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The wind is a renewable source of energy. Ususly used to generate electricity, but

it can be used for different goals.

In Israel there are different social classes. Saméem are very poor. During the
summer, some regions are very dry. The access t&r wganot that easy, but there are
some wells in different places, so the pump neddedto be transportable and able to

take water from a deep well.

Joining these ideas the wind powered water pumptinagyht. With a low maintenance

and cheap construction materials this is a gooa #tel solution.

The wind turbine provides movement to raise theewaith a rope pump able to move
bigger flow with less energy than a membrane pump.

The main problems and solutions founded are:

Problems:

- The pump has to be able to take water from a vieihgters deep to a tank 2
meters high (12 meters in total). Most kinds of psmeach only 3 or 4 meters.

- The size of the pump is too big to be easily transle and demountable.

- There is no advanced technology in the country witas designed for.

- Itis not allowed building concrete structureshie tountry where it is designed
for.

- There is not high educated personal to do a diffifbaintenance.

- The area does not have the best wind conditiona ¥and turbine.

- Horizontal axis wind turbine is much more efficidnit it needs to face into the
wind but the pump is fixed and it cannot rotate.

- Most kind of pumps require to be filled with waterstart pumping.

- Big flow is required.

Solutions:

- Designing a rope pump that is able to take watenfdeeper wells (12 meters)
than other pumps with the same energy.

- The design has to be easier to understand andaimafot a person without
technological knowledge.

- Using pieces made of cheap materials such as@fzpes or metals.

- Stronger pieces able to work without a weight attibttom of the pump.

- Small pieces easy to transport and easy to wotk wit

- Independent modules that make not necessary totrtteeiwvhole structure to
pump water.

- With the efficiency of this pump it is possiblergach bigger flows (more than 5
liters/minute).
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1 Introduction

Background

This Project was presented by Engineers Withoutl®&s: One student of the IHA told
us about the situation and also provided us sofeenmation and examples of what the
project was about. They sent us some informatiasualvhat they wanted and they
needed. The well was ten meters deep but the taskkwo meters high. They also had

a condition: the well has to stop raising water wttee water level is lower than 0.5 m.

To help us about how would be a wind powered wptenp they sent us a project
designed in Odense with a Savonius vertical axigdvurbine. That wind turbine was
able to raise the water three meters with a flovl?® liters per hour working with a
wind speed between 6 and 9 meters per seconad Iptoblems to start pumping. Also
another horizontal axis wind turbine design wad,deging this one a commercial one
that was able to raise water from 4 meters. Whatvameted for this project had to be
very different, good efficiency and power with skevwind speed. The height goal was
more than eleven meters so the machine had torgediféerent. After a while the rope
pump was found. In Nicaragua they are very popggause of the high efficiency and

as we are Spanish it was easier for us finding'imédion about that kind of pumps.

Motivation

This project gives us a chance to learn how toroegaby ourselves. First time in our
lives we have one deadline to do the whole wonkiddig it in a complicated schedule
and trying to meet it. At the same time we haveériow about our skills to divide

different tasks to be able to develop them as gsogossible.

Another motivation is the fact that our projectfas Engineers Without Borders. This
means that this project is designed in order t@ lpelople. Because of the project is
about a pump that get water from a well the maial @b the project is helping people,
even if it is never built. We hope that some paftsthe project will inspire other

engineers in similar projects.
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Project aims

The objective of this Project is designing a wiravered water pump. This pump has
to be designed for a region of Israel where thesxt¢o the water is not enough. This
design has to take water from a 10-meter-deep twedl height of two meters to get it

into the tank while the flow has to be at leasitdr Iper second. It has to be also cheap
and simple, trying to be as effective as possiblee maintenance has to be infrequent
and simple in order to be able to be done by aopensth no advanced knowledge in

this field. To get these objectives, catalogue gsewill be used, but also some pieces

from our own design will be necessary.

The pump used for this case is a rope pump. Iteh&st of advantages; very high
efficiency, it does not have problems starting pingpvhen is empty at the same time
that its maintenance is needed less than onceragdavith low cost.

The turbine to get the power from the wind is aizmntal axis wind turbine. The main
reasons to choose a horizontal axis wind turbire that they are more efficient,
simpler, and more reliable; also there are mora datorded. This kind has no problems
with starting. But it has a big problem with thelemtation, especially when it is
connected to a rope pump. Usually they cannote@60 degrees so one of the aims of

this project is designing one without this problem.

At the same time all this aims are met, it was gimuo be a good idea if as many
calculations as possible are done in a way that ta® be easily understood, so the

whole machine could be modified in order to impraver the final conditions.
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Location

The wind turbine is designed to be used in any wellsrael, a country with scarce
water resources and where electricity is not akbglan most of the homes in the

countryside. That is why a water pump wind turbiald be very helpful.

Making a wind study in some different places aldsgael the next data have been

obtained:

Galiles

o
Haifa
: =
Eaesar* =
' f 2
Tel P.-.-i'.'* A
N ﬂ
Jerugs-niéﬁ';_F'
[iead
Sea

Figure 1 Location of places of wind speed measuremisn
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Lake Kinneret/Sea Galilee (KINNERET)
Statistics based on observations taken between 1/2008 - 3/2011 daily from 7am to 7pm local time.

Month of year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SUM
DominantWind dir. b k b b T R Y A Y k> b b
Averag?m\’\;—p—'sr;d speed 5 3 4 4 4 4 4 4 4 3 3 3 3

Sdot Yam/Caesarea (SDOTYAM)
Statistics based on observations taken between 1/2009 - 3/2011 daily from 7am to 7pm local time.

Month of year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SUM
DominantWind dir., & ¥ Y Y ¥ ¥ . . k| - "y ¥
AverageWind speed 5 4 5 5 5 5 5 5 5 5 4 4 5

(m/s)
Ra'anana (RAANANA)
Statistics based on observations taken between 10/2009 - 3/2011 daily from 7am to 7pm local time.

Month of year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SUM
DominantWind dir. A L A - T . e Y A P
A"erag(em\’\;—p—'sn)d speed 3 3 4 4 4 4 4 4 4 3 3 3 3

Sde-Dov (SDE-DOV)
Statistics based on observations taken between 7/2007 - 3/2011 daily from 7am to 7pm local time.

Month of year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SUM
DominantWind dir. 4  # 3= = & P S U W Y s -
A"eragfm\’\;—p—'s’;d speed ;5 5 5 5 5 5 4 5 5 4 4 4

Tel Aviv/Ben Gurion (TELAVIV)
Statistics based on observations taken between 2/2003 - 3/2011 daily from 7am to 7pm local time.

Month of year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SUM
Dominantwind dir. A + . - . . = e . , P - .
A"eragf—p—v‘f”)d seed 45 4 5 5 5 5 4 5 4 4 4 4

m/s
Ness Tsiyona (NSTZIONA)
Statistics based on observations taken between 10/2009 - 3/2011 daily from 7am to 7pm local time.

Month of year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SUM
DominantWind dir. ¥ ¥ s A A - A A S - A
A"erag?—p—v‘j";d speed  , 2 2 2 2 2 2 2 2 2 3 2

m/s
Eilat (EILAT)
Statistics based on observations taken between 10/2001 - 3/2011 daily from 7am to 7pm local time.
Month of year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec SUM
DominantWind dir. ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥
6 6 5 6 7 6 6 5 5

AverageWind speed 5 4 5 5

(m/s)
Table 1 Wind speeds measurements in Israel

-10 -
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The wind is not very strong, but the direction &#mel speed are more or less constant.

Average wind speeds are between 3 and 5 m/s extapte of the places (Nstziona)
where the wind blows at an average wind speed mf<2 This variation of speed will

affect to the water flow, the slower speed the &nélow. But these values are smaller
than the ones in which the wind turbine is goingvtok because the rotor will be at 4.4

meters high, and the wind speed increases withefght.

-11 -
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2 Design

2.1 Rotor

The rotor is made by six main pieces: three blashekthree pieces that join each blade

with the shaft. The number of blades has the falgvinfluence on the rotor efficiency:

2 blades: 79,5%

3 blades: 83,3%

4 blades: 85,1%
The reason why three blades were chosen insteaddidferent number is that three is
an odd number, what means that the rotor can b&idened to be similar to a disc when

calculating the dynamic properties of the machwabijle the efficiency is only 2%

smaller that if it would have four blades.

2.1.1 Blades
The rotor is formed by three blades, which arechtd to the hub with one piece that
gives the correct angle and bolts. The diameténefotor is 3.4 m, which means it can

sweep an area of 8.95m

The blades are made of pine wood, which is veryraomand cheap in Israel. The
blades have a NACA profile; it is a NACA 23012, wimihas to be handmade with the

information attached in the drawings.

Each blade has a length of 1.5 meters. The cras®is®f the blade is changing along
its length, as the chord goes from 416 mm to 100thertwist is also changing from O

to 30.4 degrees in the length of the blade.

The next table represents the mean parts in whiglblade is divided:

Sectl | Sect2 | Sect3 | Sect4 | Sect5 | Sect6 | Sect7

Chord c m 0.39 0.30 | 0.23 | 019 | 0.16 | 0.14 | 0.12
Pitch angle theta ° 21.7 13.0 8.2 5.2 3.1 1.6 0.5
Solid ratio sigma - 0.59 0.27 |0.15 |0.10 |0.07 |0.05 |O0.04

Speed of blade | rfomega | m/s | 4.7 7.8 11 14.1 172 |20.3 | 235

Table 2 Main sections of the blade

-12 -
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Rotor specification sheet NACA 23012
Blades material: Pine wood s
Length: 1.5 m 16 /‘
1,4
Mass per blade: 2.38 kg =12 \
O N = —
Efficiency of the rotor: 55.5% z 10 I AN et
S o8 I S cD
Power on the rotor: 268 W 0,6 \\
0‘4 I \
Angular speed: 140 rpm 02
Av. axial force: 96 N 0,0 =
0 10 20 30 40 50 60 70 80 90
C(a=79) =0'877 Alfa []

Cr (0=72) = 0’0077

Figure 2 Profile coefficients of drag and lift

The maximum value of coefficient of lift is 1.658 E6° but the reason why is not the
chosen one is because an angle of 7° degrees psdvétter glide ratio. The glide ratio
is the result of the lift coefficient divided byehdrag coefficient. The next graphic

shows the glide ratio for different angles:

120
100
80
60
40
20
0

25 30 35

15 20
Alfa [9]

Figure 3 NACA 23012 coefficients ratio

-13 -
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The rotor has been designed to work with an avesgpged of 4.5 m/s. During the

design of the blades the size of them, the tip dpe¢io and the efficiency were

considered.

Power calculation

Pitch control dteta 0°
Wind speed Vo 4,5 m/s
Rotational speed n 140,625 rpm
Rotational speed w 14.73 rad/s
Power P 268.1W
Efficiency eta 90,7 %
Torque T 18.20 N-m
Axial force F. 96 N
Tip speed ratio X 5,56
Mean angle of attack | alpha 7.0°

Table 3 Power calculation in the rotor

Power the rotor gets

4000
3000 —
2000
1000

Power (W)

Wind speed (m/s)

Figure 4 Power of the rotor depending on the windeed

-14 -
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Radius m 0,32 0,53 0,74 0,96 1,17 1,38 1,59
Ringn® - 1 2 3 4 5 6 7
Power w 12 23 32 41 50 57 53

Table 4 Power in the sections of the rotor

The conclusion of this table is that the smallegsi get less power than the bigger rings,

so if during the fabrication work there were lesatenial than needed the part that

should be modified is the wider end.

Pine wood as material: Wood was chosen as materiabke the blades because of his

lightness and reduced price. Also, pine wood igry ¢ommon material in Israel. It is a

strong wood and it holds its shape for long time.

- 15 -
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2.1.2 Join parts

In order to join the blades with the correct antglethe shaft one piece has been

designed.

These pieces have to support the bending momdmsaxial loads because of the

centripetal force and the shear loads because ofe tlwind.

o IR
: o & |
x_/

220 >>’

Figure 5 Join part

The calculations are detailed in the annex | betviddues that have to support are:

- 290 N in the wind direction

269700 N - mr  _ 1480 N in the radial direction

- 269700 N-mm

Figure 6 Forces on the join part

-16 -
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The Von Mises stress is 117 MPa which means aysedeffficient of more than 2 using

a carbon steel with a yield resistance of 282 MPa.

The bolts needed to support all the loads have bksencalculated. In the annex Il there

is a detailed study about them.

The bolts that join the blade to the join part lsi® and the ones that are screwed to the
rotor are M10. The safety coefficient is highemtludher parts because bolts can be lost

between every maintenance and if the blade willetmse it would be very dangerous.

217 -
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2.2 Nacelle

It is a device placed on the top of the tower.oreects the rotor with the truss and is
able to orientate the rotor into the wind using yagv mechanism. Its main function is
to keep all the pieces necessary to transmit thehamecal energy from the rotor to the

vertical shaft. It is designed to be mounted andhtam easily.

2.2.1 Box

The nacelle box has the main and important funatiooovering the transmission. It is
smaller than the internal diameter of the rotoatoid the blades crashing, and it has

two different parts:

The bottom part is made of steel and has been ki fix all the pieces in the right
position. It has a hole where the vertical shatisea through. Concentric to this hole,
there is a recess to keep the bearing, and a cgaicsteel plate to avoid dirt damage

the bearing. There are also three holes to fix/fve mechanism tail.

The top part is much lighter because
its only function is covering the

devices. It is made of aluminum and
designed to mount and dismount
easily. It can be fixed with the bottom
part in the last moment to avoid the
disturb to the operator when the

assembly is done.

To fix both parts, there are ten holes,

five in each side of the nacelle.

Figure 7 Nacelle box
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2.2.2 Tail

The tail is a device to face the rotor into the aviThis case is different to small
American turbines because this tail will be turdéddegrees to compensate the torque
transmitted to the vertical shaft. This torque &2 N-m, so the torque that has to be

generated is that one.

Lift force

Drag force

Ll

Figure 8 Forces on the tail
Calculations have been done with a wind speed®fls. The tail is 1300 x 800 x 1
mm. The thickness is not important because the anagift forces do not depend on it

but on the surface against the wind.

In order to know the drag and lift coefficient axperiment was done with the wind
tunnel and a piece done to scale. Detailed calonkatcan be found in annex lll. The

drag and lift forces can be calculated as:
1
Fd =§-p-A-Cd'v2 =92N

1
Fi=5p A Cv*=86N

Being:

- p . air density

- A : area of the tail

- Cy4: drag coefficient
- C: lift coefficient

- v : wind speed
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The distance from the center of the nacelle tocdnster of the tail is 1.7 m but it is
turned 45° so to calculate the torque the dist@nter x sin 45.
So the moment created is:

M=F;-1.7-sin45+ F; - 1.7 -cos45 = 1821 N -m

As it can be seen in the formulas to calculatedtssy and lift forces, those force are
directly proportional to the squared wind speede ame situation happens with the
torque generated by the rotor. The power of thernst proportional to the cubed wind

speed, but the power is the torque times the speddth torques are proportional to the

squared wind speed. The next formulas will demaetihis statement.
Viip: blade tip speed

V: wind speed

X: tip speed ratio

r: rotor radius

U rotor efficiency

D: rotor diameter

V.. . X -
X:ﬂ:r w—)w:—v
v v r
1 1 _
M=§-p-A-Cd-v2-1.7cos45+§-p-A-Cl-v2-1.7-sm45=

1 1
M:(E.p.A.Cd~1_7cos45+§-p-A-Cl-1.7-sin45)-v2

P IJ_.T[ 'D2'1 .p.v3 _T[_.r.3_

® Xv 32-X

r

As it can be seen those momentums are proportioriaé squared wind speed.
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2.2.3 Shaft

This shaft is one of the most important parts & wind powered water pump. This
shaft connects the rotor to the rest of the tragsiom elements, supporting at the same
time the weight of the rotor. It has three bearingse gear, and a rotor on it. All

detailed calculations can be seen in annex V.

Figure 9 Rotor shaft

The rotor weighs 163.8 N and applies a horizordadd to the shaft. This force is due to
the wind, the wind generates a torque on the sraftalso push the rotor against the
shaft. Every force used to calculate the properedsions for the pieces in this project
are calculated for a wind speed of 13,5 m/s. Farwind speed the force that the wind
will apply on the shaft is 868 N. This has beencgl@ted with the blade element
momentum (BEM) theory. There are forces in everiog as a response of the forces
generated by the rotor and the gear that will beutated below. But gear forces have
to be calculated before. If the wind speed is 18/S the torque generated by it is
164000 N-mm. The pitch diameter of this gear is @08 so the force to transmit is
3277.4 N. The direction of this force is perpentiicuo the drawing. The angle of
pressured) of the gear is 20° what means that there is araépg force between the

two gears. The value of this force can be calcdlateF-tany), what is 1192 N.

Knowing the forces acting on the shaft, the fortted the bearings have to support can
be calculated. These values are 2187 N and 1218 dhe axial bearing the force to

support is 315 N.

Following this the load diagrams can be drawn.
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The next diagram shows the bending loads in Z-axigs are in N-mm:

108010

80357
20801

T2

(0 (o

¥
2

Figure 10 Bending moments in Z-axis in the rotor saft

The maximum bending moment in the figure is whbeegear is.
The next picture shows the bending loads in Y-axigs are in N-mm

260640 N-mm
(]
) <H

Figure 11 Bending moments in Y axis on the rotor sift

The maximum bending moment in this figure is al$wewme the gear is.

The total bending moment in this point can be dated as the square root of the sum
of the squared moments. This value is 282500 N-mm.

This diagram shows the torque in the shaft, umgsNa mm:

1.64e+05 1.684e+05

Figure 12 Torque on the rotor shaft
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This means that in the point where the gear is,tthgue is 164000 N-mm and the
bending moment is 282500 N-mm.

The needed diameter can be calculated with thiswaments as:

3[4 Nng > 5
dmin = | — V64M2, 4, + 48T2,, = 20.9 =~ 22 mm
y

Being the safety coefficient 2, and the yield €ré$0 MPa.

The diameter is 22 because is the hub diametérecjéar and meets the requirements.
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2.2.3.1 Bearings

After calculating the loads and forces on the stibét values of the force to support by
the bearings are known. The radial bearings havesujgport 2187 and 1212 N
respectively while the maximum value to supporttmy axial bearing is 315 N.

They have been chosen from the SKF catalog.

Radial bearings.

The chosen radial bearings are known as Y-bearing
plummer block units. These units comprise:

A “Y-bearing” (insert bearing) which is a singlewo

deep groove ball bearing with convex sphered oatsid

diameter.

Figure 13 Y bearing plummer block

A "Y-bearing housing”, which has a correspondingphered but concave bore.

Figure 14 Y bearing

Figure 15 Y bearing housing

Y-bearing units are ready to mount, greased an@demits which enable initial errors
of alignment to be compensated for.

A support will be added to the bearings so theyeasy to join to the nacelle at the
proper height.
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The needed diameter for the shaft was also knowe. Bearing that had to support
bigger load is where the shaft is 25 mm width. Thesring unit designation is SY 25
TF/VA201. Information about the bearing unit, hawggsiand Y-bearing can be read in

the next figure:

Product infermation
Dimensions Basic load rating Mass Designations

static Bearing unit Housing Bearing
d A H Hy L Co
mm kM kg -
25 36 70 365 130 78 072 5Y 25 TFVA201 Sy 505 UNAZ28 AR 205-2FWNAZ0M

M195

Grub screw b Gx0.75
Recommended tightening torgue [Mm] 4
Hexagonal key size [mm] 3

Figure 16 Y bearing information

The other radial bearing must support 1212 N andsiglled where the shaft is 20 mm
width. Its designation is SY 20 TF/VA201.

Product information

Dimensions Basic load rating Mazs Designations
static Bearing unit Housing Bearing
d A H Hi L Cp
mm ke kg -
20 32 54 333 127 6,55 0,57 5Y 20 TFIVA201 Sy 504 UNVAZ2E YAR 204-2ZFWAAZIM

g4
[ s1183
d20! B3

| B *

Grub screw M G075
Recommended tightening torgue [Mm] 4
Hexagonal key size [mm] 3

Figure 17 Second Y bearing information
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Axial bearing.

The main function of this bearing is to keep thargend

the pinion together. Single direction thrust bahbngs,
as their name suggests, can accommodate axial iac Ui
one direction and thus locate the shaft axiallyoire

direction. They must not be subjected to any rddead.

Figure 18 Axial bearing

A single direction thrust ball bearing has beensemobecause the load to support is not
too big. Its designation is 51104. Dimensions aralpct information are given in the

next figure.

Thrust ball bearings, single direction

Preduct information Tolerances , see also text
Recommended fits
Shaft and housing tolerances

Principal dimensions Basic load ratings Fatigue Minimum Speed ratings Mass Designation
dynamic static load load Reference Limiting
limit factor zpeed zpeed

d D H = Cq Py A
mm [Zag| kM - r/min kg -
20 35 10 15,1 29 1,08 0,0044 7500 10000 0,035 51104

dq 35 Damin 29

d 20

Famax ©.3

03

Damax 26

Figure 19 Thrust bearing information
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To support the nacelle over the tower there isaaal bearing. This bearing allows the

nacelle facing to the wind.

As the horizontal force of the wind on the bladegansmitted to the shaft, and from
this on to the vertical shaft, there are not gaoge big forces on it. It will always have
to stand the force of the weight of the rotor, afsb the nacelle which is 500 N but this

force is very small compared to the force it camdt

The diameter of this bearing has to be big enooglhie shaft to go through it,

The bearing chosen for this, is a skf 51108, thatlee found on the skf website.

Thrust ball bearings, single direction
Preduct information

Tolerances , see also text
Recommended fits.
Shaft and housing tolerances

Principal dimensions Basic load ratings Fatigue Minimum  Speed ratings Mass Designation
dynamic static load load Reference Limiting
limit factor zpeed speed
d D H = Cp BN A
mm kN kM - r/min kg -
40 60 13 26 63 2,32 0,02 5000 7000 012 51108
dy B0 domin 52
d 40
F1,3min_ 0.8 |
C 3
¥
0g
Dy 42 11 zmin 08 famax =,
D 60 Damax 48

Figure 20 Thrust bearing information
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2.3 Tower

Instead of a pole a steel truss was used due teadeg rigidity that reduces vibrations
and because it is easier to place the different pereded for the design. But in order to
make pieces smaller than 3 m long to be easiaatsport and dismount, the tower is

made by two trusses than can be joined with screws.

The function of the tower is to get the turbineaatertain height. In the ground level
there are some obstacles like houses, hills, tredsch slow the wind and change the
wind direction. Due to this friction forces the wispeed increases with the height, the
higher the faster the wind is. Knowing the windog#y at a certain level, this variation

can be known with the “Wind shear formula”:

In(z/ z,)

e In(zref /ZO)

= Vref
where:
v = wind speed [m/s] at height z above ground level
Viet = reference speed [m/s], i.e. a wind speed knowreigit z:.
z = height [m] above ground level for the desiretbeity, v.

zo=roughness length [m] in the current wind directisee below

Note: In(...) is the natural logarithm function.

Vref=5m/s & Zref=6m

12

10

8

E s
~

4

2

0

0 1 2 3 4 5 6
v(m/s)

Figure 21 Wind shear formula
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Class Roughnesg
Landscape features

No.| Name Length: m

1 sea 0.0002 open water, tidal flat, snow withHetbove 3 km
2 | smooth 0.005 featureless land, ice
3 open 0.03 flat terrain with grass or very low vegetation pairt
runway
roughly cultivated area, low crops, obstacles of height H
4 0.10
open separated by at least 20 H

open landscape, scattered shelter belts, obstacles

5 | rough 0.25 separated by 15 H or so

very 05 landscape with bushes, young dense forest et¢
rough ' separated by 10 H or so

open spaces comparable with H, eg mature forest,
rise built-up area

7 closed 1.0 0

irregular distribution of large elements, eg cignte,

8 | chaotic| over2.0 : i
large forest with clearings

Table 5 Roughness depending on the landscape

The truss is a structure comprising triangular surgbnstructed with straight pipes
whose ends are connected at joints referred tmdesn It is composed of triangles
because that shape has a great structural staBiktgrnal forces and reactions to those
forces are considered to act only at the nodegesudt in forces in the members which
are either tensile or compressive forces. Mometasqifes) are explicitly excluded
because, and only because, all the joints in & s treated as revolutes. A triangle is
the simplest geometric figure that will not charsgd@pe when the lengths of the sides

are fixed.

Truss structures are easy to make. It is possilase materials like stainless steel
tubes, which are very cheap. Of course these twhielsave to be deformed and welded

together.

Calculations have been made supposing a maximurd speed of 13.5 m/s because
statistics say that wind speed in Israel doesrattrethat magnitude very often. In

addition, the tower can be dunk easily to avoidl&apse.
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Using the BEM method with the Excel sheet, foroeting in the blades can be known.

Adding these forces to other forces acting on #w of the rotor, an axial force is

obtained. The tower must support also the weightliothe components. So the final
forces distribution is:

500N
The horizontal force has a value of 868 N and dlwest has to
868N support around 500 N weight.

Drag force on the tower will act as a distributeccé and can be

calculated:

120N

A=4-43-0,0337+2-566-0,0269 = 0,9 m?
p = 1,225 kg/m3

v=135 m/s

Fp =§-CD A p-v? =§-1,2-0,9-1,225-13.52 = 120N
Figure 22 Forces on the tower
The used tubes are:
Tube A: ISO pipe 26,9 x 3,2 mm
Tube B: ISO pipe 33,7 x 4,0 mm

Height = 4,3 m

Width x length = 0,4 x 0,4 m

Figure 23 Detall of the tower
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Study

The structure can be studied using SolidWorks amslpossible to determinate that the
model is strong enough.

Displacement

Maclel name: Truss
Stucly name: Study 1

Plot type: Static: displacement Displacementt
Defarmation scale: 1

;
b A

URES (mm)

e

7.381e+000
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. B.151e+000

. 5.536e+000
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T

. 1.845e+000

1.230e+000
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1.000e-030
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-
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&
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Figure 24 Displacements on the tower

From the simulations it is concluded that the toweHl bend with a maximum
displacement of 7,4 mm at the top. This is a woase scenario at a wind speed of 13,5

[m/s] and is an acceptable value.
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Having a look at the stress in the construction:

Stress

Madel name: Truss

Study name: Study 1

Plat type: Highest seial and bending stress Stresst
Deformation scale: 1
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Figure 25 Stresses on the tower

The study shows that there will be a maximum stoé€l,5 [MPa] in the lower part of
the tower. To assure this is an acceptable valei¢uibes will be made of stainless steel
ferritic, which has a Yield Strength of 172 MPa, &8 strong enough for the
construction. It is resistant to corrosion and d@eod weldability.

To fix the truss to the ground the next piece ofahis used.

The bolts used are calculated:

The force on the top of the tower is 870 N and

the drag force of the truss is 120 N (and will be

Figure 26 Tower fixing piece simplified as a force hitting the tower in the
middle).
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So the moment these forces will generate on thiecof the tower will be:

M =870-43+120-2,15= 4000N -m

Using four connectors, one on each side of thestrasial forces due to this moment
can be calculated:

Axial
M _ 4000

distance 0,2

= 20000 N

Fsige =

So if one connection has two screws, and a safafficient of 2 is used, the

force in each screw will be:

Fside 20000

Ficrew = ST . -2 =20000 N perscrew.

Radial

The radial force on the screws will be the sumhef horizontal forces, which is
equal to 990 N.

The bolts will be M8 with grade 8.8(Max. axial ferc24kN) and they will be screwed
in a concrete block, so an excavation in the grduled with concrete has to be done.
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2.4 Transmission

There was a problem with it, because the best wasahsmit the movement seemed to
be two pulleys with one belt. Each pulley wouldib®ne of the horizontal shafts there
are in this project. The problem with that kindt@nsmission is that the nacelle cannot
twist 360 degrees so the orientation is not as @soitl was wanted for this project. The
solution was a vertical shaft inside the tower tauld transmit the torque and the
speed. So the transmission has five parts, thiaféssdind two couples of gears.

The first designs about the nacelle were workinth wiiction wheels instead of gears.
The main reason was that the efficiency of frictwameels is higher than the gears. But
one problem was found with that system, the foreeded to transmit the torque from
one wheel to the next one was too big. The solutiamake them work would be more
complicated and expensive, that is why the frictwhneels were discarded. Finally,

gears =~ 80%) were chosen.

The rotor shaft has been explained in the nacelkgd part and calculations can be

checked in annex IV.
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2.4.1 Vertical shaft

The vertical shaft is going to transmit the torguel the angular velocity from the rotor
shaft to the pump shatft. In this case the forcesatenge their direction because the
rotor is going to be faced to the wind so the asialjhas to be more detailed. All

calculations can be seen in the annex V.

1700

Figure 27 Vertical shaft
It has to support the separating forces of bothrgyehae forces of the bearings, the
bending moments created by those forces and thheg¢oDetailed calculations can be

found in annex V.

The case were the loads are bigger on it is whempline, where the rotor shaft and the
vertical shaft are, is perpendicular to the plareens the vertical shaft and the pump

shaft are.

The next diagram shows the bending moments thattthft has to support in Y axis:

33720 N mm

AN
[{nl) 50580 N mm

202500 N mm

Figure 28 Diagram of Y bending moments on the vertial shaft

-35 -



' Escuela de
Wind Powered Water Pump AB1  Ingenieriay Arquitectura
Universidad Zaragoza

The next diagram shows the bending moments thadtthft supports in Z axis:

327700 N mm

79950 N mm

46578 N mm

Figure 29 Diagram of Z bending moments on the vertal shaft

In this case the biggest bending moment is whexdawer bearing is, and its value can

be calculated as:

Mps = JMDng + Mpz3® = 329430 N - mm

The torque transmitted by the shaft is 196600N monthe minimum diameter for the

shaft is

3[4 - Nng > 5
dnin = | — V64MZ g, + 48T2,, = 21.99 ~ 22 mm
y

Being 2 the safety coefficientdrand 710 MPa the yield strength of the materig). (

The bearings in that part of the shaft have to leadeameter of 30 mm so the diameter

has also to be 30 mm. In the widest part is 35 rnamelter.

The maximum stress in the shaft is:

4 - ng
0. =
vm T['d3

\64M2,,, + 48T2,, = 140 MPa

The safety coefficient is:

After the calculations the shaft had to be modibedause of the requirements of the
bearings, that is why next to the top of it, itardeter is 46 mm.
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2.4.1.1 Bearings

After calculating the loads and forces on the stibét values of the force to support by
the bearings are known. The radial forces to sugpothe bearings are 2295 and 3698
N respectively while the maximum value to supporthe axial bearing is 205 N.

They have been chosen from the SKF catalog.

Radial bearing

The chosen radial bearing is known as Y-bearingsumith square flange. These units

comprise:

A “Y-bearing” (insert bearing) which is a singlewadeep groove ball bearing with

convex sphered outside diameter.
A "Y-bearing housing”, which has a correspondingphered but concave bore.

. Information about the bearing unit, housing, afilearing can be read in the next

figure:

Y-bearing units for high temperatures, flanged units, square flange, metric bearings
Product information
Dimensions Basic load rating Mass Designations
static Bearing unit Housing Bearing

d Ay 3 L T Co
mm kN kg
30 325 82,5 108 422 11,2 1,10 FY 30 TFVA201 Fy 508 UIVAZ28 YWAR 206-2FWIVAZIM

M127

G 10 mm
G THGin

Grub screw  G=0.75
Recommended tightening torgue [Mm] 4
Hexagonal key size [mm] 3

Figure 30 Y-bearing FY 30 TF
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Axial bearing.

The main function of this bearing is to
support the vertical shaft weight. In this wa'
the gears and the pinions are kept togeth

Cylindrical  roller thrust bearing car,

accommodate axial loads in one direction au

thus locate the shaft axially in one direction.

Figure 31 Cylindrical roller thrust bearing

Its designation is 81106. Dimensions and produfdrination are given in the next

figure:

Cylindrical roller thrust bearings, complete bearings / roller and cage thrust assemblies
Preduct infermation Tolerances , see also text
Recommended fits
Shaft and housing tolerances
Principal dimensions Basic load ratings Fatigue Minimum Speed ratings Mass Designations

dynamic static load load Reference Limiting Complete bearing Roller and cage
limit factor speed =speed thrust assembly
d D H c Co P, A
mm [ kN - r/min kg
30 47 1 27 78 7,65 0,00049 3000 5000 0,057 81106 TH K 81106 TN

Complete bearing

dy 47 damin 46
d 30
' 1,2min IU.B |
| I [ IH 11 Famax 08 Edh
r 1 2min 06 Famax 0.6
Dy 32 |
D 47 Damax 31

Figure 32 Cylindrical roller thrust bearing informa tion
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2.4.2Pump shaft

The pump shaft is the one that transmits the angudicity and the torque from the
vertical shaft to the pump. At the same time it tasupport the weight of the pump,

which stands also the weight of the water.
Detailed calculations can be found in annex VI.

The weight of the pulley is 70 N while the tensafrthe rope is 230 N. This tension is
supporting the weight of the water and the heaegeiat the bottom of the well. This
makes possible the rope to have tension enougto rstile over the pulley.

The shatft is fixed to the tower with two bearings.

— | ) =

Figure 33 Pump shaft
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The next diagram shows the bending moments thadtthft has to support in Y axis:

292040 N mm

(W

& &

Figure 34 Bending moments in Y axis on the pump sfta

The next diagram shows the bending moment in Ziaxise shaft:

115200 N mm

\GDD' 25750 N mm
RN e
g Khl?)C!GN mm é%

Figure 35 Bending moments in Z axis on the pump sfia

The next diagram shows the torque supported bglibé:

£ &

157300 N mm 157300 N mm
Figure 36 Torque in the pump shaft

As it can be seen in the diagram the maximum begnaioment is 293200 N mm while

the torque is 157300 N mm from the gear to thegguDiameter can be calculated as:

Oy

3 4'77.5 2 2
dmin = | — V64M2 + 48T2 = 21,01

The final diameter has to be 25 mm because oftbediameter of the gear.
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2.4.2.1 Bearings

After calculating the loads and forces on the stibét values of the force to support by
the bearings are known. The bearings have to su@gpab and 1539N.

They have been chosen from the SKF catalog.
http://www.skf.com/portal/skf/home/products

Radial bearings.

The chosen radial bearings are known as Y-bearing

plummer block units. These units comprise:

A “Y-bearing” (insert bearing) which is a singlearo
deep groove ball bearing with convex sphered
outside diameter.

Figure 37 Y bearing plummer block

A "Y-bearing housing”, which has a correspondingphered but concave bore.

Figure 38 Y bearing

Figure 39 Y bearing housing

Y-bearing units are ready to mount, greased an@demits which enable initial errors
of alignment to be compensated for.

A support will be added to the bearings so theyeasy to join to the nacelle at the
proper height.
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The needed diameter for the shaft was also knowe. Bearing that had to support
bigger load is where the shaft is 25 mm wide. Tdearing unit designation is SY 25
TF/VA201. Information about the bearing unit, hawggsiand Y-bearing can be read in

the next figure:

Product infermation
Dimensions Basic load rating Mass Designations

static Bearing unit Housing Bearing
d A H Hy L Co
mm kM kg -
25 36 70 365 130 78 072 5Y 25 TFVA201 Sy 505 UNAZ28 AR 205-2FWNAZ0M

M195

Grub screw b Gx0.75
Recommended tightening torgue [Mm] 4
Hexagonal key size [mm] 3

Figure 40 Y bearing information

The other radial bearing must support 1539 N andsiglled where the shaft is 20 mm
width. Its designation is SY 20 TF/VA201.

Product information

Dimensions Basic load rating Mazs Designations
static Bearing unit Housing Bearing
d A H Hi L Cp
mm ke kg -
20 32 54 333 127 6,55 0,57 5Y 20 TFIVA201 Sy 504 UNVAZ2E YAR 204-2ZFWAAZIM

g4
[ s1183
d20! B3

| B *

Grub screw M G075
Recommended tightening torgue [Mm] 4
Hexagonal key size [mm] 3

Figure 41 Second Y bearing information
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2.4.3 Gears

First couple of gears is transmitting the power
from the rotor shaft to the vertical one. As thigora
is not 1:1 this kind of gears are called bevel gec
The bigger gear is called gear while the smal
one is called pinion. The pinion is on th
horizontal shaft of the rotor and the gear is ia t
vertical shaft that goes to the pump. The pini
had to support a torque of 163N-m. The ratio
1:1.5and the efficiency 80%.

Figure 42 Bevel gears

The gears chosen are made by Quality TransmissoonpGnents. The website where

can be found is: http://www.qgtcgears.com/KHK/newg#eHK218.html

B3 B4
E K
F
- L . - v
e SN
3 ~H w ( "33
L- -1 ‘h.\_\\
( _ T i
e J i
e — - — -:‘-c m o O F—h—
| B
— .
|_"‘:hq . -1
Figure 43 Bevel gears dimensions
Allowable
A C J Face angle
Catalog No. Module|  N° of teeth . Shape| torque
(mm) | (mm) | (mm) L (°)
(N-m)
SBS5-3020R 30 25 150 59° 19’ B4 253.4
5 30
SBS5-2030L 20 22 100 38° 31 B3 172.9

Table 6 Bevel gears dimensions and characteristics
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Specifications

Precision grade JIS B 1704 grade |4 Core hardness 16548194

Gear teeth Gleason Surface hardness HRC48 53
Pressure angle 20° Surface treatment Black oxide

Helix angle 35° Surface finish Hobbed

_ Datum reference surface
Material S45C (Carbon steel) _ Bore
for gear curring
Induction hardened
Heat treatment
teeth

Table 7 Bevel bearings specifications
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The next pair is used to transmit the torque froevertical shaft to the pump shatft.
This time the ratio needed is 1:1. These gearsaled miter gears and their efficiency
is also 80%. They have to support a torque of 197.Nhe gears chosen are made by
Quality Transmission Components. The website wharebe found is:

http://www.qtcgears.com/RFQ/default.asp?Page=../Kidiigears/KHK180.html

L fs:s oty |
Figure 44 Mitergears / —

Figure 45 Miter gear dimensions

Allowable
A C J Face angle
Catalog No.| Module| N° of teeth . Shape| torque
(mm) | (mm) | (mm) L (°)
(N-m)
MMS4-25R
4 25 25 120 25 47° 48’ B3 238
MMS4-25L
Table 8 Miter gears dimensions
Specifications
Precision grade JIS B 1704 grade|4 Core hardness 250800
Gear teeth Gleason Surface hardness HRC55-60
Pressure angle 20° Surface treatment Black oxide
Helix angle 35° Surface finish Cut
) SCMA415 (Alloy Datum reference surface
Material _ Bore
steel) for gear curring
Teeth induction
Heat treatment hardened after
carburizing

Table 9 Miter gears specifications
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2.5 Rope pump

The pump designed in this project is a rope pumpeithe different kinds of pumps
were studied to choose the best of them, mostevhtivere discarded because of their
complexity to be manufactured and be installed wedl. After a shallow study this

table was written:

Type Advantages Disadvantages

Membrane | -Easier transportation -Less deep
-Easier to face the turbine into theDifficult starting
wind -Low efficiency

-Longer lifetime

Rope -Very deep -More difficult transport

-Less power needed -More complex orientation mechanism
-Can be connected to a secqgndigher friction

energy source easily -Lower durability

-Simple construction

-Cheaper materials

Table 10 Advantages of rope pumps

A rope pump is a circuit between the wat
source and the desired level, using an end!
rope with pistons. The rotation of a wheel mov
the rope. This rope with pistons pushes the we
column up at the top, and sucks another colu

of water below through a pipe made of PVC.

Some of its advantages are high efficiency, hi
reliability, it is able to pump a big flow and fror

deep wells, and above all, low cost and very e

to construct, install and maintain.

Figure 46 Rope pump
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A rope pump is composed of the following components

Whed (Pulley)

It transmits the input power to all the pump med$an The diameter of the wheel is 16
inches so old parts from cars can be used. A 1€’igiused to make the parts in contact
with the rope. The parts which section can be sedhe picture below are the lateral
parts of the tire, the ones closest to the rim.yTl@ve to be cut and joined in “V”. For
this, six clamps (metal plates) are used. It gyeatiproves the adhesion of the rope.

Each metal plate is joined with two spokes to thetial bushing by welding.

Old tire cut pieces

Rope ——

Clamp .
(Metal plate}\\

Figure 47 Rope pump wheel

Figure 48 Part of the tyre
needed

Rope

A 5 mm diameter polypropylene fibre rope is usedwill support the weight of the
water. It must be at least 30 meters long. Polyyese is water resistant, this rope can
support a load of 1600 N, but it is recommendeavtok with a load of 10% of the
maximum capacity.Another good property is thassiinbt very smooth, so it will not
slide on the wheel. The rope, together with théopis, functions as an endless band
transporting water. The pistons are located thieesl@ingth of the rope, and are attached
with two knots, one in front of the piston and aheectly behind it. When installing, the
ends are attached by braiding. Knots are not usethis because they are difficult to
untie when tautening the rope or for repairs. Oaltehe knots are installed and the
pipes are also ready the pretension of the ropethdse between 20 and 70 N,
approximately between 2 and 7 kgf.
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Pipes

Pumping pipes are a fundamental
part of the rope pump. They var
according to the depth of the well
The deeper the well is, the smalle

the diameter of the pipe. The chose

pipes have a nominal diameter ¢

32 mm, and an external of 40 mn

They are made of PVC, 3 meters long and threadé&dtim ends -
So it is easy to join them. Four 3 meters pipeshaexied to reac ;l;eg-jt?é?t
115 m. The lower end should be I-shaped to allow the

movement of the rope and the pistons without dantag. This Figure 49 Tee-joint to oultlet
can be made heating the end of the pipe and pushtha bottle.

At the higher end a “Tee” connection has to be tdipo allow the diversion of wat

k.

to the tank andwaid losses

from the top.
200

-
=1

3 = 3000 + 2600

Figure 51 Rope punp
pipes dimensions
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Guide

The guide is installed at the bottom of the weldl as where the pumping process is
initiated. Its function consists of guiding the eopith pistons so that it enters into the
pumping pipe from below. It serves as well as antenweight to tauten the rope in
order to avoid sliding on the wheel. Therefore, th&ide has various functions

integrated into one piece.

The guide is a concrete box with a base piece,nany ipe, a pumping pipe, a PVC
elbow 180 degree and a transversal cavity. Theds pathe guide must be made in
such a way that the rope never touches the conembieh would cause wear to it as
well as to the pistons. The entry and pumping pgreshe guide have a wide mouth to
facilitate the entry of the rope and pistons. Thatew enters the guide through the
transversal cavity. The guide is placed at 50 comfthe bottom of the well. This

allows taking water up to 50 cm deep.

Pistons

The pistons are one of the most sensitive partiseopump. Together with the rope they
form an endless chain. When the rope rotates dsléhe piston through the pumping

pipe, pushing the water inside upwards.
The piston is a cone shaped part to reduce frictiahh a hole for the rope.

They are made of polyethylene; which is very easgdt in the market. A perfect fit is
required between the pistons and the pumping pipe.
space between piston and inner wall of the piparasind
0.50 mm, which is large enough to avoid frictiord @mall
enough to avoid loss of water. So the diameterlisndn

and the distance between two pistons is aroundieters.

Figure 52 Pistons mounting system
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3 Manufacture

3.1 Blades

The blades are handmade. There are nine sectidmedleThe profile is a NACA

23012. The nine sections define the angle and tloedcof each section. It is also

defined the distance where they are from the entdeoblade.

T
H-\-H e,
1 2 3 4 5 6 7 8 9
Section number| 1 2 3 4 5 6 7 8 9
Distance 0 0,12 0,33 054 0,76 0,97 1,18 1|39 1,5
Chord 0,43| 0,39 0,30 0,28 0,19 0,16 0,04 O0j12 0,117
Angle 30,4 21,66/ 12,973 8,19 5,18 3,12 1,3 0,5 D

Table 11 Dimensions of the blade

The join parts need a CNC work, starting with aX23Dx15 or bigger part. It has to be
mechanized to get the next dimensions, and themstto be twisted 30° the middle

area.

Figure 53 Join part before and after twisted
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3.2 Nacelle

The nacelle is made by two pieces: the base of

nacelle and the cover.

The base of the nacelle is made by three stetd p
welded. First of it is a 10 mm wide part. The frol
sheet is a 2 mm wide sheet that has to be cut
welded. To protect the bearings there is alsa
cylinder that has to be welded under the base. eS¢

holes have to be made by drilling process.

Figure 54 Nacelle box
The cover is made by a 2 mm wide aluminum she¢tilsto be bended and welded. It

has also some holes that have to be made withl.a dri

3.3 Transmission

The shafts of the transmission have to be made @HE. The round shapes with lathe
and the keyway with milling machine. In the rotdrat, the round plate where the
blades are screwing has to be welded to the shaf.welding has only to support the

torque because the force of the wind is pushiagatnst the shaft.

3.4 Tower
For the tower, the ISO tubes have to be boughtbemd and weld them together. The

welding will take place in Israel itself becausangporting an already welded tower

from another country is more difficult, time demamgland thus more expensive.

Also other parts have to be welded. The partsdbpport the pipes have to be welded
at 0.5 m high and 1976 mm high from the floor.

There is one part to support the radi

bearing that fix the shaft to the center «

the tower.

After this work the second part consists
in installing some screws that fix the tw

parts of the tower.

d—1 C——th

Figure 55 Nacelle, shaft, tower and bearings asseigb
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3.5 Water pump

3.5.1 Pistons

Piston production requires a small plastic injectimachine, and moulds. Polyethylene
is poured in the injection machine hopper. As thastc passes through the heated
hopper bottom, it becomes fluid and is injectea itite mould. As it cools, the plastic

adopts the mould's form.

Injection
molding opening

Mold

N\

N\

Cavity

Figure 56 Pistons moulds

3.5.2 Wheel

The wheel is made from the two 16" tires usuallgduby cars, buses and trucks. The
lateral parts of the tire (the ones closest toritmg are cut and joined in “V”. For this,

six clamps are used. These clamps squeeze anthpitwo rims together. There are
two spokes on each clamp. They must be welded ensade to the clamps and in the

other to the central bushing. Finally, this bushtag be fixed to the shaft with a key.
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3.5.3Guide

The production process includes the following steps

Cut the final extreme of the elbow (The water w
flow through this cut).

Figure 57 Guide construction 1

Join the entry pipe with one of the ends of theowlland the
pumping pipe with the other.

Figure 58 Guide
construction 2

Place a piece of polystyrene (or
similar material easy to break) covering the o"’:-:f__

made before in the elbow.

Figure 59 Guide construction 3

Nail four sticks on the other side of the
polystyrene like legs to support the guide.

Figure 60 Guide construction 4
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- Place the guide in a
wooden box and fill it
with concrete.

Figure 61 Guide construction 5  Figure 62 Guide construction 6

- When the concrete dries, remove the guide from
the box.

Figure 63 Guide construction 7

- Remove all the polystyrene from the cavity
- Test the quality of the guide with the help of ateva
container, a rope and piston.

Figure 64 Guide
construction 8

-54 -



' Escuela de
Wind Powered Water Pump AB1  ingenieriay Arquitectura
Universidad Zaragoza

4 Maintenance

Maintenance
The maintenance operations are very simple, andealivided into:

Proper rope tension
It might be necessary to correct the tension inrtipe during the first weeks of use, as

the knots tend to lengthen the rope. Lack of ten@mothe rope will cause the rope to
slip over the pulley wheel. To alter the tensiorthia rope, remove the rope and untie it.
Put the rope back on the pulley wheel with the réestension to measure where the

new knot must be made, and repeat the processaliry.

Greasing
Oil or grease the bushings, the bearings and taesgehen considered necessary. They

work at very low speed, but it will extend theire@id life. Any type of oil or grease can
be used to do this.

Pipes

Join parts of pipes should be checked to avoid mlasses, and make sure there isn't
any obstructing object inside.

Cleaning and painting

To prevent corrosion, clean and paint the metalspaccasionally. Blades should be

painted with an outdoors varnish to protect the dvivom the wheatear conditions.

The most frequent repairs, with a range of 18 ton2dnths, are changing the pistons

and the rope.

Pistons Approx. 18 months
Rope Approx. 18 months
Pipes More than 48 months
Guide More than 48 months
Wheels/Pulleys | More than 48 months

Table 12 Table of rope pump maintenance frequency

Change the rope when it is in very bad conditiandamnaged.
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To estimate the price of each component, the aeepage of the material which they

are made of is looked. Then, knowing how much nedténese components will need,

the final price can be determinate.

The average wage for a worker in Israel was sedrhéhe Internet. The workers will

receive 0.10 €/hour for manufacturing and painthel components.

The following table shows all the manufactured pgec

Concept Price Per unit Qty. Total (€)
Scotch Pine 98.78 €fin 0.12nf | x3 32
Blade Manufacture operation 0.10 €/hour 10 hour X3 3
Paint operation 0.10 €/hour 1 hour X3 0/30
1023 Carbon Steel Sheet (SS) 0.593 €/kg 3 kg X3 55.3
Join Blade | Manufacture operation 0.10 €/hour 4 hours x3 1.2
Paint operation 0.10 €/hour 1 hour x3 0{30
1023 Carbon Steel Sheet (SS) 0.593 €/kg 3 kg X1 1.8
Plate Manufacture operation 0.10 €/hour 3 hours x1 0.30
Paint operation 0.10 €/hour 1 hour x1 0/10
AISI 4340 Steel 32 mm,
) 69 €/m 0.61 x1 42
Rotor Shaft normalized
Manufacture operation 0.10 €/hour 1 hour x1 a.10
Paint operation 0.10 €/hour 1 hour x1 0{10
@20 1023 Carbon Steel Sheet (SS) 0.593 €/kg 3.5kg x1 1|2
Bearing Manufacture operation 0.10 €/hour 2 hours x1 0.20
support Paint operation 0.10 €/hour 1 hour x1 0/10
@25 1023 Carbon Steel Sheet (SS) 0.593 €/kg 2.6 kg x1 5511
Bearing Manufacture operation 0.10 €/hour 1 hour x1 a.10
support Paint operation 0.10 €/hour 1lhour x1 0/10
1023 Carbon Steel Sheet (SS) 0.593 €/kg 0.04 k x1 0.05
Plate 235 | Manufacture operation 0.10 €/hour 1 hour x1 a.10
Paint operation 0.10 €/hour 1 hour x1 0/10
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Concept Price Per unit Qty. Total (€)
Aluminum (1060 Alloy) 1.8 €/kg 2.8 kg x1 5]1
Nacelle Up | Manufacture operation 0.10 €/hour 2 hours x1 0.20
Paint operation 0.10 €/hour 1 hour x1 0{10
Nacell 1023 Carbon Steel Sheet (SS) 0.593 €/kg 8.3 kg x1 5
acelle
Manufacture operation 0.10 €/hour 3 hours x1 0.30
Bottom
Paint operation 0.10 €/hour 1 hour x1 0{10
1023 Carbon Steel Sheet (SS) 0.593 €/kg 2.8 kg x1 7011
Tail tube Manufacture operation 0.10 €/hour 1 hour x1 a.10
Paint operation 0.10 €/hour 1 hour x1 0/10
Aluminum (1060 Alloy) 1.8 €/kg 5.7 kg x1 10.30
Tail Manufacture operation 0.10 €/hour 1 hour x1 a.10
Paint operation 0.10 €/hour 1 hour x1 0{10
Stainless Steel (ferritic) 0.85 €/kg 117 kg x1 80,4
Truss Manufacture operation 0.10 €/hour 50 hour| x1 5
Paint operation 0.10 €/hour 2 hours x1 0,20
AISI 4340 Steel 850 mm,
_ 109 € /m 2m x1 218
Vertical normalized
Shaft Manufacture operation 0.10 €/hour 1 hour x1 a.10
Paint operation 0.10 €/hour 1 hour x1 0{10
G q 1023 Carbon Steel Sheet (SS) 0.593 €/kg 0.54 k x4 1.30
roun
o Manufacture operation 0.10 €/hour 1 hour x4 0.40
Fixations : :
Paint operation 0.10 €/hour 1 hour x4 0/40
Cylinder | 1023 Carbon Steel
0.593 €/kg 1 kg x1 0.598
+ Sheet (SS)
Clamps | Manufacture
_ 0.10 €/hour 4 hours x1 0.40
+ operation
Wheel : :
Spokes | Paint operation 0.10 €/hour 1 hour x1 0{10
Used tire - - x1 C
Tire Manufacture
_ 0.10 €/hour 1 hour x1 0.10
operation
Polyethylene 0.70 €/kg 0.010 kg x15 015
_ Manufacture operation 0.10 €/hour 2 hour x1 g.20
Pistons i
Manufacture operation 0.10 €/hour 1 hour x1 a.10
Paint operation 0.10 €/hour 1 hour x1 0{10
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Concept Price Per unit Qty. Total (€)
Pump Shaft AIS1 4340 Steel 235 mm, 48 € /m 0.9m x1 44
normalized
1023 Carbon Steel Sheet (SS) 0.593 €/kg 0.05 kg x1 0.03
Plate g40 | Manufacture operation 0.10 €/hour 1 hour x1 a.10
Paint operation 0.10 €/hour 1 hour x1 0/10
PVC Elbow 4.20 4.20 x1 4.20
Wood box - - x1 0
Guide Polystyrene - - x1 (
Stick - - x4 0
Manufacture operation 0.10 €/hour 1 hour x1 a.10
TOTAL 489.373 €

To complete the fabrication of the wind watered evgbump the next commercial

components are needed:

Description Code Quantity | Cost/ unit (€/u) Cost (€

Hexagonal Bolt M5X50 DIN 933 44 0.12 5.28
Hexagonal Bolt M6X25 DIN 933 2 0.05 0j1
Hexagonal Bolt M8X80 DIN 933 14 0.60 814
Hexagonal Bolt M10X110 DIN 933 4 0.84 3.86
Hexagonal Bolt M10X50DIN 933 12 0.22 2.64
Hexagonal Nut M5 DIN 934 44 0.04 1.76
Hexagonal Nut M8 DIN 934 14 0.06 0.84
Hexagonal Nut M10 DIN 934 24 0.09 2.16
Washer M5 DIN 125 88 0.03 2.64
Washer M8 DIN 125 28 0.04 1.12
Washer M10 DIN 125 40 0.05 2
Threaded rod M10 L: 1M 1 1.37 1.37
Bearing unit SKF SY 20 TF 2 27.20 54.4
Bearing unit SKF SY 25 TF 2 32.30 64.60
Bearing SKF 51104 1 10 10
Bearing SKF 51108 1 18.80 18.80
Bearing SKF 81106 TN 1 39.90 39.90
Bearing SKFFY 30 TF 1 38.90 38.90
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Description Code Quantity | Cost/ unit (€/u) Cost (€
Bevel Gear (QTG SBS5-3020R 1 215 215
Gears) SBS5-2030L 1 141 144
Miter Gear (QTC| MMS4-25R 1 105 105
Gears) MMS4-25L 1 105 105
Key DIN 6885 6x6x25 2 0.15 0.30
Key DIN 6885 8x7x16 1 0.15 0.15
Key DIN 6885 8x7x20 2 0.15 0.30
Rope 5 mm polypropylene 30 0.50 15
_ 3m Rigid threaded pipe (40

Pipe 5 4.25 21.25

mm)
PVC Tee 32x32x32 Threaded 1 2.60 2,60
Concrete Concrete Portland bag (25 kg) 1 2.46 P.46

TOTAL 866.33 €
PART COST
Manufactured pieces 489.373 €
Comercial components 866.33€
Total 1355,70€
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6 Technical considerations

This part of the report is about different probletmst have happened during the process
and how have they been solved. Here are shown aive problems:

1. The transmission was supposed to be two pulleyardelt joining them; this
kind of transmission did not allow the rotor chatitgeorientation 360°. The idea
was designing a vertical shaft that could transh@&ttorque and the power to the
pump. This means that instead of one step (fromréb@ shaft to the pump
shaft) there are two steps between the rotor aanguamp (from the rotor shaft to
a vertical shaft and from the vertical shaft to pluenp shaft). This decreases the
efficiency of the transmission.

2. This kind of transmission has one problem. Wheprgue is transmitted to a
shaft, that shaft transmits a torque in oppositeation with the same value to
the shaft that transmitted first. This is the saefiect that happens in the
helicopters. In the helicopters there is anothasrrthat controls the direction of
the helicopter but in this case something cheapdrsampler was needed. The
solution of this problem was changing the orieotatof the tail creating a
moment with the same value but opposite direction.

3. In order not to decrease the efficiency that muictién wheels were thought as
a way to do what gears do. The problem with frittweheels is that they need a
big force not to slide. If they work with the foroéthe wind, they should be 400
mm diameter not to slide. This meant a very bigetladhat would slow down
the wind. Finally gears were decided to be the best to transmit the power
and the torque, although the efficiency is not aedgas the friction wheels
neither the price.

4. The forth problem was the braking system. All tlieas about this were
discarded. The one that looked better was a bidyelke acting on the pulley of
the pump but it could be also in the middle of Wieetical shaft. Before starting
the calculations the tail was supposed to breaturhing it from the wind at
higher speeds but as it has been demonstrated mati This problem has not

been solved because we did not have ideas ancetioegh.
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. The truss was made later than the nacelle andatioe and when they were
mounted there were problems because the bladeshttng the truss. To solve
this problem, three actions were done. The sha#t made longer and all the
calculations were made again, changing the dianatewell as the material.
Also the distribution inside the nacelle was chahigeorder to have the bearing
between the rotor and the gear as near the walbssible. Last change was the
dimensions of the tower, they used to be 500x56@ad of 400x400 in the base
of it.

. Once the upper pulley of the pump was designedstiadt to connect it to the
transmission was the following step. The problens weat the height was the
water outlet pipe was 2.1 m, and the pulley is #A02 diameter. That means that
at least the height of the shaft should be 2301from the floor. The center of
the rotor was 4050 mm height and the blades ar® &r¥@ long from the center
of the rotor. There are less than 50 mm were taé& &) and that distance is too
small to be sure that if something is not correntlyunted, it could break itself.

. Once the tower was joined to the nacelle anothaslpm cropped up. There was
no space enough to fit the bar that supports tiheTiais problem was solved
designing a new join between the nacelle and tivertothe one that is working
in the final design.

. The last problem found is that the separating fare®veen the rotor shaft and
the vertical shaft is bigger than the force of wedght of the whole nacelle with
rotor and tail. This problem appears only whenwvtived speed is very faster than
usual, the wind speed that has been used for #sistaece calculations: 13.5
m/s. To solve this problem an additional weightéeded over the nacelle. Also
if the bevel gears were installed were the miteargeare and vice versa that
force would have been smaller, but we did not h@awe to change them are
recalculate the shafts dimensions.

. The gears used are very expensive. The reason velsg tgears are needed is
that the torque is very high in comparison to tohever. If the angular velocity
had been faster, with the same power the torquéditave been much smaller.
One possible way to improve this characteristidadde designing a rotor with a
higher tip speed ratio.
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7 Conclusion

Before starting making this project our meaning veasating something new and
helpful. The idea was designing a new kind of watemp with a very low cost and a

high efficiency.

The flow that this wind powered water pump canaassbigger than other pumps that
were shown to us before, and also the distanceittihaises is also longer. We started
watching an example of a membrane pump able te ebsut 3% of the flow that this
pump can raise, and only 3 meters high, needirigpbager wind at the same time. This
demonstrates that the idea of connecting a ropepptora wind turbine is good, but

some developing ideas are needed in order to nmékeroject real.

After doing all the calculations and make them &xlot of expensive parts have been
getting more and more needed; especially in thestngssion. The problem with the
transmission is that although the power is not J&gh, the rotor has a slow angular
velocity which means that the torque is very hight even with these expensive pieces
this pump is 126 times more powerful than the oréhad as example. We do not know
the price of that pump but we think that this kioidturbine is much cheaper if you

compare the final output of water.
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Annex I: Join parts

To calculate the joins between the blades and laé some previous equations and
calculations are needed. For a critical wind sp&fet3,5 m/s there are the next values
on the blades.

Axial force = 868 N
Rotational speeds) = 44.18 rad/s

Power (P)= 7239 W

Those values have been calculated using the B
Element Momentum (BEM) theory.

T —P—7239—16385N
orque =— === . m

We have three blades, so the torque generatedchyoe@ (T,) is 54.62 N-m

O

} |

O ¢ 4Q

O
H—-

7 |

There are three forces acting in this piece: geetal force of the blade, axial force and

force created by the torque.
Centripetal force (§:

Blade mass = 2.4 kg
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Distance between the blade centre of gravity taoba centre (r)= 0.316 m
F.=m-r-w?=1480 N
Axial force in one blade @

Axial force 868
F, = 3 =3 = 290 N

Force generated by torqui ):

F, =E=54£=2731N
7 a 0.2 '

Once these three forces are known stresses cdadeaéculated.
Yield stress¢y,) = 282 Mpa

Cross-sectional area (A) =w - t = 1440 fnm
Inertia () =% -w - t3 = 17280 mrf\

Moment of resistance (W:y; = # = 2880 mn?
max 2

Shear force (V) §F? + F2 =398.35 N
Axial force in this piece (N) =/= 1480 N

Momentum (M) =F, - b =290 - 0.93 = 269700 N - mm

Shear stresg :% =0.277 MPa

Axial tension 6) :% + Wﬁ =95 MPa
y

Von Mises stresss(m) =Vo? + 3 - t2 =95 MPa

Safety coefficient (§ = :—y =2.97
VM
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Annex II: Rotor bolts calculations

In this annex the calculation of the bolts that egppin the rotor are going to be

calculated.

The pieces studied are those that join the blamldsetshaft. There is one piece for each

blade that joins it to a disc welded to the shaft.

First of all the bolts that join the blade to tlwénj piece are going to be calculated. In
this case there are four bolts in a row and theyhdbhave to support any bending
moment, only the centrifugal force and the weighthe blades. The mass of the blades
are 2.38 kg each and the maximum angular velogipeeted

is 44.18 rad/s. The radio of the turn is 0.316 tre Holts have -

a yield stress of 260 MPa. é\@

The centrifugal force can be calculated as:

FC = Mpiade " T * (1)2 = 1468 N

But the critical moment is when the blade is unidher rotor O——0
because the centrifugal force has to be addedetqthvity o o
force that can be calculated as:
F, = Mpaqe - g = 2343 N .
So the force to consider in the following studieshe sum of
> 4 ¢ 0

both:
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Frax1 = By + F. = 14914 N

There are four bolts with a diameter of 5 mm so gbketion of all of them can be

calculated as:
_ dq 2 _ 2
Ags=n- (—2) - = 7853 mm

Being n the number of bolts.

—~ F/2

F <—

== F/2

There are three studies that have to be done ¢alage the bolts size.

- Shear failure:

Frax1
max /2
T=——=95MPa
Ays
Safety coefficient
0.
s = % = 27.38
- Join piece failure
Stress area: Ai=w-t—n-d-t=1200 mm?
Stress: o= % = 1.24MPa

1

Safety coefficient: ¢, = =% = 209

- Bolt flattening failure
Stress area: A, =n-d; -t =240 mm?

Stress: o= % = 6.21 MPa

2
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Safety coefficient: ¢, = % = 41,84

- Blade failure
Stress area: As = Apood — Aporrs = 1425 mm?
Fmaxl/
Stress: o= A—z = 0.52 MPa
3

Safety coefficient: ¢, = % =113.2

The safety coefficients are so high because thatereance of the turbine is not going

to be very frequent so some bolts may lose betweeohecking.

The second part of this annex is the study of thestihat support the forces between
the disc welded to the shaft and the join piecéelddio the blades.

F <—

—=> F

This case has four bolts distributed in two rows

and the diameter of the bolts is 10 mm. Also

269700 N - mi  [he mass changes because the forces that the
bolts have to support include the weight and
the centrifugal force of the pieces where they

are bolted. Each piece has a mass of 2.4 kg.
Fpoo=m-1-w?>+m-g=26468N
Azpous = 2+ (7w =157 mm?

200N —> H Ro

d
Agpores = 4 (?2)2 -7 = 314 mm?
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Before starting the calculation a forces analysis to be done. This analysis consists in

a beam that represents the part of the pieceghmeit to the disc bolted to the rotor.

290N

25 mm 15 mm

/%__

i ——

A
w

ZF,,=0—>Rb—Ra—29o=o

ZMS=0—>25-Rb—290-40—269700=0

R, = 11252 N

R, = 10962 N

Shear failure:

Fmaxz

= 8.5 MPa

T =
A4 bolts
Safety coefficient

0.
Cs =7y= 30.6

Bolt flattening failure

Stress area: A=n-d, t =240 mm?

Stress:

g =% = 11 MPa
A

Safety coefficient: ¢, ==X = 23.6

-70 -
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Bolt tensile failure
Stress area:

Stress:

Safety coefficient:

Von Mises
VM stress:

Safety coefficient:

Az bolt — 157 mmz

o=—Lb —71.67 MPa
AZ bolts
cs =2 =3.63

Opm = V0?+ 312 =73.17 MPa

cs = 2 =3.55

vm
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Annex III: Tail

This annex is about the tail calculations. Thi$was supposed to create a momentum

to face the rotor into the wind.

Lift force

Drag force

b

Those drawings show the forces that are goingttarat also the dimensions.

First of all, the formulas about drag and lift feschave to be explained. The next values

are defined as:

- Fq: Drag force

- R Lift force

- p: air density

- A: area of the tail facing the wind
- Cq: coefficient of drag

- C: coefficient of lift

v: wind speed

1
Fdzi.p.A.Cd.vz

1 2
Flzi.p.A.Cl.v

The coefficients of drag and lift have been cal®dan an experiment with the wind

tunnel, their values are:
Cs=1.6

C=15
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b=a-1.625
A=a-b-cos45=1.15-a?

The area is multiplied by cos45 because the tdibtsfrom the wind direction. The ratio
between a and b was decided arbitrarily becauiseomly important that the scale and

the final piece have the same proportions.

There is a problem with the wind speed because gftieg through the rotor the wind

is slower. To calculate this speed energy equatoagoing to be used.

As v is going to be the wind speed where the $aily is the wind speed before getting
to the rotor.

E; is the energy that has the wind that goes thrdlghotor during one second:

1 2 1 2 2
E1:§mwind‘vb :E‘(T " vy p) -V, =506]

The energy the rotor gets from the wind is:
E,=P-t=268-1=268]
The energy the wind has after the rotor is:
E; =506 — 268 = 238]

The wind speed can be cleared:

E 1 2 2 * E3
= —Mmy; V™ = Ve =
3 2 wind f f Muind

=3.1m/s

The momentum created by the tail is the sum of yeverce times the distance
perpendicular to the force between the force amdatkis that the nacelle is turning
around.

1
Fa=5p A Cq v*=882:4

1
Flzz‘p‘A'Cl'v2:8.27‘A
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M=F;-c-cos45+ F,-c-sin45 =13.89-a% - ¢
13.89 -a?-c =18.21
In this case a depends on c or vice versa, so tlgose value the other is calculated.

The designed values are:

a=0.8m
b=13m
c=17m

The last calculation that has to be done is admifdrces in the tail with the maximum

wind speed 13.5 m/s.
Ei is the energy that has the wind that goes thraghotor during one second:

1
Ei=§mwind‘vi2=§'(7”2'7T'Ui'/3)'vi2=13682]

The energy the rotor gets from the wind is:
E.,=P-t=7239-1=7239]
The energy the wind has after the rotor is:
Er = 13682 — 7239 = 6443 ]

The wind speed can be cleared:

1 - Ef
Er = —=Mying - Vi2 = Vp = =9.26m/s
f 2 wind f f Mying /

This wind speed has been calculated so as to ae#dctiie drag forces for the study of

the tower.

1
FdZE‘p‘A'Cd'v2:62N
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Annex IV: Shaft calculations

The picture below shows the shaft with the mairigpimat is going to have: one welded

piece (part of the rotor) in the front, three begsi and one gear.

First of all, the forces acting on the shaft mustdalculated. On the left the rotor is
supported. There are eight forces acting herewthight of the rotor and the axial force
generated by the wind on the left; the radial ferirethe radial bearings, the separating
forces and the transmitting force on the gear hedkial force in the axial bearing. The
horizontal one is 868 N due to the wind while theight is 163.8 N. The forces of the

gear and the bearings can be also calculated etfotlowing procedure:

Fs

\

I B

pinion P
|

Fp

_"_,.r"'
[=1

Ft

Gear

Fa
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Values to consider:

- Mp= torque on the pinion shaft (N-mm)

- P, = power at the Pinion shaft (W) = 7239 W

- np = rotational speed of the pinion shaft (rad/s) =184,
- i = tangential force on the pinion (N)

- d,= pinion pitch circle diameter (mm) = 100 mm
- o= angle of pressure = 20°

- Fs= separating force

- &p = pinion pitch angle =63° 6’

- gg = gear pitch angle = 26° 54’

- F, = pinion thrust

- F= gear thrust

60 -1000

p =Py ———=163870 N -mm

p

‘M
F, = P =32774N
dp

F; = F;-tana = 1192.87 N
E, = F; -sing, = 553.08 N

F, = F; -singg = 1066.16 N

Escuela de
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The momentum created by the iE this value times the distance to the centethef

shaft:

d
_ p _
M,, = F, -—2 = 27654 N - mm
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The next diagram shows the forces acting on thé.shae forces are calculated for a
wind speed of 13.5m/s, which is an extreme sitnafidhe forces represented below are
the forces of the weight of the rotor, the torqud #éhe forces generated by the gear in
opposition to the other gear. The two ovals regmesgorque and the force with the
value of 3277 N is a force perpendicular to thegpaphile the rest of them are in the

plane of the paper.

1193 N

27654 N-mm

T 3 &

163870 N-mm 3277 4N

868 N

To calculate the reactions forces and the effortthée shaft the forces are going to be
separated in different axis: X, Y and Z. The X asiparallel to the shaft, the Y axis is

vertical and the Z one is perpendicular to botthem.

During the calculations the different points oé tbhaft are going to be named like in

the next picture, being the units mm:

127 123 225 35

i
o 5 B
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The only forces in the X-axis are the force of wiad in the rotor, the separating force
of the gear and the reaction in the bearing.

868 553

&

ZFx=0—>868+Rh—553=0—>R=—315N
The negative value means that the force is toette |

So the axial loads diagram, being the units Newon,

@ ==

<
315 o2 315
%D-:—

868

868

In the X-axis there are also torques both withdhme value, first one coming from the
rotor and the second one to transmit this onedméxt part of the transmission:

S —

, A
163870 N-mm

163870 N-mm

So the torque diagram is, being the units N-mm:

—??[]ﬁé—

1.64e+05 1.64e+05
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Y-axis

The forces on the Y-axis are the weight of the nmotertical separating force of the
gears and the two reaction forces, one in eachintgearhe forces in the shaft create a
bending moment on Z-axis, that is the reason whyntloments in Z-axis are studied in

this part. Next diagram shows the forces and beneioments in N and mm:

1066
164

l z C 5 &

v Rg R

1]

To calculate the reaction forces in the bearingmB D, two equations are going to be
used:

ZFy=0—>—164+1066+ Ry+ Ry =0

ZM;‘=0—>27654+R,33’-127—1066-250+R,33'-475=O

Ry = —545N
R) = —-357N
The negative signal means that the force is dowisvar
The next picture is a diagram of the shear loadkeny-axis, units are in N:

357 357

il |

<3
w W &

v

709 709
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108010
80357
(
a <H

The next picture shows the bending loads in Z-axigs are in N-mm

(0

20801

-

What is most important in these diagrams is tha&rehis a bending moment of

1.08-16N-mm where the gear is. To be calculaee: R} - 225 + M,

<H

The forces on Z-axis are the force creating bysmatting the torque from the gear in
3277

Z-axis
this shaft to the next one and the reaction fooédke bearings.

RDZ

T
Rsz
To calculate these reactions, the equations neateedhe same as the last time but

applying them to different forces.

ZFZ=0—>3277.4+ RZ+ RZ=0

ZM;;‘=0—>Rg-127+3277.4-250+R5-475=0
RZ=-2119N

RZ = —1158 N
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The next picture is a diagram of the shear loadkerZ-axis, units are in N:

1158 1158

PO

KOt

2119 2119

The next picture shows the bending loads in Y-axigs are in N-mm:

260640 N-mm

L

z 55
The most important datum in these diagrams is thate is a bending moment of
2.6-10N-mm where the gear is. To be calculatéd= RZ - 123

Analyzing the preview figures, the most affected pathe shaft is where the gear is.

In that point the bending moment in the Y-axis @40 N-mmand in the Z-axis is

108010 N-mm. To calculate the total bending momenrt equation will be used:

M = /MZZ + Mj = 282500 N - mm

In that point the bending moment is 282500 N- mmtaerdorque is 164000 N-mm.

For this torque and this bending moment the dianeate be calculated:

3[4 Nng > 5
dnin = |— V64MZ g, + 48T2,, = 20.9 ~ 22 mm
y

-6,= 710 MPa
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The steel needed is one with a high strength, gmodshafts, AISI 4340 steel

normalized.

The reason why the chosen diameter is 22 is be¢hasgear has an hub diameter of 22
mm and is bigger than needed so it will not break.

The shame way to calculate the total moment thetioees can be calculated:

Ry = |RY* +RE* = 2187 N
Ry = |RY* +RE® = 1212 N

As this result the reaction forces are 2187 N m l#ft bearing, 1212 N in the middle
bearing and 315 N in the right one.

Key

In order to transmit the torque from the shaft® pinion a key is going to be designed.

7

o

Because of the shaft diameter is 22 mm the mairedéion are 6x6. The yield strength
of the key is 60kg/mfAr 588 N/mn3

The keyway depth shaftjt= 3.5 mm
The keyway depth hubyft= 2.8 mm

The force we want to transmit is:

Fg — L — 164000 N-mm — 14909 N
a/2 11 mm
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Design stresses:

T Fg 2484,8
desigi= — =
esigri— b ]

Fg 4969,7
O desigi— 7— =

E.l l

Von Mises stress:

6574,2
Opm =V02+3-12 = l

If the design safety coefficient is 2,

o o 588

ng = van - Oym :_Z:T: 294 MPa
6574,2

=294 - 1> 22,36 = 25mm

l

25 is chosen because is the minimum length

6574,2
Opm = T 263 MPa
ng = > _ 23
va
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Annex V: Vertical shaft

This annex explains the procedure to calculatengexled diameter for the shaft. This

shaft has some differences from the rotor onehis ¢ase instead of one pinion there
are two gears, one in every end of the shaft. Tieetbat is in the upper end (in the

diagrams on the left) is going to be called bewesdrgand the one at the bottom (in the
diagrams on the right) is called miter gear. Thibecause of the rotor, as the rotor can
turn 360° the gear on it can also be in differesgifpons. The calculations must be done
with different cases depending on the position.

The picture below shows the vertical shaft, butafran horizontal:

First of all we have to calculate all the forceattare acting on the shatft.
Values to consider:

- P= power on the shaft (W)

- n= rotational speed (rpm)

- Ms torque on the shaft (N-mm)

- Fpg = tangential force on the bevel gear (N)

- Fmg= tangential force on the miter gear (N)

- th& bevel gear pitch circle diameter (mm) = 150 mm
- Omg = miter gear pitch circle diameter (mm) = 100 mm
- o= angle of pressure = 20°

- Fsp = separating force on the bevel gear (N)

- Fsm= separating force on the miter gear (N)
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- emg = Miter gear pitch angle = 45°

- epg = bevel gear pitch angle = 26° 54
- FngE miter gear thrust (N)

- Fot = pinion thrust (N)

- Fyg= bevel gear thrust (N)

- Mpg = bending moment created by the vertical separdtirag in the bevel gear

- Mg = bending moment created by the vertical separdtireg in the miter gear

60 - 1000
2 M
Fpg = I 1966 N
bg
2-M
Fng =——=3277N
myg

Fsp = Fpg - tan(a) = 715 N

Fyn = Epg - tan(a) = 1192 N
Fyr = Fp - sin(gpy) = 324 N
Fygt = Fgp - cos(epg) = 628 N

Fngt = Fom - sin(gny) = 843 N

dpg
Myg = Fyge +—" = 79950 N - mm

d
Mpg = mt-%zsossow-mm
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Before studying each case separately the X axg®iisg to be analyzed. In the Z axis

there are only axial forces and torque momentundstlagy are constant in all the cases.

1700

196629 N mm 196629 N mm

YA N
638N /;; égk 843 N

ZFH=O—>638+RH—843=0—>RH=205N

538 |

543 843

AN &

196629 N mm 196629 N mm

The torque is constant during the length of thdtsbaing its value 196 629-Mm.
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First case

In the first case the gears (the pinion and theemgear) are in the same side of the
shaft.

Y axis

The diagram shows the forces in the Y axis andthlsdending moments in the Z axis.

B43 N

324 N

VAR
/4; é% - 50580 N

79950 N mm

ZF‘U=0_)324+RBY1+RDY1+843=0

Z MZ =0 - Rgy, - 103 + Rpy; - 1803 — 50580 + 843 - 1903 + 79950 = 0

RBYl = —277N
RDYI =890 N

The next diagram shows the bending moments in & axi

79550 N mm

46578 N mm 50580 N mm

i
({0 Aa
A T B

33720 N mm
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Z axis

The next diagram shows the forces in Z axis:

3277 N

1966 N

ZFV =0- 1966 +RBZ1 +RDZI —3277=0

Z MZ =0 > Rpyy - 103 + Rpyy - 1803 — 32771903 = 0

RBZI = —2278N

RDZl == 3589 N

327700 N mm

o
AN A

202500 N mm

The point of the shaft were the bending moment &ximum is where the second

bearing is. The momentum in this point is:

Mp, = JMDle + Mpz,2 = 329430 N - mm

The bearing B has to support:

FBl == ’FBYIZ + FBZIZ = 2295 N

The bearing D has to support:

FDl == \/FDY12 + FDZIZ = 3698N
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Second case

In the second case the gears (the pinion and tter gear) are in the opposite side of
the shaft.

Y axis

The diagram shows the forces in the Y axis andthlsdending moments in the Z axis.

324N B43 N

s
~ &

79950 N mm 50580 N mm

ZFU=O_)324‘+RBYZ +RDY2_843=0

Z MZ =0 - Rgy, - 103 + Rpy, - 1803 + 50580 — 843 - 1903 + 79950 = 0

RBYZ = —-316 N
RDYZ = 835 N

The next diagram shows the bending moments in & axi

79950 N mm
46578 N mm
33720 N mm
(O \
S0580 N mm
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Z axis
The next diagram shows the forces in Z axis:
3277 N
1966 N
ZFV = 0 d 1966 + RBZZ + RDZZ - 3277 = 0
ZM; =0 — Rgz, - 103 + Rpy, - 1803 + 3277 -1903 =0
RBZZ = _1892N
RDZZ = _3350 N
wy
202500 N mm
327700 N mm

The point of the shaft were the bending moment aximum is where the second

bearing is. The momentum in this point is:

Mp, = JMDYZZ + Mpz,? = 329430 N - mm

The bearing B has to support:

FBZ == ’FBYZZ +FBZZZ = 1892N

The bearing D has to support:

FDZ == \/FDYZZ + FDZZZ = 3452 N
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Thrid case

In the third case the plane where the rotor shadt the vertical shaft is 90° from the

plane of the vertical shaft with the pump one.

Y axis

The diagram shows the forces in the Y axis andthlsdending moments in the Z axis.

324 N 3277 N

s
- &

79950 N mm

ZFU =0_)324‘+R3y3+RDyg+3277=0

Z M = 0 = Rgy3 - 103 + Rpysz - 1803 — 3277 - 1903 4+ 79950 = 0

RBY3 =—104 N
RDY3 = —3497 N

The next diagram shows the bending moments in & axi

79950 N mm

[inp

wy %

327700 N mm
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Z axis

The next diagram shows the forces in Z axis:

/I\ 1566 N 843 N

AN

50580 Nmm

ZFU =0- 1966+RBz3+RD23+84‘3 =0

ZMj =0 > Rpzs - 103 + Rpys - 1803 + 3277 - 1903 = 0

RBZ3 = _2065N

RDZ3 = _744’ N

50580 Nmm
al)

w7

33720 N mm

202500 N mm

The momentum in the point where the bearing B is:

Mg; = JMBY32 + Mpgyz3® = 206408 N - mm

The momentum in the point where the bearing D is:

Mps = JMDY32 + Mpz3® = 329430 N - mm

The maximum momentum is where the bearing D is.

The bearing B has to support:

FB3 == ’FBY?}Z +FBZ32 = 2067N
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The bearing D has to support:

FD3 == \/FDY32 + FDZ32 = 3575 N

Forth case

In the fourth case the plane where the rotor shadt the vertical shaft is 90° from the

plane of the vertical shaft with the pump one.

Y axis

The diagram shows the forces in the Y axis andthlsdending moments in the Z axis.

3277 N
324N

¢ O
/

79950 N mm

ZFU :0_)324+R3y4+RDy4_3277:0

2 M =0 = Rpy, - 103 + Rpys - 1803 — 3277 - 1903 + 79950 = 0

RBY3 = _489 N
RDY3 = —3442 N

The next diagram shows the bending moments in & axi

79950 N mm

(T

wy %

327700 N mm
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Z axis

The next diagram shows the forces in Z axis:

1966 N
843 N

)

50580 N mm

ZFU :0_) 1966+R324+RD24_843 :O

ZMj =0 > Rpzq - 103 + Rpy, - 1803 + 3277 - 1903 = 0

RBZ4— == _2105N

RDZ4— = 982 N

L |:| &337:\‘ mm
ﬂ Dlj\ ‘% 50580 N mm

202500 N mm

The momentum in the point where the bearing B is:

Mg; = JMBY32 + Mpzs® = 206412 N - mm

The momentum in the point where the bearing D is:

Mps = JMDY32 + Mpz3® = 329430 N - mm

The maximum momentum is where the bearing D is.
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The bearing B has to support:

FB4— = ’FBYAI-Z + FBZ4-2 =2161N

The bearing D has to support:

FD4 = \/FDY4-2 + FDZ4-2 = 3579 N

In that point the bending moment is 329430 N- mmtaedorque is 196629 N-mm.

For this torque and this bending moment the dianezate be calculated:

3[4 Nng 2 5
dmin = | — V64M2,,, + 48T2,, = 21.99 = 22 mm
y

-5,= 710 MPa

Because of the hub diameter of the gear, the demoéthe shaft has to be bigger so the

safety coefficient will be more than 2.

The biggest force than the bearing B has to suppd95 N. The biggest force than
the bearing D has to support is 3698 N. As the dtamis quite big, the bearings used
will support easily that loads.

Top key

In order to transmit the torque from the shafthe pinion a key is going to be designed.
The yield strength of the key is 60kg/rhm588 N/mn?

Y




Wind Powered Water Pump

Because of the shaft diameter is 25 mm the maimigsion are 8x7.

The keyway depth shaftjt= 4 mm
The keyway depth hubgft= 3.3 mm

The force we want to transmit is:

T 196629 N - mm

F, = = = 15730,32 N
S d/2 12,5 mm

Design stresses:

Fg 1966,29
I'b l

T desigr—

|

4494,38

O desigr—
l l

N!:‘

Von Mises stress:

5639
Oym =02+ 312 =7

If the design safety coefficient is 2,

ay g, 588
ng = - Oym = — =——=294 MPa
Uvm S 2
5639

T=294—>l>19,2z20mm

20 is chosen because is the minimum length

5639

Oum T: 281,95 MPa

0.
ng = —— = 2.08
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Bottom key

In order to transmit the torque from the shafti® pinion a key is going to be designed.

)

Because of the shaft diameter is 25 mm the mairigion are 8x7.
The keyway depth shaftt= 4 mm
The keyway depth hubyft= 3.3 mm

The force we want to transmit is:

T 196629 N -mm
S d/2 125mm

F, = 1573032 N

Design stresses:

Fg 1966,29

Tdesign— =

Fs 4494,38
O desigr— s T
2

Von Mises stress:
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If the design safety coefficient is 2,

gy g, 588
ng = - Oym = — =——=294 MPa
Uvm S
5639

T=294—>l>19,2%20mm

20 is chosen because is the minimum length

5639
Oym = W = 281,95 MPa

(0}
ng = —2% = 2.08

- 98 -
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Wind Powered Water Pump

Annex VI: The pump shaft

The picture below shows the shaft with the mairig#irat is going to have: one welded

piece (part of the rotor) in the front, three begsi and one gear.

First of all, the forces acting on the shaft mustchlculated. On the leftmost the rotor is
pump is supported. There are four forces acting:htbe weight and the tension on the
pump, the force that transmits the torque and #pamting forces. The weight of the
pump is 68 N and the tension is 230 N. The fordeth® gear can be also calculated

with the following procedure:

Fs

T \
pinion P
- I

Fp

Ft

Gear

-99 -



ZE.}Q
o = H

Wind Powered Water Pump

Values to consider:

- M< torque on the pump shaft (N-mm)

- Ps= power at the pump shaft (W) = 4633 W

- n= rotational speed of the pinion shaft (rpm) = 28Ir&v/min
- i = tangential force on the pinion (N)

- d= pinion pitch circle diameter (mm) = 100

- o= angle of pressure = 20°

- Fs= separating force

- g = gear pitch angle = 45°

- Fj= gear thrust

60 - 1000

Ms = Psm= 157100 N - mm
2 - M
F, = =3141N
g

F,= F;-tana = 1144 N

F, = F;-sing; =809 N

Escuela de
Ingenieria y Arquitectura
Universidad Zaragoza

The momentum created by thg iE this value times the distance to the centethef

shaft:

=F 4

M g-7=40432N-mm

g
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The next diagram shows the forces acting on thé si@duding only forces in Y axis

and Z axis; bending moments in Z axis.

BO9 N
298 N

l 40432 N mm

AN v 2

3141 N

The next diagram shows the forces in X axis anglues in the shaft:

157300 N mm 157300 N mm
O v 809 N

To calculate the reactions forces and the effortthe shaft the forces are going to be
separated in different axis: X, Y and Z. The X asiparallel to the shaft, the Y axis is

vertical and the Z one is perpendicular to botthem.

During the calculations the different points oé tbhaft are going to be named like in

the next picture:

400 mm 147 mm 253 mm

-101 -
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X-axis:

542
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ZFx=O—>RH—8O9=O—>R=8O9N

As the value is positive, the force is to the righd the axial loads diagram, being the
units Newton, is:

809 N BO9 N

In the X-axis there are also torques both withdhme value, first one coming from the

vertical shaft and the second one transmittingatigular speed to the pump.

So the torque diagram is, being the units N-mm:

JAN

157300 N mm

157300 N mm
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Y-axis

The forces on the Y-axis are the weight of the puhgtension of the rope where the
wheel is, the vertical separating force of the gemrd the two reaction forces, one in

each bearing.. Next diagram shows the forces anditbg moments in N and mm:

298 N
l 40432 N mm

D » 2

To calculate the reaction forces in the bearingmB D, two equations are going to be
used:

ZFy=0—>—298—809+ Rpy +Rpy =0

ZM;‘=0—>4O432+RBy-400—809-547+RDy-800=0

Ry = 1208 N
R) = —-1018 N

The negative signal means that the force is dowisvar
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The next picture shows the bending loads in Z-axigs are in N-mm:

1159200 N mm

LDD{ 25750 N mm
R
4& [\EII?/;DN mm ;%

What is most important in these diagrams is thetetfis a bending moment of 1.19210

N-mm where the bearing B is. To be calculated :

MBZ = FAy . 400

Being Fythe weight of the pump and the tensions, 400 isdiseéance to the first

bearing.
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Z-axis

The forces on Z-axis are the force creating bystmaitting the torque from the gear in

the vertical shaft to this one and the reactionderof the bearings.
3141 N

& &

ZFZ=O—>3141+ Rp, + Rp, =0

ZM;‘=O—>RBZ-4OO+3141-253=0

Ry, = —1987 N
Rp, = —1154 N

The next picture shows the bending loads in Y-axis:

292040 N mm

()

& &

The most important datum in these diagrams is thete is a bending moment of

2.92-10N-mm where the gear is. To be calculated:
M = RDZ . 253

It is also important that where in the Z-axis trentéhng moment is maximum, in this

axis is zero.

Where the gear is the bending moment is:

M = /MCZZ + Mc,* = 293200 N - mm
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In that point the bending moment is 293200N- mmtaedorque is 157300 N-mm.

For this torque and this bending moment the dianeeate be calculated:

3147 2 2
A = 64M2 + 48T2 = 21,01 ~ 22 mm
-0,

-5,= 710 MPa

The steel needed is one with a high strength, gmodshafts, AISI 4340 steel

normalized.

The diameter in that part of the shaft is goinped25 mm because the hub diameter for

the gear is 25 so the safety coefficient will bggeir.

Where the bearing B is, the diameter has to beakmlated, in that point the torque is
157300 N mm and the bending moment is 119200 N mm:

3|41 2 2
i = 64M2 + 48T2 = 17.31 ~ 20 mm
-0y,

The inner diameter of the bearing is 17 or 20,&ws2he value.

The shame way to calculate the total moment, thetians can be calculated:

R = /RByZ + Rp,> = 2325 N
Rp = /RDyZ +Rp,? = 1539 N
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Gear key

In order to transmit the torque from the shafti® pinion a key is going to be designed.

)

Because of the shaft diameter is 25 mm the maieuision are 8x7.
The keyway depth shaftjt= 4 mm

The keyway depth hubyft= 3.3 mm

The force we want to transmit is:

T 157300 N -mm

F, = = = 12584 N
S d/2 12,5 mm
Design stresses:
Fg 1573
Tdesigim — = ——
l'b l
Fs 359543
Odesigim 77—~ = —

l
2l

Von Mises stress:

4511
Opm =NVO2+3-72 =——
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If the design safety coefficient is 2,

gy g, 588
—>O'vm:—:T:294MPCl

Uvm )

4511
T=294—>l> 15,34 = 16 mm

16 is chosen because is the minimum length

_ 4511

Ouym T= 281,94 MPa

Wheel key

The last key is needed to fix the wheel pump tostnet.

Yy

o

Because of the shaft diameter is 20 mm the maimiggion are 6x6.
The keyway depth shaftjt= 3.5 mm
The keyway depth hubyft= 2.8 mm

The force we want to transmit is:

T 157300 N -mm

F, = = = 15730 N
S d/2 10 mm

- 108 -
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Design stresses:

T Fg 2621.7
desigi= — =
esigri— b ]

Fg 5243.3
O desigi— 7— = .

>

Von Mises stress:

6936.31
Oym =02+ 312 =—7

If the design safety coefficient is 2,

ay g, 588
ng = - Oym = — =——=294 MPa
Uvm S 2

6936.31

] =294 ->1>236~25mm

25 is chosen because is the minimum length

_6936,31

Com Se— = 277,45 MPa

- 109 -
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Annex VII: The pump

The rotor has a power of 286 Watts working withiadwspeed of 4.6 m/s. Because of
the transmission efficiencies, the power that getthe pump is 229 W. The pump
efficiency is not 100% but 80%. So the power fa tlalculations is 183 W. This power
is going to be used to raise the water, and i<tyr@roportional to the flow of water.

The power is the product of force times the speed:
P=F-v

As the speed is constant there is no accelerataimes system is balanced. Then, the

force is only the weight of the water that is beiaged. This force can be calculated as:
F=m-g=p-V-g=l-r2-7T-p-g

Being:

| : the length of the pipe

r : the radius of the pipe

p : the water density

g : gravity acceleration

The length is 11.5 meter, from the bottom of thdl ¥eethe pipe that goes to the tank.
The values of the density and the gravity are aithg same so the only values that can

be changed are the radius and the speed.
The flow can be calculated as:

Q=r*-m-v
Joining all the equations the power is:
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It has been demonstrated that the power is dirguthportional to the flow and the

length. Clearing the flow:

Q= =1.6x1073m3/s =1.61/s

l-p-g
What has to be designed is the radius of the pijethe speed that depends on the
radius. But the force also depends on the diansetdrthe rope has to support it. The

final diameter is 32 mm so the speed is:

The wheel that will support the rope has a diamettd6 inches which is 406 mm. With
the diameter and the speed of the rope the angellacity can be also calculated:

1%
P2 = 9.84 Tad/

2

w - 60
— g4 Tev
2-T 94 /minute

Having all this data, the force that the rope loasuipport because of the water is:
F=1l-r>-m-p-g=90.7N

This force is just the weight of the water but fbe rope not to slide on the pulley

bigger tension is needed.

This drawing represents the pulley, the biggeritan$r2) is
the one that supports the water. To measure thammax

difference the next equations have to be used:
T2pmax = T1- e#28
Tl T2 Where:
K is the friction coefficient

A0 is the angle that the rope is touching the wheel
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To solve the equation another one is needed irr todeave system of equations.
T2 = T1+ Wyarer
Being Wiaterthe weight of the water.

The rope is made of polypropylene and the surfdcthe wheel that is in contact is
made of rubber. The friction coefficient betweeash materials is 0.55 and the angle is
180°.

T1+ Wyater =T1- e*2% 5 T1=19.582N
T2 =110.207 N

The value of T1 is the minimum value needed forrthge not to slide over the pulley.

This value is a pretension that has to be installed

The maximum tension the rope maker recommendsdd\l§o the maximum values of

the tension should be:
T1=70N
T2 =160 N

The end of the pipe has to support a force betwli&hand 230 N that can make it
buckle. In order to avoid that a heavy piece ofccete will be installed, weighting the

force needed.
In order to minimize the buckling of the pipes e a heavy part of concrete.

The weight of the pipe is 6 kg, what is 59 N. Se weight of the guide of the pump has
to be at least 70 N of weight and no more than N7@s the PVC works better with
tension loads than compression loads, the weigtiteopiece is approximately the max.

tension of the rope.
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Annex VIII: BEM calculations

A B C D LC F (€] [ J K

2

3 Design procedure for an optimal rotor

4 2004.10.14/5Gt Blue numbers are input to the

o #FVALOR! program

(]

7 ﬁp speed ratio E - 5,5 Quipuis are teta and o/R, see

& Number of blades B - 3 figurce

9 Angle of attack  alpha *© 7 .

10  Coeff. of lift oL - 0.38 & element-model where there is no

11 Tabls 1- Input = - blade dl the inmer elzment!

12

13

14 Rzl racius il - 0,188 0213 0,438 0562 (688 05813 093 0118 1,000
15 |Speed ratio X - 1,03 .72 241 300 378 447 516 065 550
16 JAngle, optimal PHL 287 200 152 122 101 88 Tk 3 7.0
17 JPitch wota ° 2,7 13,0 g2 52 3,12 1,6 05 304 C.0
18 JFactor 5 = 335 254 200 164 130 1,20 106 366 1,00
19 JRal. chordlength o/R - 0231 0475 0,138 0113 0,096 0083 0072 0252 0,089
20 Table 2: output

21

22

23 Optimal pitCh angle and chord ratio

24

25

26 60 0,3

27 50 |

28 > A

29 | A0 0.2_

0| =y o _ T | e tot

31 ﬂlzo » “(J\‘CL 0 .-I% 4

32 e 3

35 0 *——e— 100

36 0.0 0,2 0.4 0,6 0& 1,0

_'5:’

28 IR [-]

39
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A B C B = F G H | J K
111 B C D E F G H | J K
2 | 2 |Power caleulation
3| 3 |2004.10.14/5Gt |
4 | 4 |C-Wsers\Lucia\Deskbop\ProyectolProject-IHA|Excel\[NuestroBEM.xl=)Power Wing performance
515 kO 0,10318 0,0060387
6 | 6 |Radius R o m 1,7 k1 0,10516] 000036282
7 | 7 |Wind speed V_0 m's 13,5 k2 0,0010483] 0,000054269
4 | & |Rotational speed n min™-1| 421,89 k3 THMETEDG] 6.9534M1ED6
9 | 9 |Density of air ho ka/m3 1,225 k4 -6 5B2¥E-06| -2 BD45E-DO7
10 |10 {Mumber of blades |B - 3
11 [ 11 [Angular spesd omega |51 44 2 alfa_s 16
12 [12 |Thickness, 1ring  |dr m 0,2125 C s 1,652801248
13 [13 |Inner radius R_i m 0,2125 C_ds 2 25E-02
14 | 14 |Swept surface A_s m2 8,04 B1 1,00
15 [ 15 |Max. power P max |W 7981 B2 -0.0556
16 [ 16 |Tip speed V_TIP  |mis 75,1 Al 10,500
17 |17 |Tip spead ratio X_act - 556 A2 0414
18 |18 [Table 1: Rotor size and speed Table 2- Wing data
19 |19
20 (20
21 {21 |Ring no. MN_r - 1 2 3 4 5 G T
22 |22 |Rel. radius MR - 0198 031 044 0586 0,69 0,81 0,94
23 [ 23 |Radius r m 032§ 053] 074, 096 1,17 1,38 1,59
24 24 |Pitch teta B 21,660812973] 8190 5180 3121 1,630 0,503
25 (25 |Chord [ m 0,392f 0297 0234| 0,192 0,162 0,141 0,124
26 |26 [Table 3: From "Design”
27 (27 If you want o use the pitch and cord values from the optimal rotor design
28 128 you can copy the values inrows 24 and 25 o rows 29 and 301
25 |25 |Pitch, no pitch contrdteta 0 [° 2166f 1297 B819] 518 3,12 1,63 0,50
30 |30 |Chord [ m 039 030f 023 0,19 0,16 0,14 0,12
31 [ 31 |Fitch angle teta ® 2178 130 8.2 52 31 16 05
32 |32 |Solid ratio sigma |- 0588 027 015/ 010 0,07 0,05 0,04
33 |33 |Speed of blade romega |mis 14,1 235] 329| 422 51,6 61,0 704
%g %g Use the macro "Ctrl + p” to made the iteration | You might have to use
%56 - the macro more imes o neduce the emmors in rows 51 and 52 o0 0
37 [ 37 |Axial int factor a - 03208 0311} 0,306/ 0,305 0,309 10,323 0,394
38 | 38 |Tang. int. factor a - 0177§ 0,068] 0035 0,021 0,014 0,011 0,009
39 [ 35 |Angle of rel. wind PHI ® 2908 203] 154| 123 10,1 84 6.6
40 |40 |Angle of atack alpha ® 73 74 T2 7.1 7.0 6.8 G,1
41 (41 |Coefi. of lift C_L - 0,9118§ 0,9194) 0,9015| 0,8870| 0,8752 08549 0,7722
42 (42 |Coefi. of drag C_d - 0,0080§ 0,0081] 0,0073| 0,0078| 0,0077 0,0075 0,0069
43 43 |y-component Cy - 0A802F 0ARR| 0B71( DBGA| 0DARA3 0 847 0,768
44 |44 |x-component C_x 0435f 0312] 0232] 0181 0,146 0,118 0,081
45 |45 |Factor F - 10008 1,000{ 1000 0997 0987 0,940 0,726
46 (465 |Factor K - 1992F 2094] 2158| 2165 2121 1,960 1,329
47 |47 |Axial int factor (1)  |a_1 - 0334F 0323] 0317 0316 0320 0,338 0429
48 (48 |Axial intfactor (2§ |a_2 0,320§ 0,311} 0,306/ 0,305 0,309 10,323 0,354
49 (49 |Axial int.factor a 03208 0311f 0306( 0303 0309 0,323 0,394
50 |50 |Tang. int. factor a - 0177} 0068 0035 0021 0,014 0,011 0,009
51151 a and a" must be BITor_a % 0 ] 0 0 0 ] 0
52 | 52 |quessed until ermors |error_a'  |% 0 0 0 0 0 0 0
53|53 |=2%
54 |54 |Rel. speed W mis 1908 26,7 353| 442 53,2 623 715
55 |55 [Tang. force F x Nfm 3758 406 413] 414 411 395 31,7
56 |56 |Awial force F y Nim 6028 112.6] 1553 1989 2430 2838 260 1
57 |57
A8 |58 |Power Pr W 337 608 866 1116 1352 1837 1424
59 |55 |Swept area A m2 0426 0,709] 0593 1277 1,560 1,844 2128
60 (60 A % bs) 8 11 14 17 21 24
61 |61 |Axial force F N 44 1 718 990 1268 1549 1810 190,7
62 |62 |Table 4; Calculation
63 |63
B4 |64 |Pitch control dteta ® 0
65 [65]|Wind speed vV 0 mis 13,5
66 |66 |Rotafional speed n min™-1| 421,89
B7 |67 |Power P kW 7.2397
58 |68 |Efficiency eta r %o 90,7
69 |63 Torque T Nm 4]
70 [7O]Axial force F a N 868
71 [71]Tip spead ratio X_act - 556
72 | 72 |Mean angle of attackialpha m |* 70
73 |73|Tahle 5: Summary of results
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For alfa < alfa-stall:
C = kO + k1*alfa + k2*alfa”2 + k3*alfa*3 + kd4*alfa’4
c.l Ccd
k0 1.0318E-01 6.0387E-03 i
k1 1.D516E-01 -3 6282E-04
k2 1,0403C-00 54269C-05 1,8
k3 7,3487E-06 6 534'1E-06 1.6
k4 -6,5827E-06 -2 8045E-07 14
o i \
@ N\
) 1.0 —
Stall angle  elfa-stall 16 i \ _
= 04 t 1 : . |
Lift at stall  C_ls 1,6528 ;. 0.6 N
Drag at stall C_ds 0,0225 0.4
Max drag  C_dmax 1 02
Fartor R1 1 &0 )
Factmr Bz -DIDESB 0 0 20 30 40 50 6C 70 B8O 90
Faclor Al 0.5 Nfa[]
Factor A2 04140
For alfa==zalfa-stall:
C_d=B1'sin"2(alfa) + B2"cos(alfa) + C_ds
whers:
B1-C dmax
B2 = (1/cosialfa-stall)) * (Z_ds - C_dmax"sin"2({alfa-stall))
C_l = Al'sin(2*alfa) + A2*(cos™Z(alfa)/sin(alfa))
wherz
Al=B1/2
A2 = [C_Is - C_dmax"sin(alfa-stall)* cos{alfa-stall)]"{sin{alfa_stall)/cos"2(alla-stall }}
glfa (| Cdcucd
! - - -1 120
0 0,103 0,0060 17
1 0,209 0,0057 7| 100 /
2 0,218 0,0056 5T ap
3 0.428 0.0056 76 )'
4 0,534 0,0058 Q3] | 60
5 0,652 0,0062 105 \
6 0,765 0,0069 ] 40
7 0.877 0.0077 [RE] IS
g 0.288 0,0088 112
a 1,007 0,0101 100 0 4
10 1,201 00116 104 10 70 0
11 1,200 0,0132 98
12 1,292 0.0150 93
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1 Upper Truss Stainless Steel 1
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1 Nacelle cover 1060 Alloy 1
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3 Rotor plate 1023 Carbon steel 1
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6 Bearing support 2 1023 Carbon steel 1
7 Rotor shaft plate 1023 Carbon steel 1
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