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'englneerlng tralnlng or is not complete enough to satisfty
; yuuL needs. :

“'f Thls is the second edltlon of a book wrltten by an englneer

e

“windmill desrgn process. 'The design approach used is not one

. somewhat larger than necessary, but theiy performance should

. ) . . . P )
- A - -—4,,,

w)‘:p“'* qe..___(.- - . ‘ ) ,‘- -,
FOREWORD B B

If you have tried to find 1nf0rmat10n on windmill. de51gn . ® :
methods, if you have de51gned and built a windmildl, &£ - T T
yo&'re merely interested in windmills, by now you have ) )
discovered that most of" the information available requires .

__‘_.__,__.,.__,-.;.1} R T R e

whothas spent a mojor portion of his career teachfhg lnexper- .1
ienced aerospace technicians. This éxperience has assisted in

the writing of this text. It is hoped that the. reduction of

co‘rpp‘l ex mathematics into simple- araohq and arithmetic Drob'lems T .
will allow a greater segment of the innovative public. to use e
fhe fundamentals am engineer had. To make this book as useful

as possible, a . .page has been devoted to graph readlng, and

numerous £examples are used to-illustrate gach step in the

.of an exact science, but rather one of approxrmatlon - taking
best guesses and estimates. Numbers may not be exact, but, as_
with most any design problem, these numbers are asually well
within necessary accuracy. Some experimenters will udnderstan-
dably need a few windm2lls “under their belts" before these
calculations become sufficiently’ ac®urate. Therefore, the
vocabulary used stresses conservative estimation where necessary.
The windmills designed from the methods in this manual may be

satlsfy the designer's requlrements A ’

One further item: this manual has been, and will be updated,
expanded, and improved. The author welcomes all comments and ’
suggestions.

“gylmar, California. 1975 ! Jack Park
' . . ’.-
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: INTRODUCTION .

1

Wind pgwer has been used by man
for some g 2000 vyears. Starting
with, crg@g sail-type vanes, wind-
mifl " “design progressed through

‘the old bDutch four-blade horizon=®

tal axis machines, to very
efficient one-, two~-, and three-
blade high-speed machines which

use the latest in high-1ift, low- .

drag. airfoils,
high strength

and light-weight,
structural mater-

ials. It is now possible for ex-

perimentors +o use today's advan-
ced technoleogy in the creatigp of
efficient, low ¢ost windmills.

It is the intent of this manual

tc provide the reader with the
engineering tools necessary. . to
accomplish a respectable job of
designing and planning the con-

struction of windmills (any —typé-

of windmill device). Highly tech-
nical discussion of the theoreti-
cal aspects of these tools will
be neglected 1in this text, since
“such material
elsewhere. The engineering tools
are merely highly simplified
equations and charts with exam-
ples of their uses, each reduced
so that a person with minimal al-
gepra. experience can apply them
to his needs.
This manual 1is

writtgn to en-

- . courage, or to be a part of, the

growing stimulus to
and develop power systems at a
grass-roots level. It 1s at this
level that the urgency for devel-
opment is most actively sensed.

experiment

Material i1s presented in buil-
ding bleock fashion so that the
reader can appreciate the numer-
ous steps 1involved in the plan-

ning of a wind power system. One
should understand that the end
use ¢f wind power, whether for
pumping waker or generating elec-
tricity or grinding corn, will
play a key role in the final
shape and size of the device be-
ing designed. Other factors in-

_.can muster
“Ject, How

1s well documented:

clude how much, W1nd is avallable,
where the devlce will be ‘install-
ed, how much money the ‘builder
to complete the pro-
complex
‘planned, etc.

THE-DESIGN PROCESS

e
Basically, the steps one may
follow to complete a design exer-
cise are as tollows s ‘

1. Determine the power needed.
2. Determine the wind’ -energy

vailable, : '
3ﬁrmine the configuration
and size of windmill required

to obtain power reguired from
. the energy available.

4. Design the components of the
windmill to satisfy aerodyna-
mics and structural réquire—
ments.

An alternate deSLgn process may
be used as follows:

1. Select a type of windmill and
size which vyou feel capable
of building.

2. Assume, estimate, or otherwise
determine a w1nd speed for the
design.

3. Design the
windmill to

components of the
“satisfy aerodyna-

mic and structural require-
ments. -
Where we go from here, then is

to a ccokbook for designing and
planning a wind powered energy
system. First, your energy needs

a system is.

o
%
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Perhaps the simplest?!way to harness wind energy is to use
nature's windmill, which grows in most yards - the trees.
People are harnessing ocean wave power by tying floats to
anchored generators. As the floats bob up and down in the
waves, the generator is driven by the attachment cable. You
might suppose that a hand-operated wadter pump c¢an be tied to
a ‘swinging tree by a rope and a return spring as illustrated
here .

5y
LR




POWER REQUIRED

Let's consider two different
end uses for wind power devices.
By doing this we can see the
basic differences 1in thinking
needed to design these devices.
The first wuse 1is that of the
"water pump. You have a4 well; you
" wish to use a windmill to pump
water up to a tank. The second

use will be that of an electric

power generator. e

One should keep in mind that,
in most cases, determination of
power reqgquired will ‘be a diffi-
cult, if not impossible task. 1In
some design cages, however, it
may be as simple as looking at
last month's ‘electric bill to see
how much power was used. In any
case, a point which will be made
again 1s that wind energy 1is

basically abundant and relatively

easy to- convert. One should
strive to design a higher power
requlrement than is calculated in
the following -section of this
book.

THE WATER PUHMP

To estimate power needed to
pump water, you need tc know how
high you intend to raise the
water, and now fast you intend to
raise it. See Figure 1. The
result of your rcalculation will
be horsepower required. This is
different from horsepower avail-
able from the wind. The differ-
ence -lies in the efficiency, or
inefficiency (depending on how
you look at it) of all the de-
vices used to do the work. If
everything were 1like the text-
books always say {frictionless
perfectly balanced, etc.} power
reguired would be equal to power
available. But, this is ngt the
case. Estimate power required to
pump water by using CHART A.

\

EXAMPLE

You intend to pump water from a-
well 150 feet down to a tank on a
50 foot high hill -thus total
height equals 200 feet.

You figure that a flow rate of

400 gallons per hour will tend

all needs. 'Horsepower required
is found by locating 200 feet on
the horizontal line, then looking
up to the 400 galloh per hour.
line, then across tg the vertical

line to read horsepower eguals
0.94.

Data supplied for commercially
available windmill pumps may be
used for comparison with power
estimates. One should remember
that CHART A allows estimation.
Conservative-windmill design will
call for increasing the power re-
guirement estimate by a factor
for safety, for eventual growth,
or both. A factor 1like half-
again, or even twice the estimate
ig not unreasonable.

THE ELECTRIC POWER GENERATOR

The designer has a choice of

~using either a DC or AC system.
" Automotive applications of elec-

tricity are typically DC, while
house wiring is AC, If one is
planning a small cabln with wipd
as a primary power source, cOnsl-
deration might be given to the
use of DC circuitry with low cost
inverters used where AC 1is re-
quired. This allows the use of
new or recycled automotive gene-
rators or alternators with the
windmill. On the other hand, one
large (expensive) 1inverter can
convert DC to AC for the entire
systém.
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HORSEPOWER
2

WATERWELL DIAGRAM

IR

WATER HEIGHT

s

Figure 1

{1.4)

f=(1.1) {1.2) {1.3}
FLOW RATE 100 200 |- 300 400
50 .05 .10 .16 24 :
100 .09 .20 .33 A7
200 .18 40 66 94
HEIGHT | 400 .36 .80 1.3 1.9
600 .54 1.2 19, | 28"
800 72 1.6 2.6 3.8
1000 .90 2.0 3.3 4.7
e e ,: ‘5 e
PER
FORMULA: 5 GAthgs E —
| HORSEPOWER = Sore Sk i
f x HEIGHT x FLOWRATE x .0000084 | | ' 400
0

HEIGHT (FEET)

CHART A

8
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If a designer should choose to

. install an AC generator. on the’
windmill, the design problem be-

.comes complicated singe AL curr-
erfit is held to a 60 ‘'hertz “fre-

quency {hertz is a unit Jf AC
frequengy - -commonly  known as’
cycles per second). .Elegtric
Totors in refrlgerators afid--in

clocks reqguire this frequenky to
be constant. But, wind ;speed
tends to change, which mean$ that

windmills driving AC gene’ators*

must be designed to. hold 2 con-
stant rotational speed (whilch de-
termines the frequency of the AC
generator) over a range of wind
speéds*' with generator &tut-off
_when- wind speed is outside the
de51gn range, Simplified: design
tends to indicate the use pf a DC
genérator, with AC conversion by
electronic inverters where neces-
sary. ;

.

Electrical power required will
not always (usually neveg) equal
wind energy. available. “From this
it is evident that some form of
enerqgy storage system 1s required
- like batteries. An entire sec-

tion of this manual discusses
. energy storage. It follows, how-
éver, that some form of-decision

must be made as to how much power
should be generated in relém}on
-to how much is needed. For this,
consider first the maximum con-
tinuonus eleetrical power needed
then, for how long it's neededf?

ELECTRIC POWER REQUIRED

- Electric "power required 1is a
. problem in two parts: how much,
and for how 1long = both parts
being equally important.
" 1. How much -simply add up the
known, or expected loads. The
units of load will be watts or
kilowatts (1000 watts). The load
goes beyond just  counting up all

-~an electrical Code Book, or an
,“electrlgal contractor for answers

the, say,
you plan to
power. The wi
bulbs and electrlcal g”.
uses up some payer. For” smgtjg ?
installations, whe tHa,genef““w -
tor and locad are near- eacﬁ*oth?r,

line loss will add about 3% to

the energy requirement. Consult -

fwuth the wind
.q""Between lisht

to questidns-on specific install-
ations, Inverters.can be counted
on to add about® 25% to-.the load.
The generator itself may be“co n-
ted as part of tfie load and wilil,. _
due to its own inefficiency, add -
as much as 50% more to the load. -
Again, just add up the loads. Use
the following handy chart, (from
& DWP brochure) for rapid estima-
tion.

L

. - e Estimated
: KwH

: - Average Consuymed
APPLIANCE"

} Wattage Per qulh

// Air Conditioner {Wingow) 13257 o,

“~ Bed Covering { Automatic) 190 1
Broiler . 1,860 - 3 \
Clock 2
Clothes Dryer A 4,350 }'0
Coffee Maker {Automatic} 850 8
Deep Fat Fryer 1,440 8
Dishvvasher 1,180 29
Fan {Azzic) . 365 . 27
Fan ICirculating) S 85 4
Food Blender i 290 1
Food Freezer (Standard, 15cu. f1.} 350 88
hood Freezer [Frostless, 15 cu. ft.} 440 127
Food Waste Disposer 400 2
Frying Pan {Autamauc) 1160 - 1B
Grill {Sandwich) ' 1.180 3
Hair Dryer 260 1
Hest Lamp (tnfrared) 250 1t
lron [Hand) 1,085 12
lron.{Mangle} ~ 1,500 13

. PRadio 75 _Z; L
Radio-Phorograph Y15 S ¢
Range - ) 12,000 100
Refrigerator (Standard, 12 ¢u. ft.) 265 M
Refrigerator (Frostless, 12 cu. f1.} 295 79
Refrigerator-Freezer L.

(Standard, 14 cu. ft.) 290 100
Refrigerator-Freezer :

(Frostless, 14 cu, ft.) ¢ 435 131
Roaster - 1,326 17
Television (Black & White} 255 30
Television {Color) 315 38
Toaster 1,130 3
Vacuum Cleaner 700 3
Portable Heater 1,200 © 106
Washing Machine {Automatic) 600 .. 7
‘Washing Machme {Non-Automatic) 280 5
Water Heatgr 4,500 323

A 100-Watt light bulb burning 10 hours
uses 1 KWH of electricity

*(Based mainiy on national averages)




EXAMPLE

"For a small cabin installation
with AC wiring and utilities, the
 following loads are estimated:

Lights 500 watts
Refrigerator 300 watts
.Miscellaneous 250 watts
Total 1950 watts

. Accounting for line "loss:

~1.03 x 1050 = 1082 watts

“Accounting for inverter:
1.25 x 1082 = 1353 watts

Accounting for generator:
1.50 % 1353 = 2030 watts =
total load.

-

The final value dogsn't account
for the fact that he 300 watt
‘motor in the refrig%r tor requir-
es 3 to 6 times as much power for
a few seconds each! timé it is
-started. We assume | that this

extra load will be hanaled by our,, %

batteries (energy stoﬂﬁger The
2030 watts, then, eguals the load
for which we might design a wind-
mill. Provision for futgge growth
capabilities . can be
designing, say; to
value.

‘made by
twite this

jdst de-
cont nuous

-we have
the,max;mum

2. "~ How long
termlned

v check “on windmill desiqns
requlres estimation of the watkt-
hours or kilowatt-hdurs that will
be needed. 18, in the above dx-

- . i
ample the maximum continuous load
continuously for an

were applied
entirre 24-hour day, the watt-hour
‘reglilirement would be 24 x 2030 =
48,720 which eguals 48.7 kilowate
hours. If the windmill generates
2030 watts for 12 hours the power
available would be 24.4 kilowatt-

10

windmill.

.4 hours per day

-H&fually-

%

.

hours, half of the required power
even though the generator is ca-

pable of the required watts. The
key lies in the duration of the
wind. It | follows, then, that

watt-hours, or kilowatt-hgirs, is
the major ! factor in designing a
: ~—

M

f u

EXAMPLE = | - .

.A cabin %ith a maximum contin-
uous load ¢f 2.5 kilowatts is es-
timated to|{require this power £or
50% of a day, or 12 hours. The
wind averades a certain speed for
(averaged over a

period of, say, a week). The pro-
blem, then, 1is to ‘calculatg how
much power the windmill must be

designed for.

Calculate kilowatt-hours:
2.5 x 12 = 30 '

Calculate w1ndmlll power requlred

30 kllowatg hours = 7.5 kl}dwatts

; 1llustrates the
ih;p between the duration
g total
produced by “a. windmill.
only 2.5 kilawatts are

Since

needed at any giver time,«and the’

windmill generates
when i%t. is windy,
generated will be
teries until - such

7.5 kilowatts
the extra power
stored in bat-
time Bs Lt is

:-s# ot swindy and the power is still

needed.

;

B
Owner-built wind generator

power ac-’

]




WIND ENERGY AVAILABLE

To develop a commen ground of
thought, we should consider the
obvious, namely, that the geo-
graphic area in which the wind
device is to be installed shculd
be given to neither  too little,
nor too much - wind. Too little
wind, and the required amount of
power is difficult to get, while
toc much wind may break apart
your hand-made device and deposit
each component thereof about the

countryside. We shall discuss
these extremes shortly, but for
now let's assume enough wind.

. Consider, first, why you are de-
signing a windmill - - most impor-
tantly, what vou intend to do
with the-device, and where. Per-
haps you own a-small ranch, a ca-
bin spot in the hills, or some
place to use the
there and conduct a wind survey.

done
asking
wind the

A wind survey can be
several ways. Start Dby
local folks how much
area gets, how fast it usually
blows and which way. Set up your
own wind recording station. This
can be as elaborate, or as sinple

as you wish. The lowest cost
method, sold for less -than ten
bucks at any source of supplies

for the sport of hang-gliding, is

I

Photo 1

Dwyer Windmeter

machine. Go -

1l

- take a few

called a
Photo .

Dwyer Windmeter. See

Hold this device into the wind
and read wind speed directly. The
accuracy of the Dwyer unit is
sufficienty for many design pur-
poses. Homemade wind measuring
devices may be considered also.

A more elaborate survey is con-
ducted by going the whole route
cf purchasing (or building) some

‘form of reccording wind speed de-

vice, Photo 2
weather
able from

companies.

illustrates a
station which is avail-
many aircraft supply
All that is needed to

make a recording staticon is a re-
modified to
of photo data

cycled movie camera
frames

every hour or so.

Photo 2

Weather Station




In most areas where you will
likely consider installing a wind
power system you are attempting
to determine some form of average
wingd speed during the period of
time the wind blows. For small,
private uses of wind energy, the
wind survey data need not be en-
tirely accurate but should, since
wind energy 1s basically free for
the taking, be sgmewhat conser-

vative. Keep in mind that a por-
tion of the 'usable wind energy
comes from gusts, or pulses of
- changing wind speed {and direc-
tiont. Your windmill ~ will be a
mechanical conglomeration of
/anvy parts which take time to
accelerate to a different speed,

and a wind pulse of short dura-
tion may pass before the windmill
can speed up to take advantage of
the increased available* wind
power. Similarly, a short dura-
tion slowing of the wind will not
necessarily cause a noticeable
change 1n the windmill, but in
this case, since the windmill 1is
presumably undex load, it will,
in fact, slow down whenever pos-
sible. From this we can see that
a wind device tends to average
the short duration gust pulses

into a more o¢r less constant
power setting. Thusly, we can,
for simplicity, concern ourselves
with the average wind speed.

It should be noted that a wind
survey shpuld be conducted at
various heights above the ground.
Wind speed only 100 feet above
the ground can be as much as half
again what it is measured at the
surface. See Figure 2. This in-
"grease in wind speed 1is deter-
mined by the shape of:the local
terrain, surface obstructions
which slow the airflow along the
ground, and the nature of thp lo-
cal wind. Since faster wind”means
more power, it may be tggYour ad-

vantage to consider pegsible long *

reach windmill'towgr’structures.

e
e
.’/
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HEIGHT
ABOVE
GROUND

WINDSPEED —a

Figure 2_ Typical Wind Profile

EXMMPLE

Using the Dwyer Windmeter (See
Photo 1) a wind survey is conduc-
ted which vyields

sample data:

5!

the following.

TIME WIND SPEED (MPH)-
6 pm 2
7 pm 8
8 pm 14
9 pm 12
10 pm 10
11 pm 15
12 pm 13
1l am 7

A trend appears for. several days
which indicates an “average of 12
miles' per hour. You have a choice
now of using this value, or of

altering it slightly downward in

the interest of conservative de-

sign. Talking with the local:
folks, you determine that the
wind . speed averages slightly
higher this time of year. You
alter the average o be 19 miles”

per hour. You determine also that
this value c¢an be relied on for
20 hours per week.
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t WIND POWER

Here, we shall discuss actually
how much power is avallable in a
wind of known velocity. Recall
that velocity was determined as
an average value. Also, we es-
tablished Jjust how much power
would be required to accomplish

the task for which our windmill
shall be designed- It follows,
then, that we must eguate power

regquired to power available 1in
order to establish the size and
shape of the windmill which will
accomplish the task.

find
ver-

. To calculate wind power,
the wind speed value on the
tical line of CHART B. ‘Look hor-
izontally to the intersecticn
"with the d&urve, then down to read
a value called P, a power factor.
. This ~ value 1is horsepower per
square foot of frontal area of
the windmill., Use the following
simplified formula  to calculate
actual horsepower output of the
windmill. All terms of this for-
mula will be” discussed in detail.

EQUATION 1!

L]

HORSEPOWER = P x A X L

where P = Power factor found on
: CHART B
L = Frontal area of  the
windmill measured 1n
squalre feot
£ = Efficiency factor ftor
the windmill design

dote: To convert norsapawor Lo
watts, simply multliply norsepower
by 746.

15

EXAMPLE 1

A windmill with a
(A} of 100 sguare
efficiency factor (E)
installed in an area
average wind speed of
per hour.

frontal area
feet - and an
of 0.25 1is
with an
15 miles

Problem: Calculate the horsepowen
output of this machine.

Solution: Using CHART B note that

for a 15 mile per hour wind,
P =0.023

Then:
Horsepower =
0.58

0.023 x 100 x 0.25 =

EXAMPLE .2

The windmill in Example 1 gén-
erates 0.58 horsepower. .

Problem: Calculaté‘thehwatts of
electrical energy this windmill
generates. '

Spolution: Nat%g,s 0.58 x 746 =429

v .
oA

WINDMILL SIZE

For windmills of the
or multiblade™ type
on a horizontal axis
3A) use CHART C -
frontal area.
windmill
foot.,

propellor
which rotate
'~ (See Figure
to calculate the
You need to know
diameter measured 1n

For windmills which rotate
about a vertical axis (See Figure
3B) simply multiply the width by
the height -cach measured 1in
feet.




A - FRONTAL AREA {SQUARE FEET)

2000

1800

1600

1400

1200

1000

800

600

200

A =.785 D2

) } 5 A
/ 1 79
' 2 3.14
3 7.07
4 12.57
FORMULA: 5 19.63
| - "6 28.27
AREA =0.785 D? ; 36,48
. 8 50.27
/ 9 63.62
: 10 78.54
/ 1 95.03
' / 12 113.10
\ / 13 . 132.73
g 14 153.86
/ 15 176.71
) 20 1 314.16
/ 25 490.87
/ 30 706.86
/ . 36 962.11
/ ' 40 1256.64
a5 1590.43
50 1963.50

yd

10 20 30 40

DIAMETER (FEET) N

CHART C (for Equation 1)
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Figure 3B

DIAMETER

il

Figure 3A Horizontal ;Axis Windmill

WIND

S

“Vertical Axis Windmill
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WINDMILL EFFICIENCY

The previous calculations call-
ed for a value of the efficiency
factor. Since no manmade device
is ever 100% efficient at doing

whatever it is designed for, we-

must either assume a low value of
efficiency in the interest of
conservative design (a sort-of
guarantee that we'll get the pow-
-er we need), or find some méans

of reliably estimating a value of-

‘B that corresponds to our parti-
cular windmill design. A windmill
extracts power from the wind by

slowing the wind down? If the
wind could be stopped compdletely
by a rotating device, then 100%
of the wind power c¢ould be ex-
tracted. The wind cannot be
‘stopped; it is only slowed down
by about a third of its original
speed, which means that the
actual theoretical maximum wind
power available to a windmill is
59% of the total.

Now, how much of the 59% of the
total wind power is -~ actually ex-
~tracted?- This dépends on the de-
sign of the windmill, the gear

~losses, the degree of accuracy
.“%ith which the builder of the

machine reproduces the necessary

- shape and size, and so on. Ob-

viously 59% is still only theo-
retical. Practical values:» of
overall efficiency, the E in our
formula, lie between 0.1 (or 10%}
and 0.4 (40%), not much more. By
using real values for E in our

- .calculations for .horsepower or

watts, the result will be real,
artainable - values of windmill
power.

We shall explore several ex-~
amplées of these calculations in
use following an explanation of
how to estimate E. The actual
value of E depends on the type of
windmill design used and a factor
of speed ratio, which we shall
discuss now.

~ _




Windmills, as discussed in this
text, generate power while rotat-
ing. Rotation means that wind-
mill components near the center
or rotation will be moving relat-
ively slowly, while portions near
the outer edges (tips) will be
moving faster, in proportion to
the distance from the center of
teoration (radius). See Figure 4.

This gives a chance to discover
a speed ratio which will be
in future calculations: u/V ratio
{called u-over-V ratio} is simply
the speed of any area of a wind-
mill such as the tip of the blade
divided by the wind speed. Both
speeds must be of the same units
like miles per hour, or feet per
second. Obviously, the u/V ratio
at the tip -~written u/Vitip) is a
larger number than, say, the u/Vv
ratto halfway between the tip and

the center of rotation. Typical
windmill calculations will |use
the u/V ratio for the tip, or
outermost area o©f the machine.

Speed ratio values you might see

are 1 to 2 for slow speed : ma-

chines, and-5 to 7 or 8 fo;,fthé
more modern high speed-mdachines.

Now before procee#ing with cal-
culations of E, the following is
a comparative discussion of types
of windmills as related to the
value and Testimation of E. As

will be seen, the type of wind-~
+ mlll selected to satisfy power
requirements affects the effi-
ciency, and hence, size of the
machine. A low efficiency wind-

mi1l]l will have to be larger than
a comparable high efficiency
windmill to .generate a certain

amount of powsp.

used .
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TYPES OF WINDMILLS

Ay

There are two
of windmills:

primary classes

1. Those with power shafts moun-
ted vertically.

2. Those with power shafts moun-
ted horizontally..

-BLADE TIP

-

RELATIVE
SPEED

+ 2
CENTER OF _)lj\/ :
ROTATION

Figure 4




VERTICAL AXIS WINDMILLS

Vertical axis windmills gene-
rate power equally well with wind
from any direction because these
machines do not need to move o©on
their mounts as wind direction
changes'. These devices are
usually easily constructed, lend
themselves well to roof-top sim-—
plified mounting, and perform
reasonably, though not typically
as well as high-speed horizontal
axis machines.

Design concepts for
axis machines extends from simple

flat plates at ends of swinging
arms, tc turbine type devices.
The 1less exotic turbine, or
"Savonious" types rotate rela-

tively slowly. This can be advan-_

tagéous for water pumps and other

vertic%}r
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" high

"'fip u/V ratio might be, say

“wal to build a

applications
rotation
power.

which need neither
rates or high
See Figure 5.

Consider the fact that wind
turbine type devices develop pow-
er by moving in the same direc-
tion as the wind. Power results
from wind force acting on the
surface which is moving _with the
wind. Obviously, the surface can-
not move faster than the wind or
no power would result. Recall,
however, from the discussion of
u/V ratios that the outer extrem-
ities of the machine move faster
(not in revolutions per minute,
but in the mile-per-hour surface
speed) than areas closer to the
center of rotation. From this,
we can see that the average speed
ratio .across the radius of a wind
turbine will be lower
-wind, say abouk-8747 7

- The™ tlp, in this case isn't con-
tributing to the generation of
power, but the Surface, on the

average, is.

Oone can determine from this
that tHe vertical axis wind tur-
bine 1§ npt as efficient as other
types. Obviously, the concept of

efficiency does not have the same

importance for windmills as it

does for other power devices.
Wind is avalTable in unlimited
quantities and the main ~problem

is not necessarily efficient con-
version, but rather low cost con-
version of power. It may be con-
siderably cheaper for a designer
to cut a 55-gallon o©il drum in
half to make a Savonious Rotor
than, say;— for the same individ-
highly efficient
machine of another design. ~If,
however, the 55-gallon Savonious
Rotor doesn't satisfy power re-
quirements it's
cheapest solution.

than. _the —-
while the;
1. 2“0

really - not the ...




11 Conce

Windmi

Axis

Vertical
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HORI sz-Tg_aL AXIS WINDMILLS

Horizontal axis
typically more complex than ver-
tical axis machines. However, the
small circular cross-sectional
shapes of these q@chines enclose
large frontal argas (recall that
the vertical axis machines have
portions of their frontal area
moving into the wind ‘and not pze-

ducing power), and, it follows
that horizontal axis windmills
usually produce greater amounts
of power than equivalent size

vertical axis machines.

This type of windmill régquires
being aiped inhto the wind. This
can be accomplished by installing
the blade in front of the direct-
ional pivot with a. large vertical
vane surface behind or By instal-

ling the blades behind the pivet
and rallowing the blade drag to
keep the machine aimed..

Large horizontal axis machines

are subject to high
loads on the blades, and in high
winds, very large  bending loads
which tend to break things apart.
In addition, rapid changing di-
rection of the wind will cause
high gyroscopic forces in the
rotating blades.

centrifugal

windmills are
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HYBRID WINDMILLS

Figure 6" "Eggbeater" Hybrid

Here, we shall depart from tra-’
dition and discuss a c¢lass of
windmill that promises simplicity
of design and ‘constructicn, and
high efficiency. The hybrid ma-
chine is a vektical axis machine
which uses the aerocdynamic blades

of a horizontal Xis machine.
Blades moving through the wind
produce power; morg importantly,

blades travelling into the
and across wind, prodice

These windmills operate at u/V-
{(tip) ratios much greater than
one. Typical of the hybrid ma-
chine class 1is the "eggbeater."
See Figure 6. This windmill is
the result of Canadian research
and is based on patents dating.
into the 1920°'s.

wind,
power.

Hybrid machines combine all of
the aerodynamic advantages of the
high-speed horizontal axis wind-
mill, with the simplicity of the
vertical axis machine.
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When all of the trade-offs havef - ratios rﬁay mean f‘ligher E 1u
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values
. been studied, a designer is left " -ané less complex gearing due to
with the ;finél decision as to - the faster turnlng machine. A
which t¥pe of windmill to use in _. ‘significant effect is high ,cen-
a given-pgéjecf;"Figure 7 111lus- ”“trlfqgal foypce acting on the ma-
tratess the relative values’ of . chingf.--Ceftrifugal force is the ,
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sents actual design values of E %Izgnea;'- L.tH the,. ﬁ@éﬁ@é rota-h
for specific types Sf-machines. f ¥, % %hlch means that a
¢ J - - “mt 7 _f'_:_amﬁﬂx strong'“_\
- It is now p0551ble to esthsge - / >
/ E and complete power celcu&atlons e ; _
, ‘started earlier. As a method of 777 strang "at only twice ?he rota-
i ‘design/~ oneneéds eonly—tT select I tlonal speeé -200 RPM.
$gh ‘the type of windmill thdt appears . . r
' Tko suit de51gn requ;rememts es—- o
tlmMEEmthe' builder's ' ability to ' f ) . 1
construct “@-=reasonable ‘copy Tofr— Puttlgg_ever?thlhg together:
same, and estimate the effgg@gnCy - “;f=4- e, - - we -
factor (E) from th#® data Outllned R e ﬂﬂstgmahewpoweifrequlred
 with the chosen type of WEndmiil. 2. Dew%ﬁ aveFage wind speed
SN . “mn_ . - avails _
, “donsult Appendix A for data on 3. Select a windmill tybpe.
E values-relative to design u/V. (4. Extimate efficiency.
__Keep in miﬁa“thQEixfiiiihi?gh w/v 5. Calculate windmill size. )
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Section B . . . AERODYNAMIC DESIGN »
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AIRFOILS

aerody-
using
the

Before diszu551ng the
namic design of a windmill
airfoils we should review

factors which ‘affect airfoil per-:

formance. 5 r

:!

TYPES QF AIRFOILS

S

WIND | B

&
FLAT PL_AT‘E .
WIND ‘ !

" CAMBERED AIRFOIL

WIND

1
'R

HIGHLY CAMBERED AIRFOIL .

 AIRFOIL AERODYNAMICS

An airfoil is a surface
which air flows. The
this =~ airflow results

forces directly related to

action of
in two
‘wind-

mill performance - LIFT and DRAG.
"#1ift is measured perpepdicular to

the air. flow -not the airfoil.
Drag is measured parallel to the
airflow. See Figure &.

over -
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. 15 called a chord line,

‘needed in -simplified

- LIFT
<
/o : DRAG
/ WIND e ,-:'—-
Figure 8

all airfoils reguire ‘some
angle with the wind in order. to
.produce lift. The more 1lift re-
quired, the Jreater the angle.

The angle is measured between a
line which connects the leading
edge with the trailing edge which
_ and » the
wind direction. The angle 1is
called the airfoil's angle of
attack® Figure 9 illustrates the

angle of attack.

CHORD LINE

ANGLE OF
ATTACK
Figure 9
Figure 19 indicates the rela--
tionship of angle of attack with
1ift produced for the four bhasic
types of airfoils. Notice that
.lift is represented by the term

coefficient of 1lift, usually re-
ferred to as &y or C-sub-L. You
can think of lift coefficient as
a number which represents percen-’
tage of maximum 1lift, but the
.following formula is presented as.
background “information to show
how- 1if¥ coefficient is calcula-
ted. This formula is not actually
calculations
for windmill desigdn.




v

A »  AIRFOIL STALL
20

,

LIFT COEFFICIENT
=

ad

]

NOTE:

A.— FLATPLATE

B.— SYMMETRICAL AIRFOIL

C.— CAMBERED AIRFOIL

D.— HIGHLY CAMBERED AIRFOIL

i
b: 10 1% 20
ANGLE OF-ATTACK (DEGREES) -
Figure 10 Airfoil Lift Coefficient

IlllllIIIllllllllllIIlllIllIIllIlllll!llllllllll.llllllllllllllllllllllll!lll

LIFT COEFFICIENT

. : Lift

alr pressure X blade area.

where
measured 1n
duced by

blade.

Dynamic alr prassure
the pressure . acting on
the blade caused by 1im-
pact of wind on the blade
- measured in pounds per
square foot.

pounds pro-
the _ ai;ﬁg}l

iw:

is

Blade area is the total
area of the blades, mea-
sured in sguare - feet -
not to be confused with
the frontal area of the
windmill.

Technically inclined experimen-
ters may find further explaration
of this formula in Appendix D.
Notice that, since dynamic air
pressure is an ilmpact pressure
and is related to wind speed, 1if
the 'wind speed increases, eilther
lift increases, or 1lift coeffi-
cient decreases, or a little._of
both. - ' '

Lift is the actual force:

;
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"with small blade area
" to turn faster to produce requir-

w o E

Unless the windmill is Besigned=
to change shape ﬂugihg?operation,
blade area; is supposed to ‘remain
boqstant. ' Therefore, blade lift,
which results in windmill horse-
power, is:determined by the co-
efficient of 1lift of the airfeil,
wind speed, and the blade area
which produces lift.

An interesting note to this is
that windmill power is related to
frontal area, rather than blade
area, 1in our power calculations.
We can see, then, that a windmill
will Thave

ed power than, say, a windmill
with lots of blade .area. The
multi-blade waterpump type wind-
mills generally turn very slowly
since they have a large blade
area.

From Figure 10, one _can see

that at a certain angle of attack
lift stops 1increasing. This 1s
the point of airfoil stall, where
airflow breaks up, separates from
the airfoil, and stéps producing
lift. Separated airflow still
produces drag, though. '




i

I W Imagine a windmill blade

.ting an

- stalls.

WINDMILL BLADE ANGLE

Windmill design calls for
airfoil which produces
maximura 1ift, with minimum pos-
sible drag. This means that the
airfeil must "fly" at an-angle of
attack consistent with high lift,
but not so high that the blade
We must, then, develcp
a method for determining angle of
attack, and actual wind direction

selec-

relative to a moving blade.

Let's look at two simple cases:

to the left on this page with

BLADE MOTION

7

It should Be obvious = that the

airfoil motion to the left causes
the blade to ‘'"see"™ a relative
wind directly to the right.

2. Imagine a windmill blade poin-
ted to the left, but not moving.
Add to the picture an external
wind, blowing straight up the
page -at a right angle to the
blade.. In this case the airfoil
will "see" & relative wind at
ninety degrees angle of attack.

C_™~

WIND

Combining the two cases, we now
have the basis for analysis of a
windmill blade. Imagine +he air-

foil blade 'pointed directly to
., the left, moving at a speed of,
say, 10 miles per hour (u = 10

miles per hour in the u/V ratio).
A wind blowing at right angles 'to
the airfoil at, again, 10 miles

T

mov-—"
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per hour (V = 10 miles per hour).
Notice that the u/V ratio, which
we previously used in estimation
of windmill performance, is equal
to one, 'in this case. We must now
determine the relative wind, the
wind the airfoil actually "sees".
This relative wind is the result
of two motions combined. One can
imagine that, 1in the simple case
of both u and V being at right
angles to each other, and of the

same speed the ®elative wind will

'split the two motions evenly.

7

BLADE MOTION = U ="

— T~

4

r

By splitting 20 degrees in two,
we see that the relative .wind
makes a 45 degree angle with the
chord line. Thus; the angle of
attack eguals 45 degrees.

Reviewinyg Figure '10, we can see
that the maximum angle of attack
we can count on our airfoil is
approximately 15 degrees, which
medns that at 45 degrees our air-

foil would be deep in a stall,
ot lifting. From this, it be-
comes apparent that the airfoil
must be set at a blade . angle
relative to its direction of mo-
tion in order to adjust angle of
attack. We can calculate blade
. angle: '




4T

\:w. bered airfoils.

+foil zero an

» which is-a graph of

EQUATION 2

BLADEQ\ ANGLE =
Wiﬁd angle - angle of attack +
airfoil zero angle
Wlnd angle ig  Ehe
the relative wind makes
with the. blade's plane of
rotation.

Where,

]

Angle of attack is selec-

ted from Appendix B.

Alirfoil zero angle =

0 for symmetrical airfoil
2 for lightly cambered
4 to 6 for highly cam-

e T

EXAMPLE "

Wind angle = 20 dogreeS' ,
angle of attack = €. degrees.

‘zero angle =-4 degrees

then:
Blade Angle = 20-6+4= 18 degrees.
2

By way of review study Figure
11 to see the angular relation-
ship between the chord line. and
the relative wind
attack) , between the
‘and the direction of
‘the airfoil

chord line
motion of
(blade angle). Air-

is the angle at
‘which zero l?ft is produced.

Design of a windmill which uses
airfoil blades requires the abil-
ity to determine blade angles.
We need to calculate
in order to
angle calculations.

corntinue our’ blade
.Use CHART D,

wind angle
versus u/V ratio, to find wind

angles.

Now, to calculate u/V ratio,
consider the following: In pre-
vious discussion of windmill per-—
formance u/V ratio was referenced

{angle of

wind angle,
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to tip speed. u/V ratio applies
to any point on a rotating wind-
mill. Review Figure 4 to see that .
u/V at the center of rotation
would equal zero. u/V increases
from zexo at the center to the
design tip speed-ratio as the ra-
‘dius increases.  As a method of
design, one merely selects a
value of tip speed u/V ratio, and
proceeds with other calculations.
With a tip u/V ratio Kknown, one
can calculate u/V ratio at any
other radius.

. . . .
EQUATION 3

ﬁ/V at_any radius =
u/vitip} x radius / tip ra

Where radius is

from
the center of_rotation to
the area for whirch u/V 15_
to be calculated.

measured.

tip radius. eQuals ‘wind-
axmill diameter divided by
'itwo._

EXAMPLE

A 20 foot diameter
has a u/Vitip) of 7, and the ra-
dius from the center of rotation
to the root of the blades  (root
end’is the end of the blade clo-~
sest to the center of rgtation)
equals 2 feet. :

windmill

Calculate .u/V{root) =7 x 2 / 10

= 1.4

«

u/V at.any other radius may be
calculated in a similar fashion.

.

For windmills where the rota-
tional speed , ¥n ~revolutions per
minute is known® one can calcu-

late u/V from the following for-

mala:




o BLADE MOVES
THIS DIRECTION

BLADE ANGLE

BLADE MOTION_=&U

f.'\ . - J t
PLANE OF ROTATION ~ -
OR BLADE MOTION

i
-

WAND BLOWS
THIS DIRECTION

Figure 11




WIND ANGLE (DEGREES)
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EQUATION 4
%

WV = 0.105 x N xr / (k x V)

where N = rotational speed 1in
revolutions per minute.

r = dius to the section
.where u/V is beipg calcu-
lated - measured in feet.

vV = wind speed
k = a constant to adjust
V. '

1f V is measured in miles
per hour, k = 1.47
if V- is measured in
per second, k = 1.0

feet

EXAMPLE ' ’

Wlndmlll turns 300 revolu—
tlons per minute in a 15 mile per
hour wind. The diameter is 12

"feet. The diameter at the blade
root }s 2 feet.

Problem: Calculate u/V%tip), and
u/v{root) N '

Sclution: (tipi= 0.105 x 300 x
(12/2) 47%15) =1 8.6
u/Viroot) = 8.6 x 2/12 = 1.4

D

Notice that the " tip
“at a higher; u/V ratio
root USlng CHART D,

operates
than the
we can cal-
for

“this windmill.

We ' now have all the tools ne-
cessary to design blade angles.
Figure 10 is a general- graph of
lift , versus angle of attack.
Specific data for - several air-
foils applicable to windmill de-
sign are presented in Appendix B
of this book.

" flight path of such machines,

"normal

HYBRID BLADE ANGLE

o
.Figure 12 Hybrid Concept '

"While a simple calgulation
the angles along thefblade of a
conventional horizontal axis
windmill will yield angles which
are valid threughout the entire
hy -
different

for

brids pcse =& sllghtly

si;nation. The wvertical axis ro-
tation of the blades causes the
_relative wind angle or "wind

angle (see Figure 11} to change
in a .fashion approximated by Fi-
gure 13. _Fidure 12 ' illustrates
the hybrld cencept and shows
points along the rotational

of the blade (A to C) which.
late to wind angles 1llustrated
on Figure-13. HNotice thdt

u/V ratios, the blades are opera-
tifg at angles greater than stall
but at higher u/V ratiocs, these
blades are well within their
angle of attack range (see
10).

path

Figure

the

c et ;
s et -

N ot = 1 S
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D ANGLE

wik

BLADE POSITION (See Figure 12)

Figure 13 Hybrid [Blade Angles

-

It is apparent, then, -that some
form of assist will be needed to
spin-up a hybrid to its’operating
range of about 4-to-6 (u/V).
A small Savonious Rotor c¢an be
used (see- inside back cover},
spin-up motok, or the blades can/
be articulatéd to an adjustablé
blade angle -which implies _/a
certain amount of machine com-
plexity. E

ATRFOIL SELECTION

Selecting a good airfoil for
given design is a not-so-serious,
problem. Just about any airfoil’

“selected will work, and most will
" work well. The problem starts
when a designer selects one of
the newer super high performance
airfoils. These airfoils are. de-
signed. for high.performance sail-
planes and should work well on
windmills, but . . . =«

a

Windmills live outside in dirty
rainy, windy, bird droppy areas.
This means that even if the buil-
der of a windmill constructs
and produces

ultra-smeooth molds

a,

e s

3z

glasslike blades of precise con-
tour, they'll only be that smooth
for a short time. The high per-
formance airfoils work well as
long as they are precise and
smooth, but change thHeir contour
just a little bit and the perfor-.
mance drops off rapidly. Sail-
plane pilets are known to polish .
their wings and measure the con-
tour for variations of less than
a thousandth of an 1inch. Wind~
mill owners just mount their ma-
~—shines-ouwt TA the Breeze and stop
thinking about them.  From this,
one might consider sacrificing
the high performance offered by
these new airfoils and select an
old-fashioned, more docile (lower
performance) airfoil which will
not so measureably be affected by
imperfections. Examples of do-
cile airfeils include . "Clark Y",
some of the Gottengen airfoils,
and the thicker NACA laminar and
earlier profiles.

ARirfoils appropriate to
design are symmetrical
the NACA 0012, and can -
cases should be)  plotted (see
Appendix B) along a line with a
curvature equal to the radius of
the machine bheing designed. Such
an airfoil flying  along a
straight path will act like a
cambered airfoil, but when moun-
ted on the radius arm of a hybrid
will- perform like a symmetrical
airfoil.

hybrid
-such as
(in some

BLADE AREA DETERMINATION

in the de-

One must consider,
two dl%ferent

sign of windmills,

areas -not to be confused with
...gach other: ;

Blade surface area ~the totel

surface area of the eirf011

blades.

Windmill frontal area -the fron-

tal area used in calculations of

windmill power.




If we divide blade area by
frontal area, an interesting
ratio called solidity 1is  calcu-
lated. Think of it this K way:
wind appreoaching a windmill which
has so many blades that you can't
see clear .. through them will
strike a fairly "solid" surface,
while a wind will not strike a

"so0lid" surface on a one cor two -

blade machine.
EQUATION 5
SOLIDITY =Blade area/Frontal area

* .

Notice that, if solidity equals

one, blade area equals - frontal
area. This is approximately the
case for the multiblade water

pump type windmills.

A two or three-blade windmill
has a solidity of akout 0.2,
which means #that the bladas are
rather thin; not much lifting
area, but the relative wind speed
working on the high speed airfoil
produces the required lift.

To select a solidity factor for
a particular windmill, use CHART
. E. A solidity value -on the high
side of the envelope is selected
for windmills where the design
lift coefficient is approximately
half the maximum value
airfoil. A low solidity wvalue is
selected when a high percgnfége
~of the maximum lift capability of
the airfeoil is expec;g&(' Recall,
however, that we selected values
of angle of atrdck when blade
angle calcutations  were per-
formed. - a designer selects a
lower gle of attack, say, 8 de-

z/"

of - the 7
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©area., ¢ .

root lengths.

grees, a lower 1lift coefficient
results. The lower lift coeffi-
cient will require a larger blade

~_

EXAMPLE

A windmill is designed for high
speed operation at u/V =6. Fron-
tal area eguals 100 square feet.
From CHART E, select .a gsolidity
factor. We decide to stay on the
low 1lift curve (upper curve).
Note that sclidity eqguals approx-
imately 0.07 at u/V =.6. Then
blade area = 100 x 0.07 = 7
sguare feet. :

BELADE PLANFORM ™

Blades may be built with the
chord length at the tip egual to
the chord length at the.-foot, or
may be tapered so that- the root
chord is as much a8 1.5 times
that of the tip~ chord length.
Note that in thé multiblade water
pump machinés, the Dblades are
sometimes” tapered the other way;:
tip chord is longer than root
chord. To calculate chord length

/wﬁén you know blade .diameter ‘and
" blade area, simply .~ divide

) blade
area by blade leéngth (distance
from root end of blade - not cen-
ter of rotation - to the tip)}.
In the «c¢ase of the untapered
hlade, the chord T
this way will Dbe
root ~length. For the tapered
blade, this choerd length will be
the average chord for the tip and

beth tip and

calculate n

-

—
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HYBRIDS

0.8

0.6

0.5

SOLIDITY

04

03

o

02

B

{see Equation 5)

CHART E
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' WINDMILL AUGMENTATION

,/ it L
1

The idea here is to enclose the
fan in a tube which 1is designed
to speed up the airflow through
the fap; and increase power out=-
put. (*"

¢ .o ;

Certain design factors ought to
be considered before you build a
ducted fan windmill. First, the
fan represents a blockage of air-
flow si?pe it removes energy from

the airflow. If air flowing into
the' duct 1is confronted with a

. blockage, 1t will probably go
elsewhere -not through the duct.
Slowed down air which has passed
through the fan tends to  "pack=
in' behind the fan,. and further
hinder natural - airflow through
the duct. Some experimenters
have” found that a simple windmill
which has the same diameter as .
the large duct around a smaller
fan is the best . design compro-
mise. The larger windmill with-
out a fuct can usually generate
as much power as the smaller én-
clg@e&’fan.

ghe duct principle can be used
~ — 0 improve the performance of an
” ordinary windmill by wusing the

“adp

natural low pressure "suction”
insidé the duct to "suck” air
© through a windmill as illustra-.

i ted.

s

lNDM"ﬂ;{\
-

b3

$ SUCTION

\}-
:E&,/’/’/ -

WINDMILL AUGMENTER -

L3 T

f

#

PN
'\‘ K

If you happen to have a nice
windy canyon where.. you plan to
install youy windmill, you might
rent a dozer and reshape the can-
yon to accelerate airflow
through your machine and increase
the usable : wind power. .This 1is
topographic modification, actual-
ly another form of windmill aug-
mentatiocn. '

If you're designing a Savonious

Rotor for installation in a re-
gion where the wind klows mostly
in the same direction you can
augment this machine with sheets
of plywood, concrete blocks
sail cloth, or whatever is handy,
as illustrated in Figure 14.
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SAVONIOUS ROTOR . . Q‘%}
p -

“
DEFLECTS AR THROUGH ~
THE ROTOR
* -
d ' L s
Figure 14
., EXAMPLE )
The following exampile is given for illustration and is not
necessarily practical as .a typical windmill design.
' PRELIMINARY DATA N
l. Power requirement ixl0,000 watt-hours per day x 30 days equals .

300 kilowatt-hours per month. -
2. Wind available = 12 miles per hour average for S5 hours per day.

PROBLEM: To design a windmill which will provide necessary power.
Assume that a storage battery system is included in the design.

-

N -

~ K
SOLUTICN STEPS

I - 300 kilowatt-hours / 5 hours = 60 kilowatts (this is the power
the windmill must generate - 60 kilowatts in a 12 mile per hour
* wind). : )

2 - Horsepower = P x A x E (Equation 1)

and ;
Watts = Horsepower x 746 . i

i
then | .\"i
Watts =

746 X P x A x E o




- it
From CHART B - for V = 12 miles per hour, P = 0.012 R _// | _
Then: Watts = 746 x b.012 x AxE > o
3 - It is intended to select a high efficiency wlndmlll for this

~~-design. Checking Appendix A we f‘hd»that efficiencies (E) as
. 'high as 0.4 (40%) are avallable from the hybrid design such as an\

"Eggbeater." For, -consexrvative design, we select .E-= 0.25-at1u/V=6
. ) o . . %
r . - s t .
4 - watts = 6.95 x A x 0.25 = 2.24 x A-»~ . - | "

"Since watts requifed = 60,000, then: . o v

60,000 = 2.24 x.A. Then, A = 26,785 square feet. ==
This will be a large windmill.

5 = We have selected an Eggbeater.for this example. Ah eggbeater ‘\\\
looks approximately like a circle. It remains to. calculate the
c1rqle s diameter, which is far larger than CHART C goes. We must'

use the formula on CHART C. . | noem

‘Area = 0.785 x Df

7

Most wlndmllls will not requlre this. formula: CHART C Wlll suffice
for most calculations.- Therefor, I shall merely solve thls equation
with my handy pocket calculator to get

Diameter = 185 feet,

Fotr further illustration, had we assumed E = 0:35, then A would
equal 19,169 sguare feet, and D would equal 156 feet, about 30 feet
‘smaller. Let's continue with diameter = 185 feet,

. 6 - Checking CHART D for u/V = 6, we see that Solidity = 0.03 and
~greater. - For a hybrid design, we select a value close to!the L ..
hybrld llne, say 0.1. : '

Then,wﬁlade Area/= O.l_x 26,785 = 2679 square feet (from Equation 5)

7- - Since this is an eggbeater design with a circular shape and two

blades, blade chord length will be easy to determine. Blade area =- |
blade length x blade chord, and blade length approximates the cir- '
«<cumference of a 185 foot diameter circle. Circumference = 3.14 x |
diameter = 3.14 x 185 = 581 feet. - |

Then, blade chord length = 2679 / 58l = 4.6 feet. T ‘
8 - Since this is a vertical axis hybrid machine, no blade twist is
needed, and blades must operate in dlﬁferent directions ‘and 1ift on

both sides of the airfoil. Therefore, a symmetrical airfoil such as
the NACA 0012, or 0015 profile is indicated for this design.
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STRUCTURAL DESIGN
,LiTD, simplify the. design of
windmill structures, it is well

td understand the loads which try
to break apart these machines.

These loads are centrifugal force -

ind blade bending. There are
dthers, but of lesser importance.

CENTRIFUGAL FORCE

The first of these loads 1is
centrifugal force which 1s the
result of heavy objects moving
rapicly in )
These objects wopld rather, if
given a chance, travel in a
~straight line. The strength re-
guired of the support which holds
a windmill blade in its circular
path, then, is determined by cen-

"~ trifugal force. '~ Tie a wrock to a

+long string and swipng the rock
around while holding onto the
string. Centrifugal force keeps
the string straight and tight.

| The information vou need in or-
der to calculate centrifugal

force on anything moving around

in a circle is the speed of  the
obiect, radius of rotation mea-
“'sured from the center of rotation
to the center cf gravity of the
rotating object, and the weight

of the object. If the object hap-,

pens to be a windmill blade, cen-
ter of gravity is found by balkan~
cing the blade-over the edge of a
thin board, or by estimating its
position during design. See Fig-
ure 15. With a windmill . blade,
~you need to know u/V ratio at the
radius of the center of gravity,
and wind speed. Use the follo-
wing formula to calculate centri-
fugal force on a windmill hlade:

a circular path.

- /
EQUATIOLIG

f

CENTRIFUGAL FORCE =

0.031 L WEIGHT x {(u/V x kv)?

Where  Weight = weight of the
blade measured in pounds

u/vV = u/vV ratio at the
center of gravity of the

blade

V = wind speed

k = a constant to adjust
v : 4o

if V is measured in miles
per hour, k = 1.47
if V is measured in feet

per second, k = 1.0
Radius = distance, . mea-
sured .in feet, from the

center of rotation to the
center of gravity of the
blade,

]
EXAMPLE

A three-blade windmill 1is de-
signed for a u/V(tip) of 6, and a
diameter of 12 feet. Each blade
weighs 5 pounds, with the center
of gravity, determimed from bal-
ance tests, at 3 feet from the
center.of rotation. Resign wind
speed = 10 miles per hour.

First: u/V = 6 x 3/6 = 3
Then: CENTRIFUGAL FORCE =
0.031x5(3x1.47x10)7/3 = 100.5 lbs

Thus, the force which tries to
rip a blade away from the hub. of
this spinning windmill 1is about
100 pounds in a 10 miles per hour
wind.
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i

- BALANCE BLADE - EXAMPLE &
oo® ON EDGE OF BOARD |

?‘o“P/ - /I

A windmill of 12 feet: diameter
is generating its rated power in
i a 20 mile per hour wind. Calcu-
| late windmill drag,

RADIUS —7/ '

— ; From CHART C, find that 12 feet
. ’ . diameter = 113.1 square feet.
' BLADE CENTER OF GRAVITY |, From CHART.F, find that 20 miles_
= * per hour yields ¥ = 1.04 '
Figure 15 . - ’
Then: Windmill Drag =1.04x113.1 =
= s B » - 118 pounds.

. WINDMILL DRAG ‘ _ ot _

When windmill drag' is known,

Windmill drag causes - support you can divide this value by. the
towers to topple, guy wires-- to - number of blades on the windmill
. break,;, and windmill blades to " ' to estimate the drag on each
' bend.. Take the case of the high blage. Co
.solidity multiblade water-pump ‘
type of windmills. Stand in front e
of one of these machines . and;what ;
vou see 1ook§ almost like a golid EXAMPLE
disk, with no place for wind to : ' y :
flow through. The higher the so- The windmill in the ' previous
lidity factor, the more the wind- example has a drag value of 1138
mill will look like a seolid disk, pounds. This windmill has, say,
and windmill drag will be higher. three blades. The drag on each
This is the case for non-rotating + blade = 118/3 = 39.3 pounds. This
-windmills. is the drag trying to bend the
} = blade in the direction the wind
In the case of a rotating wind- is blowing,h not to bhe confused
mill, drag is determined by how with the aercodynamic-drag on each
much horsepower is being extrac- - blade which tries to slow down
ted from the wind. A simplified, windmill rotation.

approximate formula for calcula-
ting windmill drag, which 1is .a

force measured in pounds, is:

EQUATION 8
“ Non-rotating blade drag =
EQUATION 7 2 x Drag x SOLIDITY

. ‘Where Drag = rotating blade
WINDMILI. DRAG = F x A ) drag, measured in pounds
e - {See Eguation '7)

Where F = windspeed factor -see ) :
CHART F - Solidity = the ratio of
. '; : klade area to windmill
A = windmill frontal area frontal area, used in
measured in sguare feet, earlier windmill calcula-

1 refer to CHART C. & tions. (See Equation 5)
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“with a low u/V value, 1if

“4Awinds.
- machines,

\\
. £
\ |
\ -
b1
1 4

EXAMPLE'

A previous calculation showed,
for a cettain windmill in a 20
mile per hour wind, a blade drag
of 39.3 pounds. This windmill was
designed with a solidity of, sayji
0.1.7 Non-rotating blade drag £
2 x 39.3-x&0.l = 7.8 pounds.

\
\
a

TORQUE s

Fl

Torgue is not really a force,

. but more precisely the result of

a force which is applied a cer-
.tain radius from center of rota-
tion -a twisting force.  Torque
is measured in foot-pounds (or
inch-pounds), and is the result
of blade 1lift; torque causes
windmill rotation against the

load of the generator. Lower ro-
tary speed windmills need higher
torgque valués to generate a cer-

tain power output. Basically,
torgue multiplied by rate of ro-
tation equals power.

If high torgue 1is needed, but

rotational speed is not so impor-
tant, vyou would pick a windmill
slightly
can be over
torque makes a
starting in mild
Lower torgue, high speed
on the other hand don't
start turning until - the wind
speed has risen, in some cases,
almost to the design operating
wind speed. s

lower efflclency
locked, High
Wlndmlll casy

Torgue causes bklade “bending
(mostly at the root end) ,” tries
to shear the blade hub off the
power shaft, and twists the power
shaft. You <can calculate the
torque value for your de51gn from
the folleowing formula:
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EQUATION 9

TORQUE = 3300 x D x HP .
u/v x kv

Where D = windmill

diameter
measured in feet ’

u/v = u/v{tip)
V. = wind speed

| . k = a constant to adjust
vV

1

i1f V is measured in miles

per hour, k = 1,47
1f V is measured in feet
per second, k = 1.0
" HP = windmill horsepower
{(the output of the blades
+ —-not the generator being
driven by the blades)
: Torque = windmill shaft
) ‘torque measured in inch-
-/ pounds
.|

EXAMPLE
~
A 12 - foot diameter windmill
generates 3 horsepower at u/V =
6 in a 25 mile per hour wind.

we canl calculate
539 inch-pounds.

From Equation 9,
shaft torgue =

SAFETY FACTOR

Your windmill will 1likely be
installed in an area where safety -
to things both living and not is
a primary consilderaticn. We have
seen that it is possible to bhe
conservative. &nr;~-hde51gn of the
windmill 534 -
formdnce, Co
design is
reasons.

[0




The methods presented for cal-
culation 'of centrifugal force and
‘windmill drag, the two primary
lcads, are approximate in nature,
and in most cases, somewhat con-
servative. Designers usually mul-

tiply calculated loads by a fac-
tor of safety to further improve
structural reliability. A value

of 1.5 is common in load calcula-
tions.

|

EXAMPLE

A windmill blade has a
fugal force of 100 pounds in a
certain wind. Using the factor of
safety, calculate the design cehn -
trifugal load.

Design centrifugal locad =
1.5 = 150 pounds.

centri-

100 x

LOAD CONDITIONS

Condition 1. The windmill .is
spinning in a certain wind under
generateor load. The loads on the
windmill in this case are mainly
windmill drag and centrifugal
force. Look at Figure 16 to see
these lcads.

Notice that
stretches, or causes a
"load in the blade, while
drag bends the blade: As
blade bends (just a little}, the
tension load is moved away from
the plane of rotation. Plane of
rotation is the 1imaginary flat
disk the blades make as they ro-
tate. The tension load will try
to.-bend the blade back to its
plane cof rotation, thusly offsets
ting blade drag. From this, we
can see thdt centrifugal force is
the main load to design the blade
for during Condition 1.

centrifugal force
tension
blade

the

‘CENTRIFUGAL
FORCE

R CENTER OF ROTATION

|~%— PLANE OF ROTATION
A. BLADE WITHOUT BENDING

CENTRIFUGAL
FORCE o

BENDING DUE

_ T AG
: RATED
— ILLUSTRATION)

WIND <
1

CENTER OF ROTATION

L PLANE OF ROTATION
B. BLADE WITH BENDING

Figure 16

Kl

Condition 2. i;Tge windmill is
turning in a ceTtdd ind with no
load. Again, centrifugal force
is the main leoad, but it will be
considerably higher. This case
calls for calculating centrifugal
force at a u/V{(tip) ratio as much
as 50% higher than the " windmill
is designed for. A -
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 EXAMPLE

Ehénﬁgevious“'example calcula-

tion for centrifugal force - Star-
ted with a w/V{tip) of 6. For the
free spinning .. windmill, start
calculation with =9 =

1.5 x 6
u/v{tip). o

Normally{, Condition 2 loads are

" calculated at very high wind
speeds, the highest you would ex-

pect in the area the machine 18
to be installed. Wind speeds of
60 to 100 miles per hour are not
1N COMMOoN . If the centrifugal
force caused Dby Condition 2 is
greater than you can build the
windmill strong enough to with-

stand, a speed limiting device,
like a brake, or aerodynamic drag
flaps on the blades must bhe in-
-stalled to hold the rotational
speed down to acceptable values.

EXAMPLE

Using the previous
fcrce problem:

centrifugal

Normal condition: u/Vitip) = 6,
radius 3 feet, blade weight = 5
pounds. Condition 2: u/V{tip) =
1.5 % 6 9,
per hour, and u/V =

9 x 3/6 =

A

Then, centrifugal force =
S x (4.5%1.47x60)
24,417 pounds.

0.031
(4.5xl.y7x60)

e

convert
force

re-
if we

We shall soon see how to
the centrifugal tension
into blade material and size
" gulrements, but for now,

wind speed =60 miles

e,
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~ Review Figure l€.--
'load to design

assume that this 24,417 pound.
load is too large, a speed limi-
ting device must be constructed
te limit w/V(tip) to a smalLer
value. D

Condition 3. The-- windmill is
locked so it cannot rotate, and

a wind is blowing. Here,
force is drag.

the main
We have seen that

"blade drag -the kind that topples

support towers on extremely windy
days -causes the blade to bend.
Thus, ancther
: is bending,
Generally, 1f the windmill can
withstand overspeed (Condition 2)
loads it is strong enough to take
Condition 3 bending loads. You
can check blade bending loads for
the non-rotating casei by using'
Eguation 8. :

for

BLADE STRENGTH

We have just seeh how to calcu-
late blade loads. Now, let's de-
termine blade strength, which is
the ability of the blade to with-
stand the load without breaking.
First let's look at a few methods
by which a blade can be. built.
The structural design of a blade,
and the materials with which it
is made determlne blade strength.
The blade must be designed to
take centrifugal tension and ben-
ding. It must retain thega;rf01l'
shape and twist, and remain firm-.
ly attached to the hub. Several
ways exist to accomplish allé of
these design tasks. Here are a
few of them. "

1. Solid, or partially solid
carved wooden blade with bolted
steel or aluminum hub attachment.
wooden blades can be "skinned”
with fiberglass ands resin for im-
proved protection.

,/"




LAMINATED WOOD . The usual material for this.de-
COVEREDW}TH FIBERGLASS sign 1is aluminum, __but you will

; have to be careful in planning
this type of blade to get the
skin to take both the curvature
of the airfoil,” and blade twist.
"Try constructing a! test blade
with paper. Rivets and epoxy bon-
ding will attach theiskin, ribs,
and spar togethex. Rivets may be

v

SOLID WOOD BLADE

‘ LAMINATEDWOOD ; o | ' alrcraft alumlnum, or steel "pop-
COVERED WITH FIBERGLASS . rivets” |
gghgaﬁaij 4. Tubular spar, @ with molded

fiberglass skin.

“POP“RIVETS

PARTIALLY SOLID BLADE
- EPOXY BOND

2. Tubular spar, with foam, balsa -
wood, or honeycomb, or other fil-- TUBE SPAR

\

ler, covered with fiberglass and =~ FIBERGLASS SKIN
resin. The spar can be made of S o

aluminum, steel, or stalnless

sEEel. :

-

HONEYCOMB, BALSA WOOD
OR FOAM FILLER BONDED
.+ TO TUBE SPAR

e

/ X
TUBE SPAR . FIBERGLASS SKIN
i
: . N “
3. Tubular ‘spar, with metal ribs
and skin.
FRONT RIB AFT RIB _

SHEET METAL A few foam ribs may be bondedrin-
side the fiberglass, but in any
case, the fiberglass skin will be
four to eiqht laminations thick,

: . : and must be strong enough to
TUBE SPAR RIVETS o avoid flexing in strong winds.

4 5 ~ .. ) ;.




5. Sailwing construction will
make fine, economical blades.,.

TUBULAR
LEADING EDGE

TRAILING
EDGE

SAIL CLOTH .

D-SPAR LEADING EDGE

EDGE

B - ‘/f*”’%i;

These blades are easily made with

a tube spar, a stretched cable
trailing edge, and a plasticized
fabric (the fabric pores are
sealed against air leakage) mem-

brane. The membrane changes cur-
vature in response to changing
airflow, and thus generates high
1lift quite efficiently. The mem-
brane must be stretched fairly
tight for best performance. An
~ideal membrane can be- made from
the 1light weight nylon fabric
that backpacking tents are made
with,. or extra light sail cloth,
as used on hang gliders.
) ]

TRAILING
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‘are

_to prevent this

CONSTRUCTION METHODS -

First,
uses

the carved wood method

construction skills which
not new to experimenters.
Carving wood is easy, fun, and
very rewarding. Wood, however, is
not necessarily the best material
with which to build a “windmill.
It''s true that wood is the most
readily-available, replaceable
resource, but wood soaks up meis-
ture and it is mighty difficult
from happening.

! If one blade  soaks more water
_than another, it's easy to see
that an oyt-of-balance condition
.will result. You can calculate
the result of " this by changing
the weight of one blade in vyour

practice calculations for centri-
fugal force. In the overspeed
condition, ocut-of-balance is
liable to cause the windmill to
shake itself to deatlh. If, on the

*other hand, you will take care to

keep the wooden blades sealed,

" this is_a great way to build a
windmill.

As a result of the Hans Meyer

plans for a windmill
POPULAR SCIENCE,

printed in
lots of people

are  building windmills with-
Method 2, a tube spar inside a . -
paper honeycomb filler, skinned

with fiberglass. While honeycomb
is somewhat expensive this method
is an easy way to build experi-
mental blades.
red to work with honeycomb and
fiberglass are easily learned and
the results of your efforts are
strong, higﬁkperformance blades.

The rivetted aluminum structure
yields a blade which is strong,
light weight, and which will last
a long time. The skills of rivet-
ting, drilling, metal forming and
bonding are easy to master.

The skills requi--- -



B
TUBE.-SPAR DESIGN
]

-

We know that blades must be
strong encough to withstand ten-
sion loads from centrifugal force
and bending. What follows is a
simplified method of calculating
a tube size {(diameter and wall
thickness) and material (steel,
alumitnum, stainless steel, etc.),
which will withstand these loads.
Figure 17 illustrates the proper-
ties of a tuke for calcula-
tions.

our

TUBE SPAR

WALL TUBE DIAMETER
THICKNESS e

PROPERTIES OF TUBING  ~

Figure 17 e

ks 7
o

- /"

Centrifugal tension is~the main
-load,  as we fr 3
you have " caleulated centrifugal
force, simply-1lse TABLE A in Ap-
pendix E sto find a tube size
which cdan withstand the centri-
fugal tension you have calcula-
teds This tube will 1likely be
strong enough for the bending
lecads but bending strength should
be checked, too. To convert blade
drag intc blade bending, use the
following formula:

‘digetssed.- When-——

47

“method is more subtle;

EQUATION 10

BLADE BENDING LOADl=

Blade drag x radius x 12
Where Blade drag was previously
determined in pounds of
force

radius = distanceé measur-—
ed in feet to the center
of the blade from rota-
tion center C

|
EXAMPLE

Windmill diameter = 127 feet
Blade drag = 10 pounds

Blade bending load.= .

10 x 12 x 12/4 = 360 inch-pounds

—
| Using daté methods presented in
Appendix E, you can select a tube

size which is strong enough to
take the bending load.

./I
-

- FATIGUE

4

You can break a strip of,
aluminum two different ways.
first is simply to pull it
with one giant load.

say,
The

The cher
here you
let it relax,

apply a small load, -
again. Do

then apply the .load
this repeatedly until the metal
cracks, then fails. You have
caused a fatigue failure:—

Now, wood-- does not fatigue.
Theoretically, you can repeatedfy
apply loads to wood and it won't
crack. Wood might, however, crack
and splinter from a number of en-
vironmental factors, but wooden
blades in general are not subject
to fatigue. Mgtalic or fiber-
glass structures 1in a
are subject to fatigue.

windmill -

apart.. .




One way to prevent fatigue
failure {(which c¢laimed the 1life
of one "0of the blades on the Smith
Putnam windmill} is to keep the
loads low in . relation to the
structural strength. This is the
basis for conservative structural
- design. '

Basically, we have considered
structural design as a simplified
approximgte problem. If you wish
to persue structural design to an
exact level -which I recommend -
check the biblicgraphy in this
text for an excellent reference
on this subject.

STRUCTURAL DESIGN OF VERTICAL
AND HYBRID WINDMILLS

Structural design of vertical
axis machines such as the Savo-
nious Rotor involves making the
machine strong enough for centri-
fugal force. The tower and sup-
port structures must be strong
enough to prevent, toppling over
in high winds.

Hybrids,
. axis machines using
high efficiency airfeil blades
will have structural centrifugal
forces and blade bending. In this
case, blade bending is caused by
centrifugal force. Refer to Photo
3 and Figure 18 to visualize this
bending force for one example of
a hybrid machine.

are wvertical
high-specd,

which

Figure 19 shows blade bending
due to centrifugal force in

ther type of ©“hybrid machine.
"Blades-can be made stromng enough
for bending by using cable sup-

ports te the tips, or centers of

these blades.

These cables can be stretched be-
tween two blades, which 1s the
case for the hybrid-V, or between
blades and hub structure as 1il-
-lustrated in Figure 20.

ana-—-
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SUPPORT STRUCTURES

Cog%lete windmill design invol-
ves planning the support struc-
ture. This structure can be as
simple as a short pipe, or as
complex as a cable supported
tower. Two loads must be suppor-
ted by your tower: the weight of
the entire windmill assémbly, and
the total drag, which includes
windmill drag and tower drag.. As
an approximation, simply - double

. the windmill drag load to get the

total. The guy wires you uge must

support these drag loads.

The tower must be rigid.
flexibility will result in
efficient wihdmill

any
less
operation,
of ver-

particularly in.the case
tical axis-machines.




——— CENTR1FIGAL
FORCE

E]
CENTRIFIGAL FORCE/BLADE {
BENDING OF HYBRID WINDMILLS ’ y: L |
| | Figure 18 o Photo 3 Hybrid-v 'Préto.type
|
{ .
BLADE NOT BENT _
BLADE ILLUSTRATED _ CABLE SUPPQRT- T
i BENDING DUE TO " e
: : DE
CENTRIFIGAL FORCE BLA Al
VERTICAL AXI$ \
CENTER OF
ROTATION I
'rk“-. 1 _l_
WI‘” 4
I | |
Figure 19 Hybrid Loads _ " ' Figure 20
- ’ . o

49




Problem:

To control windmill

~speed in gale winds,

~-freely hinged with,

,turning

Solution: There are several.
solution you arrive. at~depends on
the windmill, the .expected
strength of tempest winds, and
your ingenuity Here are a few
solutions’'already used'

A- Aliming the windmill out of the
turn it sideways,

wind, two ways:

or tilt it up. See Figure 21l.

B- Coning - . allowing the blades
to form a cone in the downwind
direction which reduces- thé fron-
tal area, thus.- rediicing the power
and rotary speed. Blades ,can be
pérhaps, a
small spring to hold them out for
strating. Centrifugal force holds
them cut during normal rotation,
but tempest.winds increase ' blade
drag anfl cause coning. See Figure
22, ! '

C- Centrifugal safety brakke, a
cheap go-cart centrifugal clutch
can be driven by the windmill.
Whenever rate of rotation
up to a certain point, the clutch
will try fo engage. If you pre-
vent the jclutch output shaft from
/ (with bolts or welding)
the devilce will act as an over-
'speed bfake and prevent windmill
destrudtion. You can drive the
clutcl (brakej with the same ‘gear
leys which drive “the gene-

f with any type of windmill.

The.

gpeeds .

This system will.

~ MECHANICAL DESIGN
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B

Figure 21 Windmill Aiming

D- Aerodynamic control - this is
the method«of power control which
receives the most design atten-
tion: You can accomplish power
contrcl by “"blade pitch control™
which means rotating ‘the blades
to change the biade angles to re-
duce power. For blades made with.
tube spars you g@nly need to mount
the tubes in bearings at the -hlib’
so that the blade angles

changed, then provide some medns

of contreolling this angle. *
The metpgdfmdgf used in small

installdtions to control blade

. atigle 15 to mount a fly-weight on

each bl%de. See Figure 23. The
fly-weight trles to swing into
the plang |of blade rotation,
against the! return Sprlng, thus

.'controlllng blade angles.™

can be_ .-
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spring tensien.

Figure 22 Windmill Coning

Another version of centrifugal
control involyes allowing the
tube spar to sli in-and-out of
the hub, and rotate. ' A strong
spring holds the plade in+against
normal centrifugdl force, but ex-
cessive rQtary/ speed increases
centrifugag ce and overcomes-
The blade slides
outward, but-is caused to rotate
by means of a spiral cam groove

EE

or slot.” See Figure 24.
. . L

One further version of aerody-
namic contrbl 1is to use . blade

drag to cause the whole blade hub
;assembly to slide downwind on the

power shaft. A spring holds the
hub against . its normal motion
stop, but when wind caused drag

is high enough the hub compresses




CENTER OF
ROTATION

|
| DRIVE SHAFT

'
PITCH STOP |
SPRING
. o = .
BLADE = -
MOTION -
- FLY
WEIGHT
WIND
Figure 232 Flyweight Control

‘the spring and slides. Linkages
hook the blades to a non-sliding
portion of the hub or power shaft_
so that as the hub sliides, blades
are caused to rotate as the link-
ages extend. See Figure 25.

- plates at the tips of the

. CENTRIFUGAL
EXTENSION
AGAINST SPRING

|

CAM CAUSES
BLADE ANGLE
CHANGE

Figur-e 24 Sliding Blade Contrel

Aerodynamic drag can be used to
contrel windmill speed. By moun-
ting flat-plate drag brakes as
illustrated, centrifugal force
may be employed to actuate these
plates. By adjusting sprifig ten-
sion and actuation geometry small
blades
can be made to absorb more power
than the blades can generate, and
thus limit, or control windmill
speed and output.




COMPRESSION
SPRING

‘.

BLADENKHWON

!

BLADE HUB SLIDES DOWNWIND
LINK FIXED TO SHAFT AND BLADE

CHANGES BLADE ANGLE AS HUB
"MOVES |

. ‘ h . Figure 25 .Sliding Hub

WIND

It should be . noted that with
any of the methods discussed here
all blades and blade. control de-
vices mist be linked together so
that all blades react together..
Any time one blade geometry i's
permitted to vary from the confi-
guration of other blades during

high-speed rotation, severe vi-
abration and balance problems will
set_in immedidtely. The results

of this are usually Catastrophlc
Link all blades or controls toge-
ther.

Broblem -~ fTo control windmill
direction to keep the machine
aimed into the wind.

‘Solution - If your'windmill is a
vertlcal axis, or hybrigd machine,
You have no problem at all, for
i-these designs are always aimed
,into the wind.

For hofizontal axis machines,
however, the problem exists, The-
soclutions are obvious; some of
them simple.




A-Tail feathers. Look at Photo 4.
The tail-mounted fin acts like an
airplane's rudder to keep the
windmill aimed into the wind.

Types of vanessused are 1illus-
trated in Figures 26 A, B, and C.
Design A is a bit,_ of nostalgia,
but it works. Desfign B is a great
improvement, and C 1is the best.
The reason 1s simple. You want
the tail wvane which 1s most sen-
sitive and responsive to chinges
in wind direction. Design C has
the highest ratio of wvane span,
which 1is the distance from top to
jbottom on the vane, to vane chord
the distance from leading edge to
trailing edge, Such vanes are
like glider wings which are de-
signed to make the most use of
light up-drafts to support these
craft aloft without benefit of g
motor. Practical ratios of span
divided by chord for the vane
might be between ‘two and ten. In
other words, a typical vane might
be five times as tall as it 1is
wide.

B - Tail mounted blades -mounting
the windmill blades behind the
directional pivot works fine.
Blade drag acts to keep the wind-
mill aimed correctly. If you de-
‘sign a windmill of this type,
balance the machine to be slight~
) ly heavier in front of the direc-
S __tional pivot. Do this by mount-
ing generators, batteries, or
other heavy things up front. This
serves toc help dampen out any
"hunting" tendency in the wind-
mill. Tail mounted Plades are re-'
gquired if you plan to use coning
for gale wind protection. With
tail mounted blades comes  one
small problem: the.turbulent air-
flow behind the tower ~ causes the
blades to vibraté as they pass Figure 26 #ail Vanes
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behind this area. This vibration
can enhance fatigue probklems, and
should be. reduced by streamlining
the tower in the blade region.

Problem - Your windmill doesn’t
turn fast enough for the genera-
tor you want to use.

Solution - Gears or pulleys and
belts to 1ncrease the speed.
Gears are great, but expensive,
and they regquire a box to house
_ them and their o1l or grease.
Some experimenters have recycled
automotive "rear ends" complete
with gear trains inside for such
purposes. Bicycle «chains and
sprockets can be recycled from
junk parts. Pulleys and belts of
all types are available but auto-
motive V-belts should be avoided
because of high belt friction and

slippage problems. Cog belts,
while expensive at first, " last a
long time and work well with low

friction.

The starting point for any de-
s1gn is to calculate the gear ra-
tio yvou need.

Cog-belt Drive

"Then GEAR RATIO =900/300 =

- may need-ratios as high as

.Chain Drive

EXAMPLE _ ' st
your windmill has a rotation

rate 1n a mild wind of, say, 300

revolutions per minute. The gen-

erator you plan to use begins to
generate electrical current at,
say, 609 revolutions per minute,
and really puts out the power at
900. You choose to match the
generator at 900 to the windmill
at 300 since vyour calculations
already show that the windmill
can deliver the reguired power at
this rotation rate.

3 to 1l

This means that
sprocket doing the
the windmill) will
three times the diameter of the
smaller driven pulley {at the
generator). Some windmill designs

: 10 to

the pulley or
driving {at
have to be

1. e
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Consider the fact that, man him-

self as a means''of mechanical
power can contribuke only about
one horespower hour of work in
any given day. When energy 1is
made available to relieve man
from using only his own power in,
- performing useful masks real pro-
‘gress is made. .
Conversion of energy, in a true
alternative sense, ohght not to
. contribute to the. heat ~-load --of.
the earth as a whole. )Wlnd energy
is an obvious source of . power
wihich does not liberate energy in
the form of heat not already in
the atmosphere, since the prime
mover of wind is solar heat.

fact
are

It's an interesting
wind and solar heat
mentary in nature
practical wutilization
energy sources at a grass :3bt3
level. Tegsts have shown that,
averaged over a five year period,
solar energy peaks at about 28
watts per square foot of collec-

that
comple-
which allows
0f these

-

ENERGY
STORAGE "

" sources.
- the elements of a complete

SN

tor surface in July, and drops to
about 9 watts per square foot +in
January, wHile wind energy peaks

at about 35 watts per square foot

in Pebruary, and drops to about 7

watts in August - depending on
where you live. Thus, the two
sources can provide a reasonably .,
constant amount of Yower when

used together.

The point'to remembey about the

- two energy- Sources, used together— . 7]

is that there are
variations in . power
available. Thus, energy storage
is required to guarantee power
availability when needed. A wind-
mill installed in an area of vir-
tually constant winds (mountain
passes, and some bheach areas, fdr
example) «will likely not need ex-
tensive energy storage, while a
windmill in areas given to exten-
ded periods of no wind need large
storage systems, or other energy
Figure 27 illustrates
power

or separately,
short-time

system.

-t

%

- INVERTER -
- (WHE — LOAD
" NECESSARY) '

COMPLETE POWER SYSTEM
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ENERGY STORAGE

{

Four p0551ble systems will = be
discussed bere These are

1. Storagé Batteries f
2. Fuel Cells

3. Flywheels ' .

4. Pumped Water ﬂ
"An ideal wind power  system
‘would use combinations of these

storage systems. For example, on
windy days when ‘an excess of
energy is available the batteries
will be charged to their full
storage capacity. When the bat-
teries are charged a simple swit-

ching devicé might divert elec-
tricity to a water pump to Store
water as will bhe discussed shor-
tly. In any case no single method
of energy storage is ideal.
STORAGE BATTERIES

Storage batteries are common
and readily available. Automotive
batteries are perhaps the most

common units today.
are designed with low manufactur-
ing cost as a prime considera-
tion; weight_and storage capacity
are of secondary importance. How-
‘ever, because of availability and
cost, some experimenters may be
dble to secure enough of these
second-hand at give-away prices;
the cost per watt-hour of storage
will be low enough to make their
use worthwhile.

Watt-hours of storage
is the key to battery selection.
Batteries are usually rated 1in
ampere-hours. Note that the am-
pere is usually called an amp,
which is a wunit of electrical
current flow, and the following
formula can be used to calculate
watts:

capacity

These units -

58

WATTS = Amps x Volts
or
WATT-HOURS = Amp-hours X Volts

- L1

EXAMPLE

battery
680 amp-hours,
60 % 12 = 729.
.

Now if the power required esti-
mate (from earlier windmill cal-
culations) indicates a require-
ment of, say, five kilowatt-hours
per day (that's 5900 watt-hours)
and the power avallable on a par-
ticular day from your windmill is
three kilowatt-hours, a storage
capacity of the difference’ or
two kilowatt-hours is needed. As
much as the entire power reguire-
ment may be required, depending
on the duration of the wind. If
the battety to be used is capable
of storing, say, 720 watt-hours,
then 50920 divided by 729 equals
6.9, or seven of these batteries
will be needed. However, 1f the
entire storage capacity 1s used
during a ne-wind day, the batte-
ries will be dead by the next
morning, and auto batteries  are
not designed to be drained enti-
rely very many times. One. ought
to, in the above example, double
the number of batteries, or more,
to prevent “"deep- cycle draining
them.

For a-12 volt automotive
which 1is rated at
Watt-hours =

Keep in mind also,
teries age, and especially in thd
case of free-for-the-taking vari-
ety of automotive units, storage
capacdity decreases. You might be
lucky to store half the ampere-
hours rated on the sticker on the
side of 'these batteries.

that as bat-




~ Put their increased

* Batteries that are designed for
purposes more compatible with
wind energy storage are used in
electric golf-carts and .recrea-
tion vehicles 1like motor-homes.
_These batteries are larger, and
more costly than automotive units
capacity and

life may offset the  hassles

- .—might experience USIng‘Lheap auto

~w--cells as used in ordinary

r a fuel

batteries. g ¢ ' X

L

FUEL CELLS

Fuel cells. are not new devices,

, as one might think. An experimen-

ter named Davy built one in 1801,
“and by 1839,. cells which use
_gaseous fuels were being tested.

Today it is possible to construct
cell which wuses gaseous
hydrogen jand oxygen to generate
electrical energy, and de so at
conversion eff1c1en01es greater

_than possible w1th ‘any other sys-

. terrl.

I

Basically, a fuel cell id$ a
‘form of battery in that electri-

81ty 18 generated By - a . chdmical
‘reaction within the device. Dry

llghts and tran51stor radios are
éxamples of a “primary battery.!
As power is consumed -a primary
battery wears out as the chemi-
cals are used up. Automotive
storage ;batteries are called
"secondery batteries", and the
chemicals in these devicés <can

be regenerated by charging These
devices are intermittent in, use,
as they must be perlodlcally re-
charged. Fuel cells, however,
are continuous duty batteries be-
cause they consume externally
supplied chemicals. They're con-
tinuous, that is, as long as the
supply of fuel lasts.

vantage lies in thelr

high effi-
—clency. o

. wind
energy

windmill
into

The
energy

converts
glectrical

flash-

ThHeir ad-

you =
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e i :
~which must be -stored.

“pbat

‘that spins the flywheel .

~only a couple of

‘initely, does not
.cals, and. can be

tricity pan,be used directly to
convert water into gaseous oxygen
and hyarogen

eventually brought together in 4

fuel cell to be reconverted to
electr;ual“_energy{ _and . water.
This process is pollutibn. free,

for now, not entirely prac-
tlcal due, to‘ the price of

will be made Ppractical ~as they
are further developed '
FLYWHEELS o

Flywheels sto%b?éhergy‘by means
of high-speed rotation of a heavy
disc, or wheel. It's a simple
matter to design a system which
uses windmill supplied electricail
energy to .spin-up a flywheel.
This flywheel energy will bg con-
verted 'back to electricity
needed ¥because the same motor
can  .act
as a generator.

By using newly created
tural materlalsljlke the .
tic and organic fibers
aerospace applications,
possible to build a

synthe-
used
it 1is
super-fly-

wheel -one which spins incredibly -
fast, that can store, say, 30 ki-
A fly- .

lowatt -hours of energy .
wheel of this size would welgh
hundred pounds.
Now, that's equivalent to thirty
batteries of the one kilowatt-
hour size wused in Automobiles,
and you know what each of. those
weighs., Also, a super-flywheel
can be recharged v1rtually indef-
require chemi-
designed for a

shelf life -which is the time it
would take to spin-down just be-
cause of bearing friction,

_of

f

several weeks.

This elec-

These gases can be
. stored (separately, mind you) and

the -
fuel cell. Ultlmately, fuel cells -

as

-struc—;

in .




PUMPED WATER ¥

_ Storage batteries and pumped
‘ water are perhaps the most likely
to be used methods.. of enerqy
storage by experimenters. In the
case of pumped water all you need
to de is, say, build two water
storage ponds, one much higher up
a hill .than the other.

Earlier discussion
to calculate power renquired to
pump water at a certain flow rate
up a desired height. The gsame
chart shows how much poewer you
can get back by allowing water
from the upper pond to flow back
to the lower pond.

To store pgglly:wlarqewmamauntsﬁgmﬁu“_whm_

of energy your
more like lakes;
be an altitude
several hundred feet:
large pipes in the return
wlll be needed to get as
flow rate as possible,
windmill can fill the
slowly, if necessary.

ponds will
and

difference

look

of
Rather

line
large a
but the
_ upper pand

INVERTERS

If DC (direct current) as pro-
duced by a DC generator or alter-
nator is to be used by conven-
tional household devices rated at
110t volts AC (alternating cur-
rent) DC must be converted to AC
and.. the "voltage (usually 12 or
T54) must be stepped up to the re-
guired value. This is done by an
electronic device called a&an in-
verter.

showed how

there will ’
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Radios installed in older auto-
mobiles uysed a vibrator (mechani-
cal inverter) which made
ming ‘sound while a vibrating reed
relay inside a little silver can

oscillated back-and-forth to
interrupt DC current and cause
AC.

Modern inverters use high-
powered transistors as electronic
oscillators to make this change.

Inverters
efficient,

are
as

usually quite
man-made devices
go -on. the order of 83 to 920
percent of the electric energy
they take in will come  back out.
Their highest” efficiency is ob-
tained when inverters are opera-
ting near the maximum power capa-

bility. See Figure 28.
100%
EFFICIENCY
J
POWER MAX
-, *’l *
\*x TYHCALINYERTEREFFKHENCY
| Figure 28

a hum-°
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Excellent biblicgraphies Q
various alternative -energy sub-

jects =are already=#vailable. The.

following items are listed to add

to, rather than dupligate the

work ngotherSuv

PLANS *
Savonious Rotor

‘Hackleman, Michael=A., - WIND &
WINDSPINNERS, available for $7.50
from Earthmind, 26510 Josel Drive
Saugus, Calif. 91350.

Horizontal Axis E
Helion - 12/16 Plans - optional
size, c¢onstruction methods, and
alternators. Aluminum blades.
Complete plans and instructions
for S$10 - from Helion Box 4301,
Sylmar, Calif.. 91342, :

" _Hybrid

Write to Helion - address above.

S STRUCTURES

Bruhn, E. F., ANALYSIS AND DRSIGN
OF FLIGHT V¥EHICLE STRUCFURES,
available from Tri-State/Offset
‘Company, 817 Main Street, /Cincin-
nati, Ohio, A5202. Several com-
plesely untrained experimenters
have used this book o design
some rather sophisticgted home-
built .aircraft. A great source of

- data.

 AIRFOILS

Rice, M. S., HANDBQPOK OF AIRFOIL
SECTIONS FOR LIGHT /AIRCRAFT avail-
lakle from Aviation Publications,
Box 123, Milwaukee, Wisconsin,
53201. '

APHY _ . -

SUARING MAGAZINE ,
and November 1973, Data on high
performance Wortmann airfoils.
Avallable frdm Soaring Society of
America, Box 66071, - Los Angeles,
Calif. 90066.

January 1964,

L]

Abbott and Von Doenhoff, THEQRY
OF WING SECTIONS, Dover Publica-
tions, 180 Varick -Street, New
York, 14, WN.Y. Data on-all of
the: major NACA Airfoils.

GENERAL

WIND ENERGY BIBLICGRAPHY, avail-
able from, Windworks, Box 329,
Route 3,” Mukwonago, Wisc. 53149}
for $3. : '

f
CATALOG OF AIRQRﬁ?T CONﬁTRUCTION
SUPPLIES, aviaflable for 25¢ from
All Aircraft Parts, 16673 Roscoe
Blvd., Van N YS. Calif.

-

Photo Credits
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3 Blade Horizontal Axis Windmill
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C Hogan—Esdh pg. 4 & pg. 67
Dutch Windmills

Sandia Laboratories pg. 63
Eggbeater Hybrid

W. C. Strumpell pg. 23
Water Pump Windmill

C. L. Swett pg. 62
Augmented Wind Turbine




k]

~ ’k | . . .&:
Appendix A WINDMILL DATA

P P

H

-, .

2

g/ﬂ -

. _ | 1/2 R
- _

’ o . AUGMENTED TURBINE WINDMILL

)
- . '

L Y

) i ) .= f . ) J
o I3 B




Vv

/

U

HYBRIDS

63




'i
L
,LL-/|
1
|
|
I
|

el —

D = ROTOR

DIAMETER

SINGLE TIER
SAVONIOUS

r

2
e

.
C—

64

Y

-

|

- SAVONIOUS™ ROTOR

‘\
Y

.\\ |
b

NUMBER OF VANES,

i

—

VANE FORM

J)

CONFIGURATIONS







[]
L)
f
B
" \.\_
) .
-
L
-
;o
- .
R .1..
g

7

f

e




DUTCH WINDMILL
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Appendix B  AIRFOIL DATA

Follow1ng is a discussion of the method by which you can |
lay out an exact airfoil shape according to some nimbers o
which are presented in this section of the book. A graph:
is presented which shows the lift coefficient performance
for each of the airfoils listed. This ‘graph will help

. you in Blade Angle computations. - Other airfoils are
available, some better than those listed here, many less
suitable. Check the.bibliography in this book for sources
of further airfoil information. d '

A

HOW TO LAY OUT AN AIRFOIL | o

The numbers presented. for each type of airfoil are percent-
ages of the airfoil's chord length. When you have determined
chord lengths, youscan calculate dimensions from which to
‘develop the exact airfecil shape much as you would plot a ‘gr¥ph.

o EXAMPLE —

e . -
A few of these numbers for the Clark Y airfoil are:

‘Stationy . Upper Lower y i
o .| 3.0 l3.50 f
1.25 5.45 1.93 )
2.5 | 6.50 |1.47 ‘ -
5.0 | 7.90 93 - )
- P :
and - édmbn.. .. ’ —

For 51mpllclty let's assume a chord length of 10 inches. Then

you multiply each number in the box by the chord length. Re-

member that these are percentages before multiplying by chord s

length, -that is, 3.50 percent is really 0.035, and 1.25 per- - v
- cent is really 0.0125. Move the decimal point two places to
' the left. You may run into some-source cof airfoil numbers lis- : :

ted as the real multiplier number rather than as a percentage..- -~

~In-this -case, use the numbers as they are. Then, multiply:

":‘“‘-l'

Station ; | Upﬁer JLower
0 x 10_= 0 0.35 x 10 = .35 0.35 x 10 = .35
0125 x 10-= .125] .0545 x 10 = .5450 ----- ETC -




Now you simply plot the airfoil on a large sheet of graph paper.*
Start on a straight horizontal line. Always measure from Station =
0 to the right to each next station peint, then measure up or down
to the upper or lower points. Measure up from this -line by the
upper value. Make a dot at this point. - Then, at the same station,
measure from the horizontal line to the lower value. If the lower
value has a minus (-) sign, measure below the line. If not, the
lower value -is measured- above the llne Some ‘sources of airfoil
information will have different station values for the upper point
. than for the lower value. °‘For these airfeils, you will have to
-compute the different additional station values. Keep them
separate. w0 ' ' - - ..

By making all the .dots for the upper and lower values, you will
generate a series of dot targets which, when connected with a e s
curved line, will form the airfoil shape.

The "LR" value is the leading edge radius. Again, it's a
percentage of the chord. For the Clark Y, LR = }.5%, or 0.015.
For a 10 1inch chord, idleading edge radius = 10 x .01l5 = .15 inches.

Use this value to shape the curve at the leading edge with a
compass or draftsman's circle guide. Some airfoils wills not
show the leadinmg edge radius value.

number.

You can' draw the curve without 'it.

This 1is really a reference

—

EXAMPLE

FX 72-MS-150B
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" LIFT COEFFICIENT
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SE LECTED Al RmI L ORDINATE ) . W e N

CLARK Y- St. CYR 234 NACA 0012 NACA 0015 NACA uyl2

. §TA. |UPPER LOWER |UPPER LOWER |UPPER LOWER UPPER LOWER | UPPER LOWER | |
o las  as ez s 0 o o o o 0
e 1.255.45 1.93 le.ss 3.75 {1.89 -1.89 |2.37 -2.37 |2.us -1.43
2.5 [6.5  1.47 11.0 2.? 2.62  -2.62°013.27 -3.27 [3.39 -1.95
| 5.0 }7.9 .93 12.7 1.4 3.56 -3.56 |4.u4  -n.44 | 4,73 © -2.u49 e
7.5 {a.85 .63 13.8 .85 4,2 -4.2 Is,25 -5,25|5.76 -2.74 .
10 (9.6 .42 4.6 .5 4.6B. -4,68 |5.85 -5.B5 }6.59 -2.86
20 |11.36 .03 [16.2 .2 5,74  =5.7% [7.17 -7.17)8.8  -2.74
30 |11.7 o0 16.55 ;55_ 6.0 -6.0 |7.5 7.5 b9.76  -2.26
yo- i o 16.1 1.1 |s.s  -5.8 |7.25 -7.25 9.8 -1.8
50 |10.52 0" .15.2 1.35 {5.29 -5.29 j6.62 -6.62]9.19 1.4
60 [o.15 o 13.3 1.0 |u.ss -i.s6 |s.7 25,7 |e.s 1.0
‘70 7.35 0 10.8 1.35 [3.66 -3.66 |4.58 -4.58|6.69 -.6S TS
80 [5.22 0 7.75  1.05 |2.62 -2,62 |3.28 -3.28 4,89  -,39 !
ap___J2.8 0. o o5 o drase crows frer ener]or 2| o o
100 |o 0 0 0 0 o . Jo 0 0 o
Lﬁ z 1.5 - LR = 1.58 LR = 2,48 } LR =-1.58
,
:
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FX 60-126

FX 72-M5-150B

STA

10.33
19.56

30.86

ug. 24 |

50.0

59.75

69.13

UPPER . LOWER

0 0
2,77 -1.37
3.4 _1,8
4,81 ~2.48
5.46 -2.76
6.59 -3.26
[ _3.75
-3,39
~2.55
~1.42
.3
.55

UPPER LOWER
0 o,
3:05 —--1.23 -
4,01, -1.24
6.15 -1l.14
7.86 -1.03
g.u3  -.72
15.52 .13
Ty

16.05 1.1

16,86 -2,09
16.18

14.21 4,25

3,27

11.55

L.6Y
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" have graph reading ability,

™

Graphs are used .to simplify
calculations. I have pre-
sented many graphs in this
manual so that computations .
which are normally.difficult
will be made easily. So
that all users of this text

this page is presented.

CONDITION 1 - You know VALUE A
and you wantifto find VALUE B on
Sample Graph 1.

EXAMPLE A

CIf VALUE'A equals 8, start on

the horizontal line at 8 and
look (or draw a line) vertic-
ally up to the curve. Next,
Took {or draw a line)} hori-
zontally to the scale at the

~ . left. Notice that the answer

VALUE B equals 4. ‘

__NOTE - You may have more than one

R

.p...’"

curve which applies to your pro-
blem. You select the curve which
applies, or add a curve which does.

+*

EXAMPLE B

Look at Sample Graph 2. Suppose
that VALUE-C #n your problem equals
15, which is half-way between the
line for C=10, and C=20, Simply
add a* 1ine roughly half-way between
the two and proceed as above.

VALUEB ;
- N W a e N o

10

CONDITION 2 - Refer to Sample Graph 1.

You know VALUE B, and need VALUE A.
EXAMPLE C

Start at VALUE B. (B=2.5-in-this
example). Look to the right to
the curve, then down. “Notice that
the answer is VALUE A'= 4,

/' Appendix C HOW TO READ A GRAP

F
|
|
|
4
!
|

| EXAMPLE C |

_-I Ll ' | 1 l

H

I-*—E)QA&APLEiA

}
l_l

VALUE Y
- N W A~ oo

75

142 3 465 6 7 8

VALUE A
SAMPLE GRAPH 1

i

9 10

VALUE C =20

ADDED
LINE
FORC=15

il ol

1l

2 3 4 5
VALUE X

‘SAMPLE GRAPH 2




Appendlx D
DETAILED WINDMILL PERFORMANCE

1 - Power = Force x vélbcify w" ? - | | f . '\\'
2 - Force = Pressure x Area
3 - Pressure = o x V3 /2

where | p = Mass dengity of air = 0 0024 .s1ugs / foot3

at sea ]evel :
¥

b}

wind speed measured in feet per second

4 - Power = .0012 x V3 x A.

. where A windmill frontal area measured in square feet

v

wind speed measured in feet per second

This is the theoretical power available in-a wind of speed = V,
acting across a windmill of frontal area = A..Power units here
are foot-pounds per second.

5 - One Horsepower = 550 foot-pounds per second

6 = Horse Power = .0012 x V3 x A / 550 = 0. 0000022 NUER x A
Again, this is theoretical horsepower.

7 - The mathematical horsepower which a windmill can extract
frqm the above value is 59.3% of the total. However, no wind-
mill is perfect, and the actual max1mum horsepower availabje
from a windmill will be more Iike 10% to 40% of the total. For
ca1cu1ations, E will be eff1c1ency factor, 8

8 ﬁ Achal Horsepower‘ava1]ab1e from a wind = 0.0000022 x (k V)3
X X

where v wind speed

k

a constant to adjust v
~if V is measured in miles per houf, K= 1.47
. " if V is measured in sfeet per second, K = 1.0

A - frontal area of the windmill measured in square feet

£ = the efficiency factor: R

9 -_Eor ca]culat1on of e]ectr1ca1 power: One horsepower = 746 watts

2>

10 - Actual watts available from a w1nd 0.0016 x (k V)3 x A xXE-

&

76 S ;




- Appendlx E
STRENGTH OF CONSTRUCTION MATERIALS

TUBE TENSILE STRENGTH B .
' To compute tube tensile strength, measured in pounds of force,
multiply tension area from Graph A below times the tensile stiength
factor for the metal alloy of the tube. See next page for tensile
strength factors.

EXAMPLE -

.065 inch wall thickness tube of Aluminum

. A 2-inch diameter by
alloy 2024 T-4 is selected.

_ Calculate the tensile strength. From
Graph A, note that tension area egquals .39. Tensile strength factor
for this alloy is 60,000. Then Tensile Strength = .39 x 60,000 =

. 23,400 pounds.

+

9., - o
: 095 )
. '8 L]
7
: 065
% .6
ji1]
I i
[&]
Z
w .b
EE .
T T D . .
£ a4 L .
<L
[W1]
o -
L}
2
z .3
7
=
I-I|_.I i
o L
V
R
| 1 1 | 14
1 2 3 7

TUBE DIAMETER {INCH)

GRAPHA TENSION AREA FOR TUBE DIAMETERS AND
TI-_IH__EE WALL THICKNESS VALUES -

v
-
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TUBE BENDING STRENGTH

To compute approxima%e tube bending strength,

~

measured in inch=s

“wﬂpounds, multiply K- value from Graph B below times the tensile 7%

strength factor.
: t
EXAMPLE :

A 2=-inch dlameter by

alloy 2024 T-4 is selected

.065 inch wall thickness tube of Aluminum

Calculate the bending strength.

From

Graph B, note that K- 0. 19. TenSLIe strength factor for this alloy
equals 60,000. Then Bending Strength = = 0.19 x 60,000 = 11,400 inch-
pounds. . A T
_ = - —_— _— - - - - \
hY
\i
7 TENSILE STRENGTH FACTORS
Alloy " Tensile Strength
, 095 : Factor
.6 —= }
"\ Aluminum
\
5 ; 2024 T-4 60,000
6061 T-6 42,000
a 7075 T-6 75,000 |
éteaI“
-K 4130
3= 4130 90,000
2
fJ
| S | )
.0 B 2 3

S . TUBE DIAMETER {INCH)

f GRAPHB K VALUE FOR TUBE DIAMETERS AND
/ THREE WALL THICKNESS VALUES

i | PO 8,




TENéILE STRENGTH OF WOOD BLADES

Wood blades - as discussed earlier in this manual - are laminated
and carved from guality materials like aircraft grade ’'spruce. The
Tensile Strength Factor for wood varies between 7000 to about 12,000
pounds per square inch. This value depends on the type of wocd used,
and the moisture content. Wood strength increases rapidly as- the
material dries cut. For average wood used in the 10% tc 15% moisture
content range, a safe check of blade strength can be made with a
tensile strength facteor of 8,000. You need to know the tensile area
of the blade. Then multiply this area tlmes the strength factor
to compute blade tensile strength. o

EXAMPLE

The blade sketched has a tensile area. for the structural wood
forward portion (you can disregard any strength value in the
balsa or foam trailing edge in this example) of apprOXLmately 12
square inches.,6 Blade strength = 12 x 8,000 = 96,000 pounds. This
is the maximum centrifugal tension leoad this blade can withstand.

cABLE STRENGTH 1

Cables are used for tower guy wires, windmill bracing, and so on.
Data presented is for 7 x 19 flexible aircraft stranded-cable-=— . .__

avalilable in surplus outlets, or the source listed in the Biblio-:
graphy of this book, '

BREAKING TENSILE STRENGTH

CABLE DIAMETER {inches) (pounds ) -
e . |00 S
) Fd
3/32 750
/8 2,000 i
§
|
1/4 7,000 |




BOLT STRENGTH .

' pata presented are for airc;aft quality (AN) bolts.

BOLT DIAMETER |SINGLE SHEAR STRENGTH | TENSILE STRENGTH
- (inches) (pounds) ( pounds ) o
3/16 {23100 . 12,200 e T
72 3,600 _, 4,000 . ‘
5/16 5,700 16,500 T L
. 3/8¢ 8,200 . 10,100
'. 7'/16 11,200, 13,600 ‘
172 14,700 " ls,s500 | -*

. EXAMPLE 1-

Two strips

LOAD

f steel are to be bolted together
load 'in the &trips is 8,000 pounds
in single shear.

o

. .
—» . B

s
The maximum ténsile
The bolt will take this load

The minimum size bolt for this .locad is one 3/8
inch aircraft quality bolt, or two 5/16 inch boilts.
bolts will have to be larger in diameter,

Hardware gtore

. BOLT . | :

——

EXAMPLE 2

A wooden blade is to be bolted to a steel hub.

| . 3

I, . 2

<

7

The centrifugal

force is equal to 20,000 pounds

as illustrated below.

The bolts are loaded in shear

Ve

- HUB ‘

R

STEEL HUB WOOQODEN BLADE
mo_mn »~ :
~——= 1 . v
e = g o

a

BOLTS

Notice in.the sketch that the blade load ends up in two hub parts,\
whieh~means that half of the load goes into each¥side of the blade.

“"Thus 10,000 pounds is loaded at two different places along the

attachment bolt - called double shear. Two 5/16 inch bolts could
handle this load. In the case of wood blade attachment, lots of
smaller bolts are recommended. 2 -

w'r
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Box 4301 Sylmar, Cifffomia 91342 [213) 367-829
PUBLICATIONS LIST -’ February, 1975 o
" ' a

The folléwing lists the currently available pullications from Helion.
These'Hocuments deal with the field of wind en¢rgy. Publications, and
products in other alternative fields are curregtly in the works.

i ) . _
SIMP ED WIND POWER SYSTEMS FOR EXPERIMENTER$. Written for non-
englneerlng tralned people, this very popular {jook makes available
the design process to, anybody who can do simpldq arithmetic problems. .
80 pages, with lots of graphs and example calcuwlations, and photos

showing various windmills, and constructlon dethils. Price - $6&, for
the new second edition. . P
Py

. ;-53, -
}6 Windmill :Plans. These plans offer highly dg;alled 3?%WLngs, Wlth
. tten instructions -for construction of this all Mluminum blade Z2-to-
“kilowatt windmill. You get drawings for both the 1Y foot, and 16 foot
diameter blades, with several options for construction methods, and
generators. A photo essay detailing construection methods is included,
as well as the engineering infeormatidn concerning the ‘pachine's design.
No, plans are offered for the tower, but discussion and ‘photos show how
‘the.windmill is raised’up the tower. Only a few critical welds are
necessary, with a few machlned parts, and we have made akraingements to
. ) "supply kits for\these, and

d other parts. Eleted windmills
will also be made~@vallable
, Plans price - $10.\ This price -
©is 89, if.p'rchaSed.with our
wind power book. \\

|

Wind Power Technical Mamos - - |
twor are available: iﬁq S
' WTM 1 - Aerodynamic Layoyt of -
Windwheel Blades. A techpical '
method for “optimum“ layoqt.

Price - $1. S
WTM. 2 - Hybrld Windmill Notes. - ~

Sfihmarizes &verythihg we believe

we know about these windmills

at this time. Price - $2.-
¢ All prices postage paid at Book

rate. California residents add.

tax. Please include payment
with order. o :

Al

with 12 foot blades

o \\
. %‘3 \\







