for 
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Publications, P. 0. Box 123, Milwaukee,. 
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·- Energy Office, California Energy Com­
mission, 1111 Howe Avenue, S~crament9, 
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Golding , E. W., "Eiectrica! Energy from .ihe 
Wind," in Proceedings of the 1nstitution.. 
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HOtter, Ulrich, "Optimum Wind Energy _Con­
' version Systems;" in Annual F,ievie.ws of 

fluid Mechanics, VoL 9, · p~. · 399,-419 
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GLOSSARY 
. I 

AC-. alternating electric current, which re.-
' verses its·direction at regurar. intervals; · 

see also curr-ent. . . 
airfoil-a curved s\.irtace designed to create .., . . 

aerodynamic_ lift forces when air flows 
around it. 

·ampere; or amp-a measure of electric cur-
t. • • 

rent flow,_e_ql!_al.to Qne coulo_mb_ of eJectric .. 
. charge per Sf?Cbnd. Also, the current 
. ~hat f lows through a resistance of one 
ohm when the applieti vo ltage is ·one 
volt. · 

.,,ampere-hour, or amp~hour-a measure of 
electric charge, ca lculated by multiply­

·. · ing the current (ifl amperes) b{ the num­
ber of hours it flOws; see ampere . 

anemometer- an iostn..iment used for meas-
... ·'i· ' • 

uring jthe win(J$peed. . · 
asynchronous generator-. an elec;:trical gen­

erator. designed to produce an· altern at-' 
ing current. that matches an existing 
p-ower source (e.g .,· utility lines} so the 
two sources can be combined to power · 

. one load. The generator dqes not hp.ve 
to turn at a precise rpm to remain at the 
corre,tl ) requen£y' o~ phase; see · also 

. ·s,ynchrooous generator . . 
- ) 

· I 

~ ~ ··,>. ' 
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current-the flow of electric cnarge through · maqhine or turbine. . · .~ · . . . ., _.) 
-: a'wire; see also A8 and oC: · .. · . _. . . __ !~JU.pg __ speed ... -,th.e-winds-J)eed--·at·wh"fch·tht:'f ............ -------.. -· .. --() .................. _____ __ ·--·-· 

cut-in speed-the winds'peed at -wh.lch a' . . . wind\ mach.ine must pe shut down to . . 
wind machine. begins to produce power. prev~nt high-wind damage; also cal~ed' .. 

cut-out speed-the windspeed at which a cut-ou,t speed. -~' -~ 
wind machine is shut down to prevent . ·.\ 
high..:wind damage; Also called furling gear ratio-·· a ratio of the r<;>tational speeds 
speed. r (ir) rpm) between the rotor powershaft 

and the pump, generator, or other device 
powershaft; the term applies bot,h to 
speed-increasing and speed-decreasing 
transmissions. 

Darrieus roto.r-. a vertic~a. xisl lift-type rotor! 
generally wtth t~or three blades, th;J.t \ 

, , pas high efficiency an'd low torque. · 
1 

DC-direct electrical current( which flows in P 
I ; ~ ; 

I " ®rtly one direction-along a wire. · 
drafl-an ·aerodynamic tbrce -that retards 

the~rmal wotion~of)iff-type rot_or blades, 
or actually causes vane motion .and 
produces Rower in drag-type'·wind ma-
chines. . -Jl 

gin pole-· a pipe, board or tower used fqr 
improved·,l~verage in: raising a tower. ·. 

' i, 

head-the tot& I heigh!~- pump must lift ~ater. ·\. 
horsepower (hp)-the standard English sys- · 

tern mea~u_re of power, equal .Jto 550 
foot-pounds per seCQQ9; see also power . 

. -·. . . · . , . horsepower-hbur (hphr)-av me·a?Q're of en.: 
elt1c1ency-a number, usually expressed as · ergy in the._ En_gUsh. system; see'- also 

. a percentage, equal to t~_e: E<?.~~r __ Q~t: ______ __ ··-~e··-n· -8---9--- .. ..... n--d] ho, owe 
...... ~ d .. · ·rn··· ·d· ·--;;, b' h . r y a rsep r. --puLura- SVTce--· _lVI eu . y t e 1nput · 

~ ~-power to tHat device; see also power 
coefficient.' 

;; 

energy-· a measure of the work that might 
' . be, or h~s been done,_usually expressed 

in kilowatt-hours (kWh) or horsepower­
. . h'o'urs (t)phr); se~ also work. · . -

' fantail-a p,ropellor-type wind rotor meunted 
sideways on a larger wind machine (hofi­
zontaF·axfs) and used to ~eep that ma:­
chine"airo_ed into the wind. 

-fetch ~rea-the terrain over which tre wind 
usually blows before reaching a wind ., 

' ·-
(. 

inverJer-a device that conve_rts directcur­
rent to alternating current; see also AC, 

. DC, and SYQChronous inverter. ·~~ ,, 

kilowatt {kW)-a me~sure of power in the 
metric. system, ~quaUo 1~000 watts; see 
also watt a-nd power. 

kilowatt-hour (kWh)-· fi measure of electcical 
energy in the· metric syste·!Jl· equal to 
.1,0GO watt-hours, CC3:Iculate'<£by multiply­
ing kilowatts times the nuniber of hqurs; 
see also kilpwatt, horsep6~er and watt. 
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lift-the -aerodynamic force th~t "pulls" a 
rotor .b!fde along it~ rotary 8ath. . . 

megawatt-a measure of power i~ the metric 
system, eq~al to one millior1 watts· or 
1,000 kilowatts; see also watt and kilo­

, watt. 
',, . , 

panemone-a drag-type, v~rtical-a~is wind 
' . ~ ~ .· ~ ' -:,.-:t: . I ', 

mac.hme; the term could 'descnb.e a Dar-
rieus rotor, t:?~t is g_enerally used 'pnt; for 
drag-type machines. . \ .. . 

oower-the rate at which work is oerformed . ' ' ,. ' . 

or energy is consumed; mechanical 
power is equal to force times vefpcity, 
,while electric oower is eaual to the\ volt­
age times the' amperes.:dl·f current t'·l.ow. 

power coefficient-the ratio of power oJ~tput 
to power input, usually for a wind machine 
rntnr· f'\ften ref~n-a~. t,.... ~~ the efftf"J'ertt"'\/' 
~.~1.'..11' '..ILI."-'11 IVIVliV'-A LV" \..A.V I..IIV \JIIIV VI~"-'J' 

see also efficiency, rotor efficiencY.:· \_ 

r~tg.fi nn\Aig.r-the evnef"td~ nr'I\AJcr f'll 1tn1 1t:l'"\f 
I .... ._... ... ,.,.""'1"9 ....,.. \.I ~ VAtJ'-'"-' V 'lrtr.,A ,...,.'-' 9 'I' V l '-J"\,.<1 "-t-'1tr,..A L ;_"..J I 

a wind, machine, either its maximu·m 
power 6utput or an ·output at some wind­
c::n~~rl l~c::c:: th~n the m~vi~1-1m QnecH 
V f'-' ....., ......, ....... c. l......, '-" '-tl "-I I "'-A. I I I. IIV 6 lo.A.F'•' I I I "-A I I I '!J ,..., ......, ..._., ";-"' 

before governing controls start to reduce 
the power. ' · '' . . rated speed-the 'NLndspeed at which a·\ 
wind machine'delivers its rated,p9wer; it ; 
can.be the speed. at which a g6vern<9r \ 
takes over or· a lower winds peed; 
also (B'ted power . . 

c::~~! 
V'\JV j 

resistance,-. the tendency af almost any 
electrical device ~o impede t_he flow of 

, ·• • J ·lj .,. ; , 
electncal curren~~ " · 

. . 
J-

,I. 

., 
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return time-the time el;;3.psed before the 
wihdspeed returns to a~higher, specJfied 

. value, such as. the cut-in speed of a 
windmill orrotor~ 

rotor-the rotating structure ofa wind.rma­
chine, :also called the wind-wheet:'~ that 
includes blades and oowershatt and . 

I . •. ' . 

converts wind power into rotary mech,a.n-
ical powerJ -

· roto·r efficiencv-the efficiencv of the rotor 
' ~ ~ 

alone; it does not include any losses in 
transmissions, pumps, generators, or line 

·' or head losses. Also called rotor power 
coefficient; see also~efficiency. 

~ 1 

Savonius rotor-a vertical axis, 'dr.ag-type · 
; rotor that generally has Jo{v efficiency 

but hioh startino toraue. - - •.·. 
c::ino \AHavo-the· h.1ne ,....f ~ l.tarn~ti nr~ I"' I 1rrentt 

~ .. ·~g;;e·r~ted ,by ·~~liti;~, 7~t~~~~·~:rt;~· ~'"'nJ -

AC generators. 
solidity-the ratio of the b!ade surface are-a 

Tn· a rotor to the total frontal area (or . . 
swept are.a)'-&tthe entire rotor. 

square waV~-the fype of alternating current 
output from low-cost, solid~st.ate invertersi 
wl;lich is usable for many applian~es but 
may affect stereDs and TV sets adversely. 

synchronous generator-an alternati n_g­
current generator which operates togett)­
er \·vith another .a.c power sourpe and\ 
must turn at·.a precise rpcn to hold the 
freqt.Jen-cy and phase of its output current 

; . 
' 

''equal to those · of the AC source; see 
also AC, OCJ inveNei. ' . . 

.... . , .... 

I. 

-~ 
.( 

I 

i 



Glossary 

synchronous inverter-an electronic device 
I . 

that converts DC to AC but must have 
another AC source (e.g., the utility lines). 

. for voltage and frequency reference; the 
AC output of the device .is in phase and 
at the same frequency as the outside AC 
source; see also AC, DC, inverter. 

/ 
{ c ~ 

' tprque'-.the moment of forc·e produced by 
the rotor blades· that causes a power-- . . 

· shaft to turn. , 
.turbulence-_ rapid w'indspeed fluctuation6; 

- ,gusts are,maximum values of wind 
~·tu rbule·nca. 

.+. 

watt~,a measure of electric power in the .. ·-· ,-

metric system, equal to .one ampere flow-
ir1-g throl:lgh a potential di.ffe.re_rice of ohe 
volt - -

watt-hour-a measure ot ~lectrical energy 
I in the metric system, equal,, to one watt 

l . . --. .._ -~-

times one _ hour; see 9-lso watt,. kilov.i_att-
hour. ii , . , 

wi"d furna·ce-· a wind s-ystem tha! donve~s­
available wind power into t.Jseful heat; 

s ···-
~ee also wind m?chine. , 

wind generator-a wind machine that pro­
, duces electrical power; see a~so wind 
machine. 

• 
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wind machine-a de_vice that extracts useful 
power from the wind, but mainly one that 
produces a mechanical or electrical out­
put; also called wind- syst(3m or wind 

· turbir;le. . I 

windmirf-'---an "archaic term for wind system 
that is stilk usE3Q to refer-to high-solidity 
rotors in water-pumpers and older me­
chanical-output machines. 

wind power-the povyer actually contained 
in the wind, Qr the fraction of that power 
eXtracted by a wind machine; see al~_q, 
power. ""' ,·~ 

wind rose_,.:__a two-dimensional graph shGw­
ing the mon~hly or yearly average wind­
speed trom each of usually 16 ·directions 
and the percentage of time the wind 
blows from each direction. 

- "• 
windspeed distribution-a two-dimensional 

. -graph that shows the total time or the 
percentage of time that the wind o,lows 
at.eaqh windspeed, tor a given site~ 

windspeld profile-·a two-dimensional graph 
· indicating how the windspeed changes 

with height q.bove the ground or water. 
windwheel-s ee~[Otor'· 
work-a form of mechanical energy equal 
· , to a force multiplied by )he distance 

fllOVed along the force direction. 

yaw axis-rthe. vertical axis about which an 
entire propel lor-type wind machine ro­
tates to align itself with'the wind and its 
,rotor perpendicular to .. the wind; also 

<' called'/o//y axis/ · 

-. 

•, 

·-1 

! I 
- --- ---- j I . 

i-

0·: 

.~· -·. -- -.-
~~ 



. "J 
. l 

. I 
! 

. 246-. 

. ~-____:_·-· 

~ . 

., 

... _, 
.. . 

.... 
... 

... 

. , 

- \ . 
. . ..... 

' ' 

• 

., . j"'h! Wind P~wer .Book ~ 
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:1~.,EX. .j'\ \ ', " 
r<jg~~humbers pri1~~d i~itai;C$ i~· ~~~te. 
table?,,Ph~!ograph~ or .111~strat1o s. . . 

+ .. 11 

' . ·~ ( ) ! 
I r ,--- ; ~· .. 
~ I' 

. A JV . I· ' I' 

.. ·· cV\::~ictent ~;\)ventio~. 1 d~~4~i·.f . 

..... 

~ · Aerpdynam~-~ c~~~rp!. 112-l4 , .. . . 

i 
.\o. 

\ 
\ 

-.. \ 

r . 
I 

. _ ·AeEpPvn<;t~tc desT~. , 7~·; 78, 8:1, 83-8~, 
. 'H1-93 ' <1. ' . . . .i I 

Aii fompre~wf~. 2?: 97, 121-22.142 · ; 

,, 

. ·, 

-----·-·· .. 

.' ... A1r density~ 48 . ~t .c- _ ',. ·,. · 

Atrilov/85, 91.. - j· · .. \ · , 

i-: 

Aj~_oils, 69, 83, 91.· .ee als,o 81~~-es-
.;:{!rport data, 55, 56,:64 . · ·• 
Air ~temperature an · pr~sur.-e, 4·S-49~ 4 7 
~tt~rnating current :. C)t·127-28, ,130-35 
Alternators, 35, 92, · 1'--98, 128 · 
Amerrcan Farm wi . ·. mi~l~ 14, ·22. 80, 81,· 

_95, 112, i 21. S e a/so Multiblad.e 
- farm windmills. a . • . ' • ·• 

Anemometer, 53-. 5S, s7,·6Q-63, 60J 61 
Angle of attack, 681 69 · · . 
Appliances, household, 37, ·1'33 
Argentina, 1'21 -~ 
Arthculation, of blades. 79-80, 80 
Asian farmers' water pumps, 121 
Aspect ratio, 94 
Australia, 121 
Ave'raging period, )63 
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.. Chemical--energy storage, 129-30 
Ch.inooks, 49 ' _ ·,----

n ': ,, ·;Back-up ·energy SOU(C~S, 11-9~q, 11, 9,~ · 
' 136-31, 137 

-~ ~ · Chord _length, 98 ·~ --.. _I 

.. --~ · · ,. ·Batteries, 22, 31 ; '3p, 127, 1_~0. 13?, 138. 
Bed-plate, __ f01 · , · _ ~ ;- -

- i · Bendin·g _of•maphinery~1 01~03, 102. · 
·t- .,.-.,-.. . 

Bins, fo(windspeed .measur:em~nts,. 53, 
56 ·· . . 

B_irds, 1 04_ 
.-Blade ,- . 

articulationl (9-80, BO < b_er:lding. rf¥)mei1t, 1 06 - ~ _ 
chQrd lengt!l. ge , , ~ · 
·construction, 107-101 Jr68,109 . - "'' ........... ., .... .......... .. ._ 

fl~xtng, 98 • ~ · ~ · .. 
• < 

lift:-t6=drqg {LJQ} \lalues, 96, 97 
· loci"ds., 1 04.-Q? · 

- Blades· , - , ~--4~- · 

design of, 32-34' ' 
· rivetied aJumi11um, 11D 

:__~_ _ __ _ ,_ . sizio9~ 96 . _ _ . 
. Bpundary IClyer, ~56-57, 56 

· ., -Bubble p_ump, 'f22 ,~ : 
~-~ ·· ·BtJilding co<;tes~\J 52-53 . 

Building heat loss, ~41, 143' • 
Boshland, Texas, lnstallatior\ 38-39,-38~ t· . ~ 

39 140 "' '' - ' 
~ J --

' -

• p • -.. _· -c ... 
' -. ..... -

. ~rriage; of wind machine, 1-D1. 
- ~. :· .• ~; Cascade effect. 81, 82 

·-'Centrifugal force .. 1 03. 1 05 
· ·. , -Centrift.JgaJpump, 12? )r. .•. • 

" -· .... . 

:: , 

Chord line, 69 " 
Cogeneration, 22, 38-.39, 1 40 . 

t,l Compressed air, 25, 121-22, 122, 142 . _ 
• Computer lechn.ol.ogy, 62, 96, 97, 98 

Coning, 11_2, { 13 · . ', 
Conservationl 125 , .. 
Co~trol box, 139 
Conversion . 

·, 

"of aR.PJiances to ~C, 3 7 
. of energy u.hits, J e~o - . 

wind powerf~o · __ . c .... • ~ 

---- Cretan sailwigg: 25, -~ ¢·1 -. 
; Crosswind-axis rnacH'ine~. i6' 

Cullen, Jim, SP-37, 131 .. · 
g~nerator bf .. 3"6, 03 7 · 

,, Cut-in winos-peed, 6.8 · 
-'-··-' .. ·•• • ~·.. ·,, '0- : 

! . 

D • ' ' 

Darrieus, G :J. M ., 7 6 ... . 

' ' . 
' . 

', 

.. 

' 

Darrieus rotors:-38-40, 38,~39, -74, 76c.80, ~ ··· 
,. ' .. -·. 

76, 77, 80, 8 7. .. 

· _design# of,-99-1 00,-100 · 
enhanced, '86 , ~ 

Data-loggers, 60-63, 61, 62, 63 
Denmark, 40 . ~ 

Qeparture speed, 58-59, ·SB - ··_ 
rJesign 9f ~ind ·~ma~hines, 90-11 7, ~1 · 

. _ aef(Xtynamit, 91-9~, 92, 93 -. · ·= 

· ·" · biade coristruction in, 107-10, 1Q8-10 
blade loads in, 1 04-07 '· 

. • lfi· . 

. ~rrie~..ts rotor, 99·1 00~ 100, 110 
-· -.. 
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i 
' ' ,c·oesign of wlnd ·machines, continued. 

.( ·-~ 1 - trutter anct fatigo-e in, 11 0-11 • 
-~ '1t. . ... '' 

: . <ti 
'• 

r 

~· · ,, govern·or, 111-14, 112, .113 
··· propeller-type rotor, 95-99, 99 
'':! ' . .....,,}; .. : .... 

_.~;~·~dus rotor, 93-95, 94, 9.5 
sha~~f controls in, l15-17, 116 
strut!ura.t. 1 01-04, 102 

. yaw.ttontrol in, 114-15, 1.1 { 115 
Direct ~u~ren~JDC) system, 127, 1 27-28, 
' ' 1 30-35 • O 

Dfag brakes, 34 ·. 
.. ~ Drag forces, 61, 69 

'Drag loads, 74 . .. 
Dr~g-type machines, formula,~ for, 68 
DlJcted rotors, 86 · ' ·' 
Dunli:te wind generator, 115 
Dutch water-pumpers, 121 · 
Dwyer Wind Speed lnqicator, 60. 

E 

-Easements, l53 
"' Economics,· ot wind power, .1 9, 8,7, 135, 

149-51,151 ''· 
' . 

"' . 

_EffiCif,7_flCYr·2@r; 71, 72,~3, 77, .88, 93, 122, 
·· · 13"7. See also Powe('c·a·etfic_ienc 
·~lect~icity, wind-gerierated;"16-1 7, 25, 

., 32-36. See also Generators . 
Ele.otric~resistance heat'ers~ 142 
Electrification , rural, 14, 17, 31, 3.2 
Energy 

budgets, 1 7-19, 37-38 
distrjbutlon curve, 51 
and power, calculatin·g, 1 B 
requir~·ments, 1 32-3 7 ~· 133 

--------------~.,------,--:-------___,.. 

.lJhe Wind Power Book 
c ~ •. 

Eoergy: r:s.ontinued .. · ·· 
storage, 22'"?3 , 31, 1 27 ~ -

Enerte.ch 1800 wind generatpr, "11 8 
Enhanced-performance machin~s:; 86 
Equation 1, 20 "' ".A",-r •. . , 

, . Equation 2, 48 .. · 
"\;; 

Equation 3, 54 
· Equation 4, 88 

{~ 
• 

F· ' ,. .i 

~ 

~- . 

Fantails, 14, 114, ~115 . _ · ! 

... Farm windmills, 74. ee also ·Americaf1 
. -· Farm windmill ; Water-pumpers 

FatJgue, 110:..11 · 
Fetch area, 55 
Fi re-em-up-itis, 36 , 14 7 
Flow rate , 1 25-26 
Flutter,- 101, 110-11 

. " Flyball 'govenipr, 113 
Fly weight, 112, 113 
Fl'fWheels, 1 29 
Friction head, 25-26 
Fu rling windspeed, 70 

G 

Gearboxes , 35 · · ,,~~ 

Gear ratios, 98 

~~- -- ' .... ~ 

Clemini synchro nqus inverter, 132 
Generators · - · · 

back-up; 136-37, 137 
wind, 83 , 86, 87 , 97, 99 , 127-28, 138, 
145 
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Gin poles, 144-45, 145 \ 
Global-wind cirtutation, 45-4~, 4p 
Governind·windsp~d, 6R _·- ·.. ! 

''-Go\/efnors:a4·.;·1 0,3,1.~ 1-14, 112,;113 
(3"raih~grind.ers,,.30 ', · ~ 
Gravity load, .1 Q2 . :· 
Gus~ table,. 59 \t'" 
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Halliday; ~aniel,·: 14, 16, 80 / . 
Halliday machine, 14, 80, 1 21 . ~ee a/so 
~ ·, American Farm windmill ! , 

- ~ ~ ~ 

" .Heafl '' ~, • _ t . 

~- · · det~ining amount needf/d, 1 9" 
~ ' lost in buildings, 1 41 '"143/ · 

_., I 

; pump, 1 42 · ! 
,., wind-generated, 17, See Ji/so, 

··. _r 

UniversiJY of Massachu~etts wind 
furnace·~ .. 

·- ' ... i - -· 

Heater, electric-resistancejl42 
Heater probes, 136, 142 / l .. \ 

• r , 
Helion E-400 Energy So~rce~Analyzer, 

61, _62 "· 
Heronemous, William, 41; 
Houses, energy requireo for, 1 7-18 
HOtter-Aigaier machines, 83, 84, 84 

lnsta!latlbn. of· wind machines, 144-45 
lntervane gap, 94, 9:5 . .,,.. 
Inverters, 130-32, 131, 132 
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Kedco ~a6hme~. 9_9, 145. 
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Laytonville, ~alifo.rnla, 36, Bl ·, · . " ;­
.. Legal issues, <?f win.d pow~r us;e, "r'S,~ -54, ' · 
· Li~-cycle costs; 1 4~ , . · . .. ., · 

. Uft, a·erbdynamtc, 6 7, __ 69 .. ~ 
Lift'"to-drag ratio (UDJ, 67, 69, 97 
utt-typ~ rotor, ? 7, 72 ·. , .· . _.' jV' 

Lightning, 104, 1 45-4~,1,:~:1"~?~~~~'\. 
Lrssaman,· k'eter; 98 · ''··: ··· 

Load * . , • . 
concept of, 18-19, 70, 1 O·l·-Q7, 1Q2 
matching, 92, 93 ·• 
monitors, 1 35-36, 136 

·--: - . ~ . . 

Loads .; 
blade, 104-07 
on a win.d machine, 1 00-04, 102 

Loans, to/' energy"' equipment, 151 
Lolly axis, 29. See a/so Yaw 

0: '"' 

,,. t·. Low voltage technology, 36-38 
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Magnus Effect, 75 
Maintenance, 30. 
Modern M echan ix, 1 6 
Mukwonago, Wisconsin, 31 \} 

., 

! •: 

·.- ~: ~-·. .. !l 

"!!" 

C> 

. . '. 

:). 

~~,~~;-
ll :t· 

. 
' . 

---·-··----~ 

' 

f , ,~~-

,, 

·~- . 

. ~ 

? 

h. 
• j 

I 

·' ,. -·-



·'$ . 
f .. 'i: 

>·-;.~ 

."!" 

'li\.·. 

.J 

~,,, 

·W! 

-/ 

·' 
·i 

•.. ·If ... 

250 
. "· 

Multiblade farm windmills, 14, 80-83, 80, 

N 

81 1 821 87, 88. See atso' American 
Farm windmill. 

National Weather Ser-Vice (N~S}, 52~53 
New Alchemy Institute, 16-

0-

Output powerl 70 

p 

Palmdale, California, 55-56,_55 
Panemones, 13743, 114 

' { >t, 

Periormance curves for S-rotors, 95 
Pistop ,.,. 

compressors, 87 
water-pumps, 87 

·Pitching moment, 69 
Popular Science, 1 6 ,,, i 
Post windmill·~. i 3-14 ! 1: 

Po~~efficients, 71,95 4\,' 
rated, 68 ~, 

requirements ff)r electrical appliances, 
. .. 

c 132-37,133 
requiremefl!B for waten~umping, 
123-26, 125 

Powers haft terque;~ 07 
Propellor-type rotors, 7 4, 83-85, 83, 86, 

87 , 95-99 + 

Pub li c Uti lity Regulatory Policies Act 
(PURPA), 1 53, 1 55 

J 

• 

\ 
' ; 
' 

. . . l 

,; The Wind Power Boo~.· 
. . ~ 

R· 
~.· 

Rated po~er, 68 
Raylei~lh distribution, 52-55 , 53, 54, 59 
Recorders, data, 60-63, 62, 63 
Refrigeration, 1 42 . ,_. .. ~ 

Residential Cons-ervation Service (RCS), 
155 

Ropes, 147 
Rotor 

coning, 112,113 
drag, 1 d'9 
efficier:~cy, 98 

,;;)' power coefficient, 71, 95 
solidi_ty, 91 

Rotors 
' aesign of, 32-34, 88 

hig·h speed, 83-85, 97 
periormance curves f-or, 93 

:"""" 

sizing, 88 \ 
wen-matched to wind characteristics, 
98 
See also Darrieus rotqrs; M ultiblade 
rotors; Propellor-type rotors; Saii'Wif1.~ 
watf3r pumpers; Savonius rotors 

' Rural Electrification Administration (REA) , 
14, 17,·21,31 ; 

'S 

Safety hazards, 1 53-54, 154 
Sailwing wqter pumper, 16, ·25-2St- 26-28, 

87,88 
St. Ann~s Head, Eng~and, 54 
Sandia Laboratories, 76 
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Santa Ana winds, 49 ,, 
·.· Savonius, Sigurd J .. , 74 ,. 

Savof:)ius'rolors, · (S-rotor:s); 43,'§8-, 73-76, 
7~ 7~ 7~ 86,87,88,93,95 
design of, 93-95 ,~~ , , .' 

- -· ~ .Sears~ Roebuck; 16, 17 
.. : -:· ' s hyt-qff co 6trb Is' 11 5-1 7 I 1 .16' 

Site s~rveyi 59-65 · 
Slugs, as units 'of rl!ass, 48 , 

· -Smith-flutnam wind machine, 15, 40, 1 fQ, . 
l ~ : .· 

Sodal issues, of wind power, 154-55 
Splar energy, 37, 42, 45-49, 1 4Gt 142 

:solidity, 26, 9s ·· - "'' 
Speed red~cer, 35 . ~ 

· ·speed.:.up gear r·atio, 1 28 
Startfhg methods, 7.9 
~to rage 

deV'ices, 129-30 
of energy, 22-23, 37, 127 
water, 22, 1 ?2:-23, 139 
See also. Batteries 

- -$trip-chart recorders, 61, 62;-.63 
Stn,Jctural design, l 00-0~ 
.S,uper ~iywheers, 1 29 · _ 
Surface friction coefficient, 57-58 
Surge 'Chamber, 126 
Synchronous inverter, 4(}-41, 1 31 , 132 . ' ~ 

System design, 21-23, 1 f3-26 

T 
-~ . 

Tax cr.edits, 1 49, 1 so-, 1 51 , 152 
Tip plates, 94 
Tip-speed raUo (TSR}, 71, 73 , 91-92, 

95-97 . 

~·· 

- t:'; 

Torque, 2_5, 26, 74, 75! 92, 95, 1 07. 
Torsion, 1 01, 1 03 .. 
Tower of wind- machine, 1 O.J · 
Transmissions, 35, 127-29 
Turbuience, 58-59, 64, 65 
tvin.d system, 40-.-41, 40, 41 

· Tw,ist, 85 

u 

I 

University of Massachusetts wind. 
furnace, 41-43, 42, 142, 146 

i 

"'· 

, U.S. DePartm~nt of Agricu_lture, 38, 39 .. 
/ U.S, Federal Energy Regulatory -

_ Commission, 153 

v 
Vanes, number of, 94, 95 
Voltage regulators, 36 
Vortex creators, 86 

.w 

Washing ·machinesr.J 6, 1 7, 87 
Water 

hot, see W~nd furnaces 
Jock, 103 '· 
storag:e, 22, 1 22~23, 139 

Water-pumpers ; 16;1'7, 1 8, 29,-80, 81, 82, 
86 B7 -a·a ---· , 
• ' ' ;· :0..~ 
Darrieus, 32-4.,0, 38, -39, 88 
sailwing , 76, 25-28, 26-28, 87,88 
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War f:U ·putn:f}ic.~'-'S:. con t tn u ed . 
5-tfh:! a;lso .A.tr>,ef i-can Farm w1ndm f-H: 
Mu.a~O.J.aoo t.af m wu1Dm tl ls 

'll/ ~Her C)\J&Tl'1J1lrfq 2 5 1 2 1 -2 3 . i 2 2, '1 2 3 
1~' -1''\ffi" ··-pl .. ~t-. .c. s-··vr;- ! q ,m r· (...,··r 12·0 13'·9. -...;'"._,;)' 1 1 ·0'--,;;-'\,.f.- "' ' ' 3-'\~0 . v t • ' ~ 

e;aJty. 1 '2 3 
~~-( ic'f . 124 

~,~ a~:.ef -pumps. p~s t:O'n. 8 7 
Vv'EHl:t'h:e1r pat:t,erns., 44, 4 5·4 9 . 46, ·17, 49 

... WeH d.ep.tn. ·; 25 
~N-e1~.e·s. Jonn. 25 .) 

V:iei1 pump~ ,} 38. 139. S.e-e a:!.S<O Vvate·r­
p,um:pers 

LU .J IA'to- /'"'..., fc•J,.--..r-ni::! -t1 ·r .t; V l - ~ -~'!t-:t-3_\ Vod. i.ft'':' -t ~ t ''-" t .._ .-

. \c~F1-c-,...n: -A·---~rl no ,_ • " t.~.,.,"- ~ ~--· <, ;;::;·o . 

V~tinCh-S:rge·r machtll"l6S . $-3 
\oV;:r1diCfl;arg-ers . 14 . i 6-1 7, 7 7, 30-32 , 88 

.Jacobs. 3 i~ 31 -32 
S-e-e also Y.lind·eiectric sys tems: Wind 
1~~ne·ra'to;rs : "iVrnd pov,~·.er sys-tems 

\it-.. : ,.,,,.,.. , (-1""'~..,···"" "'"' 5". ~~ t'. (~ ' -.- l ,.,; f '"4..,J ;. "'. .. ~"'"--~~:~...,... .. t. v ...... rf;..~ 

Wintj t!as"etJr-en ~<S. 1 53 
d-.' .. ~ .. ,-i .c:).o.,~ "~" ...... t'1!: tQmc ---~0--3 2 1 2·6··? 7 fl ·t · ~·Ll"'...,.f ""' ""•t~•-v"lJJf-:,,.,.. ::) ·y ;::t· 'l~ t ,_~ .. .J r ··-~ · - ; . C.. • 

f•'J 7' ... .... , 

iou· oas~c . 1'34 -
Se~e ai s:-:J V'{Jnd pc;·;,•ter sy-st-ems, 1Nind · 
'h .a..n. .... , ,_., t-;r· -~ 
',J'<;;: '1 ' <t;;'-li 0 :-;_J- r; ;!) 

·;~'~nO efl-e1{1'1J 
...;; i' 

~ttOf ! 5£} 
;a~j mO•.J·r<a ln'S 4B-49. 49 
4:~'(j C!'CiC'Sti .. 46 , 48 49 
-~~~ ~_ .. 1;::-_'C ~li_~.~~ -(v~ , .• ., .. ,, ••• "!!'.!·r · \,A.t1r l a · r·<:?+·1::.Q·1J···c r< ;;:: .._ ·t:'J'i"f~ l>. ~~ - " , .,.,._.1, )--" ·-.. ... - -.~ · . ...., I , ... -- .,. I I • ~- ·...; \ , - · "' o..;7 

,-.. ,.,_ .. 

~~~~--------~----------------~---

W1·nc1 f·urr'1 aces, 1 '7, 41 ~43 , 1 29, 140-42·, 
.. --·-........ 

142 
Wind g·enerators. 83. 86. 87, 97. 127--28 . 

7 38 
Wmd gus ts . 58 ·59. 5B 

I. ., • . 

Wind mach 1n-e desi·g n, 90~1 17. 9 1- iOO, 
... 1 02, 1 08- 1 0. 11 2-16 

fund~m,en ta \!s . 66-89. 67~85 
horizontal ax ts. 96 
pert o rm a nc e . 7 1 -7 3. 71 
t~sts o f, 32-36, 32. 33 
Se·e aiso Windchargers ~ Wind . 
furnaces : W1nd g-er1erators : W1nd 
pow·er S '{~tems 

w-~ndmill s . 1 3 - 1 4, 13. 14, 80-83 , 80-82 . . 87 
. !!. 

\J'i 1 n d power 
as a funct1on of windspee·d , SO 
avail ab!il"ty of. 141 
con~ers ion f·actors. 20 
early use:s ot, 1 3-1 5 
econon1 1cs . 1 49-51 . 1 51 
extra·cted by ddferen t ro to-rs. 2! 
r-orrn ulas for , 20 
u s.e·s o I. 1 6-1 7 
·see also \Afl.nd energy: W in-d 
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-A n;eili"<~ Caii fo<rn!an . Jack P7:ir~ rs o-ne 
of Amenca's ~:e-adl1t0"~~uth(Jnti·es O'~'l s rn·~~ n 
,~~tnd-povf-ecr .sys ~:efns . He h.as d:e s i-·g ned 
~nd bt~~H d~otens oi srnaH \~li-nd 
:rnach~-:'les , 1nchJd~ 11<'1 a senes o l w1nd 

I . . "~ 

gce·n~erai~ors rr~rke·!-ed by Ke~.:Jco , 10-c . He 
i·s curreorH1)!i·iJ 96 1 i Pres !d-Bn1· of the 
ft.m.encan \Aimd E A~eorgy Assoc~a t ion, 
r~V'h'l~~ se.0iBd prev::ou s! y as V ( c e 
PrA·~ · j""' ''' -~""-.ri Q''l· ~ ·~r·; C'I r· ····c-t" 1e ., ;_,,(J rhp : -.~:.; ... ~~, GC\ } ' 0. ~~ +"A . '~ .J~i~-~ .... ~ ...... I -..J ( 1 r\, I ... J t".4 !-.:) l { :·· ;_,. 

cons~~·ttrrg , eh9h'1·ee-nr'i'C.J an•j a-&s,g n hrrn 
-s,.p..ec>iahz ~·lf.'ig ~n sO'~;ar and V•t1 i1·d e•n·e-rgy 
d-ev~ces he rl.a!S traveJ'e-d t'!i ro-u-g-hou t the 
Unii£:(1. States....and to parts oi .Canada, 
;:: ,, ( ,r-.:t_' ...P ::; . .r;.,-> .·~t~::. ',-,.;;,~sp'L>.. <:::. i..- Jng to- a·1'V·,c.f. •.:;e . 
-;_.U • t...,.. !·../'~\,_; ...... 1 T· '--' f'\j. ~"\...;· """ • ~u r\. , ~ . ·'-..! .• _., 

au,a;:.en·ces abou~ !·he smail -sc a-!.e u·ses ot­
wto~j po ... ~1 ., 

'-\•' 
J 

., 

4 
Jack.t1.as serve,rd on t-he Fac u rty o4 

GoddifH'd Col•l e-ge and H1·e. SotJ~h,e·r n 
Caldorma lnsfl'tut-e Q{ Arch~ ·t(J-C tuH-1 . 

te"<fth -in g cours.es on rtH're.w a·bte ti?.n•e rgy 
tee h n o·log y a n:d a:ppJ ,,c'a tit:Hl s F orrnerl'y 
tec hnl·Cai e-dnor of th.e ~A./md Power 
Digest. he has contnbuted many arhc~es · 
to tn.at JOurna:l and to Alternative Sources · 
of Energy _Ma-gaz ine. He has t\vo 
prev1-ous b-Qoks ~o h1s cred 1t Smipidred 
\f/.'n d Po~t~<fH Systems tor Expenmenters. 
~}ubl i Sd'l·ed t>y· H e! 1o n , ancj Wtnd Pow'er for 
Farms, tiorr}e.s and Srnali Industry, a 
Oepartrn en r o f E n.erg~i D1..J b ii·C.a tton h1e 
·,•.;rolo '~il\tl Rn::;harci S<.:: nwtnd 

\Vh·en no1 away i'ec tu r 1 ng o r co:n·s-ufti,ng. 
Ja-c'k li'r es o1-'i h iS nofthe{n Ca liforn-ia __ r 

ranc r·1 v.-1th hvs. 'Nile Heien-ar..-d the·i-r -
m.an y ~.vm<1m \ li s anct fa rm anfma i-s 
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