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FOREWORD

This technical report is the result of four years of research.
It is meant for people of the WOT to develop their knowledge
about waterpumping windmills (= windpumps) and especially
about the Diever 450 windmill. It is also meant for people in
developing countries who have the idea to built the Diever
450. To understand the theory and conceptions which are used
in the report the author assumes that the reader has
sufficient basic knowledge of wind energy. If this is not the
case the author advises to read first the WOT-publication
'wind energy for the third world' (lit.1).

The report reflects the development of the design and the
results of the tests on the prototype.

The author is grateful to the people who helped to design the
Diever 450, especially to A. de Roest, A. Schaap, C. Vos, 8.
Vreeland, F. Van Oostrum, J. Andringa, G. Vlogman, B. de Jong,
G. Wijbenga and R. van leeuwen.

Frans Brughuis
may 1990
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LIST OF SYMBOLS

symbol description unit
Ay side area head m2
Ap piston area m2
AN area of the pumprod m2
Ami area of the pumprod iron m?2
Amﬂ projected area m2
A, rotor area m2
Ay area of the rising main m2
A side area rotor (= 7,5% of A ) m2
B number of blades

c corde m
Cy drag coefficient

Ci 1ift coefficient

Cp power coefficient

CQ n torque coefficient

C%mn starting torque coefficient

D, rotor diameter m
F force N
F admissible force N
FW“ peak force in the pumprod N
For pumprod force N
H waterlifting head m
1 blade length m
1y buckling length m
P power W
Pot power output W
P, mechanical power of the rotor W
Pyind power input W
Q torque Nm
Qstart starting torque Nm
r local radius m
Ry rotor radius m
R, crank length m

Ry, Ry, reaction forces in
Rﬁ, Rs K, L, M and N N
s stroke length m



m

windspeed

design windspeed
maximum windspeed
rated windspeed
starting windspeed
tipspeed

angle of attack
blade angle

angle between actual position of main vane

and its rest position

angle of yaw (between rotor axis and wind

direction)

angle between hinge axis and vertical axis

m/s
m/s
m/s
m/s

m/s

angle between rotor plane and relative flow

speed

tipspeed ratio

design tipspeed ratio

local speed ratio at radius r
hydraulic efficiency of the pump

installation

efficiency of the pump installation

mechanical efficiency of the pump
total efficiency of the windpump
efficiency of the tramnsmission
volumetric efficiency of the pump
rotor angular speed

density of air

density of concrete

density of water

stress

admissible stress

equivalent stress

minimum stress

maximum stress

surface stress

shear stress

buckling factor

rad/s
kg/m3
kg/m3
kg/m3
N/mm?2
N/mm?2
N/mm2
N/mm2
N/mm2
N/mmz2

N/mm2



CHAPTER 1 INTRODUCTION

In 1979 the WOT designed the 12PU500 windmill. This windmill
is built in India, Indonesia, Bolivia, China, Tanzania and
other countries.

After seven years of experiences, in 1986, it was clear that
the 12PUS500 design could be improved to get more output and a
longer life-time.

Therefore the WOT decided to redesign the windmill which
resulted in a new windmill, the 18PU450, also called the
Diever 450. Diever is the surname of our oldest and most loyal
member.

1.1 The 12PU500 windmill

The 12PU500 windmill is a
waterpumping windmill. It has
an horizontal-axis rotor with
12 blades and a diameter of

five meters. The tipspeed-
ratio A (= tipspeed of the
rotorblades divided by the
windspeed, see lit. 1) is
two. The tower is a welded
construction of angle-irons
and at the top a pipe of 4",
the towerpipe. The tower has
a height of six meters. The
tail of the head construction

carries a windvane which
turns the head around the

towerpipe in order to keep

the rotor perpendicular to

the wind. The safety system figure 1.1: the 12PU500
is half-automatic. In case of Windmill
a severe storm it will unlock
automatically the head from the tail after which the head and

rotor turns out of the wind. After the storm the rotor must be
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put perpendicular to the wind by hand.

The pump is a single-acting piston pump which consists of a
piston and two valves, one valve in the piston (pistonvalve)
and one lower valve (footvalve), see lit. 1. The pump has
airchambers to smooth the flow and to reduce the shock forces
in the pumprod.

The total weight of the windmill is 400 kg and the material
costs in the Netherlands are about US$ 600, -.

For more information about the 12PU500 see lit.2 and 3.

1.2 The evaluation of the 12PU500 windmill

In 1986 the WOT evaluated the 12PU500 with help of reports of
T. Meyer, Rakish and Majithia from India and J. Keuper from
Indonesia and with help of the experiences on the testfield of
the WOT. Especially the evaluation report of 155 installed
12PU500 windmills by mr. Rakish is very detailed and accurate
and therefore helpful.

The conclusions of the evaluation (from mr. Rakish) were:

- Feasibility studies are very important before starting to
introduce windmills.

- The quality of the iron profiles is often bad in developing
countries. Pipes aren't circular, angle-irons aren't
straight, the strength of the iron materials is small, etc.

— The axis of the rotor isn't horizontal but a little bit
sloping (70% of the windmills).

- The blade supports (100% of the windmills) and the blade
tips (30%) are cracked.

— There is too much or to little play between the head and the
towerpipe (70%).

- Sometimes high windspeeds 1ift the head and rotor from the
towerpipe.

- The safety system is wrong constructed or installed (80%),
the teeth of the toothed handle wear out too much.

- The transmission: the crank is welded obliquely
the crankpin is bolted obliquely to the crank
the crank bearing and the crosshead bearing have too much



play
the wooden crosshead swells because of rainwater and sticks
inside the towerpipe
the crosshead wears out because the towerpipe is unround or
has a rough inner wall
the crank is not removable
the crankholes are eccentric.
- The pump: the airchambers leak often by leaking welds or
washers
the washers dry up and start to leak
the bronze bushes for guiding the pumprod wear out
the wooden piston swells in the water and sticks inside the
pumpcylinder
the piston wears out too fast
bad axial alignment of the pumpcylinder and the rising main.

Other conclusions of the evaluation:

- The tower is difficult to transport.

— The tower is too low.

- The pumprod bents and rubs against the rising main.

— The safety system must be full-automatic. That means that
the rotor turns back in the wind after the storm.

- Nylon for the bearings and sesame-wood for the cross-head is
difficult to obtain.

— The air escapes slowly out of the airchambers. when the
airchambers are full of water the shock forces in the pump
rod increase much.

- The yaw. bearing (head-towerpipe) is iron on iron. It
wears out when it has no frequent lubrification.

- The windmill is too expensive for poor farmers with less
than 1,25 ha. land.

— There is no interest of the local people when there isn't

sufficient guidance and participation.

1.3 The requirement list

With help of the results of the evaluation a new list of

requirements is made:



General: — long-life, for replaceable parts a minimum life of
two years, for the rest minimum of fifteen years
- the whole windmill transportable on a roofrack of a
cross country car like landrover.
Materials: - an efficient use
- easily available
- not too expensive.

Manufacturing: — possible in a simple workshop ( electric

welding appliance, drill machine, a simple
lathe and hand tools)
- the dimensional accuracy of the design not
too high.
Rotor: - a lower tipspeed ratio
- not too heavy so that it is possible to pull it up by
hand (not heavier than the rotor of the 12PU500)
- stronger blade tips and supports
- high power—coefficient CP
- high starting torque (starting windspeed vy, low).
Safety system: — limiting the axial forces on the rotor

- limiting the rotation speed of the rotor
= full-automatic
- 100% dependable.
Head: - avoiding that the head lifts from the tower
- the yaw bearing not iron on iron.

Transmission: - avoiding high shock forces in the pumprod

- no wooden cross—head in the towerpipe

- an alternative for nylon bearings

- a crank which is strong enough and easy to
make the crankpin parallel to the rotor

shaft)
- the construction strong enough with a fatigue
load.
Pump: - simple comnstruction (no airchambers)

- the piston not made of wood

- no guiding of the pumprod

- the construction strong enough with a fatigue load
- pumpcylinder and rising main easily to align



10

- high efficiency.
Tower: - higher than 6 meters
- construction strong enough for a windspeed of 12 m/s
and the rotor perpendicular in the wind and for a
windspeed of 40 m/s and the rotor out of the wind
- possible to install by hand.

The redesign of the 12PU500 is done by a group of ten people,
see foreword. The windmill design was separated in five parts,
namely:

- the rotor

- the safety system and head construction

- the transmission

- the pump

- the tower

(see next chapters)
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CHAPTER 2. THE ROTOR

2.1. The rotor dimensions

The code 12PU500 means that the rotor has a diameter of 500 cm
and 12 blades and is coupled to a pump unit.

The blades of the 12PU500 windmill are made of steel sheet of
1 mm thick and have a length of 2 m. One of the conclusions of
the evaluation was that the blades are too long. At storms the
tips and the inner part can collapse and crack. To avoid this
we can make a third ring to support the blades but this will
make the construction too heavy and more expensive. A better
solution is to choose the length of the blades shorter. The
standard measurements of steel sheet are 1x2 m. We chose a new
blade length of 1 m so that the blades can be cut out of the
steel sheet efficiently. With the same construction of the
rings and spokes the rotor diameter became smaller, namely 4,5
m (450 rotor). A shorter length of the blades has the
advantage that a smaller sheet roller can be used to make the
bent blade profile. The disadvantage is the loss of power
because of the 'hole' in the center of the rotor.

/// IS

~

<l
e %
g7

I~ e

12PUS00 7 450 - ROTOR

figure 2.1: the 12PU500 and 450 rotor
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2.2. The choice of the design tipspeed ratio

The design tipspeed ratio (%p is the tipspeed ratio at the
design windspeed. At this windspeed the overall efficiency of
the windpump is maximum. The design tipspeed ratio of the
12PU500 is two. For the 450-rotor we chose a lower design
tipspeed ratio, namely:

‘)\dz 1.

We wanted to have a pump without airchambers. But these pumps
have high peakforces in the pumprod at high rotation speeds.
We thought that the peakforces are lower when we choose a
lower design tipspeed ratio. The conclusion of appendix 2 is
that a lower design tipspeed ratio does not result in lower
peakforces for the windspeeds of 9 m/s (fatigue load) and 12
m/s (maximum 'static' load). The peakforces are more or less
equal for Ay= 1 and A= 2.

The advantages of a lower design tipspeed ratio are:

- less wear of the piston and the pump cylinder

- lower gyroscopic moment of the rotor

The design windspeed of the 12PU500 is 3 m/s. We took the same

Y
-

design windspeed for the new design, so:
v 3 m/s

2.3. The blades

The blades are made of steel
sheet of 1 mm. The sheets are
bent as in figure 2.2. with f/c=
0,1. From table 2.1 of lit.4 we
find the Cy/C| ratio= 0,02.

The number of blades (B) must be

figure 2.2: the blade
a multiple of 6 because of the 6 profile

spokes: B= 6, 12, 18 or 24.

To have a high starting torque the solidity (= area of all the
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blades divided by the rotor area) must be high too (lit.4).
Therefore it is better to have 18 or 24 blades in stead of 6
or 12. A rotor of 24 blades would be very heavy, so we chose
18 blades:

B= 18
18PU450 rotor

Dr= 450 cm

To design the blade dimensions we need the following data:
- the rotor radius (R;)

- number of blades (B)

- design tipspeed ratio (xd)

- lift coefficient (C;), see table 2.1, lit.4

— corresponding angle of attack (a)

and 4 formulas, see lit.4:

1. }w= Q\d*r/Rr (formula 2.1)

2. 9= H@*arctan 1/%; (formula 2.2)

3. corde c= B*n*r *(l-cosg) (formula 2.3)
B*C;

4, B= ¢-a (formula 2.4)

figure 2.3: blade setting B

For the 18PU450:
Re= 2,25 m, €= 1,25, A¢= 1, B= 18 and a= 3°

The corde (¢) from r= 1,25 till r= R= 2,25 is 0,34-0,35 m. We
chose ¢ larger, c¢=0,39 m, because we want a high solidity
compensating the hole in the center. A high solidity gives a
high starting torque. The angle B for the support on the inner
ring is 38° and for the support on the outer ring 30°.



rotor center

___cross section
number
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SRV S SRR SRR ST AN
20°
10°

r
R
qf o
B1 82 B3 B4 B5 - B6
:Egiéligiéégg\c c c5 c

B7

figure 2.4: blade form, twist and cross sections

B8

position r in m kr ¢ in B in =° c inm
1 0,28 0,125 55,2 52,2 0,13
2 0,56 0,25 50,6 47,6 0,23
3 0,84 0,375 46,3 43,6 0,29
4 1,13 0,5 42,1 39,3 0,33
5 1.41 0,625 38,7 35,7 0,35
6 1,69 0,75 35,4 32,4 0,35
7 1,97 0,875 32,5 29,5 0,34
8 2,25 1 30 27 0,34

support

innerring 1,25 0,56 40,6 37,6 0,34

support

outerring 1,90 0,84 33,2 30,2 0,35
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The blade supports of the 12PU500 are made of steel sheet of 1
and 2 mm. The manufacturing of these supports requires much
labour. The evaluation showed us that the supports can crack.
Therefore we chose flat iron 30x6 mm for the supports of the
18PU450, see drawing nr. 2 . This construction is easier to
make and stronger. The disadvantage is that it is a little bit

heavier.

2.4. The power and torque coefficient

The mechanical power which is converted by the rotor from the

windpower is:
P= Cp*‘é“y)a*thr (formula 2.5)

The power coefficient Cp of the 12PU500 is measured in a
windtunnel: Cp= 0,32. The C%—value of the 18PU450 is not
measured in a windtunnel but with 1lit.4 we can predict it:
Ci/Ci= 0,02

%f=1 , C@m (=theoretical Cfvalue) = 0,39

B= 18

When we calculate the losses of the hole in the center of the

rotor then the maximum power coefficient is (see 1it. 16):
Cpu™ Cptn * (2*Rp*1-12)/Re2= 0,27

The torque (Q) characteristic of the rotor and the load is
very important. A piston pump has an almost constant torque
which results in a relatively high starting torque (Qg,t) .
Therefore it is important that the rotor has a high starting
torque too.

The torque is given by:

Q= CQ*%i*/Ja*v“Ar*Rr (formula 2.6)

The torque coefficient C¢=(%4k (formula 2.7)
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The starting torque coefficient is determined by the empiric
relation: C%uﬁ= 0,5/2 (formula 2.8)

The 12PU500 (A=2): Cy= 0,5/22= 0,125

The 18PU450 (A=1): Cygyt= 0,5/12= 0,5

From experiences on rotors withd=1 it appeared that this
value of 0,5 is too high. According to lit. 16 the starting

torque coefficient is:

Costart= 0, 75*B*(R-l*1)*Ci*c*1/(w*R, )= 0,28
Qstart I r
(with C[= 1,1 for a= 90°-p= 54°)

The starting windspeed (vg,:) of the 12PU500 is more or less

2,5 m/s. The starting torque at this windspeed is;

12PUS00: Qgtart= Costart*%*/ 4™ Vtart 2 *Ar*Re=
0,125*K*1,2%2,52*18,8%2,5= 21,2 Nm

18PU450: Qﬂuf=CL28*3*1,2*2,52*11*2,25= 26,0 Nm

The 18PU450 has a higher starting torque.

2.5. Measurements of the windspeed-rotationspeed relation

The 18PU450 prototype on the
testfield of the WOT is equipped
with an anemometer beside the
rotor and a rotation speed meter
on the rotorshaft. The two meters
are connected to a computer which
registers the data. The
anemometer is a cup—anemometer

with a reed—-contact on the shaft.

The registered cycle time is a
measure for the windspeed. The figure 2.5: cup-anemometer

anemometer is calibrated with

another anemometer, an Aeolian Kinetics Wind Prospector 4000.

The computer registers once every minute the cycle time of the
anemometer and of the rotor. A computer program calculates the
windspeed, the rotation speed of the rotor and the tipspeed

ratio. It calculates also the average tipspeed ratio for
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intervals of windspeed. measurements are done with and without
load. The load is a 4" pump with Df=105 mm and R,;= 120 mm. The
waterlifting head is 10,5 m. The average tipspeed ratio at v=
3 m/s is 1,0 and at v= 9 m/s 1,6, see fig. 2.6. The average
tipspeed ratio without load is 1,7. The rotor stood
perpendicular in the wind during the measurements (the
prototype has the hysteresis safety system, see par. 3.2). The
measurements aren't accurate because the windspeed is
fluctuating very much. For more accurate measurements we have

to use a windtunnel with constant windspeeds.

1 1 1 1 1

— —
WINDSPEED-LAMBOR orde.l
-1,5 |

L 5  WINDSPEED M/S

figure 2.6: tipspeed ratio as function of the windspeed with
load
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CHAPTER 3. THE SAFETY SYSTEM AND THE HEAD CONSTRUCTION

3.1. General

The safety system has to limit the axial windforces on the
rotor and the rotation speed of the rotor.

The 12PU500 has a half-automatic safety system. When the
windspeed is too high the rotor turns out of the wind. After
the hard winds the rotor must be put in the wind again by
hand.

The 18PU450 has a full-automatic system, without necessary
human interference. Before designing the system all kind of
existed systems for windpumps were evaluated, see 1it.6.

3.2. The hysteresis system

The first choice was a completely new system, the so-called
hysteresis system, see fig.3.1.

F operating position . storm position

— e o o —ad

Main vane possible cossible
; dﬂrec,t,lpﬂ direction
| main vane Main vane
‘double
catch £oothed handle _
- "r\/‘,/ - - -
rotor

figure 3.1: the safety mechanism with a double toothed handle

This mechanism with a double toothed handle has a comparable
working as the half-automatic system of the 12PU500. Only this
mechanism has a second toothed handle which takes care that
the rotor turns in the wind again. In the normal position the
catch is in the toothed handle A. The catch is the extension
of the arm of the help vane as in fig.3.2 shown. When the



windspeed becomes too high
the windpressure on the help
vane pushes the help vane
backwards. The catch falls in
the toothed handle B. The
head with the rotor is

unlocked from the tail and
will turn out of the wind.
This turning starts because

of variations in the wind

direction and then continues

because the windforce on the mmamn vane

rotor is eccentric to the
figure 3.2: the double toothed

towerpipe axis and causes a handle with the help vane

torque. When the windspeed

decreases the help vane falls down in its normal position by
its weight. The catch is in toothed handle A again. Because of
variations in the wind direction the rotor will turn in the
wind again, tooth after tooth.

K

The help vane works concerning a

-]

hysteresis. The relation between the 70

windspeed and the angle of the arm and

anglelof yaw

the horizontal (6) is given in fig.3.3. Y
At vy (12 m/s) the help vane is blown

backwards and the rotor starts to turn o

Py

>

out of the wind. At v{ (more or less 7,5 VizdS  Vng=12

. . windspeed v [m/s]
m/s) the helpvane falls forwards in its
normal position and the rotor starts to figure 3.3:
relation between
the windspeed v and
The graph of fig.3.3 shows an hysteresis angle &

turn in the wind again.

loop.

The 18PU450 prototype is equipped by the hysteresis system.
Till now the system has done its duty, but there appeared some
problems:

- The time that the rotor needed for turning in the wind again

is sometimes more than one day, especially when the
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windspeed decreased lower than 4-5 m/s. This causes a loss
in the output.

— Sometimes the rotor didn't turn out of the wind directly
after the catch fell in toothed handle B but reacted just
after 4-5 seconds. During this time the rotation speed can
increase too much and damage the pump.

— When the rotor was turning out of the wind the shock of the
catch against the end of the toothed handle was rather heavy
sometimes.

Other disadvantages of the hysteresis system are:

— The design depends on variations of wind direction. In areas
where the wind direction is rather constant the system
possibly may not function well.

— The construction of the help vane has a bearing which never
may have too much friction.

— The manufacturing of the double toothed handle requires much
labour.

These points make clear that the hysteresis system isn’'t
dependable for 100% and can cause output losses. We chose
another system, namely the well-known inclined hinged vane
safety system.

3.3. The inclined hinged vane system

This system has a tail which doesn't hinge in an horizontal
plane but an inclined plane, see fig.3.4.

When the windspeed increases the thrust on the side vane and
on the rotor by the wind increases too. The thrust causes a
higher moment which turns the rotor out of the wind. The tail
vane will not turn so far because the wind thrusts the tail
vane in the wind direction. This position of the tail vane is
not its lowest position, so its weight will give a moment
around the s—axis of the hinge. The tail vane will make an
angle (a) with the winddirection. The force caused by the wind
thrust on the tail vane (F,;) will give a moment around the z-

axis of the towerpipe. This moment will stop the rotor from



!zax's s-axis
o ./ SIDE_VIEW

i ~<Rg ~ MAIN VANE
Sa N Area: A,

’ a ~

/L A
AUX. = . / aerodynamic
VANE I center vane

[/ lowest position

| e__Main vane
| & T0P VIEW

-
b
e
v (in plane of vane
movement)

a (projection
on vane)

AUXILIARY
VANE

Area: Aa

figure 3.4: the inclined hinged vane safety system

turning out of the wind. At this point there is a labile
balance between the position of the rotor and the tail wvane.
Between the rotor axis and the wind direction we find the
angle 6. When the windspeed increases the angle 6 increases

too.

This system wasn't the first choice because:
- It is difficult to adjust
— There is a labile balance between the rotor and the tail

vane. Only for one certain windspeed the rotor stands
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perpendicular to the wind direction. This means a loss of
power.

- The wooden yvaw bearing of the Diever 450 has more
friction than ball-bearings or roller-bearings. This means

an uncertain factor for the behaviour of the system.

The advantages of the system:

- Simple construction

- Not sensitive for failure

- Full-automatic

- Applicated on many other windmills.

After it was clear that the hysteresis system isn't the ideal
system we made a new investigation to other safety systems.
The conclusion was that the inclined hinged vane system was a
good alternative. The system can be partly adjusted by
variating the side vane area (A;;) and arm length (Ry) . The
angle of the hinge (€) on the prototype should be variable
too. The influence of the wooden yawing bearing could only be
find out by trying on a prototype.

To predict the behaviour of the system (relation between the
windspeed and the angle 6) we can use the next formulas:

Forces:
thrust on rotor P Fp= Ci*%*f*(v*cos 6)2*A;
side force on rotor : Fpe= Cp*%*f*(v*sin 8)2*AL,

wind normal force on tail vane : F= 2,6*q*gﬁﬁ%*(l—a)2*v2*Av

weight normal force on tailvane: Fy= G*sin €*sin 7

wind normal force on side vane : F;= CH(90°—6—§)*g*ﬁa*vz*Aa*cosg

(formulas 3.1-3.5)

Moments:

around s-axis: F*R; = Fy*R, (formula 3.6)

around z-—axis: Fpy*e + F, *f + F*R, = Fv*(h*cosz‘+ R,*cos €)
(formula 3.7)

The angles:

sin a = sin 5*cosx-cos 6*cos E*sinX‘ (formula 3.8)

for small angles of a: a (in rad) = sin « (formula 3.9)
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The two moment balance equations around the z—axis and the s-

axis can be combined in one formula:

Ci*cos2(6-56 )*51’*e + Ci*sin2(6-6,)* ;Arsﬁ.;
t 0 AV*RV f it AV*RV
A *R

Cy(90°-(86-6))-E)*cos § *Ta —a—

T h

* ] - —

2,6*F qﬁ:ﬁﬁﬂ *(1-a)2x{ Rv&ﬂl+T2) + cos €} (formula 3.10)
with:
F= GZRe*sin € (formula 3.11)

2, 6*!5*ﬂa*(1—a) 2xy2xp *R,
and:

sin &
F + cos S*cos €

T= (formula 3.12)

The solution of these equations should be the angle 6§ as a
function of the windspeed v:

& = &6(v) (formula 3.13)

In order to find this function we need to know a survey of

parameters. For the Diever 450 these parameters are:

rotor value unit
D= rotor diameter 4,5 m
A= rotor area 15,9 m2
e= rotor eccentricity 0 m
A= rotor side area= 0,075xA, 1,2 m2
f= distance rotor plane to z-axis 0,8 m
side vane
A= side vane area 0,42 m2
R,;= distance aerodynamic center of 3 m
the side vane to the z-axis
% = gside vane angle 0° degree
main vane
A= main vane area 2,75 m2
R,= distance aerodynamic center of 3,37 m
the main vane to the s-axis
6;= preset angle of the main vane Qe degree

h= see fig. 3.4 0,35 m
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value unit
€= angle of inclination of the s-axis 10° degree
G= main vane weight 550 N
R,= distance gravity center to the 2,45 m

s—axis

aerodynamic
.= air density 1,2 kg/m3
Ci= rotor side force coefficient 8/9
Cy= normal force coefficient see fig. 3.5
a= wake factor see fig. 3.6

(1-a)

T‘.*
0.7

oo - —— -

90 139

—(§-4,)

60 80 100 190 %0 160 180

———n O

figure 3.5: normal force figure 3.6: the wake factor
coefficient a

Now the theoretical 6-v curve for the behaviour of the safety
system can be calculated, see fig. 3.7.

In fig. 3.7 we assume that the friction of the wooden yaw
bearing is negligible. This is not true. The wooden bearing
has a friction that causes a counteracting moment around the
z—axis (M;), with a value of more or less 40 Nm.

When we take this value of M= 40 Nm and calculate 6(v) for an
increasing and a decreasing windspeed then we get the curves
of figure 3.8.

For more information about inclined hinged vane systems see
l1it. 5 and 8.
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figure 3.7: 8-v curve without friction of the yaw bearing
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figure 3.8: 6-v curves for increasing and decreasing windspeed
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'3.4. The strength calculations of the safety system

For the Diever 450 we chose the inclined hinged vane system.
The dimensions are given in par. 3.3 and drawing nr.3.

The two hinges of the main vane are wooden bearings. The

admissible surface pressure for wood is 2 N/mm2 for constant
load and 5 N/mm2 for peakloads.

figure 3.9: reaction forces on the hings

V= 0 R, = 3200 N
ZH= 0 ! R = 560 N
ZMyromd 1= O Ry = 3040 N

The bearing A is most critical. The surface pressure:
in the axial direction: o= 0,55 N/mm?

in the radial direction: o= 1,11 N/mm?2

The barforces in the main vane construction can be calculated

by the Cremona-method, see fig. 3.10.
The barforces are given in the next table:

bar ar. profile tensile | pressure o o,

1 L40x40x4 3150 21,6
2 L40x40x4 2600 26,7
3 L40x40x4 2350 24,1
4 L40x40x4 2400 3,9

5 L40x40x4 3000 ;

6 1" 600 1,

7 L30x30x3 250 1,

8 L30x30x3 400 8,5
9 L30x30x3 300 1,7

The forces in [N],

the stresses in [N/mm2].
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figure 3.10: barforces calculated by Cremona-method

The admissible stress is 160 N/mm2. The stresses in the bars
are much lower, so the construction is strong enough. We could
make the construction lighter but these calculations are only
based on the load of the weight. Loads which are not included
in the calculations are:

- torsion caused by turbulences in the wind. These turbulences
can cause different windpressures on the upperpart and on
the lower part of the main vane. That will give a torsion on
the construction.

- shock against the bumper. When the rotor turns out of the
wind till the farthest position the main vane hits the
bumper. The bumper avoids that the rotor hits the main vane.
When we assume that the rotor turns out of the wind with an
angular speed of 0,63 rad/s and hits the bumper, we can
calculate the bending stress on the construction just where
it hits the bumper: o= 155 N/mm? (the admissible stress is
160 N/mm2),

These points make clear that we cannot make the construction
lighter.

The forces on the side vane are:

- the weight of the vane and its arm construction (resp. 100 N
and 140 N)

- the wind force on the vane (maximum 60 N)

The bars ADM and CD are made of %Q" gaspipe, bar BD of &".
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figure 3.11: forces on the side vane

The reaction forces in the connections A,B and C are
calculated and given in fig. 3.11. The bar forces are:

bar AD: Fy= -750 N (pressure)

bar BD: Fp= +1220 N (temnsile)

bar CD: Fy= —-460 N (pressure)

For %Q” gaspipe the admissible pressure force with a buckle
length of 2 m is: F= 3100 N

The bending moment next to D: M= 121 Nm. For %@” gaspipe:
o= M/W= 109 N/mm2.

We can conclude that the arm construction is strong enough.
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CHAPTER 4. THE TRANSMISSION

4.1. The mechanism

BUET FREVONTS THAY
BOIIMRSE CTACKS arew |

)

THREAD . STUD Aséxm (WH10)
VL IVERT s
PUPPRED  GASPIRE O ¥e'x4700
RESHEAD LT SIAXED ¥ O
RUT.I00H 306815 <Y LEXGTH 165
i ST i

wh |

i - ]
CROSPIV 025 %52 RENOVE VAR £D05
ARSI
B0 M2 AP0 (H ¥a'x 29°) H
AR roes
NYLOY BEARNSETH @ 135" AVLNRLY
BEARING ROUSNG o
BEARIVSBUSH (BST GURLITY} # !
BALSEARNG (BEST QULTY)

BERININRSNG

SHAFT. 58 (02 11300
W MATERUL / MAHIE / REPARS,

B UL TS A NP e |
8

figure 4.1: the transmission of the 12PU500

The transmission of the 12PU500 consists of a crank-connecting

rod- crosshead construction (see fig. 4.1). The evaluation in

par. 1.2 gives a summary of the problems of the transmission.

The requirement list of par. 1.3 is based on the results of

the evaluation. One of the requirements is to avoid high peak

forces in the pumprod. This can be achieved by:

- decreasing the acceleration of the piston at the moment that
it passes its lowest position (at this moment the peak force
appears).

- decreasing the acceleration of the water in the rising main
by decreasing the ratio of the areas of the piston and of
the rising main (A?/Am).

- using an airchamber.

In chapter 5 these points are more detailed. By designing the
mechanism of the transmission we can decrease the acceleration

of the piston. The transmission of the Diever 450 as shown in
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fig. 4.2 is a mechanism of four bars. At a constant angular
speed of the rotor the upward movement of the piston takes
more time than downward (202° of 360° rotation upward and 158°
downward) .

In appendix 2 the position of the piston (s8) as function of
the time (t) is calculated and given in graph nr. 1. By
numeric differentiating we get the speed of the piston (vﬁ as
function of t (graph nr. 2) and secondly numeric
differentiating we get the acceleration of the piston (aﬂ as
function of t (graph nr. 3). From the graph nr. 3 we see that
the acceleration of the piston in its lowest position is:

side view rods mechanism /’\
R ' \

\
\
> R120 |
C—— , ////;f:r\\\L\\\%J
o\ ] ) K
\ //
1 —T p

e 2TROKE LENGTH _ 250

figure 4.2: four bars mechanism

a,= 2,4 m/s? for Q= 2w rad/s and s= 250 mm

With the same values of the angular speed and stroke length
the transmission of the 12PU500 gives:

ap= 4,7 m/s2!

The a, with the transmission of the Diever 450 is 51% of the a,
with the transmission of the 12PU500 and a crank length of 120
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mm and 76% with a crank length of 60 mm.

4.2 The construction and the strength

The construction of the transmission of the Diever 450 is
given in drawing nr.4. The crankpin is an iron shaft of ¢30
mm. Flat irons of 30x6 mm are welded between the crankpin and
the rotorshaft. The crank length is 120 mm and is not
variable. A construction of a crank with a variable crank
length is given in appendix 6. From the crank a bar of 1"
gaspipe (the connecting rod) is connected to a tumbler
construction, 'the elbow', which is made of two iron sheets of

4mm. The pumprod is connected at the other side of the elbow.

All the bearing bushes are made of wood. The admissible
surface stress (o;) is 5 N/mm2 for peak load. The projected
area (Ay,) of the bearings L, M and N is 27*70= 1890 mm2, of K
is 30*70= 2100 mm2. The admissible force on the bearings L, M
and N: F= 5%1890= 9450 N.

The admissible force on the bearings in K: F= 5%30%70= 10500 N
The peak force in the pumprod (Fwﬂ) appears when the piston
passes its lowest position. With the piston in its lowest
position and the crank length of 120 mm the angle B= 81° and
E= 120° (see fig. 4.2). The reaction forces in the bearings
are:

in the crank bearing K: Rf=0,81*FW“

in bearing L PR= 0, 81%Fpey
in bearing M PORp= 1, 07*Fpyg
in bearing N P Ry= Fpey

The reaction force in M is the highest. If Ry= F= 9450 N then:
- Fpy= 8830 N

The pump makes a lot of strokes, possibly more than 10
million. It means that the load (the pumprod forces) is a
fatigue load. The admissible stresses for the iron parts with
a fatigue load are lower than with a static load. Therefore we

have to calculate the fatigue strength of the iron parts.
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The fatigue strength of the crank:
The admissible stress is:

G,;= Y(o2+ 72)= 105 N/mm2

(for Opin/Opar= 0, see lit.11)

o= M/W= Ry*44/(m/16%30%)

T= Ry/A= Ry/(m/4*302)

~Rg= 8400 N 4 Fyy= 10370 N

The connecting rod is loaded by a pressure force during the
peak force in the pumprod:

F= O,Sl*Fwﬂ

The buckle length is: 1= 320 mm

—~F= 30520 N +Fpy= 37680 N

The strength of the rotorshaft bearings:

The admissible reaction force in the bearing next to the crank
is:

R= 0,*Aj= 5*50%70= 17500 N

Fpegt = 0, 89*R

— Fpgg= 15630 N

The conclusion of these strength calculations is that for the
transmission the admissible pumprod force is:

Fy= Fpg= 8830 N

In stead of wooden bearings we can use ball-bearings when they
are available. In appendix 5 there is +he drawing of the

transmission with ball-bearings.
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CHAPTER 5. THE PUMP

5.1. General

The Diever 450 is coupled to a single—-acting piston pump, as
the 12PU500. The piston pump has a piston which moves up— and
downwards (reciprocating) in a cylinder (pump cylinder). The
pump has two valves, the piston has a valve (piston valve) and
a second valve at the bottom of the pump (foot valve), see
1it. 1.

5.2. The pumprod forces

The pump of the 12PU500 has airchambers. The function of

airchambers is to smooth the pulsating flow of the pump and to

reduce the dynamic forces. But we experienced that the

airchambers were loosing their air slowly. There are four

possibilities for solving this problem:

- a flexible wall separating the air from the water (for
example a rubber hose)

- an airpump filling the airchamber

— airchambers with a sniffle valve

- without airchambers and the pumprod forces lower than the
admissible forces of the construction of the pump, pumprod
and transmission.

Without airchambers the pump construction is more simple. But

it means also that the design windspeed is limited. A high

design windspeed means a large swept volume and causes high

pumprod forces (peakforces).

The peak forces in the pumprod appear just after the piston
has passed its lowest position. The peak forces consist of
different forces (see appendix 2):

Freak™ Fotgt + Fy + Fy + Fy + Fy
Fg;t= force caused by the static pressure
F;= force caused by the acceleration of the water, piston and

pumprod
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F,= force caused by the shock of the piston against the water
column at the moment that the piston valve closes

F;= force caused by the friction of the piston and the
cylinder

Fy= force caused by the conductor resistance in the pump and

rising main (see lit. 9)

With the transmission of the Diever 450 the acceleration of
the piston in its lowest position (ap is 51% of the apwith
the transmission of the 12PU500 at the same rotation speed,
see chapter 4 (for R,= 120 mm). Therefore the acceleration

force F;, is much smaller.

The shock force F; appears when the piston valve closes and the
piston bumps against the standing water column. For the Diever
450 F; is smaller than for the 12PU500 because the speed of the
piston (Vﬂ of the Diever 450 at the moment of bumping is lower
(71% of vy of the 12PU500) at the same rotation speed.

It may be clear that it isn't easy to calculate FW“ this way.
Especially the shockforce is difficult to determine. The
C.W.D. did a lot of research on this matter. They made a
program for the calculation of the pumprod forces of their

pumps. They have found also another simple way to calculate it

by using the next formula (lit. 10):
Fpeak™ k*/OH*H*Ap*(g + QIR *A)/Ap) (formula 5.1)

k is an overshoot factor.

To make the formula more accurate we have to bring in AN'
Fpak= KOy H* (By=Ry ) *{g + Q2*Ry*(A;~Ay) /(Ay~Ry)} (formula 5.2)

In this report I will use this formula. With my measurement
results I will calculate k too, see par. 4.3. The measurements
are done with two pumps on the pump test rig and on the Diever
450 on testfield of the WOT. The efficiency of the pump
installation is determined by the indicator diagram of the



35

pump, see par. 5.6.

5.3. The rotation speed

Because of the reciprocating piston the system experiences a
lot of fluctuating load cycles and fatigue symptoms can
appear. The admissible stresses in materials under a fatigue
load is much lower than under a static locad. For the fatigue
strength calculations of the pump I take the rated windspeed
of v= 9 m/s and for the static strength the maximum windspeed
v= 12 m/s, for both cases the rotor perpendicular in the wind.
The tipspeed ratio ; of the Diever 450 is 1 for vg= 3 m/s. For
higher windspeeds the tipspeed ratio is higher, for v= 9 m/s
and v= 12 m/s the tipspeed ratio A~ 1,6.

/A = QR /v = w*n*D, /v

for v= 9 m/s: n= 60 r.p.m.

for v= 12 m/s: n= 80 r.p.m.

5.4. The pump dimensions

To determine the optimal swept volume of the pump I use the
next formula (lit. 4):

Protor= Ppup/ Mot
%*Cp*yJa*v3*1/4*,n-xDrz =pﬁ*g*H*§eff/ntct (formula 5.3), by which:
Dupt= My *Ve*n = ﬂvni*VS*A*v/wDr (formula 5.4)

Formula 5.3 and 5.4 together:

Vs=/')n*"T“Cn*ﬂ+n+*V2*D£ (formula 5.5)
B*Py*g*H*Nygp * A

For v we take the design windspeed v4= 3 m/s.

The other values are:

Cp= 0,27 ; M= 0,67 ; Q= 1,2 kg/m' ; Q= 1000 kg/m' ;
g= 9,8 m/s2 ; D= 4,5 m ; ?\ =1 5 Ng= 0,9

These values in formula 5 give:

Ve= Ay * s= 24,8/H [1it] (formula 5.6)
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When V, is known and the stroke length s is chosen the piston
area Ap can be calculated:

A= Vi/s (formula 5.7)

4
From formula 5.2 and 5.3 it is clear that to reduce FW“ you
must choose s as long as possible so that Ap is as small as
possible. For the Diever 450 this is 250 mm.

To choose the pump cylinder it depends on what is available.
In the past the WOT used iron gaspipes of 4", 5" and 6". But
the iron cylinder caused trouble, because it rusts. The rust
is like sandpaper for the piston. The life-time of the piston
was very short (few months). Alternatives are stainless steel,
bronze, brass or p.v.c. Experiences with stainless steel,
bronze and brass makes clear that these materials are suitable
for the use as pumpcylinder but they are difficult to obtain,
especially brass cylinders. Stainless steel cylinders are
often used in the food-processing industry. It is possible to
cast bronze cylinders and to turn out on a big lathe. We
choose p.v.c. because p.v.c. pipes are more available in
developing countries. In the next table some p.v.c. pipes are
chosen as pump cylinders. It gives the optimal waterlifting
head calculated by formula 5.6 at s= 250 mm. It gives also the
maximum admissible pressure p,, of the pipes.

Table 5.1: p.v.c. pipes as pump cylinders

pipe size outerxinner optimal head Prax

in inch size in mm inm in bar
g" 200x190,2 3,5 6
6" 160x150,6 5,6 7,5
5" 125x117,6 10,1 7,5
4" 110x101,6 12,2 10
3" 90x81,4 19,0 12,5
3 75x67,8 27,6 12,5
2" 63x53,6 44,3 16

For the 8", 6", 5" and 4" pump it is possible to take a pipe
with a thinner wall, but for these pipes the admissible
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waterlifting heads are smaller. In practice we found that
P.v.c. wore out when the water is sandy. Therefore it is
better to choose pipes with a thicker wall, like we did in
table 5.1.

5.5. The strength calculation of the pumps

The admissible pumprod forces depend on the admissible
pressure of the p.v.c. pipe (FN= me*(quﬁr)) and on the
admissible load of the other parts of the pump like the piston
and the pumprod. Hereby we take the fatigue and the static
load. For the fatigue load I used 1lit. 11 and 12. The load is
a repeated load (R= oy, /0y~ 0). The safety factor is 1,2 for
the welds and 1,5 for the other parts.

The results of the calculations are put in table 5.2:

Table 5.2: strength calculations

pump in inch rising main in| fatigue locad static load
inch Fy (n=60) F, (n=80)

in kN. in kN.
8" 4" ; 10,9 18,8
6" 3" 8,3 10,8
5 3" 7,9' 12,4
4" 2" 7,7 11,8
3% 2" 6,0 9,0
3" 2" 4,0 7,2
2" 13" 3,0' 5,7

‘These admissible values are determined by Py of the p.v.c.
pipe.

5.6. Tests of p.v.c. pumps

Two pumps with p.v.c. pump cylinders are used for the tests, a
6" pump and a 4" pump (see drawings nr. 5A and 5C). The pumps
are tested on the Diever 450 windmill and on a pump test rig.
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The waterlifting head of the Diever 450 is 10,5 m, of the test
rig 11,5 m (see appendix 4 and 5).

5.6.1. The aim of the tests

The aim of the tests is to determine:

1. the pumprod forces and the overshoot factor of formula 5.2.

2. the volumetric efficiency of the pump

3. the indicator diagram of the pump (force-position diagram).
With this the total efficiency of the pump installation can
be calculated.

4. the strength and the durability of the pump.

ad 1. The pumpreod forces

The pumprod forces of both pumps are measured on the test rig,
with 2" and 3" rising mains. On the Diever 450 the pumprod
forces of both pumps are measured, hereby only with 2" rising
mains. The peak force in the pumprod (Fmﬂ) is measured for
different rotation speeds. The pumprod has a force reader,
which is a shaft of ¢16 mm with strain gauges glued on both
sides. An oscilloscope registered the forces on the vertical
scale and the time on the horizontal scale. Hereby the peak
forces and the rotation speeds could be determined.

ad 2. The volumetric efficiency

The volumetric efficiency is checked regularly by a flowmeter

and a stroke counter.

Nyol = water outpﬁt per s’crokeX 100% (formula 5.8)
s

ad 3. The indicator diagram

On the test rig a position reader is installed which
registered the position of the piston. An oscilloscope
registered the pumprod force on the vertical scale with the
force reader and the position of the piston on the horizontal
scale. Hereby the indicator diagram is determined. To
determine the surface of the indicator diagram you get the
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amount of energy input of the pump during one stroke (= Eyp) -

Ey= Vags * Pyt = Veit*Pytat /Nipgt  (formula 5.9)
Myo1 ™ Ngggh nhydr

Vigf = effective water output per stroke measured by the flow
meter and the stroke counter

Pqtt= static pressure=/og*g*H

With formula 5.8 and 5.9 we can calculate the total efficiency
of the pump installation Ny and the product Myech™ Niydr -

The hydraulic efficiency Nygr Separated and therefore the
mechanical efficiency of the pump Ny cannot be determined
easily because the water flow and the conductor resistance in

the pump and rising mains aren't constant.

ad 4. The strength and durability
A life test of the 4" pump is done on the Diever 450 and is

still going on. The life test of the 6" pump is done on the
test rig and has finished after 4,43 million strokes.
The wear of the piston and foot valve is checked several

times.

5.6.2. The test equipment

The measuring erection of the pump test rig is given in figure
5.1. An electromotor of 3 kW, 1430 r.p.m., drive the pump by
way of a gear of three teeth belts and the Diever 450
transmission.

The crank was in the beginning variable in length like the
12PU500 but this construction wasn't strong enough. Therefore
the construction changed in a crank with a fixed cranklength,
see drawing nr. 4.

The transmission is identic to the one of the Diever 450, see
appendix 2. The drive is built on a tower of 12 meters high.
Under the tower there is a water tank of 1 meter deep in where
the pump is placed. From the pump rising mains conduct the
water upwards till a barrel which stands on the platform, 11,5
m higher than the waterlevel in the water tank. Through return

pipe the water streams back in the water tank. A desaeration
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transmission

Wooden
shaft bearing /| o .
- : } fOy ( o) %) ) electromotor
3 g —
O stroke counter
osition : :
feader‘ force reader
———barrel
“+— tower
risine lath
main — //FCJ orm
. ' return’ pipe
< I I
desaeration i .
barrel Flowmeter
PYNP
watertank

figure 5.1: the pump test rig

barrel prevents that air is going with the water trough the
flowmeter. Air can cause a wrong registration of the water
flow.

The force reader is placed between the transmission and the
pumprod. The position reader is placed parallel to the pumprod
and connected between the transmission and the tower. The
stroke counter consists of an inductive reader which gives a
pulse when the transmission moves close by it and a counter

which counts the pulses.

On the Diever 450 the force reader was also coupled between
the transmission and the pumprod. A flowmeter is placed in the
return pipe. For the stroke counter we used a km-counter of a

bicycle. This is cheap but it has a very short life-time.
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5.6.3. The results

1. The overshoot factor k:

the 6" pump on the test rig : 1,5 < k < 2,
the 6" pump on the Diever 450: 1,3 < k < 1,
the 4" pump on the test rig : 1,5 < k < 2,
the 4" pump on the Diever 450: 1,4 < k < 2,
Remarks:

A higher valve lift caused a bigger Fwﬁ with 2" rising mains

and didn't show any obvious difference of Fmﬂ with 3" rising

mains. The average k-value on the Diever 450 is lower than on
the test rig.

2. The volumetric efficiency:

the 6" pump: B82% < N < 107%

the 4" pump: 92% < Ny < 99%

Remarks:

The low value of 82% was caused by a leaking foot valve. The
high value of 107% (more than 100%!) was caused by the
inertia-effect: the kinetic energy of the accelerated water
column is converted into an extra delivery.

A higher rotation speed gave a higher Nyl »

3. The indicator diagram:

the 6" pump: 62% < Ny < B3%

the 4" pump: 53% < N, < 56%

Remarks:

A lower N caused by a leaking foot valve gave a higher Nipst «
A higher valve lift of the foot valve only caused a higher Npat
for the 6" pump but not for the 4" pump.

4. The life tests:

The 6" pump on the test rig: The wear of the wall thickness of
the p.v.c cylinder was 0,2 till 0,5 mm after 3,37 million
strokes. Therefore it is wise to choose a p.v.c.pipe with a
thick wall. The wear of the piston cup was negligible. The
volumetric efficiency of the pump varied during the test from
82% till 107% with an average value of 98%.
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The 4" pump on the Diever 450: The pump is placed on the 24th
of may in 1988 and has made more or less 2,5 million strokes
till now (may 1990). Nothing has broken yet. The wear of the
lip thickness of the leather piston cup is about 0,2-2 mm.

5.7. The choice of the p.v.c. pipe as pump cylinder

In par. 5.5 we found the admissible loads for different pumps
with p.v.c. cylinders and in par. 5.4 the optimal waterlifting
head with R= 120 mm. In par. 5.6 we found the overshoot factor
k for the 4"pump (with R,= 120 mm) between 1,4 and 2,0 and for
the 6"pump (with R,= 60 mm) between 1,3 and 2,1. These values
are a little bit lower than the values of the C.W.D. (1it.10)
because of the four bars mechanism. Another point is the big
fluctuation in the k-values. That's why it isn't possible to
predict the pumpforces accurately. For safety we choose the
value: k= 2,0 for R,= 120 mm. Now we can calculate the maximum
admissible waterlifting heads (Hy,) of the pumps with formula
5.2:

Table 5.3: maximum admissible waterlifting heads

pump Outerxinner risingmain | pumprod Hpax

in inch diameter in mm| in inch in inch in m
8" 200x190, 2 4 740 7,5
6" 160x150,6 3" L 7,5
5 125x117,6 3" LY 18,4
4" 110x101,6 2" K 16,9
3" 90x8B1,4 2" L 27,9
3 75x67,8 2" L 34,2
2" 63x53,6 1" L 50




Table 5.4: Recommendations for choosing the pumpcylinder
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waterlifting head

pump diameter in inch

rising main in inch

from
from
from
from
from
from
from

0 till 5 m
5 till 7 m
7 till 12 m

12 till
16 till
25 till
34 till

16 m
25 m
34 m
50 m

gn
X
5
4
3"
gn
2n

z"
g
3
20
2
2
13"

The design windspeed as functions of the

table 5.4 can be calculated with formula 5.5 and the data in

par.

ViR 9,51 * Y{(A;~Ay)*H}

5.4:

Y (M7

waterlifting head for

Remark :  x -point o Hpay
5
, X
£ 17’ /// -7
| / -
; t “ L7 n ) X
8 s e e
L3 b /‘L/'!f — X Va=3 "s
| i ; i
5 | ! ; ' ! ! :
2 1 ! | | '
] |
} : ll : : | I
[ ! l
N : | '
i | [
! o | : I | f
| | | | | | ]
(. | ] | ] |
[ ] | ! | 1
l | + 1 ,,[ + .] + I, + + L P
S F o 2 451 4 25 30 ¥3m 40 45 50  H[m]J

figure 5.2: the design windspeed as functions of the
waterlifting head
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CHAPTER 6. THE TOWER

6.

1. General

The evaluation of the 12PU500 in par. 1.2 has learned us that
the tower of 6 m high is too low and that the tower is

difficult to transport. For the Diever 450 we chose a tower

with a height of 10 meters. The tower is a frame consisting of

angle irons and is welded in 10 parts which are connected

together with bolts. The welded parts are transportable all

together on a roofrack of a landrover.

The construction has four legs which are made of L.50x50x5, the

horizontals and diagonals of | 30x30x3. The towerpipe is made

of 4" gaspipe (see drawings nr. 6 and 6A). At one side there

are stairs till a height of 6 meters (drawing nr. 6B). It

continues at two opposite sides of the tower till 9 meters. We

chose for the last 3 meters two stairs at opposite sides to

stay away from the turning rotor. From the stairs you can step

on the seat which is connected to the head (see drawing nr.

6C). On this seat it is easy and safe to lubrificate the

shaftbearings and the bearings of the transmission or to do

other maintenance work. This is safer then standing on a

platform which is connected to the tower.

BAerodynamic forces, gravity forces and pumprod forces act on

the tower. These are calculated for two situations: for

maximum operating conditions and for storm conditions.

In the calculations the following conditions are assumed:

Survival windspeed of 40 m/s.

At the windspeed of 12 m/s it is possible that the rotor
temporarily faces the wind perpendicular.

The influence of rain, snow and glazed frost is neglected.
The stresses in the legs will be maximal when the wind
attacks the tower in a diagonal way. This is explained in
fig. 6.1.

Assuming the tower to hinge on foundation blocks B and D

during diagonal attack, the total wind force is divided among
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figure 6.1: top view on the tower

legs A and C, loading A to buckle and C to tensile forces.
The vertical load is devided over all four legs in both
situations. But the horizontal load (wind load) and the
moments on the tower top cause a barforce in leg A
(compression) and C (tensile) under diagonal attack which is
¥2 times higher than in leg C and D (compression) and A and B
(tensile) under orthogonal attack. Also the projected area of
the tower under diagonal attack is bigger than under
orthogonal attack. Therefore in the following calculations
only the diagonal attack of the wind on the tower is taken
into account.

Calculations on the tower are divided in the following parts:
Forces on the tower top (6.2)

1. at operating conditions (v= 12 m/s)
2. at storm conditions (v= 40 m/s)

Forces on the tower construction (6.3)

1. at operating conditions
2. at storm conditions

Stresses in the towerlegs (6.4)

1. buckling
2. tensile
Foundation (6.5)

Forces on the tower during hoisting (6.6)




46

6.2 Forces on the tower top

6.2.1. At operating conditions (v= 12 m/s)

If we have seen in chapter 3 at v= 12 m/s the rotor turns out
the wind. But because of fluctuating windspeed and wind
direction it is possible that the rotor temporarily faces the
wind perpendicular at v= 12 m/s. Therefore the next conditions
are assumed:

- v= 12 m/s

the rotor is turning at full speed (n= 80 r.p.m.)
- the main vane is parallel to the wind direction

- Gyroscopic effects of the rotor cause a moment on the tower

Data: Value: Unit:
v windspeed 12 m/s
Cr rotor trust coefficient 0,89 -=
Cy drag force coefficient 1,2 —-
Ay distance c.o.g. (= center of gravity)

rotor to y—-axis 0,8 m
4, distance c.o0.g. rotor to tower top 0,48 m
Ay distance c.o0.g. main vane to y-axis 2,7 m
dyx distance c.o.g. side vane to y—-axis 0,37 m
day distance c.o0.g. side vane to x—-axis 2 m
s distance c.o0.g9. head to y—axis 0
dW distance c.o0.g. head to x—axis 0
Fprm maximum pumprod force, see below 11200 N
m, mass rotor 206 kg
my mass head 50 kg
m, mass main vane 56 kg
m, mass side vane i3 kg
m, mass transmission 8 kg
er maximum gyroscopic moment of the rotor,

see below 1540 Nm
R, rotor radius 2,25 m
/Oa air density 1,2 kg/m3

To calculate meu we use the table in par. 5.7. When we take
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figure 6.2: situation in operating conditions

for k= 2,0 and H the upper 1limit of the chosen interval for

each pump size we can calculate the pumprod force with formula

5.2. The 4"pump with H= 16 m has the highest force. Therefore

we take this pump and waterlifting head for the calculations

here.

The gyroscopic moment wa=J*R*&ﬁﬁ

moment of inertia of the rotor= 291 kgm?2

Q= angular speed of the rotor= 80/60*2w= B.4 rad/s

S%“= angular speed of the head= maximum of 0.63 rad/s (this is
a value measured by the CWD on the CWD5000 which is
comparable to the Diever 450)

G
[}
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The forces and moments on the tower top:

Fy= Cprlg*P,*v2*m*R2 + Fy, = 1267 N
Fu= Cpls*R,*v2*A, = 44 N
Fp= —(mptmyetmetmtmg ) *g = Fpp gy = —-14463 N
M= my*dy*g 255 Nm
M= (my*dy — my*dy — mp*dy) *g + (Fy = Fy)*d, +

Mo = 1947 Nm
M, = friction in the yaw bearing (is neglected) 0 Nm
6.2.2. At storm conditions (v= 40 m/s)
In storm conditions it is assumed that;
- the rotor is not turning
- the rotorplane and both vanes are parallel to the wind

direction

Data: Value: Unit
v windspeed 40 m/s
Aje side area head 0,28 m2
A side area rotor 1,2 m2
dW distance c.0.g. rotor to x—axis 0,8 m
dyy distance c.o.g. main vane to y-axis 2,46 m
dW distance c.o.g. main vane to x—axis 0,24 m
dy, distance c.0.g9. main vane to x—axis 0,43 m
dyy distance c.o.g. side vane to y-axis 2 m
dW distance c.o0.g. side vane to x-axis 0,37 m
davx distance aerodynamic center to y-axis 3,4 m
Mpipr mass of piston + pumprod 37 kg
Calculations and results:
Fy¢= sideways force on head=

Cp*i*P *v2 %Ay 322 N
Frg= sideways force on rotor=

Cp*ls*P, *v2*R, 1382 N

As the sum of moments around z—axis = 0 we find;
Fyy*dag = Frg*dy = O
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TOP VIEW Oy

SIDE VIEW o

figure 6.3: situation in storm conditions

Fyy force on main vane in y-direction 325

ig

The forces and moments on the tower top:

Fy= Fyy + Frs= » 1704
Fy= —Fy= -325
= —(my + my +m +omg +omg o omy, ) *g= -3626
M= (—mv*dw + omp*dy + ma*day)*g + Fv;y*dvz= 1724
M= (m*dy + mg*dg)*g + Fp*dy= 1811

M, = friction in the yaw bearing (is neglected) 0

=

Nm
Nm
Nm
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6.3. Forces on the tower construction

First the load is calculated for the operating and storm
conditions and the reaction forces in the supporting points.
With these results the barforces in the legs can be calculated
as followed:

The barforce of a leg is equal to the vertical reaction force
in the supporting point of the leg divided by the cosines of
the angle between the leg and the vertical, for example:

Fleg = Fva/COS 12¢°.

z
X | Qwind
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Y
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2
= |
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m
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2 Q4
é 3 r—
&
o

figure 6.4: diagonal attack of the wind on the tower
construction

The following simplifications are made:
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— the tower is split up in four sections, see fig. 6.4

- all the legs are exposed to the wind (no wind shadow)

- the rising main ends 2,5 m below the tower top

- the projected length of the horizontals is the real length
(1)) multiplied by %Vy2, the projected area of the horizontals
is ¥y2*1*t (t= width of the profile)

- the total projected length of the diagonals (14) is equal to
2*4*height of the section, the projected area of the
diagonals is the length multiplied by t*k*({2 + 4y2)=
1,06*t

- the point of impacts (=p.o.i.)of the section is in the
middle

6.3.1. At operating conditions (v= 12 m/s)

Forces and stresses an the tower are caused by:

— forces and moments on the tower top, see par. 6.2.1
- the wind load on the tower construction

- the tower weight

- the weight of the pump and rising main

Data: Value: Unit:
Amﬁi projected area section 1 1,64 m2
AWﬂZ projected area section 2 1,20 m2
Amqs projected area section 3 1,26 m2
Awﬂ4 projected area section 4 2,24 m?2
G drag coefficient: for angle irons 1,6 -
for rising main and towerpipe 1,2 -
H; height p.o.i. of section 1 B,5 m
H) height p.o.i. of section 2 6 m
Hy height p.o.i. of section 3 4 m
Hy height p.o.i. of section 4 1,5 m
my mass of section 1 107 kg
my mass of section 2 67 kg
my mass of section 3 69 kg
my mass of section 4 119 kg

m; mass of tower 362 kg
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Mg Mass pump + rising main 140 kg

Forces on the tower:

The tower experiences the forces and moments on the tower top

calculated in par. 6.2.1, and:

Value: Unit:

Q= wind load on section 1=

Cp*ls /0, *v 2 XA, 227 N
Q wind load on section 2 166 N
Q wind load on section 3 174 N
Q wind load on section 4 310 N
Gy = weight of section i= —(m1-+r%Mm)*g -2421 N
Gy = weight of section 2= -my *g -660 N
Gy = weight of section 3 -680 N
Gy = weight of section 4 -1170 N

-

Calculations and results:

First the reaction forces in the supporting points M, N, O and
P of section 1 are calculated and then in A, B, C and D. Only
the vertical reaction forces are calculated because these are

necessary for the calculations of the barforces in the legs.

In M, N, O and P:

Fy= vertical reaction force in M=

W (-F, + G) + (M; + F;*3,6 + Q*1,8)/1,36= 9307 N
Fy= vertical reaction force in N=

¥*(-F, + G;) - (M - Fy*3,6)/1,36= 4033 N

Fy= vertical reaction force in O=

¥*(-F, + G) - (M + F*3,6 + Q*1,8)/1,36= -865 N
Fp= vertical reaction force in P=

¥*(~F, + 6;) + (M, - F;*3,6)/1,36=

4409 N

¥

In A, B, C and D:

Fy= vertical reaction force in A=

Y*(=F, + Gy + Gy + Gy + Gy) + (My + Fy*10,6 + Q1*B,5 + Q%6 + Qy*4
+ Q4*1,5)/4,2= 4849 + 4634= 9483 N
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Fp= vertical reaction force in B=
Y¥*(-F, + G| + Gy + Gy + Gy) — (M, -
F&*lO,G)/4,2= 4849 — 61=

4788 N

Fye= vertical reaction force in C=
4849 - 4634= 215 N

Fyp= vertical reaction force in D=
4849 + 61= 4910 N

Conclusion:

The maximum compression and
tensile loads occur respectively
on legs AE and OS. These loads
will be compared with loads under
storm conditions, see next

paragraph.

figure 6.5: load

6.3.2. At storm conditions (v= 40 m/s)

Forces and stresses on the tower are caused by:

and
reaction forces on section
1

— forces and moments on the tower top, see par 6.2.2.

- the wind load on the tower

- the tower weight

— the weight of pump and rising main, both filled with water

Data: Value:
v windspeed 40
m, mass of the water column in pump and

rising main 31

Forces on the tower:

The tower experiences the forces and moments on the

and:

Q wind load on section 1
Q wind load on section 2
Q wind load on section 3
Q4 wind load cn section 4

2520
1850
1940
3450

Unit:

m/s

kg

tower top

2 2 2 =
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G weight of section 1= —(m + my,, + m;)*g=-2724 N
Gy weight of section 2 -660 N
Gy weight of section 3 -680 N
Gy weight of section 4 -1170 N

Calculations and results:

The vertical reaction forces in M, N, O and P:
Fyy= 1588 + 9178= 10766 N
Fy= 1588 - 2128= -540 N
Fy= 1588 - 9178= -7590 N
Fp= 1588 + 2128= 3716 N

In A, B, C and D:

Fy= 2215 + 15554= 17769 N
Fyp= 2215 - 1231 984 N
Fye= 2215 - 15554= -13339 N
Fyp= 2215 + 1231 = 3446 N

Conclusions:

Maximum loads occur on legs AE (compression) and CG (tensile).
These loads are used for the stress calculations. The storm
conditions are decisive for the tower construction and also
for the foundation block dimensions.

6.4. Stresses in the towerlegs

As already given in par. 6.2 the barforces in the legs are:
Frar™ Freactin/COS 12°

This means that the maximum compression force is:

Fpe= 17769/0,955= 18606 N

The maximum tensile force is: Fy,= 13339/0,955= 13967 N

The compression force is decisive for the strength of the legs
because of buckling. Therefore the maximum buckling stress is

calculated:

Data: Value: Unit:
Iy buckling length 1000 mm
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ipip minimum radius of gyration L50x50x5 9,7 mm
A cross—-section area L50x50x5 480 mm?2
Foar barforce (maximum compression) 18606 N

Apit stress area of M10 bolt 74 mm 2

The connections of the legs consists of three bolts M10

Calculations and results:

A slenderness ratio= 1y/iy, _ 103 -

w buckling coefficient (see table in 1lit. 13) 2,12 -
Opekle buckling stress= W*Fy. /A B2 N/mm?2
Tholt shear stress in bolt Ml0= Fpar/ (3*Bpppy )= 83,5 N/mm?2
Conclusion:

As the maximum admissible stress is 160 N/mm2 and the
calculated stress is 82 N/mm2 it is obvious that the legs are
strong enough.

The admissible shear stress for bolts is: 7= 0,7%*160= 112

N/mm2. The calculated shear stress is smaller.

6.5. The foundation

The calculated maximum reaction force in point C is decisive
for the dimensions of the foundation blocks. The blocks must

be heavy enough to overcome the tensile forces.

Data: Value: Unit:
Hy height of block 0,9 m
Wy width of block 0,9 m
Ly length of block 0,9 m
Re density of concrete 2100 kg/m3
Fie vertical reaction force in C 13327 N

Calculations and results:
Gy block weight= Hp*Wp*L;*Q,*g 15003 N

Conclusion:

The block is heavy enough to take the maximum tensile force
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6.6. Forces on the tower during hoisting

The installation of the windpump can be done by two methods.
The first method is the method of the 12PU500, explained in
appendix 6 and 1lit. 3. Only the tower of the Diever 450 is
higher. Therefore the poles must be higher (about 6 m).

The other method is as followed: First the whole windpump is
assembied in the horizontal position. two legs are connected
to the foundation with each a bolt M16, see drawing nr. BE.
This bolt is the hinge when the windmill is hoisted
vertically. The load during hoisting is caused by the weight
of the tower and head with rotor, transmission and vanes.
Windpressure is not taken in account. The tensile force in the
steel cable causes compression forces in the tower. It is
assumed that the cable support yoke has a height of 5,8 m (see
fig. 6.6 and drawing nr. 7).

"

figure 6.6: situation during hoisting

The stresses in the legs and near the centre of rotation

(c.0.r.) are checked:

Data: Value: Unit:
H) horizontal distance between c.o.r.
and c.o.g. of the tower 4,9 m
H; height tower till head, see fig. 6.6 10 m
m; mass of tower 362 kg

Mot mass of head, rotor, transmission and
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vanes
o angle between horizontal and cable
W, bending moment of resistance L50x50x5

Calculations and results:

F, tensile force in cable=
(Hy*my + Hy*my) *g/(Hy*sin a)
Far bar force in tower leg= (F, *cos a)/2

Opegle Puckling stress= Fj, *“W/A

Fyopr reaction force in c.o.r.

Dyip minimum diameter bolts in c.o.r.=
4/m * {(Fy,../160)

Conclusions:

313
21
3050

12166
5134
22,7
5213

kg

degrees

rnm3

N/mm?2

mm

- The towerlegs are strong enough to take the barforces which

appears during hoisting.

~ The M16 bolts in c.o.r. are strong enough too.
— The tensile force in the cable is 12166 N. This is too high
to pull by manpower even with pulleys. It is necessary to

use a linch.

— Calculating with a calculation factor of 1,5 and a safety

factor of 6 the minimum breaking load of the cable must be

109 kN.
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CHAPTER 7. PROPERTIES AND CHARACTERISTICS

7.1. The input—-output relation

For installing a windpump at a given site, the next parameters
of the site are important:

- the average (annual) windspeed (V)

-~ the waterlifting head (H)

The power input at the average windspeed Vv is:

Pying™ ;i*/Ja*Ar*;’S

The load must be related to the input power. Therefor we have
to choose the design windspeed (vy). From lit. 10 and 14 it is
recommended to choose the design windspeed more or less equal
to the average windspeed:

vix v

By using formula 5.5 we can determine the optimal swept volume
of the pump. A higher design windspeed results in a bigger
pump, which causes higher pumprod forces. However the range of
the design windspeed is limited by the admissible pumprod
forces, see chapter 5. But we must not forget that in chapter
2 we chose vi= 3 m/s for the rotor. That means that the rotor
design is optimal only at the windspeed v= 3 m/s.

The maximum power coefficient of ‘CP’CQ‘ . - |
the Diever 450 isn't measured inlo,’b _______ . (CQ: CP/’)&
a windtunnel yet. We assume that gﬁggjggj;' _____ .
the calculation of the Cj-value ooyf-—————— - AN
of par. 2.4 gives the correct |
value: Cop = 0,27. :
Fig. 7.1 gives the CF-Value |
related to the tipspeed ratio, [
see lit. 16. Off course this [
graph must be verified by a :
|
|

windtunnel test.

The power of the rotor is:
P 0 08

Protor™ Cp™Pyind
figure 7.1: Cp and CQ

as function of k
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There are other losses of power beside of the rotor:

— in the transmission by friction in the bearings. The
efficiency of the transmission with wooden bearings (N) is
between 0,92 and 0,98.

— in the pump installation. The efficiency of the pump
installation (Nj,) consists of:

* mechanical efficiency (Ngech)

* hydraulic efficiency (nwﬁ)

* volumetric efficiency (Ny)

The measurements in chapter 5 shows that efficiency of the
pump installation Ny, varied between 0,53 and 0,83. The

volumetric efficiency Ny varied between 0,82 and 1,07.

The total efficiency of the pump installation and the
transmission is: Nyg= N *Nip .
We assume that: Nyg= 0,70 }
. Ngt= 0,67
Ny = 0,95
The relation between the input- and output power is:
Py= Cp*ntﬁt*Pwind (formula 7.1)
(The product Cfﬂ%“ is called the overall efficiency of the
windpump)
The output power is also equal to:
Pot= Ly g H* &gy (formula 7.2)

with: &= Ny *V,*n (formula 7.3)

The formulas 7.2 and 7.3 together:
Poyt= Py g*H* Ny *Vg*n (formula 7.4)

The volumetric efficiency can variate from 0,9 for low
rotation speeds till 1,1 for high rotation speeds. We assume
that Ny; is constant, namely 0,9.

The relation between the windspeed and the rotation speed of
the rotor is put in a graph, see fig. 7.2. The graph is made
by using the graphs in fig. 3.7 and 3.8 and the A-values in
fig. 2.6, Thefx—values are measured with a 4" pump and a
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waterlifting head of 10,5 m, see par. 2.6.
The rotation speed in formula:
n= v*cos 6§ * %J(F*Dﬁ (formula 7.5)

o0
©

QN
© ©

4

vy
o

3

decreasing windspeed
(M,/‘: 40 Mm )

¥

20

I‘;-:'X‘;-‘:'Z}é"éaou‘/L:g,/‘/'&'/é/';lé"si'o
——
windspwd ™43

figure 7.2: the rotation speed as function of the windspeed

Now we can make the graph of the power output as function of
the windspeed. When we use the formula 5.6 of par. 5.4 (with
vi= 3 m/s): V= 24,8*104/H [mﬁ in formula 7.4 then the output
power is:
Pyt= 243*n  [W], n in [r.p.s.] (formula 7.6)

(= 4,05*%*n [W], n in [r.p.m.])

In fig. 7.3 the power output is given as function of the
windspeed, without the influence of the friction in the yaw

bearing.

The formula 7.6 is only wvalid for the design windspeed of 3
m/s. If the average windspeed isn't equal to 3 m/s then it is
more efficient to choose another swept volume of the pump. For
example: v= 4 m/s

vi= V= 4 m/s
Assuming that?Q=1 and.C%A“= 0,27 the optimal swept volume is:
V= 40%107%/H [m'] = Py= 392*n
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figure 7.3: the power output as function of the windspeed

7.2. Prediction of the output

The calculation of the average power output of a windpump can
be made by a simple equation of formula 7.1:
:Eou’t: Cp*ﬂtct*%ﬁ*/oa*Ar*\-rS (formula 7.7)

This formula is simple but not very accurate. A more accurate
method is using a frequency distribution of the windspeeds,
see lit. 1 and 5. In the following example the graphs of fig.
7.3 and 7.4 are used. Fig. 7.4 gives an example of the
frequency distribution of hourly windspeeds in Babatpur, India
of the month March over the years 1976 and 1979. If such a
frequency distribution is known the next method can be used

for a more accurate calculation of the output:

- First we take Ghas the hourly average windspeed of an
interval, which is the windspeed in the middle of the
interval, see fig. 7.4.

- From fig. 7.3 we find Py at the windspeed vy:

?Mﬂﬁ%)= average power output of an interval
- The water output: &= P,/ (R *g*H) {m3/s]
= 3600*P,;/ (P,*g*H) [m'/h]
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figure 7.4: frequency distribution of hourly windspeeds in
Babatpur

the total water output in the month=

Vimox
&= 3600/ (p*g*H) * 2 t*By (%) [m/month]
Vstart
with:
Vgy= Mmaximum windspeed by which the rotor turns (in the
example vg.= 21 m/s)
Vsiat= Starting windspeed (in the example 2 m/s)
= number of hours per interval, see fig. 7.4
H= waterlifting head (in the example 10,5 m)

B 144 + 141 + 219 + 160 + 166 + 179 + 108 + 52 + 17 + 7=
= 1318 m'/month (= 42,5 mi/day)

Remark: the rotor stops turning at Vstop which is lower than
Vit S0 sometimes there can be output when the windspeed is
between vgy, and vg,q. In the calculation we neglect it because
we don't know how many times and the output is very small in

comparison to the total output.

The calculation of the output with formula 7.7:

the average windspeed v= 3,2 m/s
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figure 7.5: the calculation of the water output

Pyi= 60 W
$epi= 50 mS/day
Ppontp= 1562 m3/month
This is almost 20% more than the first result. The formula 7.7
is less reliable but it is a way to predict the water output

roughly if only the average windspeed is known.

7.3. Costs and benefits

The goal of a financial analysis is to find out if the
benefits outweigh the costs. The costs of a windpump system
are:

- production and installation

- storage tank

- maintenance and reparations

The costs depend on:

- number of windpumps (the cost of a windpump is lower when
the number is higher)

- materials

- transport

~ depreciation of equipment

— number and price of manhours

- capacity of the storage tank

The optimum capacity of the storage tank can be calculated

when we know:



64

- the time distribution of the windspeed (lit. 1 and 5)
~ the demanded water guantity
- the chosen design windspeed of the windpump

When we choose a high design windspeed the water output will
be high too, but also the starting windspeed. That makes the
periods without output longer. A storage tank is necessary to
bridge the periods without output. With a high design
windspeed the storage tank needs a big capacity and that makes
it expensive. Studies are made to find out how to choose the
optimum design windspeed, see lit. 10 and 14. The conclusion
is that the optimum design windspeed is more or less equal to
the average windspeed of the site.

The benefits are difficult to calculate. It is possible to
predict the water output when there are wind data available.
But more difficult is to find out for example what the
agricultural benefits are when the windpump is used for
irrigation. It depends on the type of crops, the availability
of water in critical months, the seasonal variation in the
available water quantities, the evaporation, etc.

Benefits depend also on the life of the windpump which depend
on the quality of the design, the production and the
maintenance. Because the design is still new it is difficult
to predict the life.
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CONCLUSIONS

The Diever 450 can be manufactured in a simple workshop, like
the 12PU500. The materials are used efficiently, easily
available and cheap. The dimensional accuracy of the design is
low for most parts. The windmill is transportable on a roof-

rack or a car trailer.

The design tipspeed ratio is lower (one in stead of two of the
12PU500) because it results in less wear of the piston and the
pumpcylinder and lower gyroscopic moment of the rotor.

The disadvantage of the rotor is a lower Cpux—value than the
Cp,aax of the 12PU500, 0,27 in stead of 0,32. The value of 0,27
has to be checked by a windtunnel test. On the other hand the
C%“ﬁ is higher, 0,28 in stead of 0,125 which results in a
better starting behaviour.

The design windspeed is limited by the admissible pumprod
forces (maximum 4,3 m/s for the 8" and 4,2 for the 5" p.v.c.
pump). For the rotor design we chose: vi= 3 m/s.

The rotor construction appears to be strong enough. Till now
there are no cracked blade tips and blade supports on the
prototype.

The inclined hinged vane system seems to be a better safety
system than the hysteresis system. Off course it has +to be
tested on the prototype to find out its behaviour (8-v curve)
and the influence of the friction in the yaw bearings on the
behaviour. The yaw bearings are made of impregnated wood which
need less lubrification but has more friction than for

instance ball-bearings.

The head cannot 1ift from the towerpipe because of a ring

fixed on the towerpipe above the upper yaw bearing.

The four bars mechanism of the transmission replaces the

crank/connecting-rod/cross-head mechanism, so the problems
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with the cross—-head are solved. the crank of appendix 6 is
partly removable. The transmission with wooden bearings can be
cheaper than with ball-bearings, but it is necessary that all
the bearings are axially parallel. This makes the
manufacturing rather difficult., With self-aligning ball-
bearings as in appendix 7 the accuracy of axial parallelism
can be less.

The acceleration of the piston in its lowest position is lower

with the four bars mechanism.

The peakforces in the pumprod can be lower by:
- a lower design windspeed
- a lower (quﬁr)/(Am“Am) ratio. This can be achieved by:
* a longer stroke—»-ﬁ%—Au) smaller
* larger rising mains—ﬂ>(Am—Aw) larger
- a lower spring stiffness of the pump system. This can be
achieved by airchambers.
The pump of the Diever 450 has no airchambers. Therefore the
construction is simple. The disadvantage is that the design
windspeed is limited because the peakforces may not overstep
the admissible forces, see fig. 5.2.
The number of strokes for the Diever 450 is more or less 6,5
million pro year at an average windspeed of 3 m/s. The wear of
the 6" p.v.c.pump was small after 3,37 million strokes on the
test rig. But a longer life test is advisable to test the wear

after two years pumping at V= 3 m/s (13 million strokes).

The tower is 10 m high. The tower construction is strong

enough according to the requirements and calculations in

chapter 6.

The windmill can be installed by hand. The use of a linch
makes the installation easier, safer and faster than the

method of the 12PU500 (see appendix 8).

The rated power output is more or less 250 W at v= 11 m/s and
a rotation speed of 60 rpm, neglecting the friction in the vyaw
bearings. In chapter 5 we chose n= 60 rpm at v= 9 m/s and the

rotor perpendicular in the wind for the fatigue strength
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calculations. According to fig. 7.2 the rotation speed is 57

rpm at v= 9 m/s. The fatigue strength calculations are made
'on the safe side’.
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RECOMMENDATIONS

The windpump Diever 450 isn't been tested completely. More

research is advisable before large number of these windpumps

can be produced. Recommendations for more research are:

Windtunneltests. In a windtunnel tests can be done with a
small model of the Diever 450 to measure:
* the tipspeed ratio with and without load
* the behaviour of the safety system by measuring the angle
& at different windspeeds
Improving the starting behaviour by a contra weight and a
leak hole in the piston.
Design of a transmission which gives a longer stroke length
than 250 mm. This can be done in combination with a design
of a rotor eccentric from the towerpipe in stead of the side
vane. It means a completely different head construction. The
behaviour of a safety system with a eccentric rotor is more
smooth than with a side vane. A longer stroke needs a
smaller piston area to keep the same swept volume of the
pump. Therefore the pumprod forces will be smaller, see
formula 5.2.
Changing the prototype according to the design changes as
aforesaid and measuring the relation between the rotation
speed-windspeed and the output characteristic
Improving the safety system on the prototype to approach the
ideal behaviour, see the graph on the next page.
Lowering the spring stiffness of the pump system by a more
elastic piston valve.
The WOT is trying to find more possibilities for the
material choice of the pump cylinder. Tests are done with
p.v.c cylinders which resulted in a wear of 0,2 till 0,5 mm
after 3,37 million strokes (par. 5.6). The experiences with
cylinders of brass are better than with p.v.c. but these are
more difficult to obtain. Sheets of brass are easier to
obtain. Therefore the WOT is testing a pump with a pump
cylinder made of iron with inside a 2 mm brass sheet glued
against the wall with araldite. The WOT expects to have
results of these tests at the end of this year.
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(rad/s)

\Y
rated vV (a/s)

ideal v- characteristic

— The Diever 450 can be too expensive for farmers with less
than 1-1,25 ha land. The WOT is working on a smaller
windpump, the 4PU250, which is much cheaper and simpler to
produce.

- Before starting to introduce windmills it is very important
to do first a feasibility study. This study must contain a
costs—benefits analysis and a comparison to other

pumpsystems like dieselpump, kerosinepump, solarpump, etc.
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APPENDIX 2: The choice of the design tipspeed ratio

Matching the pump at a certain design windspeed we find in par.
5.4:

V= p,*ﬂz*cg*nfnf*vz*Dé (formula 5.5)
Bxlow*g*H:knvoI* Q

In par 5.2 we find that the maximum pumprod force (peakforce):

ka= k*ﬁg*H*(Ap—Apr)*{g + Qz*Rc*(Ap"Apr)/(Arn'Apr)} (formula 5.2)
The peakforce consists of different forces:

Fpeak™ Fstat * Fg + Fy + Fy + Fy
Fg3t= force caused by the static pressure
=Py * g ¥ H X (A Ay)
F, = force caused by the acceleration of the water, piston and
pumprod A—A
- () = s Gl s o
F,= force caused by the shock of the piston against the water

+ mw} x ap

column at the moment that the piston valve closes
A,-A
= {{(Hy *(By=Ry)* Py*c) + 'A‘Em‘:‘gr * T(H*(By—Ry)* Py*c)} * v
F, = force caused by the friction of the piston and the
cylinder

= Fpa=F -
= (PstattPa¥Ps+Py) * ™ * Dy * hyy * £ = igfié}};— *omw % Dy * hy, % f=

r
=.F_peak*'“'*Dn*hr'np*f ’
AAy + (m X Dy *Thyy * f)

(1= force caused by the conductor resistance in the pump and

i
f

rising main (see lit. 9)
= (1 + ;) * b */oq * sz * (AP_APF)S/(Am_Apr)Z

with:
}%ﬂ= length of the pump cylinder
m= mass of the piston

my= mass of the pumprod

Q
]

spring stiffness of the pump system
f
Df=piston diameter

friction coefficient cup-pump cylinder

ap= piston acceleration in its lowest position

s piston velocity at the moment that the piston valve closes



§= conductor resistance of the pump installation

Two situations are considered:
- The 12PU500 with A= 1
- The 12PU500 with A= 2

Maximum pumprod forces are calculated for two windspeeds and the

rotor perpendicular in the wind:

1. v= 9 m/s, which is considered as a fatigue load
2. v= 12 m/s, which is considered as the maximum, no fatigue load

('static load')

Next assumptions are made:

- The stroke length is 240 mm in both cases

- F, is negligible compared to the other forces

- If the spring stiffness remain equal for %d= 1 and Af= 2. Then
the shockforce for Aj= 1 is a little bit smaller than for

%f=2. For the calculations here we assume that F; remain equal.

Calculations are made with the next data;

vy = 3 m/s
H =15m
Hy = 0,4 m
Ay = 2206 mm2
A, = 380 mm?2

or
Lpr = length pumprod= 20 m

hyp= 0,02 m

£f = 0,15

A(at v= 9 m/s) = 1,6 * kd
A(at v= 12 m/s)= 1,7 * Ad

The results of the calculations:
la. v= 9 m/s, Ad= 1

n= 60 rpm
Fstat,1= 1250 N
Fm1= 2945 N

Fy 1= 0,103 * Fpeak,l
Fg1= 0,897 * Fpeak,l - 4195 N



1b. v= 12 m/s, A= 2

n= 120 rpm

FR&J= 625 n

F, ;= 3369 N

Fyp= 0,141 * Fyyo

Fy)= 0,859 * Fyyq — 3994 N

If FS,1= FS,2 then: Fpeak.1= 0,958

2a., v= 12 m/s, Ad= 1

80 rpm

Fgtat,1= 1250 N

Fy,1= 5236 N

Fg1= 0,103 * Fpe

F; = 0,897 * FW“J - 6786 N

o
i}

2b. v= 12 m/s, Az= 2

n= 160 rpm

Fstat,2= 625 N

Fyy= 5989 N

Fyy= 0,141 Fpy,

Fy = 0,859 * Fpyy — 6614 N

If FS,1= FS,2 then: Fpeak,1= 0,958

Conclusions:

The peakforces in the pumprod are almost equal for 1y= 1 and Af:
2 at both windspeeds. Lowering the tipspeed ratio does not give
a clear change of the peakforces. However a lower tipspeed ratio
means less friction between the piston and the pump cylinder

because the friction force F, is smaller and the contact area (=

T * D

less wear of the piston cup and the pump cylinder.

In our example:

= Fyp 0,73 % Fyg 1 Fpgp 1= Fpa,
— The contact area for Af=1 is {2 times the contact area for:M=2
- when the wear is proportional to F;, and the number of strokes

and inversely proportional to the contact area then the wear

* Fpeak,2

* Fpggg + 224 N

- 143 N

b * hmﬁ is larger. Less friction and less strokes result in

for }1= 1 is 26 % of the wear for A= 2.



APPENDIX 3: Graphs of the position, the speed and acceleration
of the piston as function of the time.

The rotation speed is 60 r.p.m.
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APPENDIX 4: Results of the measurements on the test rig
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photographs of the indicator diagrams (force-position)
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APPENDIX 5:

Results of the measurements on the

Diever 450

prototype

1. The 4" p.v.c. pump (¢110x105,2)

stroke length s= 240

valve lifts are 8 mm

waterlifting head H=

rising mains of 2",

mm

10,5 m
pumprod of %"

Fpegg= k * (855 + 0,522*n2), with n in rpm.

n in rpm. FN“ in N k n in rpm, FW“ in N k
21 1920 1,77 57 4340 1,70
27 2020 1,63 60 4340 1,59
30 2220 1,68 60 4440 1,62
31 2420 1,78 60 4540 1,66
40 2830 1,67 60 4650 1,70
41 3030 1,75 60 4850 1,77
44 3430 1,83 63 5450 1,86
46 3030 1,54 67 5050 1,58
50 3940 1,82 67 5450 1,70
54 3640 1,53 67 5760 1,80
54 3740 1,57 71 6260 1,80
54 4650 1,96 75 5250 1,38
55 3540 1,45 75 5760 1,52
57 3940 1,54 75 6570 1,73

The overshoot factor k is between 1,38 and 1,96.

value is 1,68.

The average



2. 6" p.v.c. pump (¢160x150)
stroke length s= 120 mm

valve lifts are B8 mm
waterlifting head H= 10,5 m

rising mains of 2",

pumprod of 4"

Fpegg= k * (1790 + 1,14*n2), with n in rpm.

n in rpm. FW“ in N k n in rpm. F peak in N k
26 3840 1,50 52 7270 1,49
30 4040 1,43 60 8280 1,40
39 4440 1,26 60 8480 1,44
40 4850 1,34 60 8690 1,47
40 6260 1,73 63 9090 1,44
41 5860 1,58 63 9090 1,44
46 5760 1,387 67 9898 1,43
46 6260 1,49 75 11620 1,73
48 6260 1,42 80 12120 1,33
48 6570 1,49 80 11920 1,31
50 6570 1,42

The overshoot factor k is between 1,31 and 1,73.

value is 1,45.

The average



APPENDIX 6: Crank with a variable length

As determined in par. 6.2.1 the maximum pumprod force (the peak
force) Fyp= 9700 N

with: n=.80 rpm., k= 2,8, 4" pump, H=16 m, calculated as a static
load.

For fatigue load we assume that: n= 60 rpm., k= 2,8. The pumprod
force (the peak force) is then:

Fp= 6900 N

The peak force causes the highest stresses in the crank. With the
help of the photographs in appendix 3 we assume that the peak
force appears when the piston is 8 mm above its lowest position,

see figure 1.

figure 1: situation at the moment of the peak force

The forces:

= force on the crank shaft= 25/N*sin['*sinﬁ*}?‘pﬁ 0,B2*F
Ferad= radial force on the crank shaft= F,*cosa

Fotg = tangential force on the crank shaft= F,*sina

pr



Data:

D, = diameter rotor shaft ' 50 mm
Dy= diameter crank shaft 30 mm
Dy= diameter crank shaft (welde part) 50 mm

a = critical cross-section welds 5 mm
Ay = critical cross-section M10 bolt 52,3 mm2
a = 17¢°

B = 890

5= 117°

R, = crank length 120 mm

b x t = dimensions crank plates= flat iron 80 x 12 mm

Calculations and results:

Forces on the crank shaft:
static load: F, = 0,8 * 9700= 7950 N
Ferad™ 7950 * cos 17°= 7600 N
Fotg= 7950 * sin 17°= 2320 N
Fatigue load: F, = 5660 N
Forag= 5410 N
Fotg= 1660 N

Stresses in the plates:

figure 2: load situations crank plates

Assumed is that each plate takes half the torsional and bending
moments.

Ty = shearing stress due to torsion= R*M /W= % * Fot

2/93«%*{:2

o, = bending stress= M /W= % ra~ 651

* F
-TC/‘éﬁcbk-tZ




o, = equivalent stress= {(og;2 + 3*12)
static load: o,= 138 N/mm2 (o= 160 N/mm?)
fatigue load: o= 99 N/mm2? (6= 105 N/mm2)

Stresses in the welds:
At the crank side:

oy = bending stress= MMy/W= F. * (65 - 142)
0,1*%{(Dy+2*a)* - Dy'}/Dy

static load: op= 31 N/mm2 (o= 160 N/mm2)
fatigue load: op= 22 N/mm2 (o= 35 N/mm?)

At the shaft side:

shearing stress due to torsion= M /W= F,*R,
w@%sz*a

Tt

bending stress= My/Wy= F; 5 * (65 + 12)
0,1*{(Ds+2*a)* - D"} /D,

o, = equivalent stress= {(op2 + 3*72)
static load: o= 45 N/mm2 (o= 160 N/mm2)
fatigue load: o,= 32 N/mm2 (o= 35 N/mm2)

i

Stresses in the bolts:

7y = shearing stress= F /(4*Ap)

t; = shearing stress due to moment (me*120)=
= K*F, %120/ (190%Ay)

o = tensile stress in bolts A and B due to moment (Fy 144 65)
= ¥*Fy 1q*65/(210*Ay)

g, = Y{op2 + 2%(7(2+7y2)}

static load: o,= 53 N/mm2 (o= 160 N/mm2)

fatigue load: o,= 38 N/mm2 (o= 60 N/mm2)

Conclusions:

The stresses don't overstep the admissible stresses (o).

Therefore the construction, shown in figure 3, is strong enough.
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APPENDIX 7: Transmission with ball-bearings

The transmission of drawing nr. 4 has wooden bearings. In some
countries it is easier to obtain ball-bearings than tropical
hard-wood. Then it may be better to use ball-bearings in stead

of wooden bearings, as in figure 1.

Ll L LLLL L L L&

BALL BEARING #55x30

figure 1: cross-section of the crank bearing with ball-bearings
(scale 1:2)

Another construction with ball-bearings is given in figure 2.
This construction has one ball-bearing in stead of two at each
turning-point of the transmission, except the one of the tumbler.
These bearings are self-aligning. Therefore it isn't necessary
that all axises of the turning-points are strict parallel. This

makes the manufacturing much easier.

Ball-bearings can be used for the rotor shaft bearings too

(bearing blocks).
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APPENDIX B8: Installation of the 12PU500

Till so far the following windmill parts are supposed to be
prefabricated: tower, headconstruction, moving parts, rotor
frame and blades, and the pump section. However, this does

not mean that the job has been done. On the contrary: quite

a deal of essential steps are to be undertaken yet. |

First of all the parts are composed partly in order to check
the fit. Therefore put the headconstruction on the tower in
order to find out whether it rotates smoothly over the tower
pipe. Also install the moving parts (mainshaft, crosshead and
connecting rod) temporarily and check the functioning. Also )
check the fit of some blades (2t random). Until and unless
these checks are confirmed the windmill is ready for transport.
One can imagine what inconvenience will be felt on the site if
needed corrections should be carried out over there.

Another -important thing with regard to windmill installation
should not be forgotten. Help devices like the Jjib crane and
lifting hook, which are represented in the drawing, are not
merely helpful Dbut a must! This from a safety point of view.

The use of the jib crane is really necessary for lifting the
head conmstruction and rotor both. If this help device is made
(see drawing) see that the pulling rope runs nicely in a pulley
and cannot run off! ‘

The 1ifting hook is a help device which providesa suitable at-
tachment to the head construction which is situated above the
point of gravity of the latter. One can imagine what happens

if no 1lifting hook is applied: the head construction tumbles
over and nobody will be able to handle it during the procedure
of 1lifting and installing.

If all these required precautions have been taken the windmill

is ready for transport.

The drawing presents three ways of transport of the windmill in
order to reach its destination. See that all the parts are hand
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led with care and tie them up in order to prevent shifts
and mutual movement. It will be evident that for proper
transportation some sloth-flags are applied to get the
other traffic attended of this remarkable transport.

6.1 Erection of the tower

The holes for the foundation are dug at the desired pitch.
Make them of equal depth and wide enough to provide suffi-
cient space for the towerleg anchors and to enable the to-
wer to shift to a certain extent. The tower is laid in
position and a rope is connected to the top portion. A lad-
der (or a set of bamboes) is kept vertically over which
the fope is led. Before pulling the tower upright one has
to be sure whether the ladder (bamboes) as well as the
tower itself cannot fall sidewards. Some extra people can
prevent this by guiding and supporting them.

After the erection procedure the tower is placed vertically.
This is checked by means of a water level gauge which is
kept aside the towerpipe (ggj_at top of the towerpipe edge!)
Some filling material (e.g. bricks) are wedged under the
towerleg angles during the adjustement in vertical sence.
Now the desired positimof the centre is checked by means
of a rope and plumb-bob, this with regard to the alignment
of the tower with the centre of the well or the centre of
the tubewell. Again the vertical position is checked and
if both positions are satisfactory the towerlegs are
grouted by means of cement and stone- or brick chips.

Unfortunately for this job eye a
the application of a simple help device _,"¥,
plumb-bob proves to be some- with central
times unreliable due to the hole
influence of the wind. How-

ever by visual means the

centring of the tower can

be checked by looking through

the tower pipe along its pump rod ‘
centre-line. guide —old

:

to centre




The harding-out procedure of the foundation needs at least
-5 days,but in the meantime the time-consuming fixation of
the pump is carried out. As far as grouting is needed (for
punp fixation, washing place etc.) the needed mortar is made

available during grouting the towerlegs.

4.2 Tnstalling the headconstruction

Now the jib crahe is going to
prove its worth. It is pulled

- and pushed up aside the tower
and finally set on angle 7 of
the tower. See that the jib is
installed at the "windshadow"-
side of the tower, (See drawing)
while its two clamping angle-
iron arms 4 enclose the tower-
pipe in most outward positon.

V- ansiE7) oF TWER

Now the complete headconstruction without help vane is brought
under the jib. The 1lifting hook is bolted to the tail at about
1.5 metres distance from the tail hinge. The head tends to
turn towards the tail, since the lock mechanism of the help
vane is kept out which makes the entire headconstruction dif-
ficult to handle. Arrange a locking device temporarily either
by roping the upper tail-beam to the headconstruction or by
putting a clamp overthere. Also a pin, stuck through the head
and ending up in the upper tail-beam,serves the purpose very
well. Lock it



The rope is connected to the lifting hook and balancing of the
headconstruction is tried out. Balancing in the sense that the
front part of the head is out of balance! (say: 5 degrees).
This is a must in order to prevent that the framing of the
headconstruction, which is going to surround the towerpipe,
will grip and throttle it. (This is a most essential precauti-
on which seams to be even contradictional: further on it will

be explained).

Now the head is lifted slowly by pulling the rope (by approx.

6 persons) and two persons guide the head while'climbing the
tower. Let the head seek its position in the wind, do not force.
it and 1ift it till it floats just above the tower pipe.

| Both persons, each standing on the platform now, guide the bot-
tom part of the head just over the towerpipe. The head is lowe-
red down very slowly and the persons keep the head préssed down
over the towerpipe. Actually they should maintain the "5 de-
grees out of balance" state of the head while the head itself
is lowered down stepwise. The last few centimetres might be
bothersome as the inside angles 7 of the head might touch the
towerpipe edge and so obstruct a further sliding over of the



head. If extra attention is paid to a proper centration no
problems appear and the head sinks into its final position.
Toosen the rope and remove the 1lifting hook and preparati-
ons are undertaken now to install the rotor frame.

6.3 Installing the Rotor

First of all the position of the jib crane should be adjus-
ted. Therefore the jib crane is put in the most upright
position. Now the headconstruction is turned 180 degrees

so that the front part of the head is touching the jib crane.
For security reasons we make a rope connection overthere so
that the head on which the rotor, shaft and bearing biocks
are going to be bolted, should remain under the pulley of the
jib crane. This is really necessary as appearing wind might
turn the headconstruction suddenly.

The two rotor nalves are conmnected now and the shaft is

put into the hub and of course in its original position (the
centre points! see chapter 5). The hub bolts are tightened step-
wise as well as securing clamping angle irons. Carefully the
rotorframe is carried to the tower where it is put in vertical
position, standing on one of its six spokes right under the jib
crane. Be aware that the extruding shaft points into the lattice
of the tower construction and problems will arise during the

lifting procedure.

The rope is lowered down now from the jib crane and it is con-
nected to the hub of the rotor frame, but so that the rope pas-
ses both the inside - and outside - ring from the back of
the rotor! '

Carefully and slowly the rotor is lifted and two persons guide
it while climbing the tower. Extra attention is paid to the
extruding shaft which tends to stick into the lattice of the
tower. Finally reaching the level of the platform it is seen
that the shaft is positioned on the correct side of the jib
crane, since the latter itself will be an obstacle.



The entire rotor and shaft are hovering over the head now.
With some effort the bearing blocks are positioned above their
supports and the rotor is lowered very slowly then. Quickly
the bolts are put and nuts are screwed by hand first. The
position is secured now and the rope is removed from the rotor
and the jib crane is lowered down. Revolve the rotor during
some revolutions in order to enable the bearing blocks to set-
tle on their supports and tighten the bolts of them finally.

Put the windmill in secured position and bolting of the blades
can start. Therefore one person sits on the platform and an-
other stands on angle 7 of the tower. Bolts, nuts and the
tools can be kept conveniently in a basket which is hung tem-
porarily to the platform during this intensive bolting acti-
vity. It will be evident that the blades are mounted in cross
wise sequence e.g. 1-7, 8-2, 3-9, 10-4 etc.

After this the crosshead, assembled with both.connectionrod.and
pump rod now, is slided into the towerpipe and the crank bush
and central bolt are assembled. See that locking bolt of the
P.V.C. - towerpipe insert is removed temporarily in order to
allow the crosshead to pass by. Also important is to install
the crank bush with its collar facing the crank plane and do
not forget to apply the washer in between its bolt head and
the bush edge. The crank bolt is tightened up strongly and of
course the locking screw for the P.V.C. - towerpipe insert is
re—installed (and should not be forgotten!). Also the wooden
pump rod guide is installed on bottom side of the towerpipe and
locked with the bolt.

Now the helpvane arrangement is built in and the windmill can
be put into the wind enjoying the wind for the first time. -






