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Nothing says more about a wind-turbine than rotor

diameter, - Nothing.

Raule nr. 1. For wind-turbines: They must be reliable.

Rulenr.2. —: They must be cost-effective.

Efficiency is important, but it is not the sole criteria,

for judging the performance of a wind-machine.

" Wind Power ", Paul Gipe, USA 1993.
pages 73 and 76. ISBN: 0-930031-64-4.



It isthe objective of this compendium to encour age active study and experimentation in wind-
turbine blade construction, by technical students, machine and wood-wor king shops,
carpenters, joinersand by other local groups.

The de-centralized local construction of micro and small wind-turbinesfor eectrical power
generation, using local resour ces, and locally available material, such asredundant truck and
tractor generatorsand alternators, will result in accumulation of the expertise and practical
knowledge, - [ PRAXIS], necessary for the future development of an advanced national de-
centralized wind energy program.

Much of thereevant material from the period has been consulted, including German and
USSR material, and a small sdlection has been included in this compendium. Also more
modern material isincluded.

It should be emphasized that careful study of the 4th period of wind-tur bine development -
[ there-discovery period 1968-1978 |, which resulted in the development of large-scale
production of small and medium, reliable and cost-effective wind-turbines - ismost relevant
for the accumulation of local knowledge of the different aspects of wind-ener gy technology.
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Chronology of Wind-turbine Development.

Period nr.0  Dutch type, F. Nansen, USA 1894

Periodnr.1  LaCour, Denmark 1890 - 1925. La Cour from Askov in Denmark,
was the pioneer of modern large-scalewind electrical power generation. -
3kW.- 30 kW. [ co-generation systems].

Period nr. 1.5 Lykkegaard, Denmark 30- 75 kW. 1920 - 1945. Series-production period.

Periodnr.2  F.L.Smidth, Denmark [ 60 - 70 kW. with effective gear-box developed from
cement-ovens], Hiitter in Germany, Darrieusin France, Putnam in USA, and
especially, very large-scale mass-production in the USSR. 1930 - 1945.
[ small wind-generatorsfor battery charging, mass-produced in USA ].

Period nr. 2.5 J. Juul, Denmark 1950, 13kW.- 45kW.

Period nr. 3 J. Juul, 200 kW. Gedser wind-turbine, 1955 - 1967, and from 1977
[ operated under Danish and USA-NASA resear ch contract ]. Plus UK and
West-Germany. [ Gedser wasthe first modern, reliable wind-turbine].

Period nr. 4 Re-discovery phase, 1968 - 1978, USA and Denmark. This phase results
in 2 different development strategies: - Top-down, and Bottom-up.

a: Megaturbines;, Tvind-collegein Denmark & official Danish stateresearch
program, West-Germany, USA. - [ Development of glass-fiber Tvind-wing].

b:  TheRiisager wind-turbinesfrom Denmark, 10kW.- 30kW.
These pioneer ed the development of the cost-effective wind-turbine

Period nr.5 L arge-scale Danish commercial development and production; -
55kW .- 100 kW. 1978 - 1985.

Period nr. 6 150kW.- 225 kW. 1985.

Period nr. 6.5 300 kW. 1991.

Period nr. 7 Large-scale production of cost-effective 500 KW. units, Denmark
and Germany. 1993. Development of wind-turbineswithout gear-box,
[ Ring-generator -- Enercon, Germany |

Thereisat thepresent time[ 1997 ] small-scale production in Denmark of M ega-sized
wind-turbines, [ between 800 kW. and 1.7 MW.]. However great consideration, must be paid to eventual dis-
economies of scale, maintenance, siteing, etc. etc.



" | condder that a Cuban production should commence with the production of small/medium wind-
turbines of about 20-55 kW, using generator materid aready in Cuba, [ ex-DDR diesel generators,
etc., thereislikewise no shortage of tower congtruction materia in Cubal].

Following a successful production of this type, a production development of a 150 kW modd
should be made. [ modds smilar to the highly successful and very reliable Danish Bonus 55 kW
and 150 kW wind-turbines].

Thereisapotentia market in the Caribbean area done, for these two types of many hundreds of
units.

Cuba dready produces smple water pump type wind energy machines, the so-called wind mills.
This type with alittle imagination from the Cuban wind energy specidigts, and machine shops, could
be used for eectrical power generation, as was done in Denmark during both the first and second
World Wars, - wind-turbine electrical generation in Denmark, dates from the 1890's.

Large-scale production should aso be started of micro and smal wind-turbines, using Soviet car
and truck generators, [ using efficient glass-fiber or wooden airfoil blades of about 2-4 metersin
diameter, --- knowledge of wooden airfoil bladesis available from CIES in Santiago de Cubal].
These size machines under Cuban conditions could be mounted on smple pipe-type guyed towers
of about 10-20 meters height. These machines have a production capacity from 50 watts to about
200-500 watts, and are very useful, not only for eectric fences, but aso for other rurd applications,
medica houses, milking gations, etc .

" The production of wind mills for water pumping is not difficult, however wind-turbine technology
for efficient and reliable dectrica power generation is based on severa unique factors:
1. A high degree of praxis, rather than over-reiance on research; -
a" learning by doing " approach.
2. Vey high qudity fiber technology, and very high qudity in fiber-based production.
3. Computer steering programmes.
4. Gearbox design, [ not automotive, nor industrid machinery design ].
5: A " robugt " gpproach to design, and the total construction.

It should be stressed that wind-turbine units, under norma hard
weether conditions, have an expected life of over 20 years, with regular maintenance”.

" Some Remarks on Energy and Environmental Co-operation Cuba- Denmark ": John Furze.
1991/94 pages 5-6 and, appendex - page 9



Sun & Wind: C.Herforth, C.Nybroe. Denmark. 1976. ISBN 87 87 498 48 0
WING DESIGN

The length of the wing from root to tip, is based on several
different factors:

The size of the energy requirement.

The local wind

What the energy is regquired for ( pumping, grinding,
electrical power for local use, or electrical grid energy )
If there are possibilities for energy storage ?

What wind-strength interval will be used ( wind speed /

height of tower )} ?

A wind power system's yearly energy production per sqg. meter
of the swept propeller ( blade / wing ) area.

Formula 1.

S 0,055-cp-z(vl.3-qi) (KW /2 frear)

P

Calculated with an effect coefficient CF)of 0.36, equivalent
to a propeller efficiency f]P of 0.6. Energy production is
on the following page, calculated in wind strength intervals

3 -5BF, and 3 - 7 BF ( Beaufort scale ).
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on the basis of the average values in the diagram (Figure 1).
The tables 2 ( Figures 2 and 2.2 ), show the yearly energy
production for propellers of different sizes.

If the length of the wing is dimensioned on the basis of the
wind speed, and if the effect coefficient CP of 0.36,

( flP = 0.6 ):

The use of Formula P., for the real rotor effect, will give
the results as shown in Figure 2.2
&

7

P - 0,593 - qp-VB'A (W)

P.—.O,37'r1p-v3-A (W)

A = 8wept rotor area ( m )

THE WIDTH OF THE.WING

In calculating the D max. , which is the theoretical
necessary width in order to obtain the maximum utilization of
the available wind energy, the following formula, is used :

Formula 2: Rz
b = 5,6 -
max ’ 'CL'r')‘NZ (m)

(: = coefficient of 1lift



Propellens P4 (kW) Pg (kW) Pg (kW) P1g (kW) P1g (kW) P15 (kW)
Radius (m} v=4m/s v=06m/s v=8m/s [v=10m/s | v=12m/s | v=15m/s
2 0,2 0,6 1,4 2,8 4,8 9,4
3 0,4 1,4 3,2 6,3 10,9 21,2
4 0,7 2,4 5,7 1,2 19,3 37,7
5 1,1 3,8 8.9 17.4 30,1 58,8
6 1,6 5,4 12,8 25,1 43,3 - 84,7
10 4,5 | 15,0 35,7 69,7 120,5 235,3
12 6,4 21,7 51,4 100,4 173,5 338,8
Figure 2.2 Blade radius, Wind speed, Effect.




A large wing width gives a larger friction resistance, and in
practice, good results have been obtained with slightly
smaller widths.

Hemmingsen and Tvergdrd suggest the following formula:

~2
| CL-r - A2

b=4,5" (m)

The number of blades, and the wing tip speed is chosen, taking
into consideration the torque / moment of rotation, and the
speed of rotation, while the lift coefficient varies along the
length of the wing.

Hemmingsen and Tvergérd, suggest that CL should change
from 0.8 at the wing tip to 1.1 at the middle of the wing.
Sedergdrd suggests a €| value of 0.6 at the wing tip,
with a gradual increase to 1.3 at the wing root.

Some very large blades ( Tvind glass-fiber wing from 1975 )
have been built with a € value of 1.1 at the wing tip

and a linear increase to 1.3 at the wing root.



It is clear from the formulae, that the width of the wing,
increases sharply in towards the center. However, 75% of the
energy is obtained from the outer section of the wing, and
therefore the whole wing is often shaped with a straight rear
edge, which also eases construction. The width of the wing is
decided at the wing tip and at the middle, following which,

the rear edge is a straight line between the two points.

WING PROFILE

Forming of the wing profile is a complicated procedure, that
is an inter-relationship between theoretical mathematical

models, and pratical wind tunnel testing.

However there is litterature, giving assistance in chosing and

dimensioning suitable profiles for smaller wind power systems.

Theory of Wing Bections:

693 pages. Ira Abbot and Albert
von-Doenhoff. Dover Publications.
New York, USA. 1959.

BY RA M. ABBOTTAND
© ALBERT E. VON DOENHOPF -




CHORD

As a measurement for the width of the profile, the term ,
* Chord " is used. This is the straight line that joins the

front edge and the rear edge of the wing / blade.

PROFILE CORDINATES

The profile section, is based on the profile cordinates.
Cordinates are procentages ( % ), of the profile chord.
These are calculated with the use of Formula 3 , giving the
exact cross section of the profile. Should it be necessary,
for reasons of strength, to make the profile thicker, the

cordinates are multiplied with a constant.

For example:

A chord length of 10 cms, All the cordinates in the table will
therefore be multiplied with this number. Remember that
profile cordinates are % : That is: 1,25 % , in reality is

00,0125, etc.



Figure 3.

Blade width

Figure 4. Profile chords
3 b c
0 0 0
1,25 2,44 — 1,43
2,5 3,39 — 1,95

Profile coordinates



Following calculation of the data for every profile cross
section, these are drawn on a sheet of paper.

First the " a ", value is marked.

From this obtained fixed point, the " b " value is then
marked in the vertical plane, ( upwards ).

From the same " a "™ point, the " c " value is finally
marked, if this wvalue is a negative number, ( minus ), it is

measured under the chord, otherwise over the chord.

Figure 6

Marking out the NACA profile 4412

dr
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1. ANGLE OF ATTACK

To obtain sufficient 1lift, it is necessary that the
resulting wind, strikes the profile at a certain angle. This
is called the profile's , " angle of attack ", (=08

This is measured as the angle between the resulting wind and

the chord.

The diagram, ( figure 9 ) shows the relationship between the
angle of attack, and the coefficient of 1lift, for different
profile types. It is shown that lift increases with increased
angle of attack. However a point arrives when the angle of
attack becomes so great, that the air stream, over the rear of
the profile, becomes turbulent, whereupon the lift vanishes,

and the wing, " stalls ",



Figure 8.

Angle of Attack, Pitch L

, Taper
D
| g
¢ B « = Angle of Attack
? = pitch
A /
B &
c %
1 | 1 _| D é
00 5 10" 15° 20% e
Figure 9. Angles of attack, and Lift-coefficients

profile forms.



2. PITCH

The angle between the resulting wind and the plane of
rotation, is called the , " profile pitch " jﬂ , this is
given by the following formula :

Formula 4:

3,
COttf=2 R N

This is used to calculate the profile taper.

3. TAPER

The angle between the chord and the plane of rotation, is
called the " profile taper ", 'P , Which is used as a
starting point for the construction drawings, and the building

of the wing. The taper is calculated using the following

formula :

Formula 5:

(3 = f{'O‘w’o(L:o



cAL = 0 is the " Zero-angle ", that is the angle
where no lift is produced. Refering to figure 9, showing
stall, it may be accepted that the zero- angle for Type A, and
Type B, is 0’ degree, for Type C, 2 degrees, and for Type D,

4 - 6 degrees.

ANGLE VARTATION

The wing speed increases proportionally with the distance from
the center. At the same time, the resulting wind speed is also
increased, and the direction is changed. To insure the best
possible angle of attack, the pitch and taper are reduced

along the length of the wing.

2/3.w

Figure 10.
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Figure 11. Data for 3 profile types.




Wind-power: B.Sodergird. Sweden/Denmark. 1975/1976. ISBN 87 571 0510 3

PROPELLER BLADE GEOMETRY

Blade Element Theory, is used to calculate the shape of the
blades, the propeller's efficiency, the axial torque, etc.
Using the more advanced textbooks, the aero-dynamic
relationships of the propeller, can be exactly calculated.
Testing a model propeller in a wind tunnel, can further
complement these theoretical calculations. There are

methods whereby, with good precision, one may calculate the
finished propeller's effect in a certain situation. However a
simpler form of Blade Element Theory, gives sufficient results
with most blade fabrication. Inaccuracies are less than the
differences due to un-avoidable surface tolerances under
production conditions.

Differences due to both calculation and proeduction, can to a
certain extent be eliminated, through minor adjustments of the
setting of the smallest blade angie. It is therefore only on
wind turbines of power station size, that complicated
calculation and testing in a wind tunnel can be effective.

In such cases even a small improvement in the propeller

efficiency can result in many extra kWh.



In the following section, simple Blade Element Theory ( with
approximations ), will be used in calculating the geometric
form of the propeller blades.

The diagram ( Figure 1 ), shows that a blade element is a
portion of a propeller blade between radius r and r + Ar.
Blade width b varies along the length of the blade.

At the wing tip, radius R, 1is blade width bR .
The propeller rotates with angle speed W radians per

second. The blade element has, as a result, a speed in the

direction of rotation, r - W . (r multiplied by ).

After passing through the propeller's swept area, the wind
speed Vv has been slowed to a lower speed. When the maximun
effect is taken from the propeller's swept area, the speed

of passage is 2/3 * Vv . The two speeds combined give the

following formula:

W = V(2/3-V)2+(r-w)2

This gives the speed of the wind, before passing through the
axis of the blade's rotation. That is, the wind speed that the

blade element is swept by.



The Rotational Plane
of the Propeller

Propeller axle

Figure 1. The Coordinates of the Propeller Blade

and the Air Forces on a Blade Element



The swept speed w 's direction in relation to the propeller's
plane of rotation, is expressed by the pitch angle ¢ .
To make the blade element react to lift, and thereby give the
propeller axle a torque effect, it is necessary that the blade
element profile has an angle of attack e -
The relationship between the 1lift coefficient ¢, and the
angle of attack, is found in a polar diagram for the wing
profile, on the feollowing page.

o is a part of angle o -

The other part is the angle (5 ( taper )

Air passing a blade element gives rise to an air force, the
two components being A D and AL . AD the drag and
friction, and AL is the 1lift. The projection of these two
components in the propeller axle direction ( wind direction )
is called called the axial force ( Longitudinal force ) A Ti'
This is the force, by which, the air flow through the

propeller is slowed down. For a propeller with clean surfaces

AD is small compared to AL . For a high-speed
rotating propeller the angle ¢ is small. Under projection
in the direction of the axle, the influence from ADis

further reduced, so that, in this relationship, it is of no

importance.



Projection of AL in the axle direction is AL cos¢ .

For a high-speed propeller ¢ is small, and
consequently; cos¢ € 1 .
Therefore the usage of cos ¢ =1 . It is only for the

blade near the wing root that the approximation will give

differences in the calculated results. The force AL is
the product of the lift coefficient ¢  the dynamic
pressure X% ’7 . w! and the blade element area b - Ar,

The number of the blades are 2 , and inside a ring element

in the propeller disc, the axial force is therefore :

AT, = z « ¢c_ = %% * W * b s Ar

The propeller's effect after the formula :

is a product of the propellers brakeing power:
T, = (4/9) - - v* . a
2 P
on the air stream passing through, and the speed of the air

stream after it has passed the propeller, that is 2/3 - v

under the maximum effect attainment.



The propeller is designed so that:

The effect is evenly spread over the propeller disc. The

proportion of the

element

AT
2

AA

2,0
1,8
1,6
1,4
1
1,0
0,8

0,6

0,2

0, 4

force that is transfered inside the ring

Ar

= 2977 » r s Arx , is therefore:
5 . p . V [ ] 2 . ‘n’ . r .
Polar
Curve Y,
yu
/ o= 167 x Yo__ Yy
/ P 00,00 0,00
/"75 1,25 2,61 1,23
& 2.5 3,61 1,71
Q/fé.. 5 4,91 2,26
" 7,5 5,80 2,61
)
B3 -LM 10 6, 43 2,92
o 15 7,19 3,50
& 20 750 3,97
— o 30 1,55 4,46
40 7,14 4,48
/!, 50 6,41 4,17
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Formula: AT = 0.5+ Z ¢ cp - W . b - Ar
Axial-force

is based on the aero dynamic properties of a blade element.
In the formula :

Axial-force A T =i-?-v. 2T r . A=
b 9

The starting point is the optimal energy transfer between the
propeller and the air stream. These are in two different ways,

expressions for the same force. One can therefore set

A Td. AT If in addition:

2 * v.,2 2

)7+ (r v w)

wo= (

A

\V4 ( the nominal speed of the
propeller )

Will these lead to the following formula:

._b_:lG-'rr. 1

R 9 - ¢ r 2
L ('}{)')\A

This formula is used to calculate the blade width b

, which

is necessary to fully utilize the wind energy.



The lift coefficient ¢, varies along the length of the
blade. How large ¢ becomes, depends on how great an
angle of attack ol , the blade is constructed with.

A relativly low value for e for the outer portion of the
blade makes turbulence losses at the blade tips small.

This is an advantage for propeller efficiency. It is alsc
advantagecus with regard to to the flexation forces in the
blade. It is suitable to chose ¢, = 0.6 at the outer
section of the blade. The coefficient can be gradually

increased to c, = 1.3 , at the blade root.

It may be noticed that the factor 'Af on the right hand
side of the formula, has a dominating infulence on the blade
width. If, for example, the speed relationship changes from

$ to 7 , the necessary blade width is reduced 50%.

This means that less raw material is used to manufacture the
blades, if the speed relationship is high. However the higher
the speed relationship, the smoother the surface must be,
otherwise the efficiency will suffer. Small blades, have a
low start moment, but there can also be a problem concerning
the strength of small blades. The most economical result is

obtained with a speed relationship of about 7 - 8



The blade shape is decided by the the factor ( r / R )
in the denominator in the formula for the optiminal blade-

width b: ( 2 = number of blades ).
b 16w 1
L (

R  Qg.c 2

r
R
The denominating infulence is only partly countered by the
lift coefficient ¢ . that increases towards the root.
This results in the blade width increasing from the wing tip
in towards the root. As a rule the trapezium shape with it's

straight lines, will be equivlent to the calculated blade

shape.

With the assistance of the first diagram ( figure 1 ), the

feollowing formula is obtained :

_r s w 3 r «w _ 3 r
cot¢y = i . -5 (ﬁ)

W|N
<

The angle ¢ is calculated for a number of the values of
the cordinate r / R . From the angle ¢ the angle of
attack Ch is drawn, chosen with regard to the necessary

lift. This is done with assistance of the second diagram.



Following this, one can for the same cordinates r /R,

calculate p ¢ - o = blade angle ( taper ).
The blade angle is the angle between the blade profile's angle
in relation to the plane of rotation of the propeller.

The angle ﬂ is used in marking up the measurements of the

propeller blade.

The blade cross section profile is also part of the blade
profile. A suitable profile for a propeller blade is the blade
profile NACA 23012 . The table with fgure 2. shows the
cordinates for this profile. In towards the wing root, it may
be necessary with a thicker profile for reasons of strength.
If one multiplies the profile cordinates for the basis
profile, as listed in the table, with a constant then the

profile cordinates for the thicker profile will be the result.

The geometry for a propeller blade for a three-blade propeller
with a speed relationship 7 is shown in the following

diagram ( figure 3 ).
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EFFECT. EFFICIENCY. MOMENT

A wind turbine with a high efficiency can be replaced by a

wind turbine with a lower efficiency, but with a larger

propeller. Thae best wind-turbine the one that produces
energy at the lowest cost. For a wind machine efficiency

has not quite the same clear meaning for economy as is, for
example, the case with a petrol or diesel engine. However a
smaller propeller with a high efficiency has a lower weight.
If this efficiency is not achieved by dependence on extremely
smooth surfaces, or expensive materials, then this is, from an
economic point of view preferable. A high efficiency means

that the forces on the blades are reduced.

Axial, ( longitudinal ) forces are transferred to the tower
and other parts of the wind turbine's structure. With a high
efficiency, many of the wind turbine's components, can
therefore be constructed with smaller dimensions, therefore
giving lower total construction costs. So although the wind is
a free resource, there are strong motives to construct wind

turbines with a high useful effect/efficiency .



Following from formulae:

Effect coefficient ¢ p
= ¢ 0.592
qP P /

the wind turbine effect will be:

P cp (p/2) » (m~ R2

) v

(1

and the efficiency :

np = CP / 0,592,

The limits- curve for the highest propeller efficiency, follow

from the relationship:
3

n - l - - * E: ® A/\
2

for speeds greater than }\A = 3 . This curve is
reproduced in the diagram, figure 4. High efficiency is
obtained with many-bladed propellers with small blades

and smooth surfaces.



The " glide number " : € , is the sum of the glide
numbers EP and ﬁi . The blade profile's glide

ratio is the relationship between the coefficients of profile

drag cDP and 1lift ¢, , therefore, £P cDP /I ¢
Coefficients are dependent on the angle of attack
and are characteristic for the specific¢ blade profile. The
relationship between the three variables is given in a polar
diagram for the profile, ( see diagram, figure nr. 2 ).
A straight line from the zero point, tangents the polar curve
at the value for the relationship ep / cL , that gives
P
the best ( = least } profile glide number &P . It is
found, that the best glide number for the blade profile NACA
23012 according to the diagram is ef’ = 0.01 . The
glide number's other sum €, . is dependent on the induced
resistance at the wing tips. This resistance is low for a
free-running propeller. However when the propeller is braked
by the transfer of energy to an electrical generator, the
induced resistance is increased, and thereby also E,i
Therefore a propeller blade's glide number is greatly reduced
by the braking effect of an electrical generator. The sum of
the two glide numbers for a high efficiency propeller under

full load is: ' = 0.025 .
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Figure 4. Effect coefficient for different propeller types
o = Best efficiency ( = )

From wind-tunnel tests, for 3-blade pitch
reqgulated / adjustable, blades.



The best efficiency is achieved with a propeller with low
value, ( about 3 ) for speed relationship's Aa = R 'w /] v.
However such propellers must have many blades, to fully
utilize the wind energy. It is complicated to construct a
blade angle changing device. Blade pitch regulation can be
necessary for the regulation of effect under high wind speeds,
and to avoid strong forces during storms. A propeller with a
greater speed relationship, and a somewhat lower efficiency is
therefore better suited for modern wind turbines. Material
usage in blade manufacture is also much less for the high-
speed propeller. This is of decisive importance for large

wind-turbines.

The diagram ( figure 4 ), shows the curve for the propeller
efficiency and effect coefficient for 3 wind tunnel tested
wind turbine blades, with speed relationships A. = 3.5 ,

6.5 , and 7. Propellers with the larger speed relationships

can obtain propeller efficiencies of about 70 % .

For wind speeds, lower than the wind speed for full effect,
the wind turbine is constructed in such a way that the
propeller works with the greatest possible efficiency. If the

turbine has a generator that permits variable rotational



speeds, the rotation speed is allowed to follow the wind
speed. The relationship R *w [/ v = A therefore
becomes a congstant = )\A , and the wind turbine can
therefore operate with maximun efficiency with wind speeds up
to full effect.

However if the turbine has a generator type, that only allows
a constant speed of rotation, ( constant R -\w ), the
normal working level lies to the right of the top of the
efficiency curve during wind speeds lower than the nominal.

The efficiency is therefore lower than the maximum.

In both generator types the gear ratios in the gearbox between
the propeller axle and the generator must be as described in
the following :

Under the nominal wind speed VA ; the given propeller axle
effect is sufficient to give the generator full effect.

The gearbox's gear ratio jJ , is calculated, so that the
propeller acheives the best efficiency at this point,
following the formula :

3 =280/ w=8Q R/ v

L

( the generator's nominal speed of rotation is {2 7 2 -4V Hez

that is, {1l radians per second ).



Under wind speeds higher than VA , & propeller with a
fixed blade angle gives a higher effect than the generator can
accept. With blade angle changing ( pitch regulation )},

—-~ the fully drawn line in figure 4, --

propeller efficiency is sufficiently reduced. An increase of
wind speed to 2 + v reguires on the grounds of strength
that the propeller efficiency reduces to 178 th. This is
roughly the reduction that is achieved as shown by the bottom

small curve for the adjustable pitch propeller in the diagram.

The transfered effect P in an axle is the product of the
axle's torque Q and it's angle speed W , P=Q vw
and the moment Q=P jw .

With the use of the formula:

for the effect, the moment will be :

Q = P/w



Under wind speeds higher than Va , & propeller with a
fixed blade angle gives a higher effect than the generator can
accept. With blade angle changing ( pitch regulation ),

~= the fully drawn line in figure 4, --

propeller efficiency is sufficiently reduced. An increase of
wind speed to 2 + v regquires on the grounds of strength
that the propeller efficiency reduces to 1/8 th. This is
roughly the reduction that is achieved as shown by the bottom

small curve for the adjustable pitch propeller in the diagram.

The transfered effect P in an axle is the product of the
axle's torque Q and it's angle speed W , P =Q vw
and the moment Q=P jw .

With the use of the formula:

for the effect, the moment will be :

Q = P/w



However W = A + v / R, which therefore gives :

(Q = . %% e A « R o ‘;2

The effect coefficient cp is the product of the moment
coefficient cq, and the speed relationship A .
Under wind tunnel tests ca is measured and from these
measurements cp is calculated. Figure nr. 5 is a
diagram of the moment coefficient of the adjustable blade in
the diagram, figure nr. 4. The maximum moment is not
obtained at the same time as the maximum effect. When the
propeller is working with maximum effect, it can further be

braked with a some-what larger moment.

The diagram also shows, that when A

0 the moment is
small, if the blade is set with a smaller blade angle.

( when W = 0 , that is when the propeller is not
rotating, the relationship is also A = R- w /v = 0)
The propeller has therefore a poor start moment with a small
blade angle. However if the blade angle is increased up to

30 or 40 degrees the moment for the stationary blade is
increased many times. With blade angle changing / adjustable
pitch blades, the wind-turbine's start capability is improved

greatly.



Changing the blade angle / pitch may therefore be necessary,
both , for regulating the surplus-effect, and to enable the

wind-turbine to more easily start during low wind speeds.

Moment Coefficient

«Q
0, 10
0,08
A= 7
0,06 4 $\\

AN
SRR
v

o
0 2 4 6 8 10 12
Speed Relationship
Figure 5. Moment coefficient for 3-blade

adjustable pitch, propeller



CONSTRUCTION PRINCIPLES

The most used materials in wing construction are :

Canvas; Wood; Glas-fiber; and Aluminium.

Normally it is important to obtain as low a weight as
possible, resulting in lower demands on the strength of the
construction.

It is important to obtain as high a kW as possible, for the
invested money. As a, " perfect " wing demands great
precision, and therefore is highly labour-intensive, for
smaller units, a rectangqular wing is often chosen. If the
wing is made slightly larger, this compensates for the lower

efficiency. GLASFIBER

BALSATRA
AGR el SKUM

GRUNDIG 0G SOLID
OVERFLADEBEHANDLING POP-NITTER

I

EPOXY-FITTINGS

LAMINEREY TRA GLASFIBER

GLASFIBER

AL
NITTER  ROR UMINIUM
BALSATRA
LAMINERET TRA SKUM el. FORKANTSRIBBE BAGKANTSRIBBE
HONEYCOMB

GEDSERM@LLENS RIBBEKONSTRUKTION



Simplified Wind Power Systems: J.Park. Box-4301 Sylmar California USA. 1975,

The structural design of a blade,
and the materials with which it
is made determine blade strength.
The blade must be designed to
take centrifugal tension and ben-
ding. It must retain the airfoil
shape and twist, and remain firm-
ly attached to the hub. Several
ways exist to accomplish all of
these design tasks. Here are a
few of them.

First,
uses construction
are not new to experimenters.
Carving wood is easy, fun, and
very rewarding. Wood, however, is
not necessarily the best material

skills which

with which to build a windmill.
It's true that wood is the most
readily-available, replaceable

resource, but wood soaks up mois-
ture and it is mighty difficult
to prevent this from happening.

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

practice calculations for centri-
fugal force. In the overspeed
condition, out-of-balance is
liable to cause the windmill to
shake itself to death. 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 o¢f the Hans Meyer

plans for a windmill printed in
POPULAR SCILENCE, 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. The skills reqgui-
red to work with honeycomb and
fiberglass are easily learned and
the results of your efforts are
strong, high-performance blades.

the carﬁéd wood method_

The rivetted aluminum structure
yields a blade which 1is strong,
light weight, and which will last
a long time. The skills of rivet-
ting, drilling, metal forming and
bonding are easy to master.

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

LAMINATED WOOD
COVERED WITH FIBERGLASS

A\

SOLID WOOD BLADE

LAMINATED WOOQD
COVERED WITH FIBERGLASS

BALSA WOOD
OR FOAM

PARTIALLY SOLID BLADE

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

ler, covered with fiberglass and
resin., The spar can be made of
aluminum, steel, or stainless
steel. ’

HONEYCOME, BALSA WOOD
OR FOAM FILLER BONDED
TO TUBE SPAR

il

"

7
TUBE SPAR FIBERG\LASS SKIN



é. Tubular sﬁér, with metal ribs
and skin.

FRONT RiB AFT RIB

SHEET METAL
SKIN

TUBE SPAR RIVETS

The usual material for this de-
sign is 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 the skin, ribs,
and spar together. Rivets may be
aircraft aluminum, or steel "pop-
rivets"”.

4. Tubular spar, with molded

fiberglass skin.

“POP—RIVETS
EPOXY BOND

X
TUBE SPAR/ FIBERGLASS SKiN

A few foam ribs may be bonded in-
side the fiberglass, but in any
case, the fiberglass skin will be
four to eight laminatiens thick,
and must be strong enough to
avoid flexing in strong winds.

D-SPAR LEADING EDGE

5. Sailwing construction will
make fine, economical blades.

TUBULAR
LEADING EDGE

TRAILING
EDGE

o

A
SAIL CLOTH

TRAILING
EDGE

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
lift quite efficiently. The mem-
brane must be stretched fairly
tight for best performance. An
ideal membrane can be made from
the 1light weight nylen fabric
that backpacking tents are made
with, or extra light sail cloth,
as used on hang gliders,



Wind-Powered Machines: Ya.L.Shefter. Mashinostroyeniye Press Moscow USSR. 1972.

§ 8, Use of Nohmetallié-Materials

Plastics and reinforced concrete are ever more wldely used
as construction materlals in wind machines for manufacture of
blades, towers, bushings and bearings. Along with a reduction in
metal consumption and labor consumptlon of manufacturing parts
and improved operational indices, with the use of these materials,
the .attainment of simple methods for i1dentical biades which are -
resistant to atmospheric phencmena and mechanical defects is made
easler. In connection with the operating conditions of wind
machines, which make organlzation of constant servicing more dif-
ficult, it 1s necessary to move away from frequent lubrilcation of
supporting devices and use self-lubricating bearings. ~For
pasture machines, use of relnforced concrete towers, which during.
the perlods when the watering points are not functioning are not
dismounted while the baslic components and mechanisms of the wind
machine are subjected to preserving, is frequently justified.

Blades of pressed fiberglass are used 1n domestic and foreign
machlines. The load-bearing elements of the blade are the fiber-
glass skins or box longerons. Plastic foam is usually used as the
filler. The absence of metal spars and ribs simplifies manufac-
ture of the blade. Abrcad, fliberglass is reinforced with steel
or alumlnum wire, and is also filtted wlth a metal load-béaring
longeron (spar).

Plastics reinforced with fiberglass on polyethyl resins
possess high mechanical characteristies. The tensile and cross
breakling strength of fiberglasses on a base of PN-1 resin reaches
0.2 kn/mm?; they are resistant to the effect of repeated loads.
The strength of fiberglass under low frequency cyclic loads with
the asymmetrical cycle taking place in blades 1s close to the
strength of aluminum alloys and reaches 0.13 kn/mm<. Blades of
fiberglass are not very sensitive to cuts or the action of
abrasive particles. Considering, however, that the windmill is
a responsible component, the lowest fatigue limits (up to
0.07 kn/mm?) should be selected when calculating blades.

The use of fiberglasses decreases the welght of the windmill,
lncreases reliablility, simplifies servicing, since the blades
are less damaged during work and transportatlon, and does not
need painting. Pressed blades have higher quality surface and
coefficient £ by comparison wilth blades having a metal skin. Of
the two methods for pressing blades: 1) under high pressures
and temperatures using hot settingiresins and 2) under normal
temperatures using cold setting polyester resins (PN-1, PN-4),
the most preferred is the second, in which time and expenses on
manufacture are reduced. However, with the second method for
pressing, the strength characteristics and resistance of the blade
against the effect of moisture and temperature Jumps are somewhat
-reduced (by 12-15%0.



Of the two typical blade designs (Fig. 137, a and b) of
machines having a power of 1.5 kW, the first (Flg. 137, a) does
not have a longeron, and lts load-bearing skin 1s made of
changing thilckness, decreasing from 10 mm at the hub to 2 mm at
the periphery; the inner hollow is filled with plastic foam.

This blade design 1s preferable for relatively thin blades and is
convenlent in that one molding press 1s regquired for manufacture
of the blade. Blades of constant width (Filg. 137, b) have a load-
bearing longeron, which is also obtalned by the cold pressing
method. This allows the skln thlckness to be decreased, but the
technology of manufacturlng the blade was made more complex.
Blades of larger machlnes are fastened to the hub with universal
tips, which are connected to the blade with bolts.

Ors Hpuactwan

Fig. 137. Blades of fiberglass: a. wilthout longeron;
b. with longeron; 1. skin of glass fabric; 2. plastic
foam flller; 3. textollite insert beneath connector;

4, longeron; 5. connector; 6. tab; 7. balancing
welght; I. slot for fastening connector; 8. axis of
rotation.

Under strict observation of the engineering process, the
difference 1n the welght of pressed blades golng into a set 1s
relatively small. Thus, with Dyp = 4 m, it does not exceed
2%, and deviation in the value of the static moment 1s no greater
than #0.7 n-m. For hot pressing, this deviatlon is still smaller.
Selective choice of blades durlng formation of sets allows their
balancing to be avoided.



Testing of blades and accumulated experience allows their
incorporation to be recommended. With an ldentical volume of

space, the cost of manufacturing blades of fiberglass is 15-20%
lower than metal ones. '

A wind machlne has many bushings and sliding bearings, for
which thermoplast polymers with a low speciflc welght and co-
efficlent of friection, and which do not require lubrilcation, are
relatlvely cheap and easlly machlned, are effectlvely used. Some
of their deficlencles (low heat conductivity and heat resistance,
high coefficient of linear expansion) are not essential for the
working conditions in wind motors. The most long-lived of these
polymers 1s fluoroplast-4: 1t is not wetted by water, and when
filled with graphite, has a coeffilclent of frictlon of f = 0.02
(the coefficlient of dry frictlon on steel is equal to O\04-0.07).
It 1s used for regulator bushings and in the supports of the
water 1ift and drive. In more difficult conditlons (at high
temperature and dynamic forces) AG-1500 stannle graphite works

hest.

Replacing the metal support wlth reinforced concrete reduces
expenditure of metal by four times and greater. Depending on the
purpose and layout of utilization, the tower can be made tubular
with one or two bracling guys and a hinged device in the lower
part; free-standing with its section changlng with height and a
rigidly fastened foundatlon part or a frame type with reinforced -
concrete elements fastened together with bolts. The strength of
supports made of prestressed reinforced concrete can be signi-
ficantly increased by centrifuging.

Supports of the first type can be recommended for machines of
medium power. The expendlture of metal on manufacturing these
supports 1s reduced by 6-7 times by comparison with the expenditure
of metal for manufacturing a metal support. Supports of the
second type are expedient to use for small electrical and pumping
machlnes. For conservation of the motor, these supports are
not dismantled. Supports of the third type are universal, although
their assembly is complex. Wlth an output of 3-4000 per year,
the cost of this support is equal to the cost of a metal cne or
somewhat lower.



Aerodynamics: J.Allen. Harper & Row. New York USA. 1963

- AERODYNAMIC FORCES AND OTHER TRANSFERS OF
ENERGY

In any airflow, there are important changes of energy that occur
throughout the air itself, and between the flow and solid surfaces.
There are three main classes of energy transfer: mechanical
forces (pressures), heat and electromagnetic forces.

Aerodynamic pressures and forces

Interest in the pressure of the air on a small region of a solid
surface arises for four reasons:

(i) Such information is directly relevant to the lifting force
of an aeroplane wing.

(1) The surface must be strong enough to withstand the
pressure without collapsing or distorting.

(1) A definite amount of air may have to be removed from
the outside flow either to measure its characteristics, to
ventilate a building, or to feed a fan or an engine.

(iv) Gas may be ejected from that point, e.g. an exhaust or a
petrol jettison vent.

The surface pressure results from the speed and density of the
main flow, and from the speed changes and energy losses which
have occurred while the flow has been passing over the surface
up to the point in question. It will thus depend on the state of
the boundary layer and the angle of the surface to the main
fiow. If there is a large intake at the point, as in a jet engine, this
inward flow will appreciably change the airflow round the body.
Local roughness or bending of plates on the surface will aiso
considerably modify the pressures. Pressures can be steady or
may vary with time. In the latter case, the oscillations can be
large and slow, such as an eddying flow, or small and rapid as

in the high frequency sound vibrations created by jet engines or
rocket exhausts.

A pressure coefficient is defined thus:
_ pressure Y
P~ dynamic pressure  3p¥?2




Figure 8 shows the pressure at various points on a roof in a wind.
The C, values are roughly independent of. the wind speed, so
that at 50 m.p.h. the peak suction at point A would be 3-8

1b/sq ft and at 100 m.p.h., 15-3 1b/sq ft. If the wind direction
changes, the flow alters and the C, values will alter too.
Pressure distributions can be drawn for aeroplane wings, space
vehicles, rockets, motor cars, etc. The total aerodynamic force
on a body or surface is formed by adding together the pressures,
allowing for variations in magnitude and direction. Forces are
conventionally measured as in Fig. 8. The resultant force is

LIFT RESULTANT OF
FORCE = | R/ = AERODYNAMIC
O PRESSURE FORCES
"0'6, ‘A D

408 %
i

JoU)

» = — RESSURE AT POINT UNDISTURBED AIRFLOW
DYNAMIC AIR PRESSURE

.. DIRECTION OF

Fig. 8. Aerodynamic pressures and forces

divided (resolved) into a drag force parallel to the main airflow,
and a lift force perpendicular to it. The corresponding non-

dimensional coefficients are the drag coefficient and the lift
coefficient.

Cp = drag force/4pV2S C. = lift force/4pV2S

where S is a representative surface area of the body. |



LIFT AND DRAG

The leading edge of an aeroplane wing was originally known
as the ‘Phillips entry’. The best shape for the rest of the top
surface has been found to be a curve rising to its highest point
at about one-third of the width from back to front, or ‘chord’,
of the wing and with a gradual ‘run-home’—to adopt a boat-
building expression—to the trailing edge. This form of wing
gives a smooth entry for the air and carries it away w1th the
least amount of turbulence at the back (Plate 1v.).

But the aerofoil shape not only reduces the ‘drag’ of the
wing, compared with a flat plate, but it also increases the lift—
a very important point, because the efficiency of a wing
depends, naturally, upon its having the maximum possible
lifting effect while at the same time causing as little resistance
as possible; or, in other words, upon its having the highest
possible ‘lift to drag ratio’. The effect of the dipping front edge
is to smooth the path of the accelerated air along the top
surface and so increase the partial vacuum effect of the lower
pressure and increase the circulation round the wing.

The combined effect of the reduction in drag and increase
in lift of the cambered aerofoil is, in a wing of good average
shape, to give a ‘lift to drag ratio’ of about 17 to 1 compared
with the 7 to 1 of a flat plate at its best angle. At the same time,
the lift alone of a cambered aerofoil may be nearly three
times as great as that of a flat plate.

Improvement in flow over the top surface of a flat plate obtained
by adding a dipping front edge

THE AEROFOIL

An interesting and important effect of the dipping front
edge is that it also makes a cambered aerofoil begin to give
lift at a very much flatter angle to the horizontal than a flat
plate. It is easy to understand that if a flat plate is mounted
absolutely horizontally it will produce no lift at all, the air
simply flowing past it above-and below with no ‘reaction’ of
any sort vertically—like the board in the bath. A cambered
aerofoil on the other hand has quite a considerable lifting

-effect when placed absolutely parallel to the air stream.
Not only so but it begins to lift when it is actually pointing
downwards—or ‘at a negative angle of incidence’ as it is

The flow round a cambered aerofoil at normal angle
of incidence and above the stalling angle—or ‘burble point’



ANGLE OF INCIDENCE

Fig. 4. Aeroloil features

called, The ‘angle of incidence’ is the angle made by the
‘chord’ of the aerofoil with the relative wind (the “chord’
- being a straight line drawn from the leading to the trailing
edge) (Fig. 4.). It is not strictly accurate to describe the angle
of incidence as the angle between the chord and the horizontal,
because if an aeroplane happens to be flying in an up current of
air ir may be pointing downwards when it is actually perfectly
parallel to the current of air it is flying through. For this
reason the angle is always spoken of with reference to the
‘relative’ wind, or air flow (Fig. 5.). {The point becomes of
practical importance when dealing with engineless gliders which
can only remain in the air by taking advantage of an upward
current on the windward side of a hill or ridge (Fig. 6.).
A cambered aerofoil begins to develop lift when it is set-at
a negative angle of two or three degrees below the path of the
air stream in which it is placed; which gives it, as it were, a
considerable ‘start’ over a flat ptate which would be developing
‘negative Lift’, or a tendency to dive downwards, at such an

T RELATIVE WIND

i Fig. 5. Aerofoil in lifting attitude
angle. The amount of lift will progressively increase until the
angle of incidence is about 15 degrees. But at such Iarge angles
—15 degrees is equivalent to a ‘rise’, of a road on a hill, for
example, of 1 in 6—the drag has also begun to.go up to a very
high figure, and as the ratio of lift to drag is the real measure
of the efficiency of an aerofeil in normal flight, its angle will
in practice be confined to between —2 or —1 degrees to about
+4 degrees, when the lift-drag ratio is at its best. It is easy
to see why this should be so, when one considers what happens
to the air flowing past the wing as the angle of incidence is

Flying: L.Marsh. Pleiades Books. London UK. 1945.

mcreased. An aerofoil is, as has been explained, so designed
as to upset the flow of air as little as possible. But this is,
naturally, when the acrofoil is at, or approximately at, no
angle of incidence, lying flat or parallel to the general trend of
the air stream, If it is set at an angle much above or below

,this, it is clear that conditions will be changed and become
less favourable to the steady, placid flow of the air, which at

once causcs an increase of resistance, or drag. The best
angle is then necessarity a compromise representing the
position at which the ratio of lift to drag is at its highest,
though this is by no means necessarily the angle of greatest
lift.

It may be wondered why the course taken by the air over

‘the top surface of an acrefoil has been described in some

detail, while that taken by the air following the lower surface
has been ignored. This is because the shape of the top surface
of an aerofoil is of very much greater importance than the
underneath, This arises mainly from the fact that the air,
as has been shown already, begins to take an upward trend
before it actually reaches the leading edge of the aerofoil,
or flat plate. In fact, roughly 75 per cent of an aerofoil’s lift
comes from the top surface, while only the remaining 25 per

-cent is caused by the direct positive pressure of the air on the

under side. It is therefore clear that much more attention
need be paid to the precise shape and curvature of the top.
This becomes perhaps more easy to understand if it is realized
that when an aerofoil is set at an angle to the wind its upper
surface is the back, while the lower surface is the face actually
receiving the wind direct on it. This will at once become clear

lif the aerofoil be imagined set up on its edge at right angles

to the wind in the same position as we first. considered the flat
plate. That is, of course, the extreme case, but the effect is
the same at all angles down to zero. Now the wind striking
against and meeting the lower surface,. or front face, of the
aerofoil can, at any rate at small angles, do little else but
follow along the surface. There is little opportunity for it to
form the eddies and vortices that are set up, as the angle is
increased, along the top surface. The top surface is, therefore,
not only the chief cause of 1ift but the most potent cause of the
setting up of the eddies that mean increased drag. It is there-
fore the most important both from the point of view of obtain-
ing the greatest lift and of reducing the resistance to the
minimum. For this reason quite a number of efficient aerofoils
have top surfaces of carefully calculated camber, while their
under sides are perfectly flat chords.

LIFTAND DRAG

Fig. 6. Glider borne on a wave-crest
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2. The Airplane and How It Flies

THE FOUR FORCES

¥our forces act on an airplane in flight: Lif,
Thrust, Weight and Drag (Fig. 2-1).

WEIGHT

Fig. 2-1. The Four Forces.
LFT

Lift is a force exerted by.the wings. (Lift may
also be exerted by the fuSelage or other components,
but at this point it would be best just to discuss the
major source of the airplane’s lift, the wings.) It is
a force created by the *airfoil, ” the cross-sectional
shape of the wing being moved through the air or,
as in a wind tunnel, the air being moved past the
wing. The result is the same in both cases. The

LIFT

90°

Relative wind

LIFT

M
m

RELATIVE WIND

Fig. 2-3.

“relative wind” (wind moving in relation to the wing
and airplane) is.a big factor in producing lift, al-
though not the only one (Fig. 2-2).

Lift is always considered to be acting perpendic-
ularly both to the wingspan and fo the relative wind
(Fig. 2-3). The reason for this consideration will be
shown later as you are introduced to the various
maneuvers.

As the wing moves through the air, either in
gliding or powered flight, 1lift is produced. How lift
is produced can probably be explained most simply
by Bernoulli’s theorem, which briefly puts it this
way: “The faster a fluid moves past an object the
less sidewise pressure is exerted on the body by the
fluid.” The fluid in this case is air; the body is an
airfoil. Take a look at Figure 2-4, which shows the
relative wind approaching an airfoil, all neatly lined
up in position (1). As it moves past the airfoil {or
as the airfoil moves past it — take your choice),

Q_9Y O ag

Fig. 2-2. The airfoil.

Fig. 2-4.
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things begin to happen, as shown by the subsequent
nurnbers.

The distance that the air must travel over the
top is greater than that under the bottom. As the air
moves over this greater distance it speeds up in an
apparent attempt to reestablish equilibrium at the
rear (trailing edge) of the airfoil. {Dor’t worry,
equilibrium won’t be established.) Because of this
extra speed, the air exerts less sidewise pressure on
the top surface of the airfoil than on the bottom, and
1ift 15 produced. The pressure on the bottom of the
airfoil is normally increased also and you can think
that, as an average, this contributes about 25 per
cent of the 1ift; this percentage varies with *angle
of attack® {Fig. 2-5).

Some people szy, “Sure, I understand what
makes a plane fly. There’s a vacuum on top of the
wing that holds the airplane up.” Let’s see about
that statement:

The standard sea level air pressure is 14.7
pounds per square inch (psi), or 2116 pounds per
square foot (psf). As an example, suppose an air-
plane weighs 2000 pounds, has a wing area of 200
square feet and is in level flight at sea level. (The
wing area is that area you would see by looking di-
rectly down on the wing.) This means that for it to
fly level (lift = weight), each square foot of wing
must support 10 pounds of weight, or the wing load-
ing is 10 pounds per square foot {2,000 divided by
200). Better expressed; there would have to be a
difference in pressure of 10 pounds per square foot
between the upper surface and the lower surface.
This 10 psi figure is an average; on some portions
of the wing the difference will be greater, on others,
less. Both surfaces of the wing can have a reduced
sidewise pressure under certain conditions. How-
ever, the pressure on top still must average 10 psi
less than that on the bottom to meet cur require-
ments of level flight for the airplane mentioned.
The sea level pressure is 2116 pounds per square

foot, and all that is needed is an average difference
of 10 psf for the airplane to fly.

Assume for the sake of argument that in this
case the 10 psf is obtained by an increase of 2.5 psf
on the bottom surface and a decrease of 7.5 psf on
the top (which gives a total difference of 10 psf).
The top surface pressure varies from sea level
pressure by 7.5 psf, and compared te the 2116 psf of
the air around it, this is certainly a long way from a
vacuum, but it produces flight!

Note in Figures 2-2 and 2-4 that the airflow :s
deflected downward as it passes the wing. Newton’s
Law: “For every action there is an equal and oppo-
site reaclion,” also applies here. The wing deflects
the airflow downward with a reaction of the airplane
being sustained in flight. This can be easily seen by
examining how a helicopter flies. Some engineers
prefer Newton’s theory over the Bernoulli theory.
But the air does increase its velocity over the top of
the wing (lowering the pressure), and the downwash
also occurs. You'll meet proponents of both views
as you progress in aviation. The downwash idea and
how it affects the forces on the horizontal tail will
be covered In Chapters 9 and 23. '

ANGLE OF ATTACK

The angle of atiack is the angle between the
relative wind and the chord line of the airfoil. Don't
confuse the angle of attack with the angle of inci-
dence. The angle of incidence is the fired angle
between the wing chord line and the reference line
of the fuselage. You’d better take a look at Figure
2-5 before this gets too confusing.

The pilot controls his angle of attack with the
elevators (Fig. 2-5). By easing back on the control
wheel {or stick) the elevator is moved “up” (assum-
ing the airplane is right-side-up). The force of the
relative wind moves the tail down, and because the
wings are rigidly attached to the fuselage (you hope),



they are rotated to a new angle with respect to the
relative wind, or new angle of attack. At this new
angle of attack the apparent curvature of the airfoil
is greater, and for a very short period lift is in-
creased. But because of the higher angle of attack
more drag is produced, the airplane slows and equi-
librium exists again. (More about drag later.)

If the pilot gets too eager to climb and mislak-
enly believes that the reason an airplane climbs is
because of an “excess” of lift (and so keeps in-
creasing the angle of attack), he could fingd that
he’s made a mistake. He finds that as he in-
creases the angle of attack the airplane slows
and attempts {o reestablish equilibrium, so he
continues to increase it in hopes of getting an
“excess® of lift for more climb. He may make
the angle of attack so great that the air can no

Fig. 2-6. The stall,

longer flow smoothly over the wing, and the airplane
“gtalls” (Fig. 2-6).

It’s not like a car stalling, in which case the
engine stops; the airplane stall is a situation where
the lift has broken down and the wing, in effect, is
no longer doing its job of supporting the airplane in
the usual manner. (The engine may be humming
like a top throughout the stzll.) There is still some
1ift, but not enough to support the airplane. The
pilot has forced the airplane away from the balanced
situation he wants it to maintain. For the zirplane
to recover from a stall, the pilot must decrease the
angle of attack so that smooth flow again occurs. In
other words, point the plane where it’s going! This
is done with the elevators, the angle of attack (and
speed} control (Fig. 2-5). For most light plane air-
foils the stalling angle of attack is in the neighbor-
hood of 18 degrees. Stalls will be covered more
thoroughly in Chapters 12 and 14.

At first, the siudent is also confused concerning
the angle of allack and airplane aftitude. The atti-
tude is how the plane looks in relation to the hori-
zon. In Figure 2-7 the plane’s attitude is 15 degrees
nose up, but it’s climbing at an angle of 5 degrees so
the angle of attack is only 10 degrees,

In a slow glide the nose attitude may be approx-
imately level and the angle of attack close to that of
the stall, Later in your flying you’ll be introduced
to the attitude of the wings (wing-down attitude, etc.)
but for now only nose attitudes are of interest.

15" - Nosg-up attitude
10° -Angle of attack

59 . Climb angle

Horizon

Fig. 2-7.

The coefficient of lift is a term used to denote
the relative amounts of lift at various angles of at-

tack for an airfoil at a given speed and altitude. The
plot of the coefficient of lift versus the angle of at-
tack is a straight line, increasing with an increase
in the angle of attack until the stalling angle is
reached (Fig. 2-8).

COEFFICIENT OF LIFT-C|

ANGLE OF ATTACK-Degrees

Fig. 2-8.

Lift depends on a combination of several fac-
tors. The equation for lift is:

L=C 88ViorL-Crxsxfx Vv

Where L = Lift, in pounds.
C,. = Coefficient of lift. (Varies with the type
of airfoil used and the angle of attack.)
S = Wing area in square feet.

B _ The air density (P) divided by 2. Rho

2 (P) is air density, which for standard sea
level conditions, is 0.002378 slugs per
cubic foot. If you want to know the mass
of an object in slugs divide the weight by



the acceleration of gravity, or 32,2,
{The acceleration caused by gravity is
32.2 feet per second per second at
earth’s surface,)

and V= Velocity in feet per second squared,

When you fly an airplane you’ll be working with
a combination of Cr, and velocity; but let’s talk in
pilot terms and say that you’ll be working with a
combination of angle of attack and airspeed. So lift
depends on angle of attack, airspeed, wing area and
air density. For straight and level flight, lift equals
weight. Assuming that your airplane weighs 2000
pounds, 2000 pounds of lift is required to maintain
level flight. This means that the combination of the
above factors must equal that value. The wing area
(S} is fixed, and the air density {(0) is fixed for any
one time and altitude. Then Ci (angle of attack)
and velocity (airspeed) can be worked in various
combinations to maintain the 2000 pounds of lift re-
quired. Flying at a low airspeed requires a high
angle of attack, and vice versa. As a pilot you will
control angle of attack, and by doing so, will be con-
trolling the airspeed. You'll use power {or lack of
power) with your chosen airspeed to obtain the de-
sired performance.

While the factors of lift are being discussed it
might be well to say a little more about air density
(). The air density decreases with increased alti-
tude and/or temperature increase. Airplanes re-
gquire more runway to take off on hot days or at air-
ports of high elevation because of decreased air
density., You can see in the lift equation that if the
air is less dense the airplane will have to move
faster through the air in order to get the required
value of lift for flight—and this takes more runway.
(The airspeed meationed is called “true airspeed”
and will be discussed in more detail in the next
chapter.) Not only is the lift of the wing affected,
but the less dense air results in less power devel-
oped within the engine and, as the propeller is noth-
ing more than a rotating airfoil, it also loses *lift”
(or more properly, “thrust”). Taking off at high
elevations or high temperatures can be a losing
proposition, as some pilots have discovered after
ignoring these factors and running out of runway.

Interestingly enough, you will find that lift al-
ways tends to remain at a constant value during
climbs, glides or straight and level flight., Don’t
start off by thinking that the airplane glides because
of decreased lift or climbs because of excess lift.
It just isn't so.

Gliding: D.Piggoet. A. & C. Black. London UK. 1958.

The gliding angle is measured as a ratio of the distance travelled
for the height lost, e.g. 30 : 1. It varies considerably at different flying
speeds and depends upon the ratio of the lift and drag. The best glid-
ing angle occurs when the lift/drag ratio (L/D) is at 2 maximum. This
is usually about 15 m.p.h. above the stalling speed. The best gliding
angle for a particular type of glider can only be increased by im-
proving the lift or by reducing its drag. (Fig. 45.)

5
Fig. 45. The gliding angle and the lift/drag ratio. In 2 steady straight glide the
gliding ratio is cqual to the ratio between the lift and drag of the glider (5 : 1).

The rate of descent depends on the gliding angle and the flying
speed.
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Flight
Mechanics

THIS CHAPTER has nothing to do witk the people who
work on aircraft; flight mechanics are the forces and moments
acting on the airplane in flight. While the Four Forces are
fresh in your mind from the Jast chapter it would be well 10
see how they act on the airplane.

The term force was covered in the last chapter, and
you've used moments in computing Weight and Balance prob-
lems. A moment normally results from a force (or weight)
acting at the end of an arm {at a 90° angle to it) and is usually
expressed as pound-inches or pound-feet (Fig. 3-1).

and crosswind components for takeoffs and landings (Fig. 3-
2). As a pilot you use the runway centerline as a reference and
consciously (or unconsciously) divide the wind into compeo-
nents acting aiong and perpendicular to this reference axis.

You are interested in the component of wind acting across
the runway (for example, 15 K) and, if you were interested in
computing the takeoff run, you would use the headwind com-
ponent, or the component of the wind acting down the run-
way (say, 26 K). You usually don’t go so far as to {igure out
the exact crosswind component but note the wind velocity and
its angle to the runway and make a subconscious estimate of
how much trouble it might give you on takeoff or landing.
You set up your own axis and work with what would seem a
most complicated system if people started talking about axes,
vectors, and components. What you do is break down the
wind's vector into the two components of most interest to
you, as was done in Chap. i. The same general idea will be
used here for the forces acting on the airplane.

The reference axis for operating the airplane is the flight
path or line of flight, and the forces are measured as operat-
ing parallel and perpendicular to it (Fig. 3-3). For an airplane

in a steady-state condition of flight such as straight and level
. unaccelerated flight, a constant-airspeed climb or glide, or a
:'SU ";';"“ :_5“2:""“‘]‘ gg;'}:l:;sdxllg::: ods constant-altitude balanced turn of a constant rate, the forces
0 "I"" -inches 1 acting paraflel to the flight path must be balanced. The same
. l . | thing applies for those forces acting perpendicular, or at 90°,
}-— W L | to the flight path—they must cancel each other. Each of the
. : vectors shown in Fig. 3-3 may represent the total of several

/ - [j] forces acting in the direction shown.
pre Wk chanics of flight:

MOMENT MOMENT

The following must be realized in order to see the me-

Fig. 3-1. A system of moments in equifibrium.

The airplane in steady-state flight—that is, in a steady
climb, a glide, or in level unaccelerated flight (this includes
steady level turns) —must be in equifibrivm, that is, the forces
acting in opposite directions on the airplane must cancel each
other out. (The same thing goes for the moments.)

A vector is an arrow used to represerit the direction and
strength of a force. You've had experience with vectors in
working out wind triangles in navigation and also uncon-
sciously discuss vector systems when you talk about headwind

HEADWIND COMPFONEN
5 KNOTS

CROSSWINDG COMPONENT]
15 KNOTS

WIND VECTOR-IDKHOTS AT 307 TO THE RUNWAY J

Fig. 3-2. A vector system as faced by the pilot
during a takeoff or landing in a crosswind that is
30° to the runway at 30 K (Chap. 1).

1. Lift always acts perpendicular to the relative wind
(and, hence, perpendicular to the flight path). This is the g/~
JSective Lift discussed in the last chapter, or the Lift acting
perpendicular to the actual path of the airplane.

2. Drag always acts parallel to the relative wind (and
flight path) and in a “rearward” direction.

3. Weight always acts in a vertical (down) direction to-
ward the center of the earth. )

4, Thrust, for these problems, always acts parallel to the
centerline of the fuselage. (In other words, at this point we'll
assume no “offset” thrust line and that Thrust is acting paral-
lel to the axis of the fuselage.}

This chapter will take a look at the Four Fundamentals
of flight —straight and level, climbs, descents, and turns—and
analyze the factors in each.

THE FORCES AND MOMENTS IN STRAIGHT
AND LEVEL FLIGHT

Take an airplane in straight and level cruising flight: The
average airplane in this condition has a tail-down force be-
cause it is designed that way (the need for this will be covered
in Chap. 10}. Let's examine the forces and moments acting on
a typical four-place airplane in straight and level flight at a
constant speed at cruise.

For simplicity, rather than establishing the vertical acting
forces with respect to the center of gravity (CG), which is the
usual case, these forces will be measured fore and aft from the
center of Lift. Assume at this point that Lift is a string hold-
ing the airplane up; its value will be found later (this is legal).
The airplane in Fig. 3-4 weighs 3000 1b, is flying at 154 K
CAS, and at this particular loading the CG is 5 in. ahead of
the “Lift line.”

Summing up the major moments acting on the airplane
(check Fig. 3-4 for each):

1. Lift-Weight moment — The Weight (3000 1b) is acting 5
in, ahead of the center of Lift, which results in a 15,000-1b-in.
nose-down moment (5 in. x 3000 1b = 15,000 lb-in.).
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STEADY CLIMB

STRAIGHT AND LEVEL
UNACCELERATED FLIGHT OR DIVE

D

STEADY GLIDE

Fig. 3-3. In steady-state flight the sum of the forces acting paraiiel to the flight path (A-8)
must equat zero; the same applies 1o those acting perpendicular. Minus signs may be given to

forces acting in a “downward" or “rearward” direction.

2. Thrust moment —Thrust is acting 15 in. above the CG
and has a value of 400 lb. The nose-down moment resulting is
15 » 400 = 6000 {b-in. (The moment created by Thrust will
be measured with respect to the CG.) For simplicity it will be
assumed that the Drag is operating back through the CG.
Although this is not usually the case, it saves working with

- another moment.

1. Wing moment— The wing, in producing Lift, creates 2
nose-down moment, which is the result of the forces working
on the wing itself. Fig. 3-5 shows force patterns acting on a
wing at two airspeeds (angles of attack). These moments are
acting with respect to the aerodynamic center, a point consid-
ered to be located about 25% of the distance from the leading
te the trailing edge for all airfoils.

Notice that as the speed increases (the angle of attack
decreases) the moment becomes greater as the force pattern
varies. If the airfoil is not a symmetrical type the nose-down
moment ¢reated by the wing increases as the square of the
airspeed. (There is no wing moment if the airfoil is symmetri-

Aerodynamic
center

Moment Moment
Low speed High speed

Fig. 3-5. The momenis created by the unsym-
metrical airfoil at two different airspeeds. The
angles of attack and pressure patterns around the
airfoil have been exaggerated.

LIFT-3300 Paunds
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- pra i
THRUST
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@ THRUST MOMENT '
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@FUSELAGE MOMENT
6000 Pound-inches

ORAG
400 Pounds

t TAIL-DOWN FORCE
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LIFT-WEIGHT MOMENT 15000 Pound-inches

Fig. 3-4. Forces and moments acting on an airplane in steady straight and level flight.
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cal because all of the forces are acting through the aero-
dynamic center of the airfoil.}

For an airplane of the type, airspeed, and Weight used
here, a nose-down moment created by the wing of 24,000 1b-
in. would be a good round figure. Remember that this would
vary with indicated airspeed. Nose-down moment created by
wing = 24,000 lb-in. i

4. Fuselage momeni —The fuselage may also be expected
to have a moment about its CG because it, too, has a flow
pattern, which, for the airplane type and airspeed in this ex-
ample, would be about §000 /b-in. nose-down. (This is not
always the case.)

Summing up the nose-down moments:

Lift-Weight moment = 15,600 lb-in.
Thrust moment = 6,000 Ib-in.
Wing moment {at 154 K) = 24,000 1b-in.
Fuselage moment (at 154 K) = 6,000 lb-in.

Toial nose-down moment = 51,000 1b-in.

For equilibrium to exist there must be a fai-down mo-
ment of 51,000 [b-in., and this is furnished by the tail-down
force. Fig. 3-4 shows that the arm (the distance from the Lift
line to the center of the tait-down force} is 170 in. So, the
moment (51,000 1b-in.) and the arm (170 in.) are known; the
force acting at the end of that arm (the tail-down force) can be
found: 51,000 1b-in./170 inches = 300 lb. The airplane nose
does not 1end to pitch ¢ither way.

The forces must also be balanced for equitibrium to exist.
Summing up the forces acting perpendicular to the flight path
(in this case because the fiight path is level, it can be said also
that the vertical forces must be equal —in a climb or glide the
forces acting perpendicular to the flight path will not be verti-
cal) (Fig. 3-3). The “down" forces are the Weight (3000 Ib) and
the tail-down force {300 Ib). The “up” force (Lift) must equal
the down forces for equilibrium to exist so that its value must
be 3300 Ib. Now the moments and forces acting perpendicular
to the flight path are in equilibrium. As can be seen, Lift is
not normally the same as Weight in straight and level unaccel-
erated {light. Of course, the CG can be moved back to a point
where no nose-down moment exists and no tail-down force is
required. This, however, could cause stability problems,
which will be covered in Chap. 10.

In the situation just discussed it was stated that the air-
plane was at a constant cruise speed so that the force (b)
acting rearward (Drag) and the force (lb) acting forward
(Thrust) are equal. (It is assumed that at higher speeds the
Thrust line is acting parallel to the flight path so it can be
considered to be equal to Drag.}

Thus it can be said without too much loss of accuracy
that in the cruise regime Thrust equals Drag and normally Lift
is slightly greater than Weight when the forces are balanced.

But what about a situation where the airplane is flying
straight and level at a constant airspeed in stow flight? Again
the forces must be summed as shown in in Fig. 3-6. Now the
Thrust line is nof acting paralle! to the flight path {and oppo-
site to Drag); for purposes of this problem it will be assumed
that it is inclined upward from the horizontal by 15°.

As a pilot, for straight and level slow flight you set up the
desired airspeed and use whatever power is necessary to main-
tain a constant altitude; you don't know the value of Drag,
Thrust, or Lift (and may have only a vague idea as to what the
Weight is at that time, but for this problem it’s 3000 [b, as
before). The tail-down force will be assumed to be 200 1b. (At
this high angle of attack it likely will be less than for cruise.)
In the problem of straight and level cruising flight it was just
assumed that Thrust equaled Drag and we weren’t particularly
interested in the values. Look at Fig. 3-7 for a typical Drag
versus airspeed curve for the type of airplane being discussed.

DRAG
350 Pounds

gomponent af
Thrust acting aloag

ftight path TAIL-DUWN
350 Pountls. FORCE
200 Pounts

WEIGHT
uad

5

Fig. 3-6. The forces at work on the airplane in
straight and level slow flight just above tha stall.
The vertical componeni of Thrust has been moved
out ahead of the airplane for clarity. Because of
the placement of the various forces it would ap-
pear that the moments are not in equilibrium.
They will be assumed to be so for this problem.

In summing the forces paraliel to the flight path in slow
flight with this airplane, Drag is 350 Ib; the component of
Thrust acting opposite Drag must be 350 ib also. No doubt
you are already ahead of this in your thinking and realize that
because it is inclined at an angle, the actual Thrust musi be
greater than Drag if its “forward” component along the flight
path is equal to Drag. You could look in 2 trigonometry table
and find that at a 15° angle, the acrual Thrust must be about
3% higher, or about 362 1b compared with 350 Ib of Drag.
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Fig. 3-7. A Drag versus airspeed curve for a ficti-
tious, four-place, high-performance, single-engine
airplane at gross Weight. The values are in the
area currently expected of that type of airplane.
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Thrust also has a component acting at a $0° angle to the flight
path parallel to Lift. A check of a trigonometric table would
show that this force is 26% of the actual Thrust and has a
value of about 94 1b (which is a fair amount).

Now, summing the forces perpendicular to the flight path
{the “up” forces must equal the “down” forces): :

Forces “down” = Weight + tail-down force = 3000 +
200 = 3200 1B

Forces “up™ = Lift + vertical component of Thrust =
Lift + 9416 = 3200 /b

Lift, of course, is found as 3200 — 94 = 3106 Ib, using
our arbitrary values. So Lift is less at low-speed level flight
{3106 Ib) than at cruise (3300 1b), if you are talking strictly
about each of the Four Forces. You dou’t worry about this in
practical application but fly the airplane and set the power
and airspeed to get the desired result.

As the vertical component of Thrust helps support the
airplane, the wings only have to support 3106 1b rather than
the full 3200 b (Weight plus tail-<down force) in slow flight
and therefore the wing loading is less than would be expected.
The airplane always stalls at a lower airspeed with power on
(for the same flap setting and Weight) than in the power-off
condition. The effect of the slipstream across the wing helps
lower the stall speed, too.

The greater that Thrust is in proportion to Weight, the
greater this effect. For instance, if the airplane had an engine-
propeller combination capable of producing 3000 1b of Thrust
the airplane would be capable of “hanging on its prop” ard in
theory the power-on stall speed would be zero.

So, in summary, in straight and level flight in the siow
flight regime it may be expected that (1) the actual Thrust
exerted by the propeller (Ib) is greater than the Drag of the
airplane and (2) Lift is less than at higher speeds. The location
of the CG, the angle the Thrust line makes with the flight
path, and other factors can have an effect on these figures, of
course.

FORCES IN THE CLIMB

To keep from complicating matters, the tail-down force
will be ignored for the first part of each section of flight
mechanics. It exists, of course, and varies with CG and angle
of attack (airspeed) but is comparatively small in maost cases
so Lift will be considered equal to Weight, at feast at the
beginning. We'll aiso assume that all moments are balanced
and won't have to consider them further, and the Four Forces
will be drawn as acting through a single point (the CG) of the
airplane to avoid complicating the drawings.

One of the biggest fallacies in pilots’ thinking is believing
that the airplane climbs because of “excess Lift." For purposes
of this problem the Drag (1b) of the example airplane will be
250 1b at the recommended climb speed of 90 K (Fig. 3-7). The
figures for the values for Drag have been rounded off.

Again, remembering that all forces (and moments} must
be in balance for such equilibrium to exist, the following is
noted. Because the flight path is no longer level, Weight, for
the first time, is no longer operating in a direction 90° to the
flight path. As the forces must be in equilibrium both parallel
and perpendicular to the flight path, Weight must be broken
down into the components acting in these directions (as you
do with the wind when it is neither right down the runway nor
straight across it) (Fig. 3-8).

Fig. 3-9 shows the forces acting on the airplane in a
steady-state climb of 90 K (CAS). The airplane has an angle
of climb of 8° (o the horizontal and requires an angle of
attack of 6° to fly at the climb airspeed of 90 K. We are
assuming that the angle of incidence is zero (the wing chord

COMPONENT OF WEIGHT ALTING REARWARD l

COMPONENT OF WEIGHT ACTIN:

o .
PERPENDICULAR TO FLIGHT PATH

WEIGHT

Fig. 3-8. As Weight is no longer acting perpen-
dicular to the flight path it must be broken down
into components as shown.

line is exactly paraliet to the fuselage centerline} and that the
Thrust tine is offset “upward” from the flight path by 6° in
this climb. In the following drawings the angles will be exag-
gerated and a simplified airplane silhoueite used for clarity.

To sum up the forces paralfel to the flight path:

The forces acting rearward along the flight path are aero-
dynamic Drag (250 1b) (see Fig. 3-7 again) plus the rearward
component of Weight, which by checking a trigonometric
table for the 8° angle of climb (in round numbers) is found to
be 417 Ib. The toral rearward acting force is acrodynamic
Drag (250 1b) plus the rearward acting component of Weight
(417 1b), or 667 Ib.

For the required equilibrium {steady-state climb condi-
tion) to exist, there must be a balancing {orce acting forward
along the flight path; this is furnished by Thrust. The fact that
the Thrust line is offset upward from the flight path by &°
further complicates the problem. Because of its inclination the
actual Thrust produced by the propeller must be greater than
667 1b in order to have that force acting along the flight path.
The actual Thrust, you will note, is the hypotenuse of a right
triangle, and you remember from your geometry (and Chap.
1) that the hypotenuse of a right triangle is always longer than
either one of its sides; the longer of the two other sides is the

uwet

A

[reaswann comeonenT oF welsm|

DRAG

[Horizon]
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Fig. 3.9. The forces acting on an airplane in a
steady climb.
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component of Thrust acting along the flight path, which must
be equal to the rearward acting force(s}. The sum of the forces
equals zero.

Apgain, a check of a trigonometric table shows that to
have 667 1b along the flight path the actwal Thrust must be
about 0.55% greater {(a little more than one-half of 1%) so
that its value is 3 1b greater, or about 670 1b (a nit-picking
addition, to be sure). The forces acting paraflel to the flight
path at the climb speed of 90 K and Weight of 3000 lb are
balanced (Fig. 3-10).

in the equation is frue airspeed; it will be assumed that the
airplane is operating at sea level at this point so that the cali-
brated climb airspeed of ¥ K equals a TAS of the same value,

The rate of climb of an airplane depends on the amount
of excess THP available at a particular airspeed. This excess
THP means the horsepower that is working to move the air-
plane vertically. The recommended best rate of climb speed is
that cone at which the greatest amount of excess THP is avail-
able. The following equation may be used 1o determine the
rate of climb in feet per minute:

excess THP x 33,000

l THRYST OFFSET FROM FROM FLIGHT PATH -5 DEGREES

I 1OFAL OF REARWARD ACTING FORCES- 367 POUNDS i

IHDIIIONI

-1

COMPONENT OF THRUST ACILHG ALONG
FLIGHT PATH-&87 POUNGS (A8

CRAG-250 POUNDS o
nearwaao comronent | WEIGHT 3800 Ib

QF WEHGHT 417 FOUNDI

" Fig. 310. A summary of the forces acting paral-
fef to the flight path in the steady-state ¢timb.

To sum the forces acting perpendicuiar to the flight path:

The component of Weight acting perpendicular {more or
Iess “downward”™) to the flight path at the ¢himb angle of 8°
turns out 1o be 2971 lb according to the trigonometric table
(the cosine of 8° is 0.9902). As this is considered to be the
only force acting in that direction (now that the tail-down
force is being neglected) it must be balanced by an equal force
{or forces) in the opposite direction. The two forces acting in
that direction are (1) Lift and (2) the component of Thrust
acting at 90°, or perpendicular, to the flight path (Fig. 3-11).

As Thrust is now a known quantity, we can solve for that
component acting in the same direction as Lift. For a 6° angle
of inclination the component for 670 1o of Thrust is 70 [b
{rounded off). This means that Lift must have a value of 2901
Ib in this case (2971 — 70 = 2901 Ib), or Lift (2901 1b) +
Thrust component (70 [b) = Weight component (2971 1b).
The forces acting perpendicular to the flight path are bal-
anced.

Lift (2901 1b) is found here to be fess than the airplane's
Weight (3000 Ib) in the steady-state climb. Thrust (670 tb) is
greater than aerodynamic Drag (250 [b).

What happened to the idea that an airplane makes a
steady climb because of “excess™ Lift? Even considering the
tail-down force, which for this airplane’s airspeed, Weight,
and CG location could be expected 1o be about 250 1b, Lift is
hardly greater than Weight. In any event, there is no “excess
Lift” available —it’s all being used to balance the tail-down
force and the component of Weight acting perpendicular to
the flight path, (Lift would have to be 2901 Ib plus 250 1b, or
3151 Ib.)

You remember from the last chapter that the Thrust
horsepower equation is THP = TV/325 {the 325 is for the
airspeed in knots) so that the THP power being developed
along the flight path is (667 x 90)/325 = 185 THP. The “V*

airplane Weight

Power is force times distance per unit of time and 1 HP is
equal to 550 ft-1b per second or 33,000 ft-1b per minute. That’s
where the 33,000 in the equation comes in; it’s set up for arate
of climb (RC}, or vertical displacement, in feet per minute.
Going back to the original idea for horsepower (in this case
THP), the equation for the THP (excess THP) used to climb
would be as follows:

airplane Weight x RC (fpm)
33,000

The THP required to climb is that raising a certain
Weight (the airplane) a certain vertical distance in a certain
period of time.

But to find the rate of climb for the example airplane it
would be well first to find out how much THP is required to
fly the airplane straight and level a1 a constant altitude at sea
level at 90 K. As Weight in /eve! flight will not have a compo-
nent acting rearward to the flight path, the only retarding
force is aerodynamic Drag, which was found to be 250 1b, The

SINESA__& __or045
C 570

A=5670 X 01045 -70

LeF {2901 FOUNDS! « COMPONENT OF THRUST{ 78)=2971 FOUNDS| -
QOMPONENT OF WEIGHT =29rf FOUNDS

FagruaL TuRust- 570 POUNDS |

Crrmarromes ) (0

COMPOMENT GF THRUST ACTING
PERPENDICULAR TO FLIGHT PATH
7O POUNDS

‘HDI‘IIZON'

COMPONENT OF WEIGHT
ACTING PERPENDICULAR |
TQ FLIGHT FATH-2971 FOUNDS!

~
WEIGHT 3040 [b

Cosine 5~ _E. '30500 ~ 09902

8 = 3000 K 09902 = 7971

Fig. 3-11. A summary of the forces acting per-
pendicuiar to the ftight path in the climb.



]

|

LIGHT MECHANICS

33

:

Thrust component acting along the flight path must be equal
to this, or 250 1b. Assuming that the angle of attack and the
angle Thrust makes with the flight path is 6°, to get this value
the actual Thrust would be about 25! [b (rounded off to the
250) {Fig. 3-12).

[acTuaL THRUSE-251 POUNDS]

CAAG-250 POUNDS

FLIGHT PATH

COMPOMENT OF THRUST ACTING
ALONG FLIGHT FATH-250 POUNDS

Fig. 3-12. The forces acting parallel to the flight
path for the airptane flying straight and level at
the recommended climb speed of 30 K.

In the earlier look al the climb at 90 K, 667 |5 of Thrust
was being exerted along the flight path. This is 417 |b more
than required for level flight and is, in effect, the “excess
Thrust” needed for a climb angle of 8° 21 90 K. {The rearward
component of Weight was 417 1b.)

~ Solving for excess Thrust horsepower (ETHP):

excess Thrust x velocity (K)
325

15 THP

ETHP

47 x 90
ETHP = = — =

Solving for rate of climb:

ETHP x 33,000

RC = Weight
_ 115 x 33,000 _
RC = —?Dr = 1263 fpm

The brake horsepower (BHP) required to get such per-
formance for a 3000-1b airplane with the described character-
istics could be estimated. It can be assumed here that at the
climb speed the propeller is 74% efficient (efficiency varies
with airspeed, you remember from Chap. 2) and that the THP
being developed is 74% of the BHP being developed at the
crankshaft. The toral THP being used in the climb is THP =
(T x V)/325 = {670 x 90)/325 = 185 THP {rounded off).
The Thrust acting along the flight path was 667 lb, but the
total Thrust exerted was 670 1b; this is what must be used to
work back to the BHP requirement.

This, then, is approximately 74% of the horsepower de-
veloped at the crankshaft, so the BHP required to get this
performance for the fictitious airplane would be 185/0.74, or
approximately 250 BHP (0.74 x 250 = 185).

The rate of climb found is in the ball park for current
four-place retractable-gear airplanes (“our” airplane may be
cleaner or dirtier aerodynamically than others). All of this
resulted from our arbitrarily selecting an aerodynamic Drag
{250 Ib), an angle of attack in the climb (6°), and a climb
angle of 8° at a climb speed of 90 K. The figures were picked
to give a reasonable idea of how such airplane types get their
climb performance. The 74% used for propeller efficiency is
also arbitrary, although the figure is close to that expected for
the airplane type and speed discussed.

The more practical aspects of the climb wil} be covered in
Chap. 6.

FORCES IN THE GLIDE

As you have probably already reasoned, anytime the
fiight path of the airplane is not horizontal, Weight has to be
broken down into two components. The glide or descent at an
angle of 8° to the horizontal would have the same percentages
of Weight acting perpendicular and parallel to the flight path
as for the 8° angle of climb just mentioned — except that in the
glide the component of Weight parallel 10 the glide path is not
a retarding force but is acting in the direction of flight.

For this situation it is assumed that the power is at idle
and no Thrust exists. The 1ail-down force will be neglected at
first. The forces acting paralle! to the flight path are {1} the
component of Weight, which must be balanced by (2) aero-
dynamic Drag in order to keep the airspeed constant in the
descent. For an 8° angle of descent the component of Weight
acting along the flight path would be 417 b, as for the
climb —except that it's now working in the direction of meo-
tion. The aerodynamic Drag must equal the ¢component of
Weight acting along the flight path for a steady-state condi-
tion to exist. Looking back to Fig. 3-7, you see that for an 8°
angie of dascent this value of Drag (417 b) exists at about 157
K.

The more usual situation would be to use the power-off
ghde speed recommended by the manufacturern. For this exam-
ple 90 K will be used as the recommended (¢lean) glide speed.
We'll also ignore the effects of power decrease or windmilling
prop on the Drag curve and say that aerodynamic Drag at 90
K is 250 1b as it was for the power-on climb. The speed of 90 K
may or may not be the best one for maximum glide efliciency
{it depends on the airplane}, but the niceties of that will be
covered further on.

HNlustrating the same reasoning as in the other steady-
state flight conditions, Fig. 3-13 shows the forces acting paral-
lel to the flight path in a power-off glide. (Again, the tail-
down force is neglected for simplicity.)

Realizing that the component of Weight acting along the
flight path must have a value equal to the 250 Ib of aero-
dynamic Drag, the glide path will be of a certain angle for this

COMPOMERT OF WEIGHT ACTING .
ALGONG FLIGHT FATH- 150 FOLNDS i

_RQG- 250 POUNDS

Glide speed-90 Kaots (AS

WEIGHT 2000 ib

Fig. 3-13. The forces acting paraltel to the flight
path in the power-off glide at 90 K.
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Fig. 3-14. The forces acting perpendicular to the
flight path in the glide.

condition to occur; a check of a trig table shows this to be
4°47° {4 degrees and 47 minates), or nearly a 5° angle
downward in relation 1o the horizon. Knowing the glide angle,
the forces acting 90° to the flight path {Lift and the compo-
nent of Weight acting perpendicular to the flight path) can be
found (Fig. 3-14).

That Weight component, which can be found by refer-
ence to a trig table, is 2990 Ib, so Lift must also equal this
value for a steady-state (or constant)} glide under the condi-
tions of ignoring the tail-down force.

For shallow angles of glide the variation of Lift from
Weight is usually ignored. In this case, Lift is 2990 b to a
Weight of 3000 ib, a variation of about one-third of 1%,

In the climb a final figure for Lift required at 90 K (con-
sidering the tail-down force) was 3151 1b, For the glide the
tail-down force for this airplane would be in the vicinity of
225 1b because of the lack of 2 moment created by Thrust. The
component of Weight acting perpendicular to the flight path
at the 90-K glide was 2990 Ib and Lift required to take care of
this would be 2990 + 225 or 3215 Ib. There are 64 more
pounds of Lift in the glide than in the climb, or Lift would be
grealer in the glide than in the climb under the conditions
established!

The angle that Weight varies from being perpendicular to
the flight path is also the angle of glide or descent. If gero-
dynamic Drag is cut to a minimum, the components of Weight
acting parallel to the flight path can also be a minimum for a
steady-stare glide. In other words, if the aerodynamic Drag
could somehow be halved for this airplane the angle of glide
would be halved; the airplane would descend at an angle of
about 2.5° to the horizontal and would glide twice as far for
the same aftitude.

As the airplane’s Weight is considered to be constant for a
particular instant of time the solution is that the farthest dis-
tance may be covered with the airplane flying at the angle of
attack (or airspeed) with the minimum aerodynamic Drag.
For instance, assuming that at small angles of descent Lift
equals Weight (3000 1b), the angle of glide of the example
airplane is 3000 b (Lift or Weight}/250 Ib (a¢rodynamic Drag)
= 12, The glide ratio for our example airplane at 30 K is 12 to
1, or 12 ft forward for every 1 ft down. And as the point of
minimum aerodynamic Drag (250 1b at 90 X CAS) was deter-

mined from Fig. 3-7 this would be the minimum glide angle
(or maximum distance glide) for the example airplane. Any-
time Drag is increased, the efficiency of the glide is decreased.
With a faster or slower glide speed than the 90 K chosen, a
check of Fig. 3-7 shows that Drag will increase—and the glide
ratio will suffer.

One method of increasing Drag would be to glide with
the landing gear extended (an increase in parasite Drag, which
would result in an increase in total Drag). With the gear down
a typical figure for Drag for an airplane of this type at 90 K
would be 300 1b. The glide angle would be greater and the
glide ratio would suffer,

Assume that the pilot starts gliding “clean” and the glide
ratio is 12 to 1. The nose is at a certain attitude to get the 90 K
(and the 4°47" angle of descent); for most atrplanes of that
type the nose will be approximately level,

The gear is extended and suddenly the forces acting
parallel to the flight path are no longer in balance; Drag is
greater than the component of Weight and the airplane would
start sfowing if the nose were kept at the same position. De-
ciding to glide at 90 K as before, the pilot must drop the nose
and change the flight path so that the component of Weight
acting along the flight path would equal the 300 Ib of aero-
dynamic Drag. The new glide ratio atr 90 K with the gear down -
would be Lift (3000 Ib}/Drag (300 Ib), or about 10 to 1; the
glide angle would be about 6° relative 10 the horizon.

The method of finding the rate of sink of the airplane can
be compared to that of solving for the rate of climb. The rate

of sink, however, is a function of the deficit THP existing at
the chosen airspeed:

deficit THP > 33,000
airplane Weight

The aerodynamic Drag for the airplane is a force of 250
Ib acting rearward along the flight path at the airspeed of 90 K
(the airplane is clean and weighs 3000 Ib). The equivalent
THP reguired to be acting in the direction of flight to equal
the effects of Drag at 90 K would be THP = DV/325 = (250
X 90)/325 = 69. The combination of Thrust and velocity
would have to equal 69 THP for level flight at 90 K, or TV/
325 = 69 THP. However, in this case Thrust is zero and, as
you know, zero times any number (90 K in this case) is stil}
zero. So, there’s no THP being developed by the engine; the
airplane is 69 THP in the hole, or there is a deficit of 69 THPE,
The rate of sink can be calculated: (69 x 33,000)/3000 = 760
fpm (rounded off).

This could be checked by looking at the situation in Fig.
3-13 again. The airplane is descending down a path inclined at
an angle of 4°47° at 90 K forward speed. Converting the 50 K
to feet per minute it can be said that the airplane is moving
down the path at a rate of 9130 fpm. It was already found
that the glide ratio was 12 to | so that the feet down per

minute would be one-twelfth that traveled along the glide
path, or about 760} fpm.
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General Considerations

The knowledge of occurring wind
conditions is important for many
human activities. The old sailors’
knowledge of large wind systems like
the trade winds, and of treacherous
local winds was not only a matter of life
and death, but of daily income as well.
Nowadays, by making modern
technology, we have learned to avoid
many of the hazards of the weather. The
use of this technology requires in many
cases a detailed knowledge of the
strength and probability of occurrence
of the various weather conditions. Safe
transport at sea, in the air and on land
calls for good weather predictions.

The collected experience with the
weather over many years is termed
climatology. Averaged yearly rainfall,
amount of snow, early frost, maximum
and minimum temperatures, wind
directions, strongest occurring winds
and other elements form the
climatology of a place or a geographical
area. Many activities depend on
climatological knowledge, an example is
the design of large building structures
to withstand extreme wind conditions.
Whereas many applications of
climatology call for statistics on
extreme weather events only, there are
two major areas where a rather precise
knowledge of the statistics aver a long
timespan is necessary: Air pollution
and wind energy. The height of a
chimney must be designed to ensure
that the concentrations of effluent at
the surface are below certain limits
{(Fig. 1). The mean annual energy
production of a wind turbine must be
estimated in connection with
econemical assessments of the
utilization of wind energy. Both
caleulations require knowledge of the
wind speed and wind direction at an
essential height, the stack height and
the hub height.

Wind energy calculations are special
in two aspects. Firstly, the accuracy of
mean wind speed needs to be high. Just
a 10% uncertainty gives rise to
approximately 30% uncertainty in the
mean energy production, a problem
which makes economic predictions
difficult. Secondly, once a wind turbine
is erected at the site for which the wind
energy potential was calculated, the
turbine acts as a measuring device that
checks these calculations. In a year or
two, it will be known how good or poor
the estimate was.

DI

MEAN ENERGY
PRODUCTION

MAXIMUM GROUND
LEVEL CONCENTRATION

[ HUBHEIGHT |

STACK HEIGHT |

REQUIREMENT:
METEQROLOGICAL STATISTICS

@USE EXISTING MEASUREMENTS

@ ESTABLISH METEOROLOGICAL STATION

T~

Figure 1. Meteorological statistics and two areas of application:

Air pollution and wind energy.

Thus it is important to have an
accurate determination of wind
conditions at a given wind turbine site.
In Fig. 1 (lower part) the means for
getting wind statistics are sketched.
Data might already be available for a
sufficient period of time. However, this
is almost never the case and to obtain
the wind statistics at the wind turbine
site one has to make measurerments
over three to five years. This is a long

period to wait and we must therefore
search for other possibilities to get the
wind statistics. We have to rely on
measurements made at nearby
meteorological stations, nearby
typically meaning a distance of 50 kmn
or more. A common and general
problem in wind resource evaluations
now arises, namely that of horizontal
and vertical extrapolation of mean wind
statistics.




Figure 2 illustrates a common
situation: a wind turbine is te
be sited at a ¢coast, but wind data are
available only from a climatological
station some kilometers away, and the
wind there is influenced by nearby
terrain conditions, in this case trees and
a cliff. Further, the placement of the
anemometer and wind vane at the top
of the building, has a strong influence
on the measurements, an influence
which is difficult to correct for. If we
want to use the wind statistics from the
station we first have to correct them for
the influence of the house and terrain.
At the turbine site we have to
determine how the surrounding terrain
influences the wind at hub height.
Finally, we must introduce this into the
wind statistics in order to make it
representative for the wind conditions
at the site. Obviously a difficult task.

This discussion leads us to pinpoint a
difficulty with most wind resource
investigations. It is costumary to make
isovent maps, i.e. maps for larger areas
with lines of equal wind speed. Usually
these maps are drawn without
considering the terrain inhomogeneities
in the area covered. Also quite
generally the wind data are used
without correcting for imperfect
placement of measuring devices.

P B
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e

Figure 2, Wind turbine siting and
the available meteorclogical measure-
ments.

Figure 3. The variation of the wind

speed with the type of terrain at a
height of 10 m.

m/sec

Figure 3 illustrates this problem; it
shows the typical variation of wind
speed in Denmark at the height of 10
meters. The wind coming from the sea
varies very much over land due to the
changing of the terrain. The range of
variation of the wind can easily be a
factor 2 as indicated. Typical terrain
changes take place over a distance that
1$ much smaller than the distance
between meteorological stations. The
meteorological stations give us data
representative of only a very small area
and cannot be used directly in an
interpolatien. Usual isovent maps based
on local values will give us estimates as
indicated with the dashed line in the
figure.

We need models to describe the rapid
variation of the wind near the surface.
These models must take inte account
that the wind speed at a place is mainly
determined by two factors: the overall
weather system which usually has an
extent of several hundred kilometers
and the nearby terrain, say out to five
kilometers from the site, The Danish
wind resource work which took place in
the years 1978-79 leading to »Wind
Atlas for Denmark« was an attempt to
solve the problem of taking into account
both the large-scale statistics of the
weather and the effects of local terrain.
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The Danish Wind Atlas

The objective of the Danish Wind Atlas
was to evaluate the wind resources for
the purpose of locating wind power
plants in Denmark. The investigations
were carried out jointly by Risa
National Laboratory and the Danish
Meteorological Institute under the
sponsorship of the Wind Power
Programme of the Danish Minisiry of
Energy and the Danish utilities.

The investigation led to a method for
the determination of the variation
(frequency distribution function) of the
wind speed at a given height over a
specified terrain. The method was
developed, described, exemplified, and
verified in the Wind Atlas. The contract
report »Vindatlas for Danmark« was
published in Danish in a limited edition
in May 1980. It was especially intended
for a government investigation into the
possibility of placing many large wind
turbines in Denmark. In the following
years a large number of private people
were interested in investing in their
own small wind turbines, and this gave
rise to a growing demand for a »user’s
guide« type of report. Such a report was
then published in August 1980, and
finally an English edition became
avatilable by January 1981.

The Wind Atlas has been widely nsed
in Denmark since it was published and
a major part of the 1400 wind turbines
now operating in Denmark including
those in all the wind farms have been
sited according to the method given in
the report. All the licensed turbines are
sold with a documentation of production
based on the method and it is used in
the central, regional and local authority
wind energy planning. The
methodology developed has influenced
similar studies in other countries, and
in 1981 Rise was asked to act as the
main contractor and coordinator of the
work towards a »Wind Atlas for the
European Community Countriese,

Despite its title, the Danish Wind
Atlas is not a collection of wind maps. It
supplies the necessary statistical data
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Figure 4. Sketch of procedures in
caleulating the mean energy preduction
from a given wind turbine at a specific
site by means of the "Wind Atlas
Method™.

and describes how to perform mean
production calculations using these
data. The calculations use a
classification of the terrain around the
turbine. The use of the Wind Atlas is
schematically shown in Fig. 4. The
Atlas can be used to estimate the
energy production of a single turbine at
a specified site, or the siting
possibilities and wind power potential
at a specified area and for different
types of turbines. Using topographical
maps the Atlas enables a user to
produce maps showing the geographical
variation of the wind energy
production.

The necessary statistical wind data
supplied in the Atlas were calculated
using a method illustrated in Fig. 5.
The method implies a calculation of the
statistics of the free wind {the
geostrophic wind") at a height of
approximately one kilometer. The term
»free windw« indicates that the wind at
this height is net directly influenced by
the character of the earth's surface. The
free wind was calculated from 13 years
of atmospheric pressure measurements
taken every three hours at 55
meteorological stations in Norway,
Sweden, West Germany, East Germany,
Poland, and Denmark.

The statistics of the free wind were
calculated for a number of grid points
distributed over Denmark. One result
was that the statistics of the free wind
varies only slightly over an area the
gize of Denmark. This variation could
be neglected in the further part of the
procedure. The second step used the

1) The velocity that can be calculated under
the assumption of equilibrium between
the Coriolis and pressure-gradient forces.
‘The geostrophic wind is often a very good
approximation to the velocity observed at

a height of one kilometer above the terrain.

time sequence of the free wind and a
stability index® in calculating wind
speeds at several heights from 10 to 200
meters and over four different types of
terrain. The calculated time sequences
of wind speed were then used to
estimate the frequency distribution of
the wind speed as function of height,
direction and type of terrain. These
frequency distributions were found to be
adequately described by so-called
Weibull distributions. The distributions
are dependent on two parameters: a
scale parameter A, and a shape
parameter C. These parameters are
given in the Wind Atlas as a collection
of charts from which it is possible to
determine the parameters
corresponding to a given terrain and a
given height, and hence (see Fig. 4) the
mean energy production of a wind
turbine, provided the power curve is
known.
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Figure 5, The four major steps in the
construction of the Danish Wind Atlas:
pressure analysis, the free {geostrophic)
wind, the surface, wind over four
terrain classes; the Weibull parameter
charts.

2} The stability index indicates, roughly
speaking, whether the atmosphere is
stable, unstable, or neutral which are
typical conditions for night-time, mid-day
and under strong wind conditions,
respectively. Stability in that portion of
the atmosphere closest to the ground has
a strong influence on wind conditions.
For a given geostrophic wind, unstable
conditions will cause increased wind
speeds relative to those expected in
neutral conditions, while stable
conditions normally give rise to
relatively smaller wind speeds.



Before the appropriate Weibull
parameter can be chosen it is necessary
to conduct a terrain classification for
the selected site. For that purpese the
Danish landscape has been classified
into four terrain types or roughness
classes as shown in Table 1 and Fig. 6.

In Table 1 the importance of the
terrain roughness for the wind energy
potential is illustrated by showing the
variation of the calculated wind energy
at a height of 50 m above surface. The
numbers are relative and the energy for
water areas is arbitrarily chosen as 10.
Also shown in Table 1 is the socalled
roughness length which is a length
scale ascribed to the corresponding
terrain and used in the mathematical
expressions for the connection between
the free wind and the wind at low
heights over the surface.

The terrain classification is performec
for each of eight direction sectors. A
problem which then often occurs is the
change of terrain class at some distance
from the site. A typical example is a
site near a coast. Other complications
are nearby sheltering objects such as
houses, trees, and shelter belts, or hilly
terrain. The Wind Atlas contains
graphs, charts, and calculational
procedures that can take such
complications into account in
estimating the frequency distribution of
the wind speed.

Figure 8. Terrain classes 1, 2 and 3 in
the Danish Wind Atlas (drawings by
Seren Rasmussen). Further description
is given in Table 1.

Table 1. Types of terrain, roughness classes, and roughness lengths.

Roughness Roughness Relative

class length energy

0 water areas 0-1 mm 10

1 open country areas with very 1-3 cm 7
few bushes, trees, and buildings

2 farmland with scattered buildings 5-10 cm 5
and hedges with separation in
excess of 1 km

3 built-up areas, forests, and 30-40 em 3

farmland with many hedges




Figure 7. The erection of a 48 m experimental meteorological mast at

the Askervein hill on the Outer Hebrides.

Verification

During the construction of the Wind
Atlas it was of great importance to
verify the applied methodelogy. This
was done by comparing the calculated
and observed distribution functions of
the wind speed at various places that
were distributed evenly over the
country. Airport data were found to be
of high quality and especially suitable
for the purpose as for natural reasons
airports are placed on flat plains which
can be considered horizontally
homogeneoaus. The verifications, of
which fourteen are shown in the Wind
Atlas, show that the method is able to
reproduce the measured wind
distributions to a high degree of
accuracy.

The final verification of the methed
has been the comparison of energy
actually produced by turbines, with the
energy production estimated by the
Wind Atlas method. Such inves-
tigations have been performed by
several independent parties. None of
them have contradicted the prediction
in the Wind Atlas claiming that it is
possible to estimate the energy

production with an accuracy of 5% if the

turbine is at a site with surroundings
that are not too complicated.

Some of the main physical models
used in the construction of the Wind
Atlas have been tested through
esperiments sponsored by the Wind
Power Programme of the Ministry of
Energy and the utilities. One
experiment, named JYLEX, was
designed specifically for testing the
mode) that accounts for the change in
the wind field, when it moves from one
terrain category to ancther. In the
JYLEX esperiment four masts,
instrumented with cup anemometers
and other instruments at several levels
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up to 30 meters, were placed at
distances 0, 1, 5 and 25 km inland from
the west coast of Jutland. Consecutive
data exist from this experiment for a
period of more than two years. The
mean wind and the mean energy at 24
meters height at the mast at the west
coast and at the mast 25 km inland
were observed to be 8.5 and 6.1 m/s and
853 and 383 kWh/m?/year, respectively.
It was found that the mode] employed in
the Wind Atlas was able to reproduce
these differences in the mean energy
between the two stations, to an
accuracy which is better than 10%.

As is well-known, it is advantageous
to place a wind turbine at the top of a
hill where the wind is stronger. A well-
selected site, may result in more than
100% increase in the yearly energy
preduction compared with other sites in
the immediate vicinity. In this
connection Rise staff participated in an
international meteorological
experiment under the auspicies of the

Figure 8 A. The digitized terrain
of the Askervein hill on the Outer
Hebrides (the vertical scale is

exaggerated).

oy o e 7
o i g i L WA gt
-.-....__-r..q. e

7
Sy Ly
=4, o

ZL AL I
E o

g g e LT Lot 7]
i A e R
",

International Energy Agency (IEA) that
took place in the years 1982-83 on the
»Askervein« hill of the suter Hebrides.
Figure 7 shows one of the two 48 m
masts which were erected,
instrumented and run by Rise as part
of the experiment. Askervein is 123 m
high and 1000 m long. The measured
speed-up (acceleration) 15 more than a
factor of two as shown at Fig. 8. This
gives a theoretical increase in mean
energy production by a factor of eight.
Results from the Askervein experiment,
as shown in Fig. 8, have proved that the
method employed in the Wind Atlas for
the speed up effects has a sufficient
accuracy.
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Figure 8. Simultaneously recorded
wind profiles upstream and on the top
of the Askervein on the Isle of South
Uist on the Hebrides, during an
international field experiment with
participants from Canada, Denmark,
F.R. Germany, New Zealand and
United Kingdom.




The European
wind Atlas

The wind energy resources vary greatly
over Europe, from the oceanic climate
of the British Isles over the continental
climate of central Germany to the
Mediterranean climate of the Greek
islands. The variation covers more
than a decade on the energy scale. But
not only does the mean energy content
in the wind vary over large scales - also
on a very local scale can large
variations be experienced.

Therefore, when it comes to serious
considerations of using large electricity
producing wind turbine installations
in the EC countries it is a necessary
requirement to have reliable data and
methods for calculating the wind energy
potential at the selected locations. The
overall effort of the European Com-
munity countries to promote the market
for electricity production from the wind
resources in Europe and to develop
associated technologies and systems,
prompted the Commission to initiate
the Wind Atlas work in 1981 during the
first wind energy programme.

The 656-page Furopean Wind Atlas
is the result of a comprehensive
investigation of the climatic wind con-
ditions in the European Community
countries. The investigation was con-
ducted by a network of meteorological
and other institutions in which Rise
National Laboratory, Denmark was
responsible for project coordination,
theoretical work, numerical modelling,
data analysis, and reporting.

The data

Almost two hundred meteorological
stations in the European Community
countries were selected for calculating
regional wind climatologies.

For each station a data-set of
meteorological measurements taken
every three hours over a period of 10
years was provided. In addition, an
accurate description of the station and
its topographical setting was supplied.

The analysis

The information from each station was
used to ealculate a wind climatology
considered to be representative of a
region out to a distance of approx. 100
km from the station. To do this it was
necessary to consider and correct for
the influence of local topography on
the measured wind data. The analysis
was carried out by means of a set of
meteorological models developed to
perform the appropriate corrections on
the wind data. The models take into
account the effect of different surface
conditions, sheltering effects due to
buildings and other nearby cbstacles,
and the modification of the wind
imposed by the specific terrain height
variations around the meteorological
station in question.

The result
The result of the analysis is an "atlas”
of regional wind climate in the form of

EUROPEAN WIND ATLAS

AN

MODEL FOR:|

—
MODEL FOR:
ROUGHNESS OF TERRAIN

MODEL FOR:
SHELTERING OBSTACLES —sm—l—t—\

INPUT: POSITION AND DIMENSIONS

‘J

WIND DATA FROM

METEOROLOGICAL WIND CLIMATE AT
STATIONS SPECIFIC SITES IN
EUROPE

Meteorological models were used to calculate the regional wind clima-
tologies from the raw data. In the reverse process - the application of th:
Wind Atlas - the wind climate at any specific site may be calculated from
the regional climatology.

Weibull parameter tables corresponding  above ground surface, and surface
to standard azimuth sectors, heights roughness conditions.



500 km

Wind resources! at 50 metres above ground level for five different topographic conditions

Sheltered terrain2 Open plain3 At a sea coast? Open sea’ Hills and ridges®
ms-! Wm-2 ms-! Wm-2 ms-! Wm-2 ms-! Wm-2 ms-! Wm-2

> 6.0 > 250 > 175 > 500 > 8.5 > 700 > 9.0 > 800 =116, > 1800
5.0-6.0 150-250 | 6.5-7.5  300-500 | 7.0-8.5  400-700 | 8.0-9.0  600-800 | 10.0-11.5 1200-1800
4.5-5.0  100-150 | 5.5-6.5  200-300 | 6.0-7.0  250-400 | 7.0-8.0  400-600 | 8.5-10.0 700-1200

3.5-4.5 50-100 | 4.5-5.5  100-200 | 5.0-6.0 150-250 | 5.5-7.0  200-400 | 7.0-8.5  400-700
< 3.5 < 50 < 4.5 < 100 < 5.0 < 150 < 5.5 < 200 < 7.0 < 400

. The resources refer to the power present in the wind. A wind turbine can utilize between 20 and 30% of the available
resource. The resources are calculated for an air density of 1.23 kg m-, corresponding to standard sea level pressure and
a temperature of 15°C. Air density decreases with height, but up to 1000 m a.s.l. the resulting reduction of the power
densities is less than 10%.

. Urban districts, forest and farm land with many windbreaks (roughness class 3).

; prex:l llalmdscapes with few windbreaks (roughness class 1). In general, the most favourable inland sites on level land are

ound here.

. The classes pertain to a straight coastline, a uniform wind rose and a land surface with few windbreaks (roughness
class 1). Resources will be higher, and closer to open sea values, if winds from the sea occur more frequently, i.e. the
wind rose is not uniform and/or the land protrudes into the sea. Conversely, resources will generally be smaller, and
closer to land values, if winds from land occur more frequently.

. More than 10 km offshore (roughness class 0).

. The classes correspond to 50% overspeeding and were calculated for a site on the summit of a single axisymmetric hill
with a height of 400 metres and a base diameter of 4 km. The overspeeding depends on the height, length and specific
setting of the hill.



The Atlas

The European Wind Atlas contains
descriptions and data summaries for
all the meteorological stations as
well as the calculated regional wind
climatologies. In addition to the basic
meteorological data, the Atlas contains
a handbook for regional wind resource
assessment and local siting of wind
turbines. Furthermore, the wind atlas
data have been compiled into maps of
wind resources for each EC country.
The wind resource map provides
means for the estimation of the wind
energy resource at a height of 50 metres
above ground. The map depicts the
geographic distribution of five wind
energy classes, each class representing
a range of mean wind energy density
or equivalent mean wind speed, the
range being topography dependent.
The expected ranges of mean wind
energy and mean wind speed are given
in Table 1 for five different topo-
graphical conditions: sheltered terrain;
flat open farmland; the sea coast;
open sea (more than 10 km offshore);
well exposed hills and ridges.
These conditions are chosen merely to
illustrate typical wind energy ranges,
and the estimates should be considered
only as such.

The Application

The Atlas is the meteorological basis
for estimating the wind climate and
wind energy resources of any particular
site in the EC. The application of

the Atlas as a “siting handbook” is
explained in detail in the Atlas.

To facilitate resource calculations
and specific siting of wind turbines, the
Wind Atlas is furnished with a diskette
containing all the regional statistics.
The diskette files can be used directly
with the "Wind Atlas Analysis and
Application Program” (WASP), which
was developed especially for the
production of the Wind Atlas and for
use in practical siting.

Concluding Remarks

The principles used in the Danish
Wind Atlas have enabled Danish pro-
ducers of wind turbines to document
the energy production of their turbines
using the same basic wind statistics.

Furthermore, the producers or the
wind energy consultancy firms can
provide customers with advice for
siting wind turbines. Using the Danish
Wind Atlas, planning authorities have
been able to evaluate various levels of
wind energy in the Danish power
supply system.

The Danish Wind Atlas provided
at the time of its publication and for
several years thereafter a very valuable
tool for detailed resource assessment
and siting in Denmark. The methods
provided in the Danish Wind Atlas
have been very much improved and
extended in the European ‘Wind Atlas.
One major deficiency in the Danish
Wind Atlas was the lack of adequate
calculation methods for siting in hilly

The inclusion in the Atlas of stations situated in complex terrain is one
major achievement of the European Wind Atlas. Procedures for siting of
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wind turbines in complex
terrain are presented and

discussed in the Atlas
as well.
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Sample station description.
Following a verbal description are
the roughness classification and
an analysis of the measured data
giving the frequency of occurrence
of wind speed in 12 direction
sectors and hourly averages
month by month.

and more complex terrain. The oro-
graphic model together with a large
number of other improvements in the
flow modelling is provided in the

The regional wind climatology
of the same station contains the
Weibull parameters of the wind
speed distribution functions for 4
roughness classes, 5 heights and
12 direction sectors. A summary
table gives the mean wind speed
and the mean energy content of
the wind for each of 4 roughness
classes and 4 heights.

European Wind Atlas and in the
general analysis and siting programme
WASP which is now used in all parts
of the world.
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Energy Primer: Portola Institute California USA. 1974. ISBN 0914774 00 X

WIND

Wind is another torm of energy, created by me sun; the heazing of cur
atmosphere during the day and its absence coobng the night sky. It’s like
breathing—that's i1, the earth breathes. Wing 1§ the reaction of our atmos-
phere to the incoming energy from the sun. Heat causes low pressure
areas and the lack of heat results in high pressure areas, This process
causes the wind.

|t seems ironic that probably the oldest and most canstant character of
the universe, e.q.. massive movements of enargy, heating 1o coohing (entro-
ov), the motion of our atmasphere it suddeniy rediscovered as a “new
source” of energy. History tells us that next 1o agriceituere, it is very
possibiie that wind may have been one of the first sources harnessed by
man,

Our main concern regarding wind engrgy is that it is not as constant
and/or predictable as, say. the sun. There are many solutions to this proh-
lemy, but usually the situation is managed by a storage system designed
10 have the energy available at the time it & needed or desired. Yer, on
the other hand, one might look at this concern in a different perspective
and not see it as a problem at all, but simply as a challenge 1o our ability
to adapt. If we are truly aware of our capabilities to adapt or adjust, then
we alsa realize our timitations. |t shouki be noted that we have adapted
to our lifestyles most effectively considering we inhabit the planet in so
many numbers, So that the problem with wind is not predictability, but it
15 our ability to respond.

Our dependent, real and intimate relationship with the biosphere can
ng longer afford to be overlooked. Wirkd systerne are visual indicators of
amounts of energy used, and therefore assist us in understanding this
eaviroamenta] relationship. The night perspective of this situation is im-
portant, for then and only then are we able 1o design our part of the
environment, without seliing short our individuality or our abifities.

All things in life change, as does the Sun, the Wind, the Water, and ail
living things in accordance with them.

AAr = .
ENFIELD - ANDRE AL
WIND TURBINE

Living things dance with their surroundings,
and so
our ways also
will see.
The evolution of life is the act of creation
and its particul arity
its distinction
is i15 mavement,
its visibility.
The way, itself
will define it
in the process
These systems should do as weil!

The gne nice thing about the correct approach, or the right guestion
a siwation is that the enswers always reveal themselves as if they were al-

ALL THIS IS POSSIBLE, AND IN THE STARAES AND WINDES. | ways there.
—Wiluam Shakespeare

-T.W,
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WIND SYNERGY TECHNIQUE

ENVIRONMENTAL ASSESS-

¢ MENT & WIND SUPPLY
A GENERAL WEATHER CYCLES.
FREEZING TEMP, PRECI®I TATION

B. MEAN & HIGHEST WIND SPEED

C. LONGEST PERIOD OF NO WIND
D. SHORTEST PERIOD OF SOME winNK
€. TURBULENCE/TOPOGRAPHY-+
TOWER ELEVATION

Ei ECTRICAL LLOAD
@ A ELECTRIC NEEDS:
1. CRITICAL NECESSITIES
2. CONVENIENCES
3. INTERMITTENT

8. RATE —~KWH __
MONTH

C. PEAK DEMAND/YEAR

; 5. BLADES & HUB

A, SIZING/DIAMETER,

SHAPE, NUMBER OF BLADES
B, FEATHERING SYSTEM
C. SAFETY SYSTEMS
D. TIP SPEED RATIC & TORQUE
E. BALANCE

STORAGE/BATTERIES
@ * SiIZING N AMP/MOURS, MATCHING
Aty BATTERIES
£, METERS, CONTROLS. WiRING, ETC.
€. MAINTENANCE & BACK UP SYSTEMS
S.

COST/ZFFICIENCY
OTHER SYSTEMS: HEATING. FLYWHEELS, §

ELECTROLYSIS, COMPRESSED AR,
PUMPED WATER

@ OENERATOR
OR ALTERNATOR

A GEARED OR DIRECT DRIVE
8. SIZING IN KILOWATTS

€. CONTAOL SYSTEMS
D. CUT-IN-SPEED

€. STARTING TORQUE

= THE MAIN FLOW OF LOGIC Wi TH WHICH TO
CONSIDER WIND ENERGY

= FIZZDBACK AND ADJUSTMENT.
& COST CONSIDERATION

)5 = MATCHING OF BLADE 7O GENERATOA.

Systematic assessment by which a task is accomplished. AN IMPORTANT PROBLEM,



wind Energy Conversions

55,35 MAXIMUM = :SLC’“' ==
IND ﬁ@ECHANICm
N

LECTRIC)

{(GENERATO®}

MATCH BLADE

/

TO GENERATOR

CONSIDERATIONS USE . USES
1) WEATHER ELECTRICAL PUMP
2 SPEED IMEASUREMENT), HIGHEST, ELECTROLYSIS (H, ) GRIND

AND MEAN RESISTANCE HEATING ~ CIRCULATE
3) LONGEST FERIOD OF NO WIND 8ACK-UP COMPRESS

: OTHER STORAGE

4} SHOATEST PERIOD OF SOME WIND| SYSTEM

& TURBLILENCE/TOPOGRAPHY—TOWER ELEVATION
6! SITE LOCATION

(MECH.)

:>l CONTROLS lﬁ‘ HARDWARE )[_'>

WIND PLANT
MATERIALS
EFABRIC DESIGN HOUSING GEARS DESIGN
WOOD {A) LIFT VECTOR (4] SIZE OF FACES! 3LEGS
METAL {8) PITCH DIRECTING INTO WIND iB} RATIOS . 4 LEGS
FIBERGLASS (C) CHORD {Al VANE (UP-WIND) OCTAHEDRON
PLASTIC (D) ANGLE QF ATTACK {B] COWLING IDOWN-WIND} BEARINGS HELICAL
RUBBER {EY LENGTH . (C) WIND ROSE
E‘lch.B BUSHINGS MATERIALS
1 TYPE SPEED GOVERNING oLt STEEL
TIONS _ FIPE
g&::s;;DERA bropéller  Savonis DIRECT DRIVE WOODEN
N S> Wi
STRENGTH Darrieus  Magnus J BUADE LUBRICANTS CEMENT SASE
WIND SPEED (FT/SE : CONCRETE BLOC
TEMPERATURE (FT/SEC) BRAKES FEATHERING BELTS, CONCRETE
TIP SPEED (REV/SEC) (A) TEETERING CHAINS, ETC
iB) GIMBALED ' ’ ALIGNMENT
COST CIAMETER AIR BRAKES  |C)HINGLESS SPRINGS
10} FULLY ARTICULATED
MAINTENANCE BALANCING FLYBALLS (E) HELICAL . I0GGING
VIBRATION TORSION, :; 235:::5 CABLE
FRICTION BENDING MOMENT, CAMS
TRACKING

DEGRADATION

ROLLERS
ELECT.
GENERATOR or ALTERNATOR STORAGE ( conTrROLS )
(D.C.) (A.C.) BATTERIES)] ‘e

INVERTERS
D.C.TO A.C.

REGULATOR
ROTARY
< ; BREAKERS
RATI
Q ATING (AMP HOUR) & FUSES OR STATIC
BRUSHES QR SLIP RINGS CHEMICALS AND ) WAVE FORM
CHARACTERISTICS GROUNDING
g CONTINUOUS
PHASES LEAD ACID NI-CAD LIGHTNING ARRESTERS DUTY
NUMBER 1,2.3) NUMBER OF CYCLES IDLING AMPS
OF FIELD POLES AL TO HIRING :Q: i%";GD C EFFICIENCY
.C. D.C. WAVE RATE OF CHARGE & ity i
RECTIFICATION DISCHARGE, DEPTH SYSTEM
OF CHARGE DIFFERENCES
“CUT IN SPEED™ SLIP RINGS
SIZE AND SHAPE MATCHING SET .
e —
PERMANENT MAGNET FLOW CHARTS
INDUCTION OTHER STORAGE SYSTEMS The itemns discussed in the above chart may be used eith
0 FLYWHEELS. HYDROGEN in the buiiding, designing or purchasing of wind driven
VOLTAGE COMPRESSED (AIR OR GASH generators; it is suggested that any additions one finds
cUR HYDRD STORAGE, MAIN POWER could be written in, thus making the chart even more
URRENT WATTS - GRID.ETC, usetul.




A SMALL: LESS THAN 10 KILOWATTS.
B MEOIUM:

10 TO 100 KILOWATTS,
® LARGE: GREATER THAN 100 KiLOWATTS.
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Utilization diagram for wind power
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ELECTRIC GENERAL
BATTERY ELECTRICITY SUPPLY
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Uses of wind power directly and with storage
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WIND DRIVEN GENERATORS
BY

James Sencenbaugh
Electrical Engineer

INTRODUCTION

Perhaps the primitive horizontal windmills of 10th century Persia were
the first attermnpt at harnessing wind. This mill, with its sails revolving on a
vartical axle mounted in a square tower, was used 1o grind corn. Diagonally
opposed slots in the walls ducted air 1o the enclosed sail assembly. Tradi-
tion tells of the prisoners of Genghis Khan introducing the mills into the
East. Horizontal mills becarme commonplace throughout China, where they
were used primarily for irrigation. At the end of the 12th century, mills
could be found throughout Morthern Europe. By the late 13th century
they were in use in ltaly, but almost 200 years later the windmill was still
unknown in Spain. German crusaders driving through Asia Minor probably
instituted the technique in this region. Design from this period on varied
greatly and improvements developed independently in many countries.

tniike windmills which use the wind directly for mechanical energy, a
modern wind driven generator extracts energy from the wind and converis
it into electricity. A complete wind driven system consists of a: (1) tower
to support the wind generator, {2) devices regulating generator voltage,
{3) the propeller and hub system, {4] the tail vane, (5) a storage system to
store power for use during windless days, and {6} an inverter which con-
verts the stored direct current {D.C.} into regulated alternating current
{A.C.) if it is required. An optional backup system, such as a gas or diesel
generator, is used to provide power through extramely long calm periods.

With the invention of automobiles and the development of their elec-
trical systems, small D.C. genegrators of low output and moderate speed
input became available on a large scale. Changes in wiring enabled these
early generators to be used in the first wind driven designs. At the same
time, the rapid increase in agronautical research led to intensive investiga-
tion on airfoil and {propeller) blade design. With this background, the wind
driven generator came into its own as the first form of free private elec-
trical power generation. 1t was first sold as an accessory to battery powered
radios. The Zenith radio corporation offered a small 200 watt windplant
at a reduced price when bought with one of their battery powered radios.
It was during this period that the Wincharger Co. of Siouk City, lowa was
reported to have been turning out 1000 units per day. The wind driven
generator field bloomed in the late 1920% and 30's and at its peak over
300 companies were formed throughout the werld. A large number of
varied designs were available, from a down-wind 1800 watt Win Power to
the 3000 watt Jacobs unit. The introduction of the Rural Electrification
Agency [REA) in the United States brought @ cheaper, more convenient
method to have larger amounts of electricity, and wind plants all
but disappeared. Jacobs finally clased its doors around 1956 and Win-
charger now only makes the original 200 watt 12 volt D.C. model de-
signed in the 1930,

At present there are only six mgjor manufacturers of wind driven gen-
erators in the warld. Two are in the United States: Dynatechnoiogy {Win-
charger] and Bucknell Engineering (bought by Precise Power Corporation}.
Both build very small 200 watt units on a limited production basis. Dun-
tite of Australia {which builds plants marketed by Quirk’s}) manufactures
two basic models: a D.C. generator type and a brushiess alternator type.
Elekiro G.M.B.H. of Winterthur, Switzerland offers a complete line of
windplants from B0 to 6000 watts. Aerowatt of Paris, France, builds a
number of excellent wind plants designed for commercial and marine
applications, but their prices are extremely high. Last is Lﬁbing Maschine
Fabrik of Barnstarf, West Germany. They primarily build water pumping
windplants, but do offer a small 400 watt, 24 volt unit.

The most economical windmill is ong which furnishes the kilowatt-hr at
the lowest cost. The production of energy by windmills at a favorable cost
is made difficult by the fact that the wind is an intermittent source of
energy. During a large part of the time it blows too little to produce any
useful output and other times it is of such velocities as to cause potential
damage to the windplant.

The actual power available from the wind is proportional to the cube
of the windspeed. In other words, if the windspeed is doubled, you will
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BATTERY BANK

FIG. 1

IN THIS SYSTEM, THE WIND DRIVEN GENERATOR CHARGES A BATTERY BAN
fram which DC power is taken directly for use or inverted, making AC for appliances
like T.V_, and radios. Excess power runs a heating storage system.

get eight times as much power {Cube Law}. Another fundamenta! princi-
ple governing windmil! design is that it is theoretically impossible in an
open-air windplant to recover more than 59.26% (A. Betz! of the kinetic
energy contained in the wind. If the prop itself is 76% efficient, and the
generator 75% efficient, then 33.34% of the kinetic energy of the wind
may be converted inta electricity. The other tmportant factor to point out
is that the amount of energy captured from the wind by a windplant
depends on the amount of wind intercepted; that is, the disk area swept
by the blades. A well designed windplant irrespective of the number of
blades deceferates the whole horizontal column of air 1o one-third its
free velocity. These facts and the nature of wind currents generally
restrict the designer to the most common wind velocities of 2 10 10
meters per second (6.7 to 22.3 mph).
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FIG, 2. THEQRETICAL POWER DENSITY OF WIND
P = (K-A-VZ]-{.5926)

Unitof Power  Unit of Area Unit of Velacity

P A W Value of K
Kilowatts Square feet Miles per hour 00000053
Kilowatts Square feet Knots 00000081
Harse power Square feet Miles per hour 00000071
Watts Square feet Feet per second oo0168
Kilowatts Square metras Metres per second 0-00064
Kilowatts Square metres Kilometres per hour g-6000i137

WIND FORMULA TABLE t: Where P= Power in Kilowatts, K= Constant [Aur density
and other conversion factorsl, A= Arca swept, and V= Wind Velocity.



Table 2 will give an appreciation for the principies involved in wind-
plant design. A 6 foot diameter prop, operating at 70% efticiency in a 20
mph wind, can produce 340 watts. This shows the relationship between
windspeed and output. If the wind speed is doubled, you will get eight
times as much power. Also note the relationship between propeller diam-
eter and output. Keeping the results for the & footer in mind, let us doutle
the prop diameter to 12 feet and note the output at 10 and 20 mph. At
10 mph the 12 footer can produce up to 170 watts and at 20 mph, 1360
watts. Hence the power output from the 12 feet diameter prop is 4 times
that of the 6 footer, or power is propertional to the square of the diameter

.of the prop. Double the size of the propeller and the power output will
increase by a factor of four.

Propelier Wind Velocity in mph
Diameter
in Feet 5 0 15 20 25 30
2 0.6 5 16 38 73 130
4 2 19 64 150 300 520
B 5 42 140 340 660 1150
8 10 75 260 610 118¢ 2020
10 15 120 400 950 1840 3180
12 21 170 540 1360 2660 4600
14 29 230 735 1850 3620 62580
16 40 300 1040 2440 4740 8150
18 51 375 1320 3060 6000 10350
20 60 475 1600 3600 7360 12760
22 73 580 1940 4350 8900 15420
24 86 685 2300 51B0 10650 18380

TABLE 2, WINDMILL POWER OUTPUT IN WATTS,
assuming P = (K-A-v).(5926)4.70)-1.70]

ENVIRONMENTAL ASSESSMENT

It is not enough just to know these fundamental principles befare
deciding to build or buy a windplant, Your choice of site must be
assessed to see if a windplant will give you equitable returns, in addition
to the positive environmental effects.

Cansider the following conditions at the site on a frequency and irten-
stiy basis: rain, freezing temperatures, icing, sleet, haif, sandstorms, and
lightning. The life and longevity of a wind plant, as well as its structural
design and cost, depend on the completeness of your weather assessment.
(Note: Most manufactured wind systems are “tropic-proafed;” be sure to
check this if buying a system.}

In order to determine the usable output (Kw-hrs. per month) produced
by a particular size wind driven system, the autput characteristics of the
windplant and the average vearly wind speed at the site must be known.
The average yearly winds at a location can be obtained from the National
Weather Bureau records center, U.S. Weather Bureau, Federal Building,
Ashevilie, N.C. 28801. They carry statistical data for the U.S. for the last
50 years. Although they might not have information for your exact loca-
tion, they should have records of a city or area very near. This information
is a good start for estimating if the winds in your-area are suitable for wind
power. Another source of wind information will be your local airport. The
next step should be the purchase of an anemometer {(wind gauge) to esti-
mate local wind conditions. A smali hand held unit is available from
Dwyer for $6.95 {(see page 99). There is also a more expensive remote
reading anemometer by Taylor of Rochester, N,Y., for about $75.00 {see
page 99). The transmitter assembly can be mounted on a T.V. type mast at
the height the wind plant is to be instalied.

Another means of assessing local wind velocities is by using the Beau-
fortscale (Table 3). 1f readings are taken with regularity and then compared
to the local Weather Bureau data, the scale is a very accurate and inexpen-
sive way of measuring wind speed. Readings should be taken every day at
the same times for accurate results {typically four times a day). Data should
be taken for at least one month, and preferably longer, to determine mean
average wind speed. Determining the longest period of nc wind and the
shortest period of some wind annually are two calcutaticns that will be
very helpful in figuring storage systems and back-up system requirements.
If the test resuits show that there is over a 10 mph wind average on an
norm of 2 to 3 days per week, you have an adequate site far wind power.
The site findings should be compared to official Weather Bureau data for

sites nearby to see if they correlate with the 10 year monthly averages fo
that area.
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TABLE 3. THE BEAUFORT SCALE

The relative wind velocity prevailing in any location determines wha
size of wind generator is best suited for that region. Table 4 shows ¢
sample region having annual average velocities of 10 mph or greater, Note
that the 10 mph average wind is made up of many low winds and a few
high winds. A 6 mph wind is generally considered to be the lowest wind
for any practical use. In terms of energy available, 12 to 25 mph is the
range of higher winds providing goad power conversion. The relationship
between the wind and power available to a wind generator can be exempli-
fied by the detailed study that was made of wind records at Dayton, Chio.
Data was taken from 1936 to 1943, covering a 7 year period, In each month
twao groups of winds exist. First, there are the frequent or prevalent winds
ranging from 5 to 13 mph. Second there are the energy winds which blow
less frequently, ranging from 13 to 23 mph. A quick glance at Tabie 4 will
give a clue ta the energy winds. The prevalent winds blow 2—1/2 times
more frequentlty than the mare vigorous energy winds; for example, 5 days
prevalent as opposed to 2 days of the energy winds. But because the
energy varies with the cube of the velocity, the energy winds produce 3/4
of the total power. A windmill utilizing the prevalent winds must be twice
the diameter of a windmill running orly an the enesgy winds, if each is to
produce the same amount of electricity per month.
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TABLE 4. The curves represent averages of 13 "'frequency™ and “energy”
charts compiled from Weather Bureau records. a ¥ o

Tower design and installation are as important as site selection. A
support must be built that is strong enough to handle loads from the deac
weight of the generator assembly itself, as well as the thrust loads develop-
ed from the propeller at the highest anticipated windspeed. Most commer-
cial towers are designed for a wind loading of at least 140 mph, and then 2
generous safety factor is added. Manufacturers discourage the installation
of these larger units on home roofs because the loads on a 12 or 14 foot
diameter prop are so powerful in winds over 45 mph that they could cause
serious structural damage to the rafters, or even send the plant crashing



down through the roof. A six or eight foot diameter prop on a wood frame
SURUCTUNE Can Causé noise 1o be transmitied throughout the structure, even
though the plant is balanced and runmning smoothly. This noise, which
resembles a low howl or groan. can bother even the most sound sleeper.

The best location for a wind plant is as high as economically possible to
reach undisturbed air. Placing a windplant a minimum of 30 to 40 feet
above the ground (not on a roof!] will greatly increase the amount of
power available to the swept area. Ideally the plant shouid be placed 15 to
20 feet above all obstacles within a 500 foot radius because surrounding
objects have a very disturbing effect on the air and cause whirling eddy
currents that greatly effect plant performance.

TURBULENCE/TOPOGRAPHY -~ TOWER ELEVATION

A hill or ridge of high ground lying in the path of the wind will
have 3 corsiderable influence on the wind. Remember, also, that the winds
blow paralle! to the ground, not perp}endicular to gravity. Obtaining a
topographical map from the U.S.G.5. will enable you to estimate any
turtxilence due to topography. Tall trees behind a wind plant, as well as
trees in frony, interfere with a wind plant’s operation, Mast commercial
wind plants are designed so that they can be installed 500 to 600 feet
away from the point where power is required, so there is leeway for
svoiding obstacles.,

LOAD

The next assessment which needs to be made is how much power your
appliances will actually require. The more adwrateiv you figure these
needs, the lower your storage costs become. The storage system expense
is 3 direct result of the load. Figure all elecwical needs:

1. Critical needs {e.g. refrigeratar]

2. Convenience needs {e.g. electric blanket}

3. Intermittent needs {e.g. power saw} .

Canstriict a chart, as shown below, listing the devices in use, hourts per
day each is in use, and the number of watt-hours each device requires.

iances Watt Rating Hours/Day in Use  Watt:He./Day
4 light bulbs 100 each G 2400
1 steren 80 4 320
1 percolator 480 1 480
1 sewing machine motar 30 1 _ 30
:'::: :;g:gg[}'mm total 3230
Nominal
Output
Rating of . .
Generatar Averaee Monthly Wind Speed in mph
in Warts 6  _8 19 12 14 16
50 1.4 3 5 7 9 10
100 3 5 8 11 13 15
250 3] 12 18 24 29 32
500 12 24 35 46 55 62
1,000 22 45 €5 86 104 120
2,000 40 80 120 180 200 235
4,000 75 150 230 310 390 460
6,000 1i56 230 350 470. 590 710
8,000 15 300 450 B0 750 0o
10,000 185 370 550 730 910 1090
12,000 215 430 650 870 1090 1310

TABLE 5. AVERAGE MONTHLY QUTPUT N KILOWATT-HOURS

1. From the table find the average wind speed vs. generator rating to
determing Kw-hr./month output. Let’s assume the wind-generator is
operating in an area with 10 mph average winds and that the generator
rating is 4 Kw: from the table we find the expected monthly output to be
about 200 Kw-hr./month {the table gives the figure 230, but we’!! wark
with a more canservative figure). To find out how many Kw-hr. per day of
efectricity we could use {i.e. the use rate} with a 200 Kw-hr. fmonth supply
from the wind, divide the power available for ihe whole month (kw-hr.f
month] by the days in the month (30):

200 KwHr./month

= 6670 watt-hr./day
30 days

This is an excellent planning figure 1o design acound when You are trying
to estimate the number of watts consumed by devices, appliances, ete. to
be used each day. In this example, with a windplant of the given size and
average winds of 13 mph, you have 6670 watt-hrs. per day availaple to you

2. The next step is to find the capacity in kw-hr. of the batiery system
in use. Assume 3 battery capacity of 270 amp/brs. at 115 volrs. Warts in
the system is found by muitiplying amps by valts. Therefore, 115 volts x
270 amp/hrs. = 31,050 watt-hours or 31.050 Kw-hrs.

3. Find the number of days you could expect to operate, assuming no
wind, with 6670 watts/day load, from a 31,050 watt-hour storage system.

31,050 watts 4,66 days
6670 wartts

Roughly, you could operate for at least four days directly from the
batteries, with na input from the wind generator or the stand-by unit.
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TABLE 6. COORDINATED WIND ELECTRIC DEMAND

Peak electrical demand could be coordinated with the peak energy
period. This siteation does not exist everywhere, but where it does it
should be utilized.

Puwer company output is typically 60 cycies per second alternating
current {A.C.}. A battery storage system is direct current{D.C.). Alt re-
sistance and heating devices (e.g., light bulbs, toasters) and universal
motars {having brushes) can run on A.C. or D.C. The following require
A.C. only; they will not operate on D.C:

1. Fluorescent lights {unless rewired],

2. Devices with transformers {e.g., televisions, radios, tape decks),

3. Appliances with standard induction motors.

If D. C. power is inadvertentiy supplied to an A.C, appliance, there is 3 high
probability that the appliance will be destroyed.

BATTERY AND STORAGE SECTION

The maost difficult and important calculation to make is the sizing of
your storage sys1>m. Although there are many sephisticated and perhaps
exolic methoeds ot energy storage presently in development which could
be used in this application, the most reliable at present 15 the lead acid
storage battery. This battery still represents the cheapest practical methed
of electrical energy storage available far the individual user of wind power.
Because the wind itseif Is an interminent source of energy, 2 battery
starage system must be capable of storing power through long, windiess
periods with reasonable efficiency at moderate ¢ost.

Batteries used in wind plants are designed for repeated ¢ycling over 2
pericd of many years. Their construction allows them to go repeatedly
feom a fully discharged to a fully charged stat= without damage. Som«
designs can withstand approximately 2000 complete cycles. These batteries
are commoniy known as stationary or houselighting batteries anwd are avail
able i sizes from 10 amp/hr. to BODO amp/hr. The normal voltage of the
system is detarmined by the number of cells in series {each cell is approxi
mately 2 volis), but the amount of storage capacity is determined by the
plate thickness and area.

These batteries have thicker plates than the standard automobile batten;
and employ separstors made of glass fiber material. The structural integrity



2 VOLTS EACH: 16 BAT= 32 YOLTS
55 BAT =110 VOLTS

CAR BATTERY — 6 VOLTS

- FIG. 3 S1ZE aND VOLTAGE DIFFERENCES BETWEEN CAR BATTERY

AMND LIGHTING PLANT BATTERIES

of these cells is much greater, and large amounts of reserve space between

the bottom of the plates and the case s common, This allows a large

amaount of area for material to collect without any damage from internal

shock or shorting. Golfcart batteries have similar characteristics. Gould P

B220, a 6 volt-220 amp cell, and Trojan P J217, a 6 volt-217 amp cell, can

be used with reascnable success {see page 89).

A battery on charge is not a fixed or static potential, and is subject to
change in its voltage and current output characteristics with changes in
light, temperature elevation, etc. Simple testing methods compensate and
adjust for these changes,

One important thing to remember is that when a battery is charging and
discharging, there is a change not only in its amperage but also in its
voltage level, Figure 4 shows that the battery voltage rises slowly until i
reaches the BO-85 percent capacity-returned point, rises sharply between
ahout 2.3 and 2.5 valts per cell [the gassing point where H; is created), and
then flattens out at about 2.6 volts when the battery is fully charged, This
sharp rise in voltage, during which only a smail part of the charge is re-
turred, is a characteristic of a lead acid cell and does create some design
and operationa! problems. To return the last 156 percent of the charge in a
reasenable time the charge voltage must ingrease by about 20%, or 0.5
volts. The high charge voltage required to complete the charge process
may be unattainable because of the operating voltage of appliances. The
current charge rate {amps] should be reduced at the gassing point 2.6
volts/celi to below the 20 hours rate. (2232M2/00 /535 ampsl. This should
be done by the electronic cantrol and reguqatring systemn in your windplant.
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FIG, 4, TYPICAL VOLTAGE AND GRAVITY CHARACTERISTICS DURING A
CONSTANT RATE DISCHARGE AMD RECHARGE.

BATTERY CAPACITY

The nominal rated capacity of most lead acid batteries is taken at 8, 10

or 20 hour discharge rates down tc a cell voltage of 1.85 volts per ceif. At
higher discharge rates the capacity is reduced, while at lower discharge
rates the available capacity is increased. Figure No. & illustrates the change
in capacity with. the rate of discharge. At the T2 hour rate, for example, &
nominal 500 amp hour capacity battery has an available capacity of 550
amp hour, or 110%, down 10 a discharge voltage of 1.85 volts per ceil. The
capacity taken out of the battery is approximately 3040 amp hr. and
about 83% of the total available capacity. This limitation on the extent of
discharge is to ensure that the battery is not worked excessively and to
provide a reserve capacity, which will greatly extend the {ife of the battery.

One of the key factors in guaranteeing the life of the battery system is
the regularity of maintenance. It is vital that the electrolyte level in alt
batteries is maintained. This is done by adding distilled water to each
hattery when needed. All batteries must have tight connections 10 mini-
mize (1) corrasion, {2) unequal voltage per cell, and {3) reduced capacity.,
The battery set must be an originally matched set. Do not mix hatteries of
different ages. Batteries should be located a few inches off the floor and
away from the wall to permit good air circulation. For more exact infor-
matien on batteries write the battery companies in your area,

A new battery does not become fully active until used the equivalent
of about 30 complete eycles, because the plates are somewhat hard and
do not absorb and detfiver the full current. On a barttery of 400 amp/hr.
capacity this break-in period requires a few manths with an average load.
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FIG. 5. CAPACITY-RATE CURVE BASED ON 8-HR. RATE

An impertant compaonent in your overall electrical system is the wire.
The correct size of wire for a given current must be accurately caleulated.
Keep in mind that D.C. travels through the wire and A.C. travels on the
surface. This is important to know because fuses, circuit breakers, and
switches for high current D.C. are different than for A.C. [D.C. outlets
will have a polarity. Check when the system is wired to be sure they are
correct.]

GENERATOR OR ALTERNATOR

The combined data of electrical needs and the size of the storage system
necessary [which is based on the average wind speed} will determine the
generator size necessary for your system. The Jast critical matching problem
will be that of the blades to the generatar.

Since propeller speed seldom exceeds 300-400 rpm, especially in the
larger diameters, this calls for a low-speed generator designed te match the
torque angd horsepower output parameters of the prop in use, Dunlite
compromises a bit by using an alternator which develops maximum out-
put at 750 rpm, corresponding to a prop speed of anly 150 rpm. Hence a
5:1 step-up gear is used. Elektro on the other hand utilizes all direct drive
with the exception of the larger 6000 watt unit, which is geared. All majar
rmanufacturers are now using a multi-poled alternator which produces al-
ternating current. An alternator is used for two reasons: {1) it operates at
a lower cost than a comparable wattage D.C. generator, and (2) perhaps
the most favorable factor, the high current is taken directly from the stator
coils {see Fig. 6} and not through brushes as in a D.C, generator. Eventu-
ally the brushes wear down and need replacement,

One of the major cost factors in a modern wind system is the low speed
continuous duty alternatoer or generator. Conventional alternators generally
are designed for high rotational speeds (1800 to 3600 rpm), being driven
by a gasoline engine, and therefore cannot be used for wind driven systems,
Wind driven generators require a low cut-in speed. By using direct drive ar
a very low gearing ratio such as in the Dunlite unit, losses are kept to a
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minimum and overali machine efficiency remains relatively high. The de-
sign of direct drive generators is materials efficient and the low rotational
spead keeps wear to a minimum.

Special electronic regulators are designed as part of generating systems
to control the amount of current delivered to the batteries at a safe charg-
ing rate. Once the batteries are fully charged, the alternator will put out
only a trickle charge, as is the case for the Dunlite unit. In the Elektro
design, the entive windplant shuts down when the voltage regulator regis-
1ers the battery cell voltage is above a predetermined level. This prevents
any chance of overcharging the battery.

BLADES AND HUB

" The efficiency of your entire wind system depends on what type of
prop (blade profile) you use. All modern wind driven systems use two or
three long slender blades with an airfoil section designed to produce maxi-
mumn lift with minimal drag in the rpm range for which it operates. These
efficient blades operate at a high tip speed ratio, which is the ratio of
propeller tip speed (LM} to wind velocity (V). The outstanding character-
istic of the propefler-windmill is that at a given wind speed it rotates 5 to
10 times faster than a conventional multi-bladed windmill of the same size.
The propeller type excels in lightness of construction, reduction of gearing
difficulty, and is the only type of windmill through which direct generator
drive can be accomplished. A higher tip speed ratio means higher rpm for a
given wind speed, and higher rpm generaily means mare power output.

tt is critical that the balance of the blade and hub system and its
tracking are precisely adjusted. Static balancing insures egual mass distri-
bution at all points in the rotation system. The procedure is fairly simpie
for two biade systems but becomes increasingly complex as more blades
are added. Three dimensional configurations, such as.Savonius rotors, are
even more ditficuit. The figures below may be of same help.

FIG. 7. ANMETHOD DEVELQOPED BY THE AAMY FOR BLADE BAL ANTING

Dynamic balance is very difficult to achieve., The main concern is to
prevent vibraugns, Therefore all blades must be identical in their tify or
reaction components. Tracking means that the biades follow each other in
exactly the same plane of rotation. The blade tips should track within 1/8",
if possible, and should be no closer than one foot to the tower. The better
the tracking the less the vibration.

Fi¢.8 shows the relative tip speed
and power curves for the various :
propeller types and VERTICAL AXIS rotors (SAVONIUS). The Figure
shows the advantages of the propetler type windpiant {curves 34568 &
11} over the Savonius type plant (curves 1,7.9 &10), Also sea “Add-
itional Notes and Thoughs™ (page B4} for more information an the
Savonius Rotor.

One has the choice of whether to use two or three blades. It is
generaliy a decision based on economics and the relative output of the
generator 1o be used. Although a two-bladed prop will run at a slightly
higher serodynamic efficiency than a similarly designed 3-bladed prop, it is
seldom used in commercial plants with generator ratings above 2000 watts
output. This is because tha three-bladed prop provides the extra starting
torgue necessary to overcome difficulties found in iower winds, fluxing
and eddying. They run slightly smoother when crienting to changes in
wind direction. In comparison, it was found early in wind-generator
design that the two-bladed system is “choppy’’ when the tail vane shifts
during wind direction changes. When the blades are straight up and down
they have no centrifugal resistance to the tail movements. When the biades
are parallel to the ground the resistance is maximum. However, it is int—
eresting to note that the Elektro two-bladed wind plants do not exhibit
this trait since the variable pitch weight arms are placed at 9 degrees
to the blade element and, in terms of balance, the assembly “locks™ like a
4-blaged prop during rotation. Hence wind direction changes are very
smooth.
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KNIFE EDGE BALAMNCING METHOD R'EaLHFlES A PAIR QF PERFELCTLY
ALIGNED AND LEVELED EDGES OF HARD STEEL, A SPINDLE AND A
HOIST

Once maximum power is deveioped at the rated windspeed of the
generator [typically in the 16 to 25 mph range), excess power developed
by the prop is potentiaily destructive and must be controiled. There are as
many methods of overspeed contral as there have been manufacturers of
windmiils, and each system has its own merits and disadvantages. The air-
brake or airspoiler was used by several manufacturers during the 1920
and 30°s on small diameter machines and is still used on the 200 watt unit
built by Dynatechnology. Two smail sheet metal vanes, resembling barrel
stats, were placed at 80 degrees to each prop about the center axis of the
hub. Springs held the vanes in normai position until centrifugal foree pulled
the vanes outward, diverting air away from the prop and thus decreasing
rpm. This systemn was successfui for small dizmeter units. Airbrakes are
undssirabie for larger scale operations since they throw heavy loads onto
th: antireg structure,
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Quirks, built in Australia, used a system in its early years which was
similar in operation to the prairie windmills. The generator and prop
mssembly was mounted off axis from the suppocting tower. The thrust
developed by the prop would push the generator assembly arcund the
tower axis, against a tail hung by gravity, at & design windspeed. Thus, the
prop would turn partially sideways from the oncoming wind, slowing the
prop down. A popular method among the home-built units in the 1920%
was the use of a pilot vane set paraliel to the prop. The arm of the vane
was equal in distance to the radius of the propeller, and the area exposed
to oncoming air would heip to push the prop and generator assembly out
of the wind. The disadvantage of these types of swinging systems is that
they induce gyroscopic vibration and eliminate the power supply at the
very time when the best winds are available. However, well designed sys-
tems are able to operate directly inta the sirstream and then be activated
at a predstermined windspeed. More sophisticated designs utilize a feather-
ing principle {which regulates the propeller rprm by changing the angle of
attack {pitch}) at high wind speeds. Pitch regulation is atirective since it
holds the energy absorption nearly constant at ail wind velocities, and
allows continuous power output in high winds without inducing stress.
Both Elektro and Quirks utilize centrifugal force to act upon a set of
sprinj-loaded weights to change pitch. Noting the Elektro diagram {Fig.10}
it can be seen that the weights work on a direct line of centrifugal force
and hence the actusl density of the weight zlement itself is about 1 ib.
For the two-bladed units, the assembly is designed to begin changing
pitch {feathering] at about 400 rpm propelier speed. At this speed there is
abaut 25 Ibs. of centrifugal force on the weight arm itself. Quirk's utilizes
a component of centrifugal force to act upon its weights, which are placed
out from the prop shaft itself,

FIG. 10. CONTROL-PROPELLERA HUB OF HEAT-TREATED NON-CORROSIVE
LIGHT METAL WITH REGULATING MEMBE RS, ADJUSTING MOVEMENT ON
TAPEAQLLER AND NEEDLE BEARINGS, EASY TO LUBRICATE, PROTECTED
FROM WEATHER, NO RISK OF ICE-BUILDING. (ELEKTRO}

This positioning, and the lower prop speed of 150 rpm, results in the
necessity of a 4 Tb. weight at the end of each arm. Both systems are very
successful in the controt of any overinading, and can maintain safe om inte
winds of hurricane force. However, even though these units are stressed
for 80 mph winds, the manufacturer stili recommends that the propeliar be
stopped manually and/or rotated sideways to the wind. Most models have
a brake contrel at the bottam of the tower for this purpose. Special wind-
plants by these companies are available to operate unattended in winds up
to 140 mph. Quirk’s uses the conventional windplant, fitted with smaller
diameter propeliers {generally 10 f1. diameter). The latter, being shorter in
arm Jength and with added internaistiffeners, aliows the unit 1o operate
head-on into high winds. Elekiro prefers 1o shut down the plant com-
pletely, and has an optional high speed comrol_ package which can be
added tr tho ctandard plants

Hopefully the multitude of systems
to come will be designed around

somé basic criteria like **Safety, Reliability, and Cost,” in that order.
These are imporiant considerations particularty for those wishing to build
their own design. A real understanding of the force and magnitude of the
wind serves ta reinforce the need for these criteria. Many a wind system

has been literatly swept away.
[

FEATHERING
WEIGHT
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FiG. 11 QUIAK'S FEATHERING SYSTEM

One marvelous feeling that comes 1o you from taking these responsi-
bilities, that is realizing the ability-to-respoend, is the gathering of the sense
of freedom. The individua! benefits of these renewabie energy systems
represents only one part of the picture. Along with emoating their sense of
ecological satisfaction, they provide @ positive direction towards self-
determination. A rare thiryg these days.

All {thinos) are possihie. And in the stars and winds . . .



COMPOSITE OF KILOWATTHOUR

RATINGS FOR VARIOUS
APPLIANCES
[PRE~ENERGY CRISIS ESTIMATES)

Name " Watts
Air conditioner, central
Air conditioner, window 1566 74
Battery chargar
Blanket 190 80
Bianket §0-200
Blender 350 3
Bottle sterilizer 600
Bottle warmer 500 8
Broiter 1436 6
Clock 1-10
Clothes drier 4600 20
Clothes drier, electric heat 4856 18
Clothes drier, gas heat 325 18
Clothes washer -
Clothes washer, automatic 260 12
Clothes washer, conventional 200 12
Clothes washer, automatic 512 17.3
Clothes washer, ringer 275 15
Clippers 40-60
Coffee maker 800 15
Coffee maker, twice aday
Coffee percolator 300-600
Coffee pot 894 10
Cooling, attic fan 1/6-3/4HP
Caoling, refrigeration 3/4-1% ton
Corn poppar 460-650
Curling iron 10-20"
Dehumidifier 300-500
Dishwasher 1200 30
Dishwashar 1200 2%
Disposal 376 2
Disposal 445 6
Drill, electric, %4’ 250 2
Electric baseboard heat 10,000 160
Electrocuter, insect 5-250
Electronic aven 3000-7000
Fan, attic 370 65
Fan, kitchen 250 30
Fan, 8"-16" 35-210
Food blender 200-300
Food warming tray 350 20
Footwarmer 50-100
Floar polisher 200-400
Freezer, food, 5-30 cu.ft.  300-800
Freezer, ice cream 50-300
Freezer 350 90
Freezer, 15 cu.ft. 440 330
Freezer, 14 cu.ft.
Freezer, frost free 440 180
Fryer, cooker 1000-1500
Fryer, deep fat 1500 4
Frying pan 1196 12
Furnace.electric control ~ 10-30
Furnace, oil burner 100-300
Furnace, blower . B00-700
Furnace, stoker 250-600
Furnace, fan
Garbage disposal equipment

1/4-1/3 HP
Griddle 450-1000
Grill 6650-1300
Hair drier 200-1200
Hair drier 400 5
Heat lamp 125-250
Heater, aux. 1320 30
Heater, portabie 660-2000
Heating pad 25-150
Heating pad 85 10
Heat lamp 250 10
Hi Fi Stereo
Hot plate 500-1650
House heating 8000-15,000
Humidifier 500
Iron 1100 12
fron
iron, 16 hrs/month
Ironer 1500 12
Knife sharpener 125

Hrs/Mo. KWHRS/Mo,

620*
116*
b
15
15
1
15
3
85
14¢
02+t
86t
6t
8.5*
3*
2%t
P
4t
%
12
8
310
9
60-90°+
200500

50
36*
30*
1+
3

1600
1+
100*
24*t

30-125*
Ya
32*
145
140*
57*
5
6
15
10"
2540
25-100*t
3-60*t
32*t

7-30
1000-2500
5-16*

13

12 .

13

18

Lawnmower 1000 8 8%t
Lighting 5-300 1040
Lights, 6 room house

in winter 60
Light bulb, 75 75 120 9
Light bulb, 40 40 120 4.8
Mixer 125 6 1
Mixer, food 50-200 1
Movie projector 300-1000
Oil burner 500 100 50*
Oil burner 50
Oil burner, 1/8 HP 250 64 16*
Pasteurizer, % gal. 1500 - 10-40
Polisher 350 6 2
Past light, dusk to dawn 35
Power tools 3
Projector 500 4 2*
Pump, water 450 44 20*t
Pump, well 20%t
Radio 8 . -
Radio, console 100-300 5-15*
Radio, table 40-100 5-10*
Range 8500-1600 100-150
Range, 4 person family 100
Record player 75-100 15
Record player, transistor 60 50 3*
Record player, tube 150 50 7.5
Recorder, tape 100 10 1*
Refrigerator 200-300 25-30*
Refrigerator, conventional 83* .
Refrigerator-freezer 200 150 30*
Refrigerator-freezer

14 cu.ft. 326 290 a5*
Refrigerator-freezer,

frost free 380 500 180"
Roaster 1320 30 40
Ratisserie 1400 30 42*
Sauce pan 300-1400 210
Sewing machine 30-100 %2
Sewing machine 100 R IR
Shaver 12 1/10
Skillet 1000-1350 5-20
Skil Saw 1000 6 8
Sunlamp 400 10 4
Sunlamp 279 54 15
Television 200-315 15-30*
TV.BW 200 120 24"
TV, BW 237 110 25+
TV, color 350 120 42+
TV, color 100*
Toaster 1150 4 5
Typewriter 30 15 5*
Vacuum cleaner 600 10 6
Vacuum cleaner, 1 hriwk 4
Vaporizer 200-500 25
Waffle iron 550-1300 12
Washing machine, 12 hrs/mo 9*
Washer, automatic 300-700 38*
Washer, conventional 100-400 2-4*
Water heater 4474 89 400
Water heater 1200-7000 ' 200-300
Water pump (shallow} YaHP 520t
Water pump {deep) 1/3-1 HP 10-60*t
AT THE BARN

- Capacity

Name HP orwatts  Est KWHR
Barn cleaner 25 HP 120/yr.*
Clipping fractional 1/1Q per hr.
Corn, ear crushing  1-5 HP 5 per ton*
Corn, ear shelling  %-2 1 per ton*t
Electric fence 7-10 watts 7permo.”t
Ensilage blowing 35 Y per ton
Feed grinding 1-7% %-1% per 100 lbs.*t
Feed mixing %-1 1 per ton*t
Grain cleaning Y%-% 1 per too hu*t
Graindrying 1-7% 5-7 per ton*t
Grain elevating %5 4 per 1000 bu*t
Hay. curing 37% 60 per ton*
Hay hoisting %1 1/3 per ton*t
Milking, portable  %4-% 1% per cow/mo.*t
Milking, pipeline  %-3 ‘2% per cow/mo.*t

Sheep shearing fractional

Silo unloader 25 HP

Silage conveyer 1-3 HP

Stock tank heater  200-1500 watts
Yard lights 100-500 watts
Ventilation 1/6-1/3 HP

IN THE MILKHOUSE

MISCELLANEOUS

Farm chore motors %—5

Insect trap 25-40 watt

Irrigating 1HPup

Snow melting, sidewalk and
steps, heating—cable
imbedded in concrete

25 watts

per sq. ft.
Soit heating, hotbed

400 watts
Waod sawing 1-5HP

Symbol Expianation
*AC power required

1% per 100 sheep
4-8 per ton*

1-4 per ton*
varies widely

10 per mo.

2-6 per day*t
per 20 cows

1 per 100 Ibs. milk®

Milk cooling %-6 HP
Space heater -1000-3000 800 per year
Ventilating fan fractional 10-25 per mo.*t
Water heater 1000-5000 1 perdagal
FOR POULTRY
Automatic feeder  %-% HP 10-30 KWHR/mo*t
Brooder 200-1000 watts %-1% per chick:
. per season -
Burglar alarm 10-60 watts 2 per mo.*
Debeaker 200-500 watts 1 per 3 hrs,
Egg cleaning
or washing - fractionat HP -* -1 per 2000 eggs*t
Egg cooling 1/6-1HP 1% per case”
Night tighting 40-60 watts 10 per mo.
per 100 birds
Ventilating fan - 50-300 watts 1—1% per day*t
per 1000 birds
Water warming 50-700 watts  varies widely
FOR HOGS
Brooding 100-300 watts 35 per brooding
period/litter
Ventilating fan 5£0-300 watts Y%—1% per day*t
Water warming 60-1000 watts 30 per brooding
. period/litter
. FAAM SHOP
Air compressor %—% HP 1per3 hr.*
Arc welding 37% amp 100 per year®
Battery charging B800-750 watts 2 per battery charge*
Concrete mixing %-2 HP 1per cu. yd.*t
Drill press 1/6—1 HP Y% per hr.*t
Fan, 10" 35-55 watts 1per20hr.*t
Grinding, emergy wheel
' ’ 1/4-1/3HP 1per3hr.*t
Heater, portable 1000-3000 watts 10 per mo.
Heater, engine 100-300 watts 1 per5 hr.
Cighting 50-260 watts 4 per mo.
Lathe, metal Y%—1HP 1 per3hr.
Lathe, wood %—1HP 1per3hr.
Sawing, circular -
8”—10" 1/3—1/2 HP 1/2 per hr.
Sawing, jig 1/4-1/3 HP 1 per3hr.
Soldering, iron 60—509 watts 1per5hr

1 per HP per hr.
1/3 per night
1 per HP per hr,

-

2.5 per 100
sq. ft. per hr,

1 per day per season
2percord *

tNormally AC, but convertible to DC

Notes: Lighting in this table is assumed to be
incandescent—if flourescent, the wattage bulbs
consume the same power but deliver 3 times as much
tight—flourescent bulbs also require AC, but can be

converted to DC.

These figures can be cut by .50% with canser-

vation of electricity,

1) Sources for this table represent a conglomerate

of several separate tables taken from:

a) Northern States Power Co., Mpls, Mn

b)
Service

University of Minnesota, Agricultural Extension

c) Seattle City Light, Seattle, Washington

d}
Bureau of Standards

e) Garden Way Labs

f} Henry Clews

g} Real Gas and Electric

Energy Conservation Techniques, National



SAVONIUS ROTOR

A detailed look at the graph “TORQUE
COEFFICIENTS OF 11 WINDMILLS™
and Fig. 8 show the relationsfiip of
SAVONIUS type mills 10 the propeller
type. The other graphs show 2 campar-
ison of regular and modified SAVONIUS
rotors. The changes in efficiency (coeffici-
ent of lift CL over coefficient of drag CDY
by modifying the blade shape, are shown in

graph No. 1. L0 woton_ A
"~
This information plus the inherent prob- | '/ / .
fems with Bearings and Balancing, put L8 ; - /_J =
the SAVONIUS rotor in a better perspee- & Fan ///;7_.-.
tive from a design and life-of-the-syszem /I VA A
stand point, The life of the system is w o
not usuatly viewed as an econemic [ ".‘ % _/.%%
problem, but we find in the long run . -
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VERTICAL-LX!1S DC L2LE SAVONIUS
WINDMILL-TYPE 777 OF THE S0OWIET
WIND ENERCY INSTITUTE

AEROOYNAMIC PERFORMANCE OF A COLLECTION
OF BASIC AND MODIFIED 5AVONIUS ROTORS
THROUGH POWER EXTRACTION (BRAKED), /v
RANGE UP TO UfVv MAX.

TORDE COLFNTIENT Ly

TOACUE COEFFICIENT OF 11 WINDMILLS
{See page B, Fig. BI

o

\/
CO-L o~

POSSIBLE WST F R

STHANS GAS 5IWCE THE
AMOUNT OF Gaf IF Soa1y Sril o AND

PERIODS OF NO WIND MAY ALSO
Be SHORT

"THE DEW IMPEARLED WINDS OF DAWN |
—TENNYSONJ

& partial fist of wind generator companies in
the U.5.A. 1810-1970

-T.W.
Air Elecinic Air Charger
Win Charger Detco
Paris-Dunn Western Electric
Jacobs Nelson
Wind Fower Allied
Rural Lite Miller
Air King Aerodyne

RULES OF THUMB

p—

. Air is 800 times less dense than water,

2. Use a two battery system where possible,
lead antimeny or lead calcium and pure
lead {only loses 15% maximum of
charge}.

3. You shouid be able 1o get by with an
invertar rated between one quarter and
one half the wattage rating of your
wind generator.

4. Never let the rate of discharge of a
battery in amperes exceed 15% of the
amp-hour rating.

5. A general rule is that batteries should
never be discharged below 20% of rated
charge.

6. When using bearings use tapered roller.
bearings or thrust bearings forwrn
table,

7. Motoring of the generstor sometimes

helps icing problems/shut down in

steat. ’

Question, what is the largest helicoprer

blade length?

"9. Look for compound winding in the

generator. ’ —

A blade is always spilling power.

The quality of a battery is the function

of the softness {paste to lead ratio)

of the pfates.

Armature equzls amperage, field

voltage. -

The base of 2 tower should be in the

ground a minimum of 5 feet, .

The tower cap should be 15 feet higher than

the tallest object within 500 feet.

MNever use bearings or gears in a feathering

mechanism. .

Grease is cheaper than steel.

Trees grow.

Plumb your tower, perfectly and

sguare.

An overdesigned tower is better than

an underdesigned tower,

Wind biows parallel 1o the ground—not

perpendicular 1o gravity. :

Vibrations kill bearings.

Back up systems should equal wind

generation output.

8.

10.
1.

12, equals

13.
14.
15.

16.
17.
18,

19,
20.

21,
22.

ADDITIONAL NOTES
AND THOUGHTS

Wherever there is a high standard of
living, there is also a low standard and
the cost of these high standards is
paid for by future generations.

Ideally one who knows freedom under-
stands the responsibility and gravitates
toward self-sutficiency, self-perpetuation
and realizes self-determination.

What is life cycle costing?
Compressors should compress gases, not *air.”
Junk cars will always be & resaurce.

Information—~ Knowiedge — Power = Money.
The more you know, the less you pay.

-T.W.

“Wind, water and solar power are running to waste.
— 1903 DAILY CHRONICLE, 1/14

AEOLUS - THE GOD OF WIND
BOREAS -~ THE NORTH WIND
NOTUS — THE SOUTH WIND

EURUS — THE EAST WIND

ZEPHYR = WEST WIND



ELECTRICAL THOUGHTS
ON
WIND DRIVEN GENERATORS

Donaid Marier
Editor ASE Newsletter

The basic principle of a generator is that electric power is produced
when a conductor moves through a magnetic field (Fig. 6). By increasing
the magnetic field strength of a generator, the power output is increased
proportionally. Voltage output can be stepped up by increasing the number
of armature windings or by increasing the speed of the generator. For ex-
ample, by doubling the number of turns in an armature, the generator will
put out twice the voltage at the same speed as before, since the number of

. wire conductors crossing the magnetic field per unit time has been doubled.

The current output is Jimited by the size of the wire used. See page 81.

Generators of vastly different physical size can have the same power
rating. This is why the speed at which the generator puts out its rated
power should be specified.

Thera are great differences in guality and cost between a generator
rated at 3000 watts at 200 rpm and ane rated at 3000 watts at 2000 rpm,

The blades (propeiler} of a wind plant generally do not turn faster than
ahout 200 rpm. (The speed of the blade tips is between 4 and 8 times the
speed of wind,) Most electric motors and generators are built for speeds of
from 100 tc 4000 rpm, with 1800 and 3600 rpm being standard speeds
for A.C. motors. A good share of wind designs in the past have used gears
for matehing the low speed of the biade 10 a relatively high speed generator,
Besides the wear the gears are subject to, high speed generators can break
down faster than direct slow speed generators.

In direct drive systems the gearing (so to speak) is electrical. The genera-
tor is designed to give iti maximum Gutput at the same speed as the blade
systemn gives its maximum output. This results in a long-lived, reliable
system, but uses more copper and steet.

The direct drive system can be used with either a D.C. generator or with
an alternator. Old Jacobs’' wind generators were a sturdy, direct drive
design. Unfortunately, most were the 32 volt design which is not com-
patible with modern 100 volt equipment. (| am presently re-building one
for 110 volt operation...) See page 105. .

The generator, along with the storage system is the most important part
of the wind plant. From the day it is put up, the generator will be turning
more or less continuously for years,

Most often, people have used car alternators in their homebuilt wind-
plants. But car alternators are not wel! suited for wind generators as they
are high speed devices and are very inefficient. [A D.C. car generator takes
much less horsepower from the car’s engine than an alternator.} When
aiternators were first used widely in cars, the industry promoted the myth
that they charge better at locw engine speeds, and that alternators had some
inherent characteristic which made this possible, Attdally the industry
canverted 1o alternators because of economics. They found that alternators
were & higher speed device which needed less construction materials and
had a shorter life. A D.C. generator could not function at the speeds at
which alternators tum. The “trick™ of the car alternator is that the putley
ratio is higher than with generators, allowing the aiternator to be operated
at tap engine speeds . . . {10,000 ALT. rpm).

To show the difficulties of making a direct drive unit out of a car
alternator, consider the following example. Assume the alternator will
generate 1000 watts at 3000 rpm and that it is wound with 12 turns per
coil of number 16 wire. To rewind the alternator for the speed range of the
blades, cut the speed by a factor of 16 1o 187 rpm. This would mean using
128 turns of number 28 wire per winding and the power output would be
62 watts. Obviously the only way to use 2 high speed alternator is with a
gear or belt design. The disagvantage of this set-up is that its lifetime will
nat be wery long.

Many people ask whether & wind system would be compatible with their
present appliances, motors and tools. First it should be pointed out that
when you change to a2 wind system, you will be changing the way you live
Many of the solar house designs to date have tried to dupiicate exactly
the characteristics of fossil fuel houses so the “public would accept the

Aesian * The rpeclt fn the past was that theoa desinne were nfron cunrty
.

conplicated and expensive

The same applies to wind systems. There are two aptions—to use the
0.C. voltage from the batteries directly or to convert the D.C. to A.C. with
a rotary or electronic inverter. The D.C. system is simpler and cheaper in
that no inverter is needed. Any heating element device such as light bulbs
and irons will work equally well on A.C. or D.C. Most power tools can run
on A.C. or D.C.—that is, tools using universal motors (they have brushes)
and using A.C./D.C. switches. Electronic devices such as stereos can be run
off of smail A.C. inverters. The main prablem is to find a refrigerator or
freezer which will run on D.C. Refrigerators made in the last 15 or 20
years have sealed units. Before that, they had belt drive compressors allow-
ing the use of any type motor. Commercial units stilt can be obtained with
belt drive compressors. Also the recreational vehicle industry is now pro-
ducing refrigerators which will run on A.C., D.C., or gas. Thay are ex-
pensive, but a used market shouid be developing soon. D.C. motors are not
easily avaiiabie, but car generators can be rewound for 110 or 32 volt
operation and used where 3 1/4 or 1/3 hp moter is needed. If you can't
purchase one locally see page 100,

NOTES:

Winnie Redrocker has some information oa high speed alternator use
in ASE No. 15.

Martin Jopp of Princeton, Minnesota, has 55 years experience with
motars and generators. He used a set of car batteries for his windplant for
two years while waiting to find a set of used lighting plant batteries for
storage. (See "'Some Nates on Windmills in ASE No. 12, October 1973.)
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WIND POWER

NATURAL, ENDLESS, EREE

i

The wind is 2 naturally-distributed, virtually
untapped and non-polluting source of energy. As
such, it offers many possibilities for the
decentralization of pewer production, since the
hamessing of wind can be easily controlled and
maintained by the people who make use of its energy
Everyone knows that wind was once used to push
ships around the world—incidentally, some of the
ocean crossing times of the old clippers were
competitive with the crossing times achieved by
modern freighters—and most people are familiar
with the Dutch use of windmills to drain land
reclaimed from the sea. But few know of the many
other devices for hamessing the wind, developed

over the centuries since the first windmills—evolved |
from sailing boats and animal mills—appeared in
China and Persia around 2,000 BC.

A lot of work on wind has also been done in this
century, but unfortunately a Jarge proportion of it
has consisted of research into large-scale machines,
which are both expensive and very vulnerable in
high winds. It is this preoccupation with large _
power stations which has stopped wind power from !
being fully exploited—quite apart from the essential
foolishness of trying to centralize and charge for
distributing a form of energy which Nature
distributes for nothing. But there is another and
more hopeful side to the wind power story.

WINDMILL TYPES

One categorization of windmills divides them into.
vertical axis or borizontal axis machines. Vertical
axis machines (“panemones™) can accept winds
coming from any direction, so do not require any
orientation system to turn them into the wind, but
usually have high drag characteristics. Horizontal
axis machines usually have to be turned into the
wind ¢hence requiring special mechanisms for
orientation), but tend to have better performance.
Wind machines can also be classified according to
the mode of displacement of the blades or sails.
There are two main types (sec Fig 1): I. Windmills
in which the blades move in the same direction as -
the wind; II. Windmills in which the blades move
perpendicularly to the direction of the wind,
@ I Windmills in which the blades move in the
direction of the wind These machines are
characterized by 2 tip-speed ratio (see glossary of
terms) of less than 1, ie the blades rotate at a speed
lower than the wind speed. The blade speed in
practice is rarely greater than a third of the wind
speed which means that these are ‘slow” machines.
The axis of the rotor in such machines is
perpendicular to the wind direction and is usually
vertical. Generally only one blade or sail is actively
‘driving’, while one or more of the blades is rotating
against the wind—which retards the overall speed of
the mill. The different methods employed to
overcome this problem of retardation are what
distinguish the different wind machines in this
category.
a) Windmills with simple drag With these machines,
the blade moving against the wind changes its
position so that it offers minimal resistance to the
; wind, or is screened off on the windward side.
| L. Screen wind machine (se¢ Fig 2). A suitably-
| placed screen dispenses with the problem of
retardation of the blades turning against the wind.
The screen can either be fixed or moveable, the
former obviously being only suitable when the
wind direction is fairly constant. With 2 moveable
screen, the machine can accept winds coming from
any direction, although it can be a complicated
process to move the screen. Screen machines can
have a vertical axis (these are sometimes called

Fig L. Windmill eypes.
I
v -

. w
L Windmills in which the 1l. Windmills whase blades
biades move in the direction move perpendiculardy to the
of the wind. - direcdon of the wind.

Fig 2. Sareen wind machines.

2h, Persian vertical axis
screen windrmall,

2d. Russian Stastik wind
machine.
; 2c. Horizontal axis jumbo ’
; windmill.

| ‘merry-go-round’ windmills; see Fig 2b), or a

: horizontal axis (these are sometimes known as

; ‘jumbo’ windmills;see Fig 2¢). The Russian Stastik
. windmill (Fig 2d), in which the whole machine was
- kept oriented into the wind was a horizontal-axis

: version. - l
. Z'Clapper’ type wind machine (see Fig 3a). The

. blades or sails are hinged, and swing about a vertical
| axis. A stop situated near each blade holds it back




when 1t is in the drive arc of its cycle, yet leaves it
free to feather in the wind for the rest of its cycle.
This arrangement has the disadvantage of involving
considerable machine maintenance because of the

i continual shocks received by the sails or blades

when they bump up against the stops; it is this
bumping action which gives the ‘clapper’ type its
name. The clapper windmill is believed to have
been one of the first windmills; there are some still

WIND POWER

Fig 3. Clapper type wind machine with stops.

3b. Chinese clapper type wind-
mill incorporating sail rig of
Chinese junks, (From Science
and Civilisation in China Vol.
on Mechanical Enginecring).

. In existence in China (Fig 3b).

i 3. Wind machine with cyclic variation in blade

+ angle (see Fig 4). By means of an epicyclic

- mechanism or a system of belts or chains, the blades

of such machines change their angle in relationto :

the wind, and turn round their vertical axes through e

half a revolution for each complete revolution of |

the rotor. The effect is similar to the clapper type \

without the shocks, but the complicated mechanism

involved means that this machine loses one of the ,

main advantages of the simple panemones, namely \,

that of cheapness and simplicity of construction.

| b) Windmills with drag difference With these

machines the shape of the blade is streamlined so

that the drag is less in that part of its cycle that

opposes the wind. An important.advantage of these

machines is that they do not need a mechanism for

orientation. ;
1, Cup-type wind machine (see Fig 5a). The “cup

Fig 4. Wind machine with
cyclic variation in blade
angle. Fig 5a.

Fig 5. Cup type wind machine,

5b Verantius'
“Streamlined
ancmometer sail
windmill” {From
Science and
Civilisation in

. anemometer”, used in meteorological stations for Cbina Vol. on
:‘ i ind d, is the best example of this Mcchanical
. measuring wind speed, is the best example o Engincering).

© type of machine. The shape and number of cups
may vary—as can be judged from Fig 5b. Such
machimes are not particularly useful for harnessing
wind energy.
;2. Transverse flow wind machine (see Fig 6a).
. These machines are analogous to the Banki water.
: turbine, and are a transitional type between Type I
i and Type 1l machines, as the wind strikes the blade
surface not perpendicularly, but at a small angle.
The ingoing wind produces only a small part of the
driving torque, the main power coming from the
outgoing wind, Drag against the wind results in 2
loss in efficiency, and furthermore, with increasing |
_ speed of rotation, the braking torque increases .
. more rapidly than the gross driving torque. There is
. however an advantage in this apparent inefficiency:
no special devices are needed to limit the speed in
high winds. This type of rotor also exhibits the
. ‘Magnus effect’-a perpendicular force created by
~ the airfoil-like properties of 2 cylinder spinning in
- the windstream. Its efficiency can be increased by
the use of guide vanes, when high rotation speeds
- can be attained (sce Fig 6b). This type of wind :
: machine has not received the attention it appearsto .
| warrant, ,
3. Savonius Rotor (see Fig 7). This machine
- derives from the cup windmill, and bears a
resemblance to the transverse flow machine. It
consists of a vertical cylinder sliced in half along its
vertical axis, the two halves so formed being pulled
apart about 20% of the original diameter (there are
some variations in this distance and in the shape of : -
. the curvature of the blades, from a fairly streamlined ! . \
| almost airfoil shape to a simple semi-circle). This \

6b Transverse flow
machine with
flexible guide vanes
which eliminate
drag, and allow
high rotation
speeds.
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type of machine operates in light winds and is
ideally suited to pumping or mechanical drive
applications, but because of its low tp-speed ratio
(0.5 to 1.5), and therefore its slow rotation, it 15 _
not really suitable for electricity generation.
Savonius rotors have been in use for some time as
ventilators on vans and as ocean current measuring
devices. The Brace Research Institute at McGill
University in Montreal, Canada, catalysed a recent
resurgence of the Savonius with its “recycled oil
drum” design for Third World waterpumping
applications. The oil drum Savonius, although it is
rather heavy and has the poor drag characteristics
typical of these machines, can provide a cheap
source of power.

Fig 7. Savonius rotor.

Air streaming and
pressure differences
around a Savonius
rotor {From Mechanical
Engineering, May 1931
p.334)

& II. Windmills with rotor blades moving
perpendicularly to the wind For these machines the
tip-speed ratio may often be greater than 1—ie the
blade tips rotate at a speed higher than the wind
speed. They are, generally therefore ‘fast’ machines,
and can be divided into the following categories:
Machines having their axis'perpendicular to
windflow; Machines with axis parallel to the
windflow, and kept oriented into the wind.
a) Machines with axis perpendicular to windflow

1. Vertical'axis wind turbine {(panemone) with
cyclic variation in blade angle (see Fig 8). The
blades are of airfoil sections. In these machines the
blade is propulsive only in the arcs AB and CD (see
diagram). The wind traverses the blades twice, and
‘the variation in blade angle is obtained by a suitable
rotation of the blades. Darricus, a French wind

Fig B. Vertical axis wnd
turbine with eyclic varation in
blade angle and airfoil blades.
{A variation of the Darrieus
breed of wind machines).

Fig 9a. Vertical axjs wind
wrbine with fixed aifoil
blades. (Another of Darrieus’
wind machines).

R T T I

power engineer, patented a version of this machine
in 1931.

2. Fixed-blade panemone (see Fig 92 and b).
These machines only work when the tip-speed is
much greater than the wind speed. it is necessary to
start the machine in order to initiate self-sustaining
operation, (for example by using a Savonius rotor
to provide an initial torque). Such a machine, also
covered in Darrieus’ patent, is much simpler than
the variable blade type, casy to construct, and
appears to have many advantages and possibilities.

3. Vertical axis catenary wind machine (see Fig
9c). This is another variation of the No.[1.2. type,
and also covered by Darricus’ patent. The airfoil
blades are bent into the form of a catenary (hoop
shape} to avoid stresses and bracing. This type of
machine has tip-speed ratios ranging from 4 to 7—
almost as fast as a propeller type machine—but like
No.1L.2. it requires a starting device. A Savonius
rotor at the centre can be used. Interest in this

Fig 9b. Fixed-blade panemeonc built by the author and John Shore.
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NASA

i High Solidity Machines
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o ca 0l
&

Nty 825 ‘.

: | Fig 10. NASA vertical-axis catenary prototype. ]

machine has recently been revitalized by work done
at the National Research Council of Canada by two
engineers, Raj Rangi and Peter South. They have
carricd out wind tunnel tests which show that a Sm.
diameter turbine can produce 1 kW of electricity in
2 20 km/h wind with blades turning at 170 rpm.
They estimate that it would weigh 70 kg and cost
around £20. This machine is one of the types being
considered by NASA as part of its 100 kW windmill
rescarch programme, to help make the US
independent in energy (!). This turbine has many
advantages over conventional windmills, the main
one being that it can receive winds from any
direction without having to be oriented into the
wind. This appears to make it suitable for use in
urban situations where the wind direction is
constantly changing and where a propeller type
machine would spend a lot of its time chasing the
wind rather than producing energy.

b) Machines with axis parallel to and oriented into
the wind Wind machines of this category are: the

: Mediterranean-type sail windmill, English and Dutch
: windmills, propeller driven windmills, and
mulublade fan-type windmills. These can further be
: sub-divided into high and low *solidity’ machines.

Low Solidity Machines
ehave a small ratio of
blade to swept area

s have airfoil-section

ehave a large area of
blade proportionate to
the total area swept by

the wind thin blades
ehave a low tip-speed ehave 2 high tip-speed
ratio ratio
ecan start at low wind ecannot normally utilize
speeds low wind speeds
eare less efficient con- e convert energy more

| verters of wind energy efficiently than high

| than propellor-type low | solidiry types

solidity machines

etend to be unsuitable
for electricity unless high
gearing is used .

e arc suitable for
electricity peneration

‘Because of their low rotation speed, their ability

WIND POWER
Fig 10. Wind velocities st a Bosm mm T
blade element. (From v ]
Golding's Generation of ! v
Electricity by Wind Power). \y
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An active surface {flat or airfoil secdon) is placed so that it
makes a large angle (¢ + @) with the direction of the wind. V is
the velocity of the wind whén it approaches the surface, The
forces thus resultin the surface moving with velocity v
petpendicularly w V. The relative wind velodity Vg is V- v.
This VR makes an dngle & (angle of 2tvack) with the surface, A
force F acts on the surface and this has two compoenents — lift
force L perpendicular to the VR and 2 drag force D parallel 10

! " Lift(L) =Cp. %eA VRS Drg(D) = Cp %A VR?

Where A = area of surface p= air density €)= Life componet
of the particular aerofoil used Cp = Drag component

Fig 11. Mediterranean type sail windmill.

%

to uulize low wind speeds down to about 2.5 m/s
(6 mph), and their ability to start under load, high
solidity machines are generally used for mechanical
purposes—such as pumping and corn grinding.

Low solidity machines, which are more suitable
for electricity generation, generally start to tum at
wind speeds in excess of about 5 m/s (11 mph)
though some machines with variable pitch blades
will “cut in™ at just over half this speed. They have
a high tip-speed, often in excess of five times the
wind speed.

In a1l machines with their axes oriented into the
wind, the active surfaces of the blade are placed at a
very small angle to the wind instead of being
perpendicular to it, and the driving force, instead of
being displaced in the direction of the relative
velocity, makes an angle with it (see Fig 10).

:  The airfoil profile is placed so that it makes a
 large angle (¢ + a ) with the direction of the wind

: when it approaches the surface. The forces brought

: into play result in the surface moving, with velocity

! vin a direction perpendicular to the wind.

i High solidity macbhines |
| a) Mediterranean-type sail windmills {see Fig 11).

‘ They consist traditionally of wooden blade arms

| riangulated with ropes and (usually triangular)
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Fig 12. "Batde-Axc™ windmill,

woaden bigdes

canvas sails. Of simple construction, these mills will
work in slow winds, but have relatively low rotation
speeds. Many are still in use around the
Mediterranean notably on the Plain of Lassithi in
Crete. The Brace Research Institute and Windworks,
a research group based in Wisconsin, are cooperating
to develop a machine of this type for use in the
Third World to provide mechanical energy for
pumping, irrigation and similar applications. Such
mills rarely exceed a tip-speed ratio of 2, above
which the curvature of the sails assumes an
unfavourable profile and gives low torque.

b) ‘Battle Axe' windmill (see Fig 12). This is
similar to the previous type of machine, except that
the sails tend to be wooden and can harness only
low wind speeds. It is suitable for mechanical
energy needs and is fairly simple to construct.
VITA (Volunteers for International Technical
Assistance of Maryland) have produced 2
set of plans for a version of this machine.

¢) Traditional English (or Dutch) windmills (see
Fig 13). There are many different types of the
traditional windmills. They rotate slowly, though
their large size gives a lot of power, utilizing up to
16% of the wind energy. Traditional uses include
milling of grains and pumping, but these types are
not really suitable for electricity production because
of the large pearing ratios needed. The sails are of
wood, covered with either canvas or with ‘venetian
blind’ roller shutters. Traditional windmills can be
useful if restored, but are expensive to build and
complicated to operate.

Fig 13. Traditional Windmills, (Upper I«ft) Great Chishill post-mill,
Cambridgeshire, oriented by a fantail. (Lower left) Chesterton
tower-mill: 19th century photograph of a unique structure, possibly
designed by Anigo Jones: oriented by a winch inside the cap. (Below)
Dutch “Waterwipmolen's a drainage post-mill oriented by & capstan
wheel, (Top right) ‘Tjasker’, smallest and simplest type of Dutch

Ll

© dr

g¢ mill lifting water by means of xn Archimedian screw. {Lower
right) A”*paltrok’, & uniquely Dutch type, designed for sawing wood,
The entire structure rotated on rollers on a brick base. {Far right) The
meost characteristic Dutch type, & thatched smock-mill otiented from
the outside by & capstan wheel and spars attached to the cap.
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Fig 14. Multiblade, American or fan
windmill. Mainly used for pumping.
d) Multiblade ‘American’ or fan-type
windmill (see Fig 14). This machine
has 2 good starting torque, and rotates |
at tip-speeds about equal to the wind
speed. It is very suitable for use in
locations with low wind speeds, and is
typically used for pumping. This is the
most common type of wind machine in

production, in various forms, around
the world.

Low solidity machines
Propeller-driven wind machines are the
most efficient in terms of energy

conversion at the present and are the

most suitable for electricity
production. They perform best at
relatively high wind speeds,

WIND POWER

and can seldom make use of light winds. They have
received the most attention in modern times because
of their relatively high efficiency and because of the
enormous amount of work done on airscrew
propellers for aviation. They are, however, also the
mest complex, in view of the relative precision of
the shape and curvature of the propeller blades,
although once the shape has been designed, they are
not too difficult to construct. If you do not fecl
that you can design the blades yourself there are
various sets of plans (see Bibliography) available for
small scale applications.

Some variations on the propeller-type and
various methods of increasing its efficiency are now
described.

a) Venturi tube (see Fig 15). An idea that has
often been suggested is that of positioning the
propeller (or indeed any other type of turbine) in
the throat of a venturi tube. The tube increases the
speed of the airflow, hence the rotation speed of the

UITGEVERIJ KEESING

Fig 15. Venturi tube or shrouded propeller wind tarbine.

wind direction
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rotor, the power and the aerodynamic efficiency.
But this technique is generally considered
uneconomic because the whole venturi-rotor
assembly must be kept oriented into the wind, and
1t 15 usually easier to increase the rotor diameter
instead to get the equivalent increase in power.
Nonetheless, a fair amount of work on the subject
has been done by the Electrical Research
Association (see the ERA's publication no.C/T119,
A Preliminary Report on the Design and
Performance of Ducted Windmills, by G.M. Lilley
and W.]. Rainbird) and by Windworks (see
Domebook Two, p.121, 1971). ‘

b) Depression-type wind turbine (see Fig 16).
This consists of a hollow-bladed propeller with
holes in the tips, which acts as a suction pump to
draw air through an air turbine directly coupled to
a generator. This is one method of increasing the
effective rotation speed without gearing, but it has a
low overall efficiency. When the rotor is turned by
the wind, air is driven centrifugally out of the ends
of the blades. The depression created draws air
through the tubular tower, at the base of which is
the turbine which drives the generator.' A 100kw
Enfield Andreau wind unit which operated on this
principle was installed in the 1950s on a test site' at
St Albans, Hertfordshire.

s

Fig 17b. German NOAH wind gencrator.

Fig 16. Depression type wind

Fig 17x. Counter rotating wind
wurbine,

turbine.

generator
stator

Fig 18. Sailwing windmill designed by Thomas Sweeney of the
Flight Concépt Laboratory, Princeton University, USA,
showing break- down of blade construction,

Fabric sock stretcbed
over frame, when
Ioaded assumes the
profie of a bigh lift

; airfoil. )

¢} Counter-rotating wind turbine (see Fig 17a).
This type of machine has two propellers turning in
opposite directions, placed one in front of the other.
One of the propellers is connected to the rotor, and
the other to the stator in a generator. The two
opposing speeds of the propellers give an equivalent
generator speed of up to double that of one
propeller. But one drawback is the complex nature
of the wransmission mechanism. A version of this
type, erected on the German island of Sylt, is the
NOAH windmill (see Fig 17b). )

d) Sailwing wind turbines (see Fig 18). This idea
was evolved by Thomas Sweeney of the Flight
-Concepts Laboratory at Princeton University, USA,
who developed the sailwing concept for the wings of
gliders and lightweight aircraft. It consists of a .
propeller-type windmill (although the idea could
also be applied to a Darrieus-type machine) in which |
the leading edge of each bladc is an aluminium tube, |

. and the railing edge is a tensioned cable. Over these

i The first machine that Sweeney built had two 4
. metre blades, each weighing only 6.5 kg, In a 32 '

is stretched a fabric sock which when loaded forms | .
itself into a high-lift airfoil. This technique results in ;
an extremely lightweight and efficient propeller.

km/h wind it produced seven kilowatts. The
Grumman Aircraft Corporation in the US is to
manufacture sailwing wind generators under
licence, but plans for self-build models will be
available shortly from William Flanagan, Flanagan’s
Plans, Box 5062, Long Island City, New York
11105, USA. : : :
A low-technology version of this machine has i
been developed by Marcus Sherman of the New
Alchemy Institute, using bamboo, string and
canvas for the propeller. One of Sherman'’s mills
has been used in India for water pumping, and
another to drive a car alternator via a car differential.t




Fig 18. Sailwing windmill designed by Thomas Sweeney of the
Flight Concept Laboratory, Princeton University, USA,
showing break- A\  down of blade construction.

Fabric sock stretcbed
over frame, when
loaded assumes the
profile of a bigh lift
airfoil, )
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David Seabb.
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There are also several other wind energy conversion
devices which do not fit into any of the previously-
mentioned categories. Two that warrant a mention
are tree pumps, and kites. Current interest in both
of these is mainly due to David Stabb’s research.

& Tree Pumps (see Fig 19). These are mechanical
devices that harness wind energy via the intermittent
movements of large branches and trees, which are
tiangulated by means of cables and pulleys to a
chain-driven ratchet mechanism which rotates a
shaft to supply mechanical power. This is quite an
ingenious system, but it remains to be seen whether
the idea will prove its worth. Also, extreme care
should be taken to avoid damaging the tree, and
advice from someone who knows about trees should
be sought. '

@ Kites A kite has been developed that can climb
and stall at a pre-set angle to the wind. It operates
by means of a set of ‘spoilers’ on the nose, which
open and drive the nose sharply downwards. During
this downward motion a small counterweight
rapidly winds in some of the tethering cable. During
the lift motion that follows, the tethering cable is
drawn out and rotates a ground-mounted ratchet
mechanism, A major problem in the use of kites is
the fact that they need to be launched whenever
encrgy is required and that they require wind to
stay up. This obviously limits any possibility of
automatic operation. This limitation conceivably
could be overcome by using an airfoil-shaped
balloon filled with hydrogen or helium to keep the
kite/balloon in the air during calm spells.

David Stabb has also been exploring various
unorthodox types of kite, including a giant ‘revo-
copter’ (a sort of flying Savonius rotor,see Fig 20)
which would drive an endless tethering cable which

in turn would drive a ground-mounted mechanism.
Like the tree pump, the kite has yet to prove itself
as an encrgy converter for static power supply. But
it has at least one distinct advantage over L
conventional wind power’plants, namely its ability
to climb to relatively high altitudes, where wind
velocities are much greater than they are near the
ground.

HARNESSING THE WIND

Before installing a wind machine it is obviously
important to know whether there will be enough
wind to utilize. You will need to know:

a) The amount of energy expected annually;

b) The distribution in time—over the day, month,.
year or longer.

¢) The probable duration of very high wind speeds,
or of calm spells, during 2 given period. )

The estimated energy available from the wind,
globally, according to Golding, is approximately 13 -
million million kilowatt hours a year. The annual
available energy per square metre of swept su;'facc
may vary between 100kWh for calm areas and
500kWh for very windy areas.

The annual average wind speed available at any
site will depend on the following factors:

a} Its geographical position. _

b) Its more detailed location, such as irs altitude
and its distance from the sea.

c) Its exposure—in particular, the distarice away
from any higher ground likely to give screening,
especially in the direction of the prevailing wind.

d) The nature of the surrounding ground, even
though it may not necessarily be high; for instance
very broken ground, with rocks, woods or groups
of trees, can seriously retard winds near the surface

M
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of the ground (Fig 21a). -

¢) The shape of land in the immediate vicinity.
Because of the increased wind speed at higher
altitudes, hilltops are very suitable locations for
wind machines. A steep, though smooth, hill may
accelerate the wind flow over the summit by 20%
or more, by causing compression of the layers of
air in much the same way as an zirfoil or venturi
tube (see Fig 21c¢). If the hill is not smooth, or the
summit is too sharp, turbulence can be created (see
Fig 18). |

The most suitable areas for hamessing wind
power are coastal areas, ridge lines of hills, and flat
plains such as exist in Holland.

WIND DATA AND MEASUREMENT

Before you can decide on a particular type of wind
machine, besides knowing how much energy is
required for the particular task you want the
windmill to perform for vou, you need to know
how much power is available from the wind on your
site. You need to know the prevailing wind
directions, the mean average wind speed and the
most frequent wind Speeds. It is possible to get a
rough idea for the general area from windroses on
Ordnance Survey maps (Fig 22) or frem wind
contour maps (Fig 23). But practically the only
derailed data available in Britain is from a few
meteorological stations and for a few sites that
were surveyed by the ERA. So the only alternative
to taking measurements for at least a year with an
anemometer (see Fig 24), is to take a chance, and
hope that the nearest available meteorological dara
does not differ too much from that for your site—
or evolve a design by trial and error, trying out
various models of different types to see how they
perform over 2 period of time.

Some enterprising person should set up and
co-ordinate 2 wind (and maybe also solar radiztion)
measurement programme to be carried out by
schools, along the same lines as the recent, very
useful, schools pollution monitoring programme.

Radical Technology, Peter Harper UK / USA 1976 - Random House
PP. 80-88 |

—~
_— Fig 21b, Ar flow around
— O r M isolatcd small obstacies.

Fig 21a. Air flow overswep and
rough rereain.
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Fig 21c. Accelerntion of wind over
hills.

(From K.H. Soliman ‘Stuay
of Wind Bebaviour and
Investigation of Suirable
Sites for Wind-driven
Manis', Wia Vol. 7of UN,
New Sources of Energy,
Rome, 1961)

Fig.23. Wind Contour Map of Western Europe with Wind Specds
& Energies (from J. Juul The Design of Wind Power Plants o
Denmark W/11, Vol, 7 of UN. Conference on New Sources of
Energy, Rome, 1961), . &

Fig 22. Wind rose for Durban (from Gelding).

Percentage of
calms within
arcle. Ares rep-
resent 5%
intervals !

——e————{__]

s

The figures in circles indicate mean annual wind speeds. In the
double figures, the first indicates the height of measurement,
the 2nd the energy in kwh/m2, measured in the versical plane.
The top of the map shows the scale together with the swept
area required o produce 100,000 millice kwh.

Fig-24. David A. Sankcy's do-ic-yourself snemometer & wind vane
{Scientific American, June 1972).
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Table I. Beaufort Scale of Wind Forces
{from Golding Generation of Etecericity by Wind Power)

WYL FUAEN

17 - 114

Beaufort Description Land observations Egquroalent Limst of mean speed at 33" above Meant wind

Aum (8) of wind e flat ground in open situations in ib/fe2 at
- _ velocity standard density

{lmors} knots mpb m/s (P =0.01583)
0 Calm Smoke 0 under 1 under 1 under 0.3 O

rises vertically

1 Light air Light drift of smoke 2 1-3 1-3 0.3-1.5 00%

2 Light breeze Wwind felt in face, leaves rustle 5 4-6 4-7 1.6 —~-33 008 .

3, Gente breeze  Leaves in motion, light flag 9 710 812 34 -54 0.28
extended .

4 Moderuce ' Small branches move; licter, 13 11 - 16 13 — 18 55—-179 0.67

breeze dust, leaves lifeed

5 Fresh breeze Small trees sway 19 17 -21 19 — 24 80 -107 131

6 Strong breeze  Large branches in motion: ' 24 22-127 25 - 31 108 —-13.8 2.3
wlegraph wires whistle

7 Moderate gale  Whole gees in motion, 30 28 - 33 32 - 38 13.9 —17.1 3.6

. difficult to walk agzinst wind
8 Fresh gale Twigs break off tees 37 34— 40 39 — 46 17.2 — 20.7 5.4
4 Secrong gale Chimmney pots and siates blewn 44 41 — 47 47 — 54 20.8 — 244 7.7
¢ off roofs

10 Whole gale Trees uprooted, severe 52 48 — 53 55 — 63 24.5 —28.4 10.5
sguctural damage

11 Swrm : 60 56 — 63 64 — 72 28.5 - 32.6 14.0

12 Hurricane . 68 64 - 71 73— 82 12.7-3569 18

13 ' 76 72-80  83-92  37.0—4L.4 13

14 . 85 81 — 8% 93 — 103 4i.5 - 46.1 29

i3 94 90 - 99 104 — 114 46,2 — 50.9 35

16 14 100 — 108 115 — 125 51.0— 56.0 43

109 — 118 125 -—136 $56.1 -61.2 52

Tahle 2. Theoretical maximum powet extractible from the wind
(P = 0.593kAVI) ‘ '

"

For more detailed technical data see Golding’s
Generation of Electricity by Wind Power. Sec also

Wind speed Maximusm power (kW) from variows diameters of Rt ] )
windmill the ERA publicadons, especially: The Aerodynamics
- of Windmills Used For the Generation of Electricity
(mpb)  (mfs)  dia 6ft dia 10ft dia. dia 25ft dia 50ft | (No.IB/T4); Windmills for Electricity Supply in '
L&m  3m ;2:!" 7.6m  152m | Remote Areas (No. C/T120); and The Potentialities
' o . of Wind Power for Electricity Generation (with
10 44 0078 0.121 0.38 1.5 6.0 | Special Reference to Small Scale Operations) (No.
20 89 0637 0984 308 123 s92 | W/T16). “Designing Windmill Blades™ by Alan
30 13.4 2.223 3454 104 41.6 166.4 | Altman in Alternative Sources of Energy (No.14), is
40 17.8 4960 7.638 246 98.4 3936 | 4150 useful. '
50 223 10160 15710 48.2 1928 771.2 :
60 268 17220 26.550 83.2 3328 . 13312
CALCULATION OF POWER ‘ the diameter D is in feet, the velocity V is in mph,

Power is equal to energy per unit time, and the
energy available in wind is its kinetic energy. The
kinetic energy of any particle is equal to one half
of its mass times the square of its velocity, or
1%MV2. Since the volume of air passing in unit time
through an area A with velocity V is AV, the mass
M of that air is equal to its volume multiplicd by
its density por, M= p AV. Substituting this value
of the mass in the expression for Kinetic energy
above, we obtain the formula:

Power = kinetic energy per unit time = % p AV.V?
=¥%pAV’. - |

Assuming that the swept area of the mill Ais
equal to x D4 | where D is the mill diameter,
then the power = % pw D*/4 V?

Or, in general terms, Power (P) =k A V?
where k is a constant (equal to ¥%p)-. :

In implcrial units, the value of constant k is
53 x 107, when the area of the turbine A'is in sq ft,

and P is in kilowatts. In metric units, k is 64 x 1077,
when the area A is in square metres, diameter.D is
in metres, velocity V is in metres per second, and P
is in kilowatts. '

Putnam gives a general formula which, when
converted to metric units, Decomes:

P=472.10%. D*. V? -
Encyclopedia Britianica gives a slightly different
formula, which, in metric units is:

P=484 10°¢. D%V’

But the maximum amount of power that can in
theory be extracted from an ideal windmill has been
shown by Betz to be 0.593 times the theoretical
power P in the wind, as given above. Hence, in :
theory, the maximum power extractible, P (max) =
0.593.484.106.D2. V*

But in practice this multiplying factor has been
shown to be no greater than 0.4 or maybe less, ic
the actual power P (act) < 0.4. 484, 10°%. D?. V?

&
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FURLING

ESTIMATION OF QUTPUT

The table relating wind speed and power from wind

devices shows that there is, for example, more than -

2 hundred times as much power available from a
50 mph wind as there is from 2 10 mph wind. The

To estimate 2 windmill’s output you need to know
1ts characteristics and the frequency of winds at
various speeds. For each wind speed there is 2
corresponding amount of power per unir arez,

tremendous energies of high winds can easily destroy calculable from the formulae given earlier. Knowing

a machine built to handle lower wind speeds unless
special provisions are made for protection. Various
devices for “furling” or bringing machines to 2

safe condition in high winds are iliustrated in Fig 25.

Fig 25a. Godwin's sutomatic goveming device for their Hercules
wind pumps. .
wind dircction

N 1

Windmill working Windmill working  Windmill in “off’
position in low position in high posidion with
and medium ‘winds. Windmill brake on,
winds. turns slightly out activated by
of wind and violent winds or
regulates speed. band.

Fig 25b, Overspeed device used on many windmills includiog
Kenwood's (1908}, Jim Scncenbavgh's and Camm's amongst
others.

propeller

spring pilot vane

|
i

Windmill in ‘off’
position.

main vane

Windmili in normal
operadng position.

Working position
in high winds.

Pressure on pilot
vane pulls round

the frequency of each wind speed you can calculate
the theoretical amount of energy capable of being
generated by 2 wind of that speed. The machine’s
effictency will vary at different wind speeds and the
total energy available for each wind speed must be
altered accordingly. There is also 2 speed above
which the machine must be furled to avold damage,
and this energy is therefore wasted. Below a certain
wind speed the machine will not tumn at all, so there
is an energy loss at each end of the speed specrum— -
though variable-pitch machines can sidestep this
limitation to some extent.

The annual output of energy supplied depends on
the actual wind behaviour, in detail, at the site and
upon the design of the machine. These factors
cannot be taken fully into account in energy
esumatons made from wind survey data giving only
hourly wind-speeds. But one procedure that can

~ be followed, and that is not likely to lead to any

misconceptions provided you realize its limitatons,
is recommended by Golding and is as follows:

i) Relate the results of the wind speed measure-
ments made during a relatively short period—one or
two years—to the long-term wind regime at the site
so that a velocity-duration curve can be drawn.

" ii) Cube the ordinates of this curve to give the
power duration curve for the site (since power is
proportional to wind speed cubed).

ii1) Estimate the specific output, Ts (expressed in

-kilowatt hours per annum per kilowartt of installed
capacity) corresponding to a given ‘rated’ wind
speed Vp. The rated wind speed is that at which the
wind-driven generator gives its full rated power.

WINDMILL USES

& Pumping and mechanical applications For
pumping, any type of wind machine is suitable, The

f
\,}‘L

propelier. specific type chosen depends upon whether the
Fig 25c. Patented aic-brake Goveming Fig 23d. Fatented
, govemoc used on Dyna position centrifugaliy operated
Technology's Wincharger wariable pitch mechs-
muchines, Centrifugally opersted nism used on Jscobs
flaps suromatically open and machines. Consists of a
spread the wind sway from sct of centrifugally
propeller, when the wind speed ?pcnn:d weight carry-
exceeds 25 mph. Governor also ing members, As the
acts a5 & fiywheel. wind/prop speed
increases the weight is
thrown outwards which

in urn throws out the
lever arm, which
rotates the hub gear
which cngeges into the
blade arm gear and so
adjusting the angie of
the blade 1o spill excess
encrgy at high wind
speeds. This deviee can
also be uscd to enhance
starung at low wind speeds.




most frequent wind speeds are low or high, and the
skills, material and money available.

If simplicity of construction is required and the
wind regime is mainly one of steady, low wind
speeds, then ge for a Savonius rotor, Greek-type
sail mill, or one of the baride axe or multiblade _
types. If the wind direction is constantly changing
with low wind speeds, then a vertical axis machine
that can make use of winds from any direction, such
as (again) a Savonius, a simple panemone (I1.3.2), or
a ransverse flow machine (1.b.2) may be more
suitable. :

If more money is available and steady, relatively
high speed winds are experienced then propeller-
driven machines will be more suitable. If the wind
speed is high, yet the direction of windflow is
constantly changing, then the Darrieus vertical-
axis turbine, or possibly transverse-flow machine,
may be the most sadsfactory. For mechanical
purposes—such as driving machine rools, milling,
compressing air and so on, the same basic criteria
as for water pumping apply-

& Electricity gemeration Because of the high
rotation speed of most normally available generators,
and to avoid very high gear ratios, the preferred
types of wind machines are limited at the present
time to the propeller and Darrieus types—and
possibly transverse-flow machines. But these
machines do not normally ¢éut-in at low wind
speeds, so light winds are effectively wasted. This
situation is unlikely to change until some clever
electrical engineer comes up with a slow-speed
generator which is not of prohibitive size and weight
(preferably self-built). This could allow slow winds
to be harnessed for electricity production by slow
but high-torque machines like the muldblade,
Savonius, or Greek-type sail mill.

@ Vapour compression Another use to which a wind
machine can be put is to drive the compressor of a
heat pump (see Fig 26). This overcomes one of the
disadvantages of the heat pump, namely that of
dependence on the National Grid for electricity to
drive the compressor: the efficiency of power =
generation on the National Grid is so low thatitis
probably more efficient to use the fuel which

Fig 26. Wmdmill used in conjuncrion with a beat pump cycle
having as its hear source solar heated water.
Beczuse of the compressor’s particular
chancteristics it may be necessary to
substiture 2 wind generator and
clectric compressor and pumgp, One
windmill %

advantage of this heat pump system
is that it gers over oae of the main
disadvzatages of solar heaters,namely  rg bot warer
thar they do not produce bot water supply
in the wincer. z '

3 way valoe —

b A
salar collector B
1 expansion valve

COmTeEsSor

pump

produced the electricity directly for heaung on the
premises.

One problem with using waind machines to drive
heat pumps ts that compressors usually have to be
driven at a constant speed, whereas 2 windmill's
rotadon is irregular—but this problem is probably
surmountable. :

@ Heating water by bydraulic braking A more direct
way of tuming wind energy into heat is by creating
turbulence in a fluid—a wind-driven version of
Joule’s classic mechanical equivalent of heat
experiment. A simple way to do this would be to
couple the wind machine to a paddle rotating in a
well-insulated tank of water with inward-projecting -
vanes to generate turbulence and frictional heat

(Fig 27). This will have a braking effect on the

wind machine which at low wind speeds would be

a disadvantage (and anyway the small quannties of

. heat developed would not be worth collecting);

bur at high speeds, such hydraulic devices could
simulraneously regulate the machine and make good
use of the considerable amounts of energy. The
range of wind speeds over which the machine can
usefully operate could be extended. Some forms of
hydraulic brake have 2 cube power braking
characterisdc which matches the cube relation of
wind speed and wind energy very well, and these
would seem to be particularly approprizate for use
in areas where high wind speeds are commeon. The
idea is being explored by David Stabb, Simon
Longland and others.

Fig 27. Hydmulic brake.
1wind mil drive
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ORIENTATION SYSTEMS

Horizontal-axis machines need to be kept facing
into the wind. Some of the possible orientation
systems are as follows: :

a) A tail vane mounted downwind from the
rotor, which keeps the rotor facing into the wind
by an acdon similar to 2 rudder on a boat (see for
example Figs 11, 12 and 14). Most small wind
power plants are oriented by this mechanism.

b) If the blades are angled to point slightly
downwind of the mast or tower, the wind pressure
on them makes the machine self-orientating. This
principle is used in two of the wind generators
designed by Windworks, and on the wind generators
and wind pumps produced by Lubing (see Fig 28).

¢) Fantails. These are mounted on 2 plane
perpendicular to the main rotor, and are in effect
small windmills, usually of the multblade type.
They are rotated by any cross wind and drive a
reduction gear which orientates the main rotor into
the wind. This was one of the main onentauon
systems of the traditional tower mill (Fig 29), and
is still used on some large modern wind generators.

d) Rotating mast. Instead of just pomting the
machinery at the top of the mast into the wind, the
whole mast can be rotated. The Brace Research
Institute's 32 ft diameter airscrew windmill is
oriented in this way (see Fig 33). But it does not
turmn automatically, and has to be moved by means
of a hand crank driving 2 truck crown wheel and
pinion at the base. This method is obviously not as
suitable as the automartic control offered by systems
2, band c. _

. There are several other ideas for orientating
windmills—‘yawing’ motors, electically or
hydraulically driven; rotatable wipods with two of
the legs carried on bogeys which run around a
circular track, while the third rotates in the cenue
of the circle; or even floating the rotating part on
water. But most of these suggesaons are rather
complicated and are really only suitable for large
scale machines—which are of dubious value in any
case.

BLADES AND SAILS

The blades of windmill propeller rotors are usually
shaped in the form of one or other of the '
conventional airfoils, some of which are:

NACA 0015 Used in the ERA’s 100kw wind
generator, erected in the Orkneys in the 1950s.

NACA 2418 Used in the US War Production
Board wind turbine project.

NACA 4415 Used in the Brace Rescarch
Institute’s 10m diameter airscrew wind turbme.

Clark Y Used in jim Sencenbaugh’s ‘02 Delight’
sclf-build wind generator design. (See ‘Designing
Windmill Blades’ by Alan Altman, Alternative
Sources of Energy no.14.)

Wortman FX 60--126 Used in Hans Meyer’s
10 ft diameter, self-build wind generator design (see
Popular Science, November 1972, p.103).

Wortman FX 72-MS150B Used in Hans Meyer’s
12 fr diameter self-build wind generaror design.

Juul (Gedser Mill} Airfoil (similar ro Clark Y)
Used on Gedser mill in Denmark in 1958 (the
profile is given in Vol.7 of the Proceedings of the UN
Conference on New Sources of Energy, 1961, p.233.)

Data about NACA and Clark Y airfoils can be
obtained from Theory of Wing Sections by Ira
Abbott and Albert von Doenhoff (Dover, New York,
1959) and data about the Wortman airfoils from
Stuttgarter Profilkatalog I by D. Althaus (Institut
fur Aerodynamik und Gasdynamik der Universitat
Stuttgart, 1972). Dezails of the Lejay Manufacturing
Co.’s designs for 6 to 10 ft windmil! propeliers are
given In Fig 24,

The blades themselves may be solid; fabricated
(skin covering a skeletal framework); or of the

. sallwing type described previously. They may vary

in number from two to twelve or more but the
optimum number of blades is three. They may
either be tapered or of the same chord-width
throughout their length, and may be of plane form
or twisted. Their pitch may be variable or fixed, and
they may be rigidly mounted or aliowed to ‘cone’
or ‘drag’ in the wind, to relieve the stresses sct up
by rapidly changing wind speeds.

@ Blade construction The material used for blades
must be strong and yet light weight, and must not
be subject to serious deterioration in bad climatic
conditions.

Wood is an ecologically-sound blade making
material although it is becoming harder to obtain,
and more and more expenstve. Its use encourages
over-exploitation of timber resources—especially in
the Third World, where little replenishment is
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;

" taking place and soil erosion is the consequence.

. weigh more than 40 Ibs per cu ft. Specifications for
" walnut, mahogany, ash and spruce, together with -

' details of methods for testing timbers, may be

* obrained from the British Engineering Standards

- Association. Wooden blades need protection at the

* are several sizes of standard brass tip available.

. Fabricated blades The process of making this

- dope, plywood—or even paper, if a tough enough
~ grade 1s found. Great care is needed for this method

- do-it-yourself car-body repairing and boat-building.

Fig 30, Lecjay design wooden propeller blades for diameters from &t 1o 10ft.
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Blades are carved out of the piank by vamish, and rubbing with wet and dry
means of plane, saw, spokeshave and emety paper between cach coat The
sand paper. The blades should be pro- tips also have to be protected by
mcted by sealing against moisture mezans of metal foil or 2 standard metal
with about five coars of enamel or Gp designed for ireraft propellers.

Why not plant some trees and put some wood back?
Timbers approved for aircraft propellers are:
walnut; some mahogany; Queensland silk wood;
ash; iroko; and silver spruce. As a general rule,
timber used for propeller construction should not

tips, due to the high tip rotation speed, and there

Wooden blades can be made by anyone with a
plane, spokeshave and patience, and are very
suitable for small wind machines (see Fig 30). But
various other materials and systems have been
developed to reduce the weight

type of blade will be familiar to any model aircraft
builder. It consists of covering a skeletal framework
with a fabric which is then toughened by aircraft

of construction and it is generally not worthwhile
for propeilers under 2 metres in diameter.
Fibreglass blades Fibreglass is a relatively light,
fairly easily manipulable and mouldable material,
and tibreglass skills are nowadays quite well
distributed throughout the population, thanks to

Such blades are weather-resistant and light in weight.
Expanded paper blades In this method of

construction, honeycomb paper is cut with a

bandsaw to the required shape, then the honeycomb
is expanded along the length of the blade shaft
(usually 2 metal mbe), and ‘jigged’ to give the blade
the desired angle of atrack. When the honeycomb

1s In the required position, the blade is covered

with a fine-weave fibreglass cloth, followed by
fibreglass resin. This simple and cheap method of
constructing precision airfoils was developed by
Hans Meyer and Ben Wolff of Windworks.
Expanded polystyrene and urethane core blades
This method is similar to the previous one, and .
consists of cutting the core into the required profile
(this can be done with a hot wire), and then covering
1t with fibreglass cloth and resin. The process is
similar to that used for surf-board construction.
Metal blades Meral blades are not really suitable for
self-build, small-scale propeller-type wind machines.
But simple, bent-metal blades can be used in
multiblade designs. Metals and plastics are not only
large consumers of energy in their production, but
the processes involved tend to be very polluting, so
these materials should be avoided as far as possible.
Otherwise, only recycled scrap metal should be
used. .

# Sails Sails usually consist of a sheet of canvas—as

't employed, for instance, in Greek-type sail mills, the

sails'of traditional English mills, and sail pancmones
of the Chinese type. But they can be of the
‘Venetian Blind’ type; ar with roller shutter sails .
(some of the later traditional mills and early
electric mills were of this type); or with wooden
cheets, as on the ‘battle axe’ or ‘Jumbo’ mills,




TOWERS

The power available from wind increases with
height and is more constant above the level of .
surrounding obstacles such as trees and houses. It is -
not a good idea to instal a horizontal-axis windmill
permanently on a roof unless the roof has 2
streamlined top. So it is more-or-less necessary o
have a supporting mast or tower of some sort.

Telegraph poles (see Fig 31} if available, and
scaffold tubes to some extent, are suitable for small-
size machines but otherwise a lattice tower will
have to be constructed.

The type of tower chosen should be one that calls
for the minimum of technical skill in construcon.
A simple lattice tower with three or four legs,
depending on relative costs, can be made of umber,
as in Jim Sencenbaugh's self-build design (Fig 32),
or one of the Brace timber lattice masts (Fig 33).
Or, more commonly, of steel (Fig 34)—although
this is not so suitable for the self-builder, unless an
old electricity pylon or 2 floodlight, railway signals
or radio mast can be scrounged. '

Monolithic concrete towers have been used for
many of the Danish wind generators, and although
they are relatively atiractive in appearance (they
resemble somewhat the old traditional windmills})
they are rather expensive and suffer from vibration
problems (at least when constructed on 2 large
scale).

The Brace Research Institute has done some work
on concrete block towers, which worked out
cheaper than steel towers, but like masonry towers
they may suffer from vibration problems, and
obviously they are more permanent and less portable
than lattice masts. '

Hans Meyer has designed an arttractive 30 ft tall
octahedron module tower made of 250 ft of one
inch electrical conduit tubing (see Fig 35); it could
also be made of bamboo struts.

Another uscful tower idea is to usc 2 telescopic
mast, as Villinger in Germany have done. Brace have
also explored the possibilities of these masts.

The actual erection of a mast can be made much
casier by the use of a ‘gin pole’, as shown in Fig 36.

GENERATORS

For small scale wind machines the most popular
generators are car alternators or dynamos, both of
which are widely available from car breakers.
Another useful idea is to run electric motors in
TEVErse as generators.

@ Car alternators Car alternators have several
advantages over dynamos for use with wind
turbines. They start producing an electrical charge
| at low revs, they are lighter, generally have higher
ourputs, and offer less rotational resistance than
dynamos.

They consist, basically, of a magnet within a
coil of wire. When the magnet is rotated by the
rotor, an alternating current (AC) is produced
which is then rectified to direct current (DC),
electronically, by diodes.

Fig 31. (Above) Ex-
telegraph pole or scaffold
tube or 27 {mmimum)
wazer pipe used as guyed
mast. (Right) Ex-telegraph
polc clamped to the wall of
bouse by mctal straps
{prefcrably cast m). This
methed must be done

L

extremely carcfully and

only with amall wind

machines as beick and :ﬁ;n Timber
masonry walls are weak in ice tower,
shesr. Metal tube such a5  Pians for
scaffolding or 2™ watex which arc I
pipe could also be used for svailable

senall unirs. together with

working drawings and specifica-

tions for ‘Sencenbaugh 03 Delight’
wind generator, from Jim Scncmmbangh,
678 Chimalus Dr., Palo Alto, California,
USA for 315.

Fig 36. Erection of mast
with the usc of 2 gin poie,
from Alrernative Sources
of Energy, No. 14 p. 9.

BLL R DCE Chly?

Alrernartors should not be used without a
battery in circuit, otherwise they may burn
themselves out. Some types of alternators need to
be ‘energized’, before they will start to charge, so
the battery used will have to have some charge in
it; in such cases a wind pressure operated micro
switch must also be in circuit, which will energize
the ficid coils from the battery.

Because of their greater sophistication and their
use of electronic components, alternators tend to
be rather more expensive than car dynamos—
although I bought a brand new Prestolite 35amp
alternator for £15 and a second-hand Lucas 11AC
45amp alternator for £8. .

Types of car alternator available in the UK Lucas:
10AC—35amps; 11AC—45amps; 11 AC—60 amps
(uprated version). All work at 12 volts and are
battery-excited. Lucas: 15SACR—28amp; 16ACR—




Fig 33. Bracc mbubr

latrtice tower rotable).
& arc available from

Institte.

.Fig 34 (Above). Typicdl meeaj lattice
tower used for windmills. This
particular example is made from
galvaniscd steel mgie designed in
various heighes from 19°0™ o 610"
for their ‘Hercules’ wind pump by
H}. Godwin Ltd, Quecnington,
Gloycestershire. -

" Fig 35.30'0" High Octa-
hedron Module Tower
Designed by Windworks
for their ‘12 Footer” wind

- generator plans, md made
from 25070 of 1"
elecerical conduit tubing,

34amp; 17ACR—36amp; 18ACR-—43amp; 20ACR—
66amps. These work at 12 volts, are self exciting.
Refer to Lucas manual on Alternators for details

(Joseph Lucas Ltd, Birmingham B18 6AU, England).

Prestolite (Smiths): 1235—35amps; 1245—45amps;
1260—60amps; all work at 12 volts and are battery
excited. Dodge Dart: 45 amp (max) at 12 volts,
battery excited. Motorola: 85A2004R—85amp at
12 volts, battery excited.

For outputs greater than one alternator can
produce, you can couple several to the windmill. -
This approach has a certain advantage over the'use
of larger generators—namely that you can run just
one alternator when the wind speed is low, ,which
offers less resistance to the windmill. '
& Car dynamos Car dynamos are more widely
available and cheaper than alternators (you can
pick up a reconditioned dynamo for £5) and the

circuits are simpler, but they ‘cut in’ at a higher

rpm than do altemators, so higher gear ratios are
required. Their output is much lower (the maximum
output for most car dynamos is around 22amps at
12 yolts), they tend to be much heavier than
alternators, and they offer more resistance to the
rotor. But they have often been used successfully
—it really depends on how much power you want,
what’s available and how much you have to spend.
Dynamos are also suitable for reversing and running
as 12 volt DC motors, which could be usefu! for
providing 12 volt power tools.

The most common car dynamos in Britain are the
Lucas C40 range.

Another possibility is to cannibalize a petrol or
diese! generating set and use the generator, geared-up
sufficiently, coupled to the windmill. But unless
you happen to find a dumped one, such generators |
are not cheap, and they usuaily produce 240 volts |
AC, which is difficult to store in batteries,

Although scrapped cars are a good source of
alternators and dynamos, and although they are put
to better use on a user-controlled non-polluting
wind machine than on a polluting and energy-
consuming motor car, the concept of autonomy in
wind-produced electricity is undermined by this
dependence on high technolegy industry for
electrical components. Until some progress is made
towards the construction of slow-speed alternators
and dynamos from scratch, wind generator builders
are not going to make much of a dent in the
capital-intensive industries, however much they
pretend they are independent of them.

ENERGY STORAGE

& Batteries At the moment, the main type of
storage available is the electric battery; and the
chotce is more-or-less limited to batteries of the
lead-acid or alkaline (nickel~cadmium or nickel-iron)
type. Lead-acid batteries have the shorter life but
alkaline types are more expensive.

The lead-acid battery can be designed to be
recycled easily. This still cannot be done with most
of the present designs of car battery, where the
cases have to be axed apart, then thrown away; and
only the lead reclaimed. Several lead-acid types are’
available—to suit every application, from cars to
tractors, lorries, buses and industrial emergency
power supplies.

The capacity of batteries is measured in ampere
hours (AH). A 300AH, 12 volt battery can supply
300 amperes at 12 volts for an hour, that is 3.6kWh
(12 x 300) of energy. The battery’s life will depend
not only on the sort of battery but also on the '
discharge rate. If 2 battery has to supply 2 heavy
load, it discharges rapidly and it will have a short
life. The life of a battery is usually measured by the
number of charge-discharge cycles it can cope with.
If a battery has a lifetime of approximately 1,000
cyclés {(car batteries have a typical life of 750—1,200
cycles) and each cycle takes four days, then the -
battery will last for abour 4,000 days. For maximum |
life, the lead-acid battery should never be more than*-
half discharged. - :




ENERGY

@ Pumping water upbill Because of its fairly low
efficiency and the relatively large volume of water
needed to store a given amount of energy, this -
system seems to be suitable oniy for use in
conjunction with a small-scale water power
installation, or on sites near to large volumes of
water, such as lakes, rivers and reservoirs, or sites
where there is a large difference in height, such as
wells, mine shafts, or quarry pits. Basically, a

pumped storage systemn works by raising water from

one level to another by means of a wind driven

pump, and then, when elecwicity is required, lerting

it drop to the original level through a water turbmne
connected to a generator. The technology required
is relatively simple and fairly well developed, but
overall storage costs may be high.

& Compressed air This method depends on storing
the wind’s potential as compressed air, retaining it
in 2 gasometer, and, when energy is required,
releasing it to drive air trbines, coupled 1o a
generator for electricity production or integral with
the appliance for which energy is required. The
technology of air turbines is quite advanced,
especially in dental and mining equipment. The .
main problem is the prohibitive volume of the
storage and the need for a robust pressure-vessel.

@ Fly-wbeels Fly-wheels are a2 method of stoning
potential energy mechanically, in the momentum

built up by a spinning mass. There have been several

developments in fly-wheels in recent years, mainly
on a high-technology level. High-speed fly-wheels
need stringent quality control in manufacrure to
avoid the risk of failure, which can be catastrophic.
Some work has been done on running fly-wheels

in a vacuum, which improves the efficiency
considerably by eliminating air resistance. Bur

1 production; or the gas can be used for cooking, and

| involved is very advanced and currently prohibitively

methane or alcohol, produced from fermentation
of organic wastes, as well as hydrogen. The engine
may be coupled to a generator for electricity

possibly for limited heating applications.

‘Hydrogen can be stored in the form of gas in -
gasometers. But the stuff has to be treated with
extreme caution as it is extremely inflammable and
highly explosive. Work is being carried out into
stering the hydrogen in the form of solid hydrides,
which are much less inflammable. Hydrogen as a
fuel is more environmentally desirable than most
other fuels as it causes very lirtle pollution: on
combustion only water is produced.

Research is also going on into producing elecuicity
directly from hydrogen using fuel cells, in which
hvdrogen and oxygen are brought together in a
chamber, and water and electricity are produced.
But because fuel cells use rare metals as catalysts
and operate at high pressures, the technology

expensive.
CONCLUSIONS

Well T hope that T have convinced you that the wind
has enormous potential which is totally under-
exploited. I've tried to cover most of the aspects and ;
some of the problems. But before you dash off and 1
build your windmill and tap into this new-found ‘
|

energy, make sure your home is well insulated, re-
examine the appliances you really need, and which
could be muscle operated, and decide whether you
really require heat energy or electricity. All these |
decisions will affect the size of the windmill. The
other thing to aim at is a combined system of energy
provision—ie solar, wind, waterpower, biological

fly-wheels are still uneconomic for most

applications at the moment.

& Hydrogen 1f the electricity produced from a
wind gencrator is used to break down water by
electrolysis, hydrogen is produced. This can be
used as fuel to drive engines (and if these are fitted
with water jackets to reclaim waste heat, their
efficiency is improved). Hydrogen-powered engines
may be designed for dual-fuel use, to operate with

waste fermentation, and muscle power, etc so that

the whole energy system in the dwelling does not

break down when one source is not producing.
Finally make sure your windmill blades and mast

are well anchored as a broken flying blade or falling

mast can be lethal and cause a lot of damage.
Happy windmilling.

Derek Taylor

GLOSSARY OF WIND POWER TERMS
Arrofcils (or Airfoil)

Wing, sail or blade which is shaped to produce
lift at right angles 1o the dircction of sirfiow.
-In ¢ross section the upper surface is curved in
2 convex camber, while the lower surface
usually has cither a concave camber or flat
surface, unless it is a symmerrical acrofoil, in
which casc it has 2 convex camber on both

| surfaces.

Anemo meter

A deviee used for measuring the speed of the
wind.

Chord (or Chordwidth or Chordiength)

The distance from the leading edge to the |
trailing edge of the acrofoil, e the width of
the biade. A constant chord width is a blade
whosc width is constamt from root {or hub)
o the tip.

Horizontal Axis Wandeill

A windmill whose drive shafc is horizontal as
in tradidonal Europesn windmilis.

Incerter

An clectronic device for converting direet

current to a2lternaring current
Power Coefficient
The ratio of the power output from the
windmill to the power available from the
upwind of the windmill. It can be construed
5 & measure of the efficiency of the windmill.
1t will vary from windmill to windmill but is
untikely to excecd 0.63.

Golding gives this cxp:cﬁos

Ay 3 v Y, .2
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2
Where p = densicy of air
V, = velocity of wind upwind of
windmill
V, = vclocity of wind downwind of
windmill
Overall power coefficiont = electrical power
output = powet in the wind for swept arca

Rated Wind Speed
The lowest windspeed at which full power is
produced. Ar kigher windspeeds this output
is limited by the controlling mechanism to
this full rated windspeed The outpurs of
small wind units vary depending on the rated
windspeed for which they are designed, and
this rarely excecds 30 mph.
Rectifser :
An electronic device which converts
alternating current into direct
current.
Tip Speed Rario

speed of rotation of blade dp

windspeed

Vertical Axis Windmill
A windmill whaosc drive shaft is vertical.
Wares
A unit of power equal in elecrrical terms o
Vols x Amps:
1 kW = 1,000 watrs = 1,34 horse power; (the
power given out by a one-bar electric fire).
1 horse power = 0.746 kW,
1 kWh = 1 kW consumed for 1 howr.

.
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CLAMP

. GUY WIRE
AT TACHMENTS

STEEL STEPS

HORMAL RUNNING
FOSITION

Constriection of Lucas “Freelite

wind-driven generator 19493

<X TYPES.

TAIL vANL

windmill (wind mil}, ». [$ MK, wivdmiie, wind-
melle, windmuile, windmdne, wyndemyine = D.
windmolen = MHG, wint-
mil, G. windmelle; <
wind? + milll, a.] 1.
A miil or machine for
grinding, pumping. or
other purposes, maved
by the wind: a wind-
motor; any form of mo-
tor for utilizing the pres-
sure of the wind 348 8 mo-
tive power. Two types of
machlnen are used, the hori-
zontel and the vertical The
vertical motor consiats essen-
tally of a horizontal shaft
called the wind-shayl, witk a
combination of xails or vanes
fixed at the end of the shaft,
and suitabie gearing for con-
veying the motion of the
wind-shatt to the pump or
other machinery. The older
types of windmlll uvsed {our
yines of sail-frames called
whips, covered with canvas,
arTangementa being provided
for reedng the saile in high
winds To present the vanes
to the wind, the whole stroc-
" ture or tawer carrying the . ;

windmill was at #rat turmed Cld Wizl 2 Henkgehaoon, Xew York.
round by means of & long

Jever. Later the topof the tow.

er, called the cap, was made

movuble. Windmills are now

made with many wooden

vanes forming a disk exposed

to the winds, and ftted with

automatic feathering and ateering machinery, governora
for regalating the speed, apparatus for closlng the ranes
in storms, etc. These improved windmitls are chledy of
Americin invention, aod are largely used jn ail pars of
the United States for pumping water. Herizontal wind.
milly employ an upright wind-shaft, and movable vane.
Placed in a circle mwund it, the vanes feathering when
moving agaiust the wind.

I saugh him carien a wind-meile ?b
Under » walahe-note shale, ,’—"&:
Chaucer, House of Fame,

a, frame; 5, saile: ¢, vane; o
putcperod,
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ﬂ.}lrd =ify of can vas.

Veraaxis Ayl

2 -
= &
i T

Fi p:
3 2
i 3
>

w

i 3
2 c

5§ g

Afg

TYPES




Simplified Wind Power Systems: J.Park. Box-4301. Sylmar California USA. 1975.
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Figure 3B 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
1s ever 100% efficient at doing
whatever it is designed for, we
must either assume a low value of
efficiency 1in the interest of
conservative design (a sort-of
guarantee that we'll get the pow-
er we need), or find some means
of reliably estimating a value of
E 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 completely
by a rotating device, then 100%
of the wind power could 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 depends on the de-
sign of the windmill, the gear
losses, the degree of accuracy
with which the builder of the
machine reproduces the necessary
shape and size, and so on. Ob-
viously 59% is still only theo-
retical. Practical wvalues 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 1in our
calculations for horsepower or
watts, the result will be real,
attainable values of windmill
power.

We shall explore several ex-
amples 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 bhe
moving faster, in proportion to
the distance from the center of
toration (radius). See Figure 4.

This gives a chance to discover
a speed ratio which will be wused
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/V{tip) is a
larger number than, say, the u/V
ratio halfway between the tip and
the center of rotation. Typical
windmill calculations will use
the u/V ratio for the tip, or
outermost area of the machine.
Speed ratio values you might see
are 1 to 2 for slow speed ma-—
chines, and 5 to 7 or 8 for the
more modern high speed machines.

Now before proceeding with cal-
culations of E, the fecllowing is
a comparative discussion of types
of windmills as related to the
value and estimation of E. As
will be seen, the type of wind-
mill selected to satisfy power
requirements affects the effi-
ciency, and hence, size of the
machine. A low efficiency wind-
mill will have to be larger than
a comparable high efficiency
windmill to generate a certain
amount of power.

TYPES OF WINDMILLS

There are twce primary classes
of windmills:

1. Thoese with power shafts moun-
ted vertically.

2. Those with power shafts moun-
ted horizontally.

BLADE TIP
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Appendix A ‘WINDMILL DATA
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Appendix B  AIRFOIL DATA

Following is a discussion of the method by which you can
lay out an exact airfoil shape according to some numbers
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 airfecils are
available, some better than those listed here, many less
suitable. Check the bibliography in this book for sources
of further airfeil information.

HOW TO LAY OUT AN AIRFOIL

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

EXAMPLE

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

Station Upper Lower
0 3.50 3.50
1.25 5.45 1.93
2.5 6.50 1.47
5.0 7.90 .93

and so on . . . .

For simplicity 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
length, -that is, 3.50 percent is really 0.035, and 1.25 per-
cent is really 0.0125. Move the decimal point two places to
the left. You may run into some source of 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:

Station { Upper JLower

0 x 10 = 0 0.35 x 10 = .35 0.35 x 10 = .35
L0125 x 10 = .125 .0545 x 10 = ,545} ----~ ETC



Now yvou simply plot the airfeil 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 point, 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. 1If not, the
lower value is measured above the line. Some sources of airfoil
information will have different station values for the upper point
than for the lower value. For these airfoils, you will have to
compute the different additional station values. Keep them
separate.

By making all the dots for the upper and lower values, you will
generate a series of dot targets which, when connected with a
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 ¥, LR = 1.5%, or 0.015.

For a 10 inch cherd, leading edge radius = 10 x .015 = .15 inches.
Use this value to shape the curve at the leading edge with a
compass or draftsman's circle guide. Some airfoils will not

show the leading edge radius value. This is really a reference
number. You can draw the curve without it.

EXAMPLE FX 72-M5-150B



SELECTED AIRFOIL ORDINATES

CLARK Y St. CYR 234 NACA 0012 NACA 0015 NACA 44y}2

STA |UPPER LOWER JUPPER LOWER |UPPER LOWER |UPPER LOWER | UPPER LOWER
0 3.5 3.5 6,42 6.42 0 o 0 0 0 0
1.25]5.45 1.93 9.55 3.75 1.89 -1.89 |2.37 -2.37 ] 2.4% -1.43
2.5 |B.5 1.47 11.0 2.7 2.62 -2.62 ]3.27 -3.27 ]13.39 -1.85
5.0 |7.9 .93 12,7 1.4 3.56 -3.56 {u4.,uy 4,44 | 4,73 ~2.49
7.5 |8.85 .63 13.8 .85 4,2 -4.,2 5.25 -5,25 ]15.76 ~2.74
10 9.6 42 14.6 .5 4.68 -4.68 15.85 ~-5.85 } 6.59 -2.86
20 11.36 .03 16,2 .2 5.74 -5.74 {7.17 -7.17 | 8.8 -2.74
30 11.7 0 16.55 .65 6.0 -6.0 7.5 -7.5 9.76 -2.26
40 11.4 0 16.1 1.1 5.8 -5.8 7.25 -7.25]9.8 -1.8
50 10,52 0 15.2 1.35 5.29 -5.29 |6.62 -6.62 }9.19 -1.4
60 9.15 0 13.3 1.9 4,56 -4.56 | 5.7 -5.7 8.14 -1.0
70 7.35 0 10.8 1.35 3.66 -3.66 (4,58 -4.,58 ] 6.69 -.65
80 5.22 0 T.75 1.05 2.62 -2.62 [3.28 ~3.28 | 4.89 -.39
90 2.8 0 4.0 +5 1.45 -1.45 [1.81 -1.81]2.71 -.22
100 10 0 0 0 0 0 0 0 0 0

LR = 1.5 LR = 1,58 LR = 2.48 LR = 1.58

FX 60-126 FX 72-MS-150B
STA UPPER LOWER |UFPPER LCWER
0 0 0 0 0
1.7 2,717 -1,37 |3.05 -1.23
2.65 3.4y ~-1.8 .01 -1.24
5.16 4.81 -2.48 |6,15 -1.14
6.69 5.u6 -2.76 |7.26 ~-1.03
10.33 {6.59 -3.26 |9.u43 ~.72
19,56 |8.33 -3.75 |13.32 .13
30.86 |9.13 -3.39 }16.05 1.16
L0o.24 ]9.04 -2.55 |16.86 2.09
50.0 8.u43 -1.82 116.16 3,27
59.75 7.4 -.3 14,21 4.25
69,13 [6.08 .55 11.55 4.64
80,43 {4,05 1.07 7.5 4,07
91.57 |1.78 .85 3.23 2.21
100 0 0 0 0
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Appendix C

Graphs are used to simplify
calculations. [ 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
have graph reading ability,
this page is presented.

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

EXAMPLE A

1f VALUE A equals 8, start on
the horizontal line at 8 and
look (or draw a line) vertic-
ally up to the curve. Next,
look (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
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 in your problem equals
15, which is half-way between the
line for C=10, and C=20. Simply
add a line roughly half-way between
the two and proceed as above.

VALUEB
= N WA YO N B

b
o

CONDITION 2 - Refer to Sample Graph 1.

You know VALUE 8, 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,

1

=

HOW TO

READ A GRAPH

| EXAMPLE C |

I Y S |

VALUE Y
- N W & 3

75

1

2 345 6 7 8
VALUE A
SAMPLE GRAPH 1

VALUEC =20

ADDED
LINE
FORC=15

A
/s

VALUEC=10

Y I I N I |
2 3 4 56 6 7 8
VALUE X

SAMPLE GRAPH 2



Appendix D
DETAILED WINDMILL PERFORMANCE

1 - Power = Force x Velocity

2 - Force = Pressure x Area
3 - Pressure = P ox V3/ 2
where p = Mass density of air = 0.0024 slugs / foot3

at sea level

v 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 x V3 x A
Again, this is theoretical horsepower.

7 - The mathematical horsepower which a windmill can extract
from the above value is 59.3% of the total. However, no wind-
mill is perfect, and the actual maximum horsepower available
from a windmill will be more tike 10% to 40% of the total. For
calculations, £ will be efficiency factor.

8 A Acha] Horsepower available 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 hour, K = 1.47
if ¥V is measured in feet per second, K = 1.0
A - frontal area of the windmill measured in square feet
E = the efficiency factor
9 - For calculation of electrical power: One horsepower = 746 watts

10 - Actual watts available from a wind = 0.0016 x (k V)3 x A x E



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

EXAMPLE

A 2-inch diameter by .065 inch wall thickness tube of Aluminum
alloy 2024 T-4 is selected. <Calculate the tensile strength. From

Graph A, note that tension area equals .39. Tensile strength factor
for this alloy is 60,000. Then Tensile Strength = .39 x 60,000 =
23,400 pounds.
.9
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GRAPH A TENSION AREA FOR TUBE DIAMETERS AND
THREE WALL THICKNESS VALUES



TUBE BENDING STRENGTH

To compute approximate tube bending strength, measured in inch-
pounds, multiply K-value from Graph B below times the tensile
strength factor.

EXAMPLE

A 2-inch diameter by .065 inch wall thickness tube of Aluminum
alloy 2024 T-4 is selected. Calculate the bending strength.' From
Graph B, note that K = 0.19. Tensile strength factor for this alloy
eguals 60,000. Then Bending Strength = 0.19 x 60,000 = 11,400 inch-
pounds.

7 TENSILE STRENGTH FACTORS
Alloy Tensile Strength
'095’ Factor
.6
Aluminum
2024 T-4 60,000
B
6061 T-6 42,000
. .065, 7075 T-6 75,000
Steel
K 4130
3 4130 90,000

| / .049
.2 s

TUBE DIAMETER (INCH)

GRAPHB K VALUE FOR TUBE DIAMETERS AND
THREE WALL THICKNESS VALUES



TENSILE STRENGTH OF WOOD BLADES

Wood blades - as discussed earlier in this manual - are laminated
and carved from guality materials like alrcraft 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 wood used,
and the moisture content. Wood strength increases rapidly as the
material dries out. For average wood used in the 10% to 15% moisture
content range, a safe check of blade strength can be made with a
tensile strength factor of 8,000. You need to know the tensile area
of the blade. Then multiply this area times the strength factor
to compute blade tensile strength.

EXAMPLE

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

CABLE STRENGTH

Cables are used for tower guy wires, windmill bracing, and so on.
Data presented is for 7 x 19 flexible aircraft stranded cable -
available in surplus outlets, or the source listed in the Biblio-
graphy of this book.

CABLE DIAMETER ({inches) BREAKING TENSILE STRENGTH (pounds)
1/16 400

3/32 750
1/8 2,000
3/16 4,200

1/4 7,000



BOLT STRENGTH

Data prééented are for alrvcraft quality

{(AN) bolts.

BOLT DIAMETER }SINGLE SHEAR STRENGTH TENSILE STRENGTH
{inches} (pounds) (pounds)

3/16 2,100 2,200

1/4 3,600 4,000

5/16 5,700 6,500

3/8 8,200 10,100

7/16 11,200 13,600

1/2 14,700 18,500

EXAMPLE 1

Two strips of steel are to be bolted together.
load in the strips is

in single shear.
inch aircraft quality
bolts will have to be

LOAD

The minimum size

bolt, or two

———— 1

EXAMPLE 2

A wooden blade 1s to be bolted to a steel hub.
force is equal to 20,000 pounds.
as 1llustrated below.

HUB

8,000 pounds.

The maximum tensile
The bolt will take this load

bolt for this load is one 3/8

5/16 inch bolts. Hardware store

larger in diameter.

BOLT
o

} L)

N

Mo~

The centrifugal

The bolts are loaded in shear

STEEL HUB WOODEN BLADE

+
\1,
(Ff"l;q

W’

BOLTS

Noticerin the sketch that the blade load ends up in two hub parts,
which 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.
handle this lecad.

smaller bolts are recommended.

In the case of wood blade attachment ,

Two 5/16 inch bolts could
Tots of
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Simple wooden—-blade small wind-turbine
Swept arca: 21.7 sg.m.

Tip speed ratio: app. 8 /’
L{

Effect: 4-6 kW. Yearly productjon: app. 4000 kWh

f

,,.

X

Wooden blades:

angle at the plane of rotation
a. at hub: 15 degrees
. at tip: 2 degrees
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Wind-Powered Machines: Ya.LShefter. Moscow USSR. 1972. /NASA-USA. 1974.

The "Sokol" electrical machine (2D-12MA) with a submerged
centrifugal pump is designed for 1ifting water on farms, irri-
gated and reclaimed sections, and also for providing electrical
power to small far-removed objJects, The basic zones for the
machine's use are Kazakhstan, Azerbaydzhan, near the Volga, the
Arctic, the coastline areas of the Caspilan, the Altay and others.

The distinguishing feature of the machine consists of the
fact that, due to the use of a new system of moment-centrifugal
regulation, it can be also used together with a non-wind elec-
trical station for working in parallel with a network.

Fig. 81. Head of the "Sokol" machine: 1. main
shaft; 2. bearing; 3. gear; 4. reduction gear;
5. generator; 6. generator shaft; 7. centrifugal
regulator; 8. orientation mechanism; 9. support
bearing.



The machine has a three-
bladed windmill 1 (Fig. 80),
in the hub of whilch 1s buillt
in a moment regulator 2;
head 3, conslsting of the
reduction gear, generator and
rotating support; orlentation
mechanism with two wind roses
b; pipe mast 5 with two levels
of guys 9 and manual control
winch 6. The equipment for
the machine includes elec-
trical panel 7 for control
and automation, type EPN-6-16-
110 pump 8, lifting boom and
plle foundations.

The windmill is fas-
tened onto maln shaft 1
(Fig. 81) by the hub on
bearings 2 so that a slight
angular motion relative to
the shaft is possible when
the moving aerodynamic mo-
ment exceeds the calculated
value. The fiberglass
blades are fastened into
the hub on bearings so that
all the roots are kine-
matically connected to~
gether through rod 3 of
the main shaft. To de-
crease flyout of the
windmill relative to the
tower axis, the shaft is
installed at an angle of
10° to the horizontal.

The two-stage re-
duction gear 4 (1 = 17.1)
1s connected to the rotor
of the synchronized
generator 5 on the shaft €
of which is mounted centri-
fugal regulator 7. The
reductlion gear, generator
and supporting device have
a common body, intc which
the two-stage worm orienta-

tion mechanism 8 is also bullt.
Two wind roses are located in

front of the windmillil.
The support bearing device 9
1s the same

Fig. 80. Overall view of
the "Sokol' machine.



Fig. 80. Overall view of
the "Sokol" machine.
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Fig. . 42. Diagram of the "Sokol"
electrical wind machine: 1. Sleeve
with slot; 2. Regulator spring;

3. Kinematic connection gear; .

b. Windmill; 5. Main shaft; 6. Re-
gulator rod; 7. Reduction gear;

8. Centrifugal regulator; 9. Gene-
ator; 10. Orientation mechanism;
11. Starting-stopping windlass;

12. Moment regulator; 13. Toothed
wheel; 14. Toothed racks; 5. Moment
regulator spring; 16. Stroke spring;
17. Starting and working positions
of sleeve; 18. In the process of
regulation; 19. When- stopping.




as in unified machines. The tubular
tower (metal or reinforced concrete)
has a hinge at the bottom.

The motor works in the following
manner. Before the beglinning of
operation, the blades are automatically
set at the optimal starting angles
(about 40°) and as the angular
velocity of the windmill increases,
they rotate to the working angles
(13°). The springs of the moment
regulator, enclosed in the housing
(see Fig. 42), have a preset tension
which corresponds to the nominal
moment Mp. If the moment of resis-
tance of the load M. becomes greater
than M,, the hub of the windmilli,
overcoming the force of the spring,
turns relative to the shaft, and the
gears of the roots (see Fig. 81),
rolling along the shaft gear, turn
the blades so that the moment
developed decreases. In the reverse
sltuation, the hub is rotated by the
action of the springs.

At M, < M, the rotation frequency of the windmill begins to
increase and centrifugal regulator 8 (see Fig. 42) comes into
operation. Sleeve 1 of the regulator 1s connected with pull rod
6, passing inside the main shaft. Overcoming the resistance of
spring 2, this sleeve 1s shifted to the right by the force of the
regulator, and, through rollers and a sleeve with Inclined slots
connected with gears, rotates the blades so that the original
rotation frequency 1is reset.

The motor is stopped wlith winch 11, by pulling on a cable
connected with a lever. Having compressed spring 2, the blades
turn so that Mpo becomes equal to zero. Depending on the velocity
of the wind, the machine has the following characteristiles:

Wind velocity in m/sec y 5 6 7 8 and higher
Power in kW 0.8. 1.6 4.5 7.3 12
Productivity in m3/h:

at Hy = 50 m -— 5.9 11.3 14.1 16

at Hy = 100 m s k.6 9.7 12 15



Other Homes & Garbage: Leckie et al. USA. 1975, ISBN 0 87156 141 7
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Gor|2vDe BATTERY CHARGER
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Parts list for Drawing
D1-D4 Diodes, 5 Amp, 25PIV
D5 Diode, 8 Amp, 25PIV
M1 DC Ammeter, 10 Amp Full Scale ( minimum)
M2 DC Voltmeter, 15 Volt Full Scale ( minimum)
R1 400-800 Ohm, Fixed ( carbon) Resistor, 1 Watt
s1 SPST Switch, 1 Amp rating
82 DPST Switch, 5 Amp rating
T1 Transformer, 12 volt secondary, 5 Amp, and centertapped.
C1 500MFD, 25WVDC, Electrolytic Capacitor



Windmills & Wind Motors: F.E.Powell. USA. 1910/1985. ISBN 0917914279

The following suggestions are based entirely
on the excellent work recently done and pub-
lished by Prof. P. la Cour in Denmark on behalf
of that Government, which has in that partic-
ular placed itself ahead of other countries—
considerably to the advantage of many of its
villages and isolated dwellings. The reader
must be prepared to experiment a little—not
indeed in principles but in details of apparatus
to suit his own case—but may rest absolutely
assured that the method is quite practical and
satisfactory.

There are two main difficulties in applying a
power so variable and intermittent as wind to
the production and supply of electricity. There
must, first, be a means of automatically switch-
ing on the dynamo to a set of accumulators
whenever the former is in a position to deliver
current, the same apparatus cutting it out when
the power falls away. Secondly, means must be
adopted whereby an increase of wind-power be-
yond the normal amount required to just work
the dynamo shall not affect the output by in-
creasing cither voltage or current. Both these
ends have been attained by La Cour with the
simplest apparatus imaginable,

A consideration of the second question raised
will show why it is necessary to decide on a
definite wind-velocity as being that at which
any given windmill shall supply its “normal”
output. By rating it low, say a wind of ¢ miles
per hour, it is possible to keep a dynamo work-
ing nearly every day in the year and for twelve
hours out of the twenty-four. But the power of
the wind at 9 miles-an hour is only a quarter
of that at 15 miles an hour, and although the
latter only blows about half ‘the total number
of days in a year, and then for only about nine
or ten hours a day, its total output is greater
than the other. Another point to be considered
is that a very small dynamo is much less effi-
cient, so that a double loss is experienced if too
much constancy of work is aimed at. Of course,
in a large installation these points have less
emphasis, and it becomes desirable to run the
plant at a lower wind-rating (in other words,
use a comparatively large mill), the only limit-
ing factor being the initial cost of the plant,

In a wind-driven generating plant the follow-
ing points should be noted. The windmill itself
should be seli-regulating (as, for example, that
described in Chap. V.), and fitted with tail so as
to turn to face all possible winds. The dynamo
should be shunt-wound, so that an increase in
the external resistance tends to raise the ter-
minal voltage. If necessary, this tendency may
be increased by having one or twoe resistance
coils in series with the shunt-winding, these
coils being automatically cut out as the external
resistance rises and current falls. A low-speed
machine is certainly preferable, the speed of a
windmill being rather low itself. The accumu-
lator is a vital point: it should have a large

capacity, as on this depends its ability to main-
tain a supply over a longer period of calm; yet
as it is undesirable for any accumulator to re-
main long at a low state of charging, care must
be taken to avoid draining it—especially if a
spell of calm weather seems likely,

The whole of the electrical apparatus is
shown diagrammatically in fig. 73, the only part
needing much description being the automatic
switch, further illustrated in three views in fig.
74. This consists of two electro-magnets, EM,
each like an ordinary bell-magnet, and wound
with fine wire, but with an extra winding of a
few turns of thick wire, exactly like a compound-
wound dynamo field magnet. A horse-shoe per-
manent magnet, PM, is suspended so that its
poles lie opposite and near to the poles of the
electro-magnets, and swings by means of the
pivot screws which work in a brass (or nom-
magnetic) block, B. This block also carties the
copper rod CR, each end of which turns down-
ward into the wooden cups 1 and 2, containing
mercuty, matters being so arranged, however,
that the end 1 is always in the mercury which-
ever way PM is swung, while 2 only touches
the mercury when that end of CR is drawn
downwards.

The switchboards present no special features.
By fellowing out the connections it will be seen
that any agreed number of cells can be switched
on to the dynamo, while any-independent num-
ber can be caused to supply the lamps. This
latter arrangement is desirable to allow for drop
of voltage during discharge, also to provide for
losses in mains and for an extra cell or two in
case of accident to others,

The action of the automatic switch is as fol-
lows: Assuming the dynamo to be still, or
running at too low a speed to furnish current,
it will be seen that the battery is energising the
electro-magnets EM through the fine wire-coils,
the current passing also through-the armature
of the dynamo. The winding of EM is such
that the current in this direction attracts the
poles of PM to the right and so raises the end,
2, of CR out of the mercury. Only a very
small current is required, or allowed, to be thus
wasted, Supposing now the wind to increase
sufficiently to raise the speed of dynamo so
much as to be able to supply current, the first
effect will be to reduce the current in EM to
nil and then to reverse it, altering the polarity
of the electro-magnets and throwing the lower
end of magnet PM over to the right. This, by
dipping the end 2 of CR into the mercury,
makes connection between the dynamo and ac-
cumulator, the charging of which at once begins,
The effect of the thick-wire coils on EM is to
hold the magnet switch more securely during
charging. The opposite action—that of throw-
ing out the dynamo when the speed fails—is
obvious on inspection.



There would be twelve accumulator cells,
each of from 150 to 200 ampere-hour capacity,
which would be easily capable of dealing with
the full current for twenty-four hours’ continu-
ous charging. The capacity mentioned is the
maximum suitable for the given plant, but the
minimum may be anything down to twelve
pocket-batteries, if so desired. Within the
limits given, the greater the capacity the more
the independence of conditions of wind.

With regard to the automatic switch, a little
experimenting and adjusting will be needed to
ensure its correct working. The electro-magnets
may be two ordinary bell-magnats, wound with
No. 36 wire, the bobbins being about 14 inches
long and 1 inch diameter outside. A resistance
may be needed in series with this winding, or
the effect may be tried of connecting up only
six of the cells to these coils, the six on the left-
hand side in fig. 73 being, of course, selected.
Al four bobbins will be joined in series. Owver
the fine wire on each bobbin will be wound from
six to twelve turns {to be determined by experi-
ment) of No. 16 or 14 gauge cotton-covered
wire, the winding being in same direction as
the fine wire in each case, so that the current
is a reinforcing one when being supplied from
the dynamo. The balance of the permanent
magnet can be adjusted by moving the copper
rod CR either to right or left.
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CHARGING CIRCUIT

There are two basle charging curcuits, one using a PM DC generator, and
one using an automotive alternator. In this case, we shall assume that

the altemator is a newer model that has intermally mounted rectifying
dicdes. In the al{emator case, you can see that the field terminal
requires current from the battery to create a surrounding field around
the armature to facilitate charging. The PM DC generator is a much simpler
system, and is recommended if one can be found in your area.
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Wind & Windspinners: M.Hackleman. Earthmind Mariposa California USA. 1974.
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BASIC WINDJELECTRIC CONTROL CIRCUIT
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Schaltbeispiel mit MeBpunkten und MefBinstrumenten
an einer kleineren Windgeneratoren-Anlage: 1 - Anlagenbatterie;
2 - Sicherung; 3 - Amperemeter (Stromabnahme der Verbrau-
cher); 4 - Leuchte; 5 - Windgenerator (Rutland 500); 6 - Siche-
rung (5 A); 7 - Lade-Amperemeter; 8 - Laderegler; 9 - Voltmeter:

b ‘ g 10 Fernseher (Conrad Electronic)
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RELAY/AUX. BATTERY CONTROL CIRCUIT
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Wind generator-JEPH 10: Jemmett Engineering Pinner Middlesex UK. 1994,

USING A CAR DYNAMO

The most suitable car ayuamos to use are lucas C4O or Ci41i
(22 amp) or Lucas C40LO or CHiLO (25 amp),

These dynamos start to charge at 1100~1200 rpm and are
self exciting,

However before use they must have the field polarised,
negative earth is normal,

To polarise the dynamo to negative
earth,

Connect a 12v car battery to it
as shown for 2-3 seconds,

Voltage regulated version (see Fig, 6)

This version is wired basically the same as a dynamo

on a car,

The wiring diagram shows a CU0 dynamo and regulator box
from a Mini car. (other dynamos are the same or similar)
It is recommended that a fuse is fitted as shown,

Car dynamos must be driven in the direction of the
arrow marked on the case

Un-regulated version (see Fig, 7)

This version is very simple to wire up and requires
no regulator box,

The field is connected directly to the dynamo ocutput
by wiring a link between the F and D terminals,

To stop the battery slowly being discharged by the field
a blocking diode ig fitted,

The diede, ammeter and fuse are mounted in the ground
control unit,

The diode (30 amp, 50 volt) is mounted as shown on
an insulated aluminium sheet,

As with alternators, the dynamo must not be run without
2 battery comnected unless a short circuit is put across
the dynamo ocutput,
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The Generation of Electricity by Wind Power: E.W.Golding. UK./USA. 1955.
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Handbook of Homemade Power: USA, 1974. ISBN 0553 143107
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A Simple Control Box

With the smaller Winchargers manufactured in the pre-REA period, a very simple and small
control box was installed. Fig. 5-20 gives a wiring diagram for this unit and, compared to the
ones we'll soon be discussing, you can see that there is not much to it. It didn't do an awful lot
but then it didn't have to -- the wind machine that it was controlling was a relatively low-power
unit and overcharge on one of these units is almost a joke.

Basically, the control box contains a cutout relay, an ammeter (two-direction type ), two fuses

( one for the load and one for the windplant generator ), and a PTT ( push-to-test ) switch. Notice
that there is no voltage regulator relay; the field coil on the generator is grounded at the windplant,
Becuz it was relatively low-power, this control box counts on the spoiler ( air-brake ) installed on
the windplant to slow it in very high winds. If the windplant does put out more than it ought to ( in
current ), it blows the fuse. Truly a "poorman's" control box. If you are building a small wind-
plant (capable of less than 400 watts ), this will probably do the job well. The RPM that the propelle
would achieve with these small units is phenomenal, but a six-foot blade can take a lot if it's

fairly well balanced. Or at least you have to believe it can.

Let's trace the path of current in this unit. The generator current goes through the heavy coil on
the relay but is blocked by the open switch, so it goes through the smaller winding of wire on the
relay, When the voltage from the generator is sufficient to begin charging, the current in this
part of the relay will be sufficient to pull in the relay and close the contacts. Now the current will
flow into the batteries thru the ammeter. When the windspeed drops, the windplant will slow; when
it's at a lower voltage than the battery voltage, current will flow in a reverse direction thru the
heavy wire winding and this will neutralize the magnetic field of the small-wire winding-portion of
the relay and the contacts will open. If the wind is not present, and you want to be sure that all is
okay with the windplant, you can hit the PTT switch and this will short the batteries out to the
generator and motor the windplant; if it starts turning up there, all is okay. If it doesn't, the
batteries are dead or the windplant is frozen up or has a broken connection somewhere.






As it might be difficult to find a relay that will energize for your maximum desirable current, an
alternative to finding a current regulator relay would be the circuit described by Fig. 5-10; here
you can use your own homemade coil of heavy copper or baling wire and insert a relay and rheo-
stat in parallel with the coil. The small amount of resistance in the heavy coil will cause, at high
current transfers, a small amount of current to go through the rheostat and relay and in this way
the same effect is accomplished as would be in the current regulator relay itself. Adjustment of
the rheostat will allow you to set the relay to energize at whatever current flow ( through the
generator ) is in excess of its maximum current rating. The cost of the smaller relay, rheostat,
and coil will be, in most cases, far below that of a genuine current regulator relay.
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An Owner-Built Control Box

While all of the control boxes discussed thus far have included most of the necessary control
functions desired in a wind-electric system, each one of them is lacking in some respect or
another, or they utilize components that could be replaced with more available, reliable, or
inexpensive circuitry or components that would provide maximum protection and efficiency of
energy conversion. Fig. 5-23 is a schematic representation of a circuit that would fulfill all of
these requirements for the owner-built control box. A description of its components, functions,
and combined effect follows, along with guidelines for component selection, construction, testing,
adjustment and troubleshooting.

It's normal for the Diode D1 to get hot in high-current operation —- too hot, unless it is mounted
in some kind of heat sink. This will be a finned hunk of aluminum which helps dissipate the heat
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AN OWNER - BUILT CONTROL BOX

Fig. 5-23

See text for component descriptions

The main power circuit ( from generator to batteries ) in Fig. 5-23 is essentially the same as
that described in Fig. 5-10; in this instance, however, fuse Fl, switch Sl, and ammeter Ml are
added to complete the requirements. The coil of wire WI, rheostat Rl, and relay Kl form the
current regulation function. A large amount of current flowing through the coil W1 will, depending
on the adjustment of Rl, energize relay Kl and cause the field current to be decreased. (It must



pass through rheostats R4 and R5.) The optional PTT switch ( 81 ) is added only for those wind-
plants utilizing DC generators; this allows the windplant to be motored by the batteries for testing
purposes. Without this switch, the same connection can be made with a temporary wire or a
metal tool. The only additional component not previously discussed is capacitor Cl, which is a
decoupling capacitor and it will serve primarily to bypass noise pulses that can cause interference
( in nearby radios, stereos, and your neighbor's TV ). Ml is a plus-and-minus reading ammeter

{ from Fig. 5-11).

The voltage-regulation circuit in the home-brew control box is the same as that described in the
text and by Fig. 5-7. If the individual windplant owner is unwilling to install battery-sensing wires
( B+g and B-_ ) as described in Fig. 5-6, then the wires for relay K2 and resistor R2 can be
attached to the B+ and B- terminals. If the battery sensing wires are used, note that the common
contact of relay K2 is connected to B+; this can be connected to B+ instead. R2 allows adjustment
of the voltage at which K2 energizes. With K2 energized ( voltage is too high ), K3 will also ener-
gize; R3 will serve to limit the current flowing in the coil of relay K3, but this may not be
necessary if the relay coil is rated at the voltage the wind-electric system uses. It will, however,
allow a lower-voltage relay to be used without damage.

Rheostat R4 and R5, fuse F2, capacitor C2, and switch S3 form the field circuit in the control box,
C2 decouples the field circuit ( like Cl ) and fuse ¥2 is to protect against field wiring shorts.

Note that the field current will pass through the contacts on relay Kl, the contacts on relay K3,
and pass through R5 o ground; this gives maximum current to the fields ( and maximum windplant
output ) when these relays are not energized. If the windplant produces too much voltage, relay
K3 will energize and open its contacts, breaking this path; field current will then be less becuz it
must travel through rheostat R4 as well as R6. If the windplant puts out too much current, relay
Kl will energize and open its contacts, breaking this path again with the same consequence.
Rheostat R4 is adjusted to the maximuwn taper-charge current for the batteries used and R5 is
adjusted (under high wind and low battery conditions ) to limit windplant current to the maximum
rate the batteries can handle, I a large ( amp-hour ) capacity battery bank is used, R5 is some-
what optional becuz relay Kl will provide over-current protection; both are needed, however,
wherever relatively low-capacity battery storage is used.

Switch 53 is used to bypass rheostat R4 and defeat the action of automatic field control for the
windplant; this should only be used if the batteries require an equalizing charge. Care must be
taken not to leave this switch in this position for very long. The equalizing charge must be given
to batteries to prevent sulphation from building up in some of them, particularly if many cells or
batteries are connected in series to obtain higher wind-electric system voltages. I you have a
standby generator ( Chapter 6 ), this can do the equalizing charge function every 2-4 weeks, but
the windplant can do it as well if the wind is around ( no use wasting fossil fuels to do it ). How
long it has to be done depends on the total amp-hour capacity in the storage batteries, the power
the windplant will produce during the equalizing charge, how long the batteries have gone since
the last time this was done, and if they have been receiving good charging from the windplant in
the meantime. Equalizing charge current will, as a rule of thumb, be twice the taper-charge
current so you must pick a day when the wind is moderate but not strong. The charging time will
usually be 5-15 hours depending on the various parameters already indicated. If this bugs you,
the alternative is to use the standby generafor and just insure that the thing is turned off after a
while !

The remaining function in our homebrew control box is reading voltages; the circuit consists of
voltmeter M2 and switch S2. One side of the meter is hooked to ground and the other to the common



position on 82, which selects either the generator or battery voltage. The switch should be set to
normally read generator voltage.

Wires in the control box for the power circuit -- generator, battery, and load -- should be large

in size and short in length ( where possible ); the thicker lines in the schematic ( Fig., 5-23 )
represent these large wires. Once you've obtained the components and installed them in the
selected box, you'll need to make up a physical wiring diagram from the schematic. Neatness is

a real asset in the control box, so the wires may be longer than straight connections between

peoints. Indicate wire sizes and color on the wiring diagram, and it will make connections easier,
correct, and save hours of checking after it's completed to find mistakes evidenced by an incorrectly
operating control box.

Notes oh Control Box Components

The values of components in the control box depend on what voltage and current your windplant
will produce, the capacity of your storage system, and how fancy ( and expensive } you want it to
be. If you don't outright know how to proceed with the information I've provided thus far, then
obtain a copy of some basic electronics text and, perhaps, a course in bagic electronic construc—
tion { soldering techniques, wiring procedures, selecting and adjusting component values ). Only
a book-length treatment is going to arm you with all the information needed to build the finished
box that you will want to install with your wind-electric system. So that you'll have some idea

of where to start, I'll go thru a few of the parameters not included thus far. The terminology that
I use may not be familiar, but once you find out what it does mean, it'll clue you to where to find
any other info,

Belazs

{ 1) The value of relay K1 will depend on the current rating of the windplant and not its voltage;
in most cases, it will be a low voltage, low coil-current relay with a contact rating of 5 amps.
Relays K2 and K3 should be rated at the windplant voltage or lower { never higher) and should
also have a low coil current ( high coil resistance). The contact rating of K2 need only be about
1 amp but relay K3 will have the same contact rating as K1 (5 amps ).

Obtain sealed or enclosed relays, if possible; they will give better service if the contacts are not
exposed to air or dust. I prefer the clear glass or plastic ones becuz you can see the contacts
and this is helpful if you are trying to see the relay operate.

One way to avoid the cost of high contact ( current) ratings for relays is to buy multi-contact
relays ( if you can find them less expensively) and to series the contacts, Do not confuse this
with paralleling the contacts or you're going to crisp 'em right off. If you've got a relay of the
correct rating for your control box and it has more than one set of making or breaking contacts
( as required), you might as well connect them in series as well, to insure long contact life.

Be aware that relays K1 and K3 use 'breaking contacts' ( when energized they break a connection,
not make one ) and relay K2 uses "making contacts". When you buy the relays, the contacts will
generally be discussed in terms of normally open or normally closed; this describes them not-
energized. So . . . relays Kl and K3 will be listed as'hormally closed" and relay K2 will be
described as "normally open'.

( 2) The value (resistance) of all rheostats will depend very heavily on the field current rating and
the windplant voltage. Rl is the only exception here; it's resistance will depend on the current



rating of the windplant, the value of the relay K1, and the resistance of W1 ( the current regulator
shunt coil ). Resistor R2 and R3 values depend on the windplant voltage, and the coil current and
voltage of relays K2 and K3, Rheostats R4 and R5 values will depend on the amount of current
required for the field coils of the windplant generator or alternator. An important point to re-
member here is that, if you halve the field current fo the windplant, you will not receive one half
the power it produces at full field current ( but sumthin' quite a bit less); this is becuz field
strength is not directly proportional to field current. In terms of control, this simply translates
to resistance values, for R4 and R5, of something probably less than 100 ohms., (Look at the
values for the field resistances of the Wincharger and Jacobs units. )

Rheostats are rated not only for resistance, but in the power ( wattage ) they will dissipate { in
the form of heat). R1, R2, and R3 will be 2 watt rheostats ( or potentimeters,as they're some-
times called} if the coil current of relays K1, K2, and K3 are around 100 milliamps, Rheostats
R4 and R5 will probably be 5 watt or higher. To determine the required wattage of a rheostat,
multiply its resistance by the square of the maximum amount of current that will flow through it;
this is the I2R value that we've occasionally mentioned, Always obtain a rheostat with a wattage
rating twice that of the calculated value; this will give you a safety factor of two.

Non panel-mounting rheostats ( called "variable resistors') are available and would make nice
substitutes for the common rotary-types. These are large straight tubular resistors with a band
of metal which is movable up and down the length of the resistor itself; a small screw is used to
hold this band to a specific position. This is the type of resistor used in the Jacobs control box
and it's practical, relatively easy to use, and is less susceptible to "derdialumtwistum", They're
also less expensive than high-wattage rotary-types and easy to mount in the rear of the box.

(3) Coil W1 is a current shunt; it allows most of the current coming from the windplant to go
straight through it rather than through the higher total resistance of rheostat R1 and the relay
K1 coil. You must cut a length of copper wire ( not too thick) or steel baling wire which will
allow relay K1 to energize with rheostat R1 adjusted to minimum resistance while the current
flowing through W1 is approaching the windplant's rated ( maximum) current. When you've got
this, increase the resistance of R1 so that the relay doesn't trip until the windplant reaches its
full rated output. You don'’t want W1 any longer than necessary; it's wasting a bit of power to
facilitate overcurrent protection and you want to keep that to a minimums,

( 4) Swifch 81 ( if used) needs to have a large current rating. A large push-button switch is nice
here, but if you can't find one that is large enuff { 20 amps or more ), use a less convenient knife
switch., Switch 83 will need a current rating of 5 amps, Switch 82 will only require a current
rating of 1 amp or less.

{(3) A final note on control box wiring. If you want some
real safe current capacity for internal wiring, consider
flattening some small copper tubing and drilling holes in
each end for bolt-together comnections. By bolting all
connections down to an insulated board, you can be fairly
sure of a sound layout, even if you are not experienced
with electronic soldering. These also make nice battery
straps (between batteries in sets). They have very low
resistance and good strenth and are less expensive than
heavy wires with terminals.



Adjustments to the Owner-Built Control Box

If you're going fo use the windplant to make adjustments in the control box, you're going to have
to connect its leads and those from the batteries to the control box. Before you do this, set all
five rheostats for maximum resistance. If the components have been correctly wired in, this
will be at a zero setting, or one where the knob is at the maximum counter-clockwise position.
When connecting windplant and battery leads, watch out for sparks and smoke; if you get either,
disconnect immediately and check the wiring thoroughly, If nothing seems amiss, look for bad
components, The number of things that can happen ( that aren't supposed to) is trul y unlistable,

Assuming you have double-checked all wiring and all components are of the correct value and
will function properly, let's proceed.

If you didn't .barbeque your control box when connecting the windplant and battery leads, we're
ready to begin adjustments, Make certain that the batteries are fully charged or these rough
adjustments will be rougher than they should be. To adjust R2, move the knob clockwise

{ hereafter stated as'advancd’the knob) and listen for relay K2 to energize (or visually watch
this bappen). When it does, note and mark the position where this happens. Move the kuob
counterclockwise ( hereafter stated as "back off" the knob) until relay K2 de~energizes. Note
and mark the position, Use pencil marks as these will only be rough adjustmenis. Advance R2
to the first mark. Relay K2 should energize. Back it off to the second mark, It should de-en-
ergize. Right?

Okay, R3's adjustment is next. Advance R2 until relay K2 energizes. Now advance R3 until
relay K3 energizes. Note and mark this position for R3. Now back oif R2 ( not R3) to its sec-
ond mark., When relay K2 de-energizes, relay K3 will de—energize. Now advance R2 until
relay K2 energizes. Relay K3 should also energize. If it doesn't, advance R3 just a little bit
more and it will cause relay K3 to energize. Erase the old pencil mark for R3 position and
mark the new. Now back off R2 until both de-energize and advance R2 again. You want relay
K3 to energize every time relay K2 energizes., That's it. Back off R2 to its original mark

(so both relays are de-energized), Okay?

Let's adjust R1. This could be adjusted while the windplant was delivering its rated output but
that's a bit dangerous ( a bad time to find out you reversed a wire somewhere ) s0 let's do it the
safe way. Disconnect the windplant and battery leads from the control box ( Battery + to G+ and
Battery - to G-); in this way, the batteries will simulate the windplant. Connect a load to the
battery terminals in the control box ( at B+ and B-); this will simulate the batteries and allow
current flowing into the load to pass thru M1, The load you connect should draw an amount of
current equal { or very close) to the windplant's maximum (rated) durrent. Try using a good
length of steel wire for the load. ( For example, a 10~foot length of common baling wire will
draw 50 amps at 12 volts; resistance will increase some as it heats up) Ox, connect enuff light
bulbs, motors, etc. to pull the current.

When M1 indicates the amount of current at which you want relay Kl to energize, quickly adjust
R1 until relay K1 energizes. You will be wasting a lot of power and heating a lot of stuff up in
the control box. When you've got it right, mark the knob position { for R1) and recomnect the
battery and windplant leads to their respective terminals. If, during the windplant's normal
operation, you ever see the ammeter indicate more than what you thought you had adjusted R1
to prevent { by activating K1), you can make a fine adjustment on R1. Make a point of verifying
its correct adjustment whenever the windplant is again delivering full power.



Rheostat R5 provides overcurrent protection for the batieries; if your batteries can't handle the
windplant's current-producing capacity, you'll need to adjust R5, but this can only be done when
the windplant is exposed to some pretty good wind and the batteries are near exhaustion ( that is
when the batteries will draw the most current). Additionally, R5 cannot be properly adjusted

if relays K1, K2, or K3 are energized. With all of these conditions met, adjust R5 for minimum
resistance ( full advance clockwise ) and then, observing M1, back off R5 anytime the current
reading exceeds the recommended maximum charge current for your batteries. Take your time
here and make only very small adjustments of R5, It's better to occasionally have the batteries
receive a ]iftle more current than this value then to have them receive less than they could
otherwise. Mark the final position of the knob becuz you'll prohably end up moving this control
frequently. When you're experiencing the low and infrequent winds of summer, you may want to
move this control to minimum resistance ( full advance ) to take advantage of the relatively low
amount of power available from the wind,

We've already gone thru a rough adjustment of rheostat R2 but a finer adjustment is required.
This setting will depend on your batteries' recommended "finishing rate', maximum current
rating, and "finishing voltage' and, even with this information, you will not have a precise indi-
cation of when the control box should activate the taper charge function. The value of voltage
where you want relay K2 to energize will be that where a medium amount of current ( say, twice
the "taper charge' current) is causing the batteries to ''gas" excessively.

Note: Normal gassing will cause a mist of fine bubbles in the battery and the electrolyte will
appeay milky., What I call 'excessive gassing' is when a hiss of bubbles ( like in freshly-opened
soda bottle ) can be heard without putting your ear right up to the battery ( and the battery feels
warm to the touch). Really too much is indicated by what looks and sounds like a rolling hoil

( and the battery feels hot). Tiny bubbles will normally accumulate in pockets and suddenly rise
to the top with a "blurk”. If you're concerned with heavy gassing, give the battery a pound with
your fist to release any more accumulated gas.

A rough adjustment to the voltage regulator will be made initially but progressively finer adjust-
menis will be made as the battery conditions and experience dictate. Arm yourself with a lot of
good battery information; the more you know, the longer you'll be able to stretch the life of the
batteries. { See Wind and Windspinners, and Bibliography.,)

A control identification sheet should be posted near the box or taped inside the lid, Ii lists the
controls and briefly explains what they do. The importance of the sheet comes in explaining
which way the control needs to move to accomplish the desired adjustment. An example: I you
back off R1, you increase its resistance. The effect will be to decrease the sensitivity of K1 to
windplant current; hence, it will take more windplant current (thru winding W1)to cause K1 to
energize . If you advance Rl1, the reverse will happen. Got the message ?

Meaningful terminology for control labels is highly recommended. Keep it brief, or the label
won't fit in the space surrounding the switch position. The second rule is to use something that
works for you. A few examples here: 'Current Regulator' might be a good name for rheostat
R1, but *Max, Windplant Current Adj."' might be a better description since R5 is, in effect, also
a current regulator ( for the batteries). So, maybe call R5 "Max. Battery Current Adj.' R2 is
"Woltage Reg. Adj.', R3 is 'Slave Relay Adjust' ( or no label), and R4 is "Taper Charge! or
'"Finishing Current Adj.'. Switch S1 can be called 'Push to Motor' ( not abbreviated) . Switch
S2 can be called 'Voltmeter Sensing'. Label its positions: 'Gen.' for generator and 'Bat.! for
batteries. Switch 83 has been labeled 'On/Off' ( Jacobs ) or "Manual/Automatic' ( Wincharger),
but this is consumer oriented and not very explanatory. I'd label the switch positions 'Regulator
In! and 'Regulator Cut',



Y. PILAN 1T Qi

5W. WIND GENERATOR /I

S5-WATT WIND GENERATOR

To trickle charge 6/12v battery, or to light lamp direct, up to 5 Watts
approximately. '

ADAFTATION

Cycle wheel & hub dynamo
COST (without tower) 1976

Cycle wheel & dynahub, NEeW .veann ceves... approx £10.80 °
Other materials, New .eeceviersveecnanan . approx £8.00

Scrapyard freaks will fiid'almost all that is necessary for a fraefion
of this c