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ABSTRACT

The final thesis deals with the design of the runner of a Kaplan turbine. It might be
that due to the increasing of the electricity tariff in the last years small
hydroelectric power plants become cost effective. Since the runner of a small
hydroelectric power plant is quite small, it has to be reexamined if the hub of the
runner provides enough room for a proper adaptation mechanism. For this purpose
the main characteristics of the runner are determined. Then, important data such as
the suction head, the occurring forces or the critical speed are established. After
those data are known, a detailed stress analysis of the developed adaptation
mechanism follows. The stress analysis shows that the mechanism to adjust the
blades is able to withstand the occurring forces. Finally drafts of the runner and its

parts are done.
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1 INTRODUCTION

The demand for increasing the use of renewable energy has risen over the last few
years due to environmental issues. The high emissions of greenhouse gases have
led to serious changes in the climate. Although the higher usage of renewable
energy would not solve the problems over night, it is an important move in the
right direction. The field of renewable energy includes, for example wind power,

solar power and waterpower. /1/

The first use of waterpower as an energy source dates back centuries. The energy
was utilized, for instance, to grinding grain. The applied machinery for this purpose
was based on simple water wheels. Over the years the machinery has been
developed and become more and more advanced. Hydropower was the first
renewable source which was used to generate electricity over 100 years ago.
Today, hydropower is an important source of producing electrical energy;
approximately 20% of the world electricity is supplied by hydroelectric power
plants. /1, 2, 3, 4/

Depending on the head and discharge of the sites, the hydroelectric power plant has
to be equipped with a specific turbine in order to get the highest efficiency. There
are several different kinds of water turbines and can be divided into impulse and
reaction turbines. An impulse turbine is where the water pressure is transformed
into kinetic energy before the water reaches the runner of the turbine. The energy
hits the runner in a form of a high-speed jet. A turbine, where the water pressure
applies a force on the face of the runner blade is called a reaction turbine. The
following three following turbines are usually utilized in the modern field of
hydropower:

ePelton turbine

eFrancis turbine

eKaplan turbine

These are discussed in more detail below.

1/
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1.1 Pelton turbine

The Pelton turbine belongs to the group of impulse turbines. It consists of a wheel
which has a large number of buckets on its perimeter. One or more jets thud on the
buckets which cause the torque. The wheel and generator are generally directly
connected by a shaft. The range of head, in which the Pelton turbine is used, is
between 60m and more than 1,000m. The Pelton turbine has quite a high
efficiency and can be in the range of 30% and 100% of the maximum design

discharge for a one-jet turbine and between 10% and 100% for a multi-jet turbine.

/1, 3/

. Wheel
Inlet pipe

Flow

Jet

Figure 1.1: Pelton Turbine /3/

1.2 Francis turbine

The Francis turbine is a reaction turbine. It has fixed runner blades and adjustable
guide vanes. Francis turbines are generally arranged so that the axis is vertical
although smaller turbines can have a horizontal axis. The admission of a Francis
turbine is radial and the outlet is axial. The field of application of the turbine is
from a head of 25m up to 350m. It has an efficiency of over 80% in a ranging from

approximately 40% to 100% of the maximum discharge. /1, 3/

Guide vanes Runner blades

Flow

Draught tube

Figure 1.2: Francis Turbine /3/
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1.3 Kaplan turbine

The Propeller turbine and the Kaplan turbine are reaction turbines. They have
relatively small dimensions combined with a high rational speed. Hence the
generator dimension is rather small and inexpensive. In addition, both the Propeller
and the Kaplan turbines show a large overload capacity. The intake of the flow is
radial. After the inlet the flow makes a right angle turn and enters the runner in an

axial direction.

The difference between the Propeller and Kaplan turbines is that the Propeller
turbine has fixed runner blades while the Kaplan turbine has adjustable runner
blades. Propeller turbines can only be used on sites with a comparatively constant

flow and head while Kaplan turbines are quite flexible.

The Kaplan turbine can be divided in double and single regulated turbines. A
Kaplan turbine with adjustable runner blades and adjustable guide vanes is double
regulated while one with only adjustable runner blades is single regulated. The
application of Kaplan turbines are from a head of 2m to 40m. The advantage of the
double regulated turbines is that they can be used in a wider field. The double
regulated Kaplan turbines can work between 15% and 100% of the maximum
design discharge; the single regulated turbines, however, can only work between

30% and 100% of the maximum design discharge. /1, 3, 5/

Guide vanes

/

Flow

Flow ' ‘1

v [ Runner blades

Draught tube /ﬁ Y.

Figure 1.3: Kaplan turbine /3/

o W, W W, W
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1.4 Definition of a small hydroelectric power plant

To define whether a hydroelectric power plant is a small one or not depends on its
capacity. However, European countries do not agree where the capacity limit for a
small hydroelectric power plant should be. In the UK, for example, the limit is
fixed at 20MW while in France the capacity limit is 12MW. In Finland, the
capacity limit is only IMW. /1, 6/

1.5 Waterpower in Finland

Although Finland is called the land of 1,000 lakes, hydropower does not play a

significant role in energy production.

3 Oil

B Wood fuels

O Nuclear Energy

O Coal

B Natural gas

O Peat

B Net imports of electricity
O Hydro and wind power

B Other energy sources

16.2%
Figure 1.4: Total energy consumption of Finland in the year 2006 /7/

As shown in figure 1.4, hydropower, together with wind power, comprises just
2.8% of the total energy. The main energy sources in Finland are oil (24.4%) and
wood fuels (20.2%). Nuclear energy, coal and natural gas are also important energy

sources.

The main reason for the small share of hydropower as a source of energy lies with
the characteristics of the natural landscape. Although Finland has many water
sources, it is a relatively flat country. For this reason, the heads are mostly to low
to build large or medium-size hydroelectric power plants. Furthermore, areas
where the heads are high are normally under environmental protection. The only
way to increase the electricity production by water power, therefore, would be to

build small hydroelectric power plants. This option has not been cost effective due



TAMPERE UNIVERSITY OF APPLIED SIENCES FINAL THESIS 12 (134)
Environmental Engineering Timo Flaspohler

to the low electricity tariff - the income would have been too little to cover
investments. However, due to the price rise in electricity over the last few years,

this option might be reconsidered.

1.6 The price of electricity in Finland

Figure 1.4 shows the price development of electricity in Finland over the last 6
years. Although the years 2004 and 2005 show a downturn, the electricity tariff
increased approximately by a factor of three from 2000 to 2006.

60

50

40

30 -

20

nl

0 : : : : : :

2000 2001 2002 2003 2004 2005 2006

EUR/MWh

Year

Figure 1.4: Electricity tariff 2000-2006 /8/

In Figure 1.5 it can be seen that the annual average of the electricity tariff in 2007
will be less than in 2006. However a new increase in the price of electricity can be

expected for the few next years.

40

35 1
30 =

25 -

20 -

EUR/MWh

15 -

Jan Feb Mar Apr  May Jun Jul Aug  Sep Oct
Month

Figure 1.5: Electricity tariff January- October 2007/8/



TAMPERE UNIVERSITY OF APPLIED SIENCES FINAL THESIS 13 (134)
Environmental Engineering Timo Flaspohler

2 ASSIGNMENT OF TASKS

This final thesis is one part of a project carried out by Tampere Polytechnic which,
at the time of writing, was in its initial staged. The aim of the project is to explore

if it is worth building small hydroelectric power plants in Finland.

The aim of this final thesis is to develop a Kaplan turbine’s runner with adjustable
blades - adaptive for small hydroelectric power plants. For this purpose, a
prototype of the runner is to be designed with a proper mechanism for adjusting the
blades. The concern is that the hub of the turbines for small heads does not provide
much space for the adaptation mechanism. The mechanism’s parts have to be big
enough to resist the occurring forces and small enough to fit in the hub. This thesis
determines whether this is possible or not. If the stress analysis shows that the
mechanism is suitable, a draft of the runner will be drawn. The requirements of the
discharge and the head are set at the site where an experimental rig for the

prototype can be founded.

Jaakko Matila project supervisor, owns a small hydroelectric power plant equipped
with a Francis turbine. The Korpikosky power plant, built on Lake Korpijarvi,
provides enough space to build an experimental rig for the runner and as it would
allow a direct comparison between a Kaplan and a Francis turbine. The turbine is

designed to work in a maximal head of 3.7 meters and a highest discharge of 3m’/s.

To guarantee a smooth running of the project, experts from different fields are
involved: Jaakko Matila and Simo Marjaméki are responsible for technical issues:

Antti Klaavo for economical matters and Juha Paukkala for any legal questions.
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2.1 List of requirements

Timo Flaspohler List of requirements R = Requirement
W = Wish
Project:
Kaplan Turbine
R Value,
No. Description Dates, Responsible

W Comments,

1 Purpose
R 1.1 Small hydroelectric power plant

2 Working range
R 2.1 Discharge 3m’/s
R 2.2 Head 3.7m

3 Geometry
R 3.1 Number 1
R 3.2 Blade diameter 730mm Timo
R 33 Hub diameter 240mm Flaspohler

4 Blades
R 4.1 Adjustable blades

5 Forces
W 5.1 Mechanical transmission

6 Material
R 6.1 Corrosion-resistant
R 6.2 Cold-resistant
Date: 01.10.2007 Page 1
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Timo Flaspohler List of requirements R = Requirement
W = Wish
Project:
Kaplan Turbine
R Value,
No. Description Dates, Responsible

W Comments,

7 Manufacturing
W 7.1 In the Tampere Polytechnic
W 7.2 Using purchased parts

7.3 Prototype

8 Assembling
R 8.1 Accessibly assembling
R 8.2 Simple assembling

9 Maintenance Timo
R 9.1 Simple maintenance Flaspohler

10 Safety
R 10.1 Accident prevention rule

11 Power
R 11.1 High efficiency

12 Dates
R 12.1 Deadline 17.12.2007
Date: 01.10.2007 Page 2
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3 Variation matrix
Table 3.1: Variation matrix
A B C
1: Axle Material: Material: Material:
X3CrNb17 X20Crl13 X17CrNil6-2
2: Shaft Material: Material: Material:
X3CrNb17 X20Crl13 X17CrNil6-2
3: Upper hub Material: Material: Material:
X3CrNb17 X5CrNil8-10 X8CrNil8-10
4: Middle hub Material: Material: Material:
X3CrNb17 X20Crl13 X8CrNil8-10
5: Lower hub Material: Material: Material:
X3CrNb17 X20Crl13 X8CrNil8-10
6: Blade Material: Material: Material:
X3CrNb17 X3CrNiMo13-4 X8CrNil8-10
7: Blade number 4 6 8
8: Pivot Material: Material: Material:
X3CrNb17 X20Crl13 X17CrNil6-2
9: Bearing pivot Roller-bearing Bush bearing dry Bush bearing
operation with greasing
_ N :?*}\.‘ i 7
afSRiai ‘ i 1 4 1
<1
10: Bearing iglidur®H370 iglidur®H —
material
11: Lever Material: Material: Material:
X3CrNb17 X20Crl13 X17CrNil6-2
12: Link Material: Material: Material:
X3CrNb17 X20Crl13 X8CrNil8-10
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A B C
13: Bearing link Bush bearing dry Bush bearing with
operation greasing
14: Bearing iglidur®H370 iglidur®H
15: Crosshead Material: Material: Material:
X3CrNbl7 X20Cr13 X17CrNil6-2
16: Bolt Bolt without head Bolt with head and Bolt with head and
splint pin hole threaded pin
i = o
17: Bolt Material: Material: Material:
X6CrMoS17 X20Crl13 X17CrNil6-2
18: Fuse element Locking ring Splint Spring cotter

3.1 Selection

Chosen Statement
1:A The axle is made out of stainless steel and will be welded on the
upper hub. Thus the chosen material is corrosion-resistant with
good weldability.
2:A The shaft has to be corrosions resistant and will be welded to the

crosshead. The chosen material is a stainless steel with a good

weldability.
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3:B

The upper hub is corrosion resistant. Since the upper hub and the
axel will be connected by welding, the upper hub should also be
from a weldable material. The chosen material fulfills both these

requirements and thus a good choice.

4:B

The middle hub needed to be highly machinable because of the

holes needed to fit the pivot. It is corrosions-resistant.

5:A

The lower hub needs only to be corrosion resistant. Thus this

inexpensive material is sufficient.

6:B

The blade has to be as thin as possible: thus the material should
have a high resistance against bending and be stainless. The
material chosen for the blade was stainless steel with the highest

strength against bending.

7:A

Four blades are usually used at heads up to approximately 25-30m.

/9/

&:B

The pivot is of stainless steel and the steel highly machinable. The

material satisfies both these properties.

9:B

The bearing was chosen because it should not have any additives
which could contaminate the water (oil and grease): it is also

inexpensive compared to roller bearings.

10:B

The bearing must be specified to work under water and it fulfills all
the stress requirements; the bearing chosen is an inexpensive

alternative to the iglidur®H370.

The lever is supposed to manufacture via milling; so its material
must be machinable. Furthermore, it must be corrosions resistance.

The chosen material fulfills the mentioned requirements.

12:A

The link must to be corrosion resistance and withstand the
occurring forces. The link chosen fulfills both requirements and it

is less expensive than other stainless steels.

13:B

See statement 8

14:B

See statement 9
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15:B

The material for the crosshead must be stainless steel, have a high
machinability and be weldable. The chosen material has a good
machinability and conditional weldability which should be

sufficient.

16:C

The chosen bolt is to the best for fixing the bolt at the crosshead.

17:A

The chosen material is corrosion resistant and it is able to
withstand all the forces which occur at the bolt. Furthermore, it is a

common bolt material.

18:C

For maintenance purposes, the runner should be easy to
disassemble. This spring cotter is easy to dismantle and it is not

always necessary to replace it after each dismantling.
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4 CALCULATION OF THE MAIN CHARACTERISTICS

In this section and also in the following sections, only equations and results will be
presented. The detailed calculation of this thesis can be found step by step in the
Appendix.

The main characteristics are the data on which the design of the runner is based. To
calculate, for instance, the forces on the blade or to determine the dimensions of

the adaptation mechanism the characteristics of the turbine are needed.

In figure 4.1, a sketch of a Kaplan turbine is given. On this sketch, those heads and

points which play a significant roll in this thesis are marked.

Hj

Figure 4.1: Sketch of a Kaplan turbine
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4.1 Power

The power of the runner can be calculated with the following equation:

P=Q*H*n, *p*g [W] (4.1)
Where:

Q discharge [m’/s]

H gross head [m]

Nh hydraulic efficiency [-]

p water density [kg/m’]

g acceleration of gravity [m/s’]

The efficiency depends on the level of the losses which depend on the construction
of the water passage of the turbine. However, the design of the runner is just
theoretical. This means that the runner is not designed for a specific plant and the
water passage does not exist. Thus, the value of efficiency must be assumed. The
site where the experimental rig of the turbine can be built provides a maximum
gross head of 3.7m. An efficiency of 0.9 can be assumed for a Kaplan turbine.
Also, the discharge arises from the site of the experimental rig. The daily

maximum discharge of lake Korpijarvi is approximately 3m’/s.

In addition, the following values are known:
p =998kg/m’
g=9.81m/s’

The outcome of this is a turbine’s power of 98kW. /1/
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4.2 Speed of the turbine

4.2.1 Specific speed
The different types of water turbines can be classified by their specific speed.

Different definitions of the specific speed exist which can be found in the technical
literature. As stated in the “Guide on how to develop a small hydropower plant”,
the specific speed is a dimensionless parameter and characterizes the hydraulic
properties of a turbine in terms of speed and discharge capacity; it is based on
similitude rules.

The specific speed is defined as:

o =2 [ @)
Where
E specific hydraulic energy of machine [J/kg]
n rational speed of the turbine [s]

The specific hydraulic energy of machine can be established with the following

equation:

E=H, *g [J/kg] (4.3)
Where:

H, net head [m]

A net head of 3.33m arises from the product of the gross head and the efficiency:
H, =H*n, m]  (44)

Due to statistical studies of schemes, F. Schweiger and J. Gregory established the

following correlation between the specific speed and the net head for Kaplan

turbines:
2.294
nQE = W ['] (45)

Since the rational speed is unknown, the specific speed has to be calculated with

the formula (4.5). Hence, a resulting specific speed of 1.28 arises. /1/
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4.2.2 Rational speed

The rational speed can be calculated by putting equation (4.3) in equation (4.2).
The resulting equation has to be re-arranged to the rational speed of the turbine.
From this a rational speed of 10s™ follows. This value of the rational speed is
optimal because it is synchronous to the generator speed. Thus, the turbine can be

directly coupled to it.

Table 4.1: Generator synchronisation speed /1/

Number of Number of
poles 50 Hz 60 Hz poles 50 Hz 60 Hz
2 3000 3600 16 375 450
4 1500 1800 18 333 400
6 1000 1200 20 300 360
8 750 900 22 272 327
10 600 720 24 250 300
12 500 600 26 231 277
14 428 540 28 214 257

In table 4.1 gives the synchronous speeds (in the unit min™) which the runner

should reach to connect it directly to the generator. /1/

4.2.3 Runaway speed

The runaway speed is the maximum speed which the turbine can theoretically
attain; it is achieved during a load rejection. Depending on the regulation of the

Kaplan turbine, the following guidelines can be used to determine the runaway

speed:
Table 4.2: Runaway speed /1/
Turbine type Runaway speed nyax/n
Single regulated Kaplan turbine 2.0-2.6
Double regulated Kaplan turbine 28-32

The turbine is supposed to work double regulated. Hence, a maximum runaway

speed of 32s arises. /1/
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4.3 Runner diameter section

The runner diameter D, can be calculated by the following equation:

+H
D, =84.5%(0.79+1.602*n,)* ps *"n [m] (4.6)

All the values which are needed to calculate the runner diameter were established

in Section 4.2. By using these values, a runner diameter of 0.73m results from the

equation (4.6). /1/

4.4 Hub diameter

The hub diameter D; can be calculated with the following equation:

D, = 0.254 %0951 *D, [m] (4.7)
nQE

A hub diameter of 0.24m arises from the equation (4.7). /1/



TAMPERE UNIVERSITY OF APPLIED SIENCES FINAL THESIS 25 (134)
Environmental Engineering Timo Flaspohler

4.5 Blade characteristics of some different heads and discharges

Table 4.2: Characteristics under different circumstances

D, [m] 071 075 0.78| 081 | 084| 087 090| 093] 095| 098] 1.01

D; [m] 022 023] 024| 025] 026] 027 028] 029] 029]| 030| 031] H,
P [kW] 50 55 60 65 70 75 80 85 90 95| 100

Q [m’/s] 255 | 281 3.06| 332| 3.57| 383 | 4.09| 434| 460| 485 s511| 2

n[s"] 956 | 9.11| 872| 838| 8.08| 780 755| 733| 7.12| 693| 6.76

e [s '] | 28.67 | 27.33 | 26.17 | 25.14 | 24.23 | 23.41 | 22.66 | 21.99 | 21.37 | 20.80 | 20.27

P [kW] 66 73 80 86 93 99 | 106 | 113| 119 126]| 133

Q [m/s] 271 298| 325| 352 3.79| 406 | 434| 461 | 48| 515| 542 25
n[s'] 984 | 938 | 898 | 863 | 832 803| 7.78| 7.55| 733| 7.14| 6.96

e [s '] | 29.52 | 28.14 | 26.95 | 25.89 | 24.95 | 24.10 | 23.34 | 22.64 | 22.00 | 21.41 | 20.87

P [kW] 83 92| 100| 108 117 125 133 142 150| 158 167

Q [m’/s] 283 | 3.12| 340 3.68| 3.97| 425| 454 482| s510| 539 567| 3

n[s™] 1009 | 9.62| 921| 885| 853 824| 798| 7.74| 752 732| 7.14

N [s7'] | 30.28 | 28.87 | 27.64 | 26.56 | 25.59 | 24.73 | 23.94 | 23.23 | 22.57 | 21.97 | 21.41

P [kW] ot | 11| 121 31| war| 1st| 1et| 171 | 181| 191 | 201

Q [m/s] 204 | 323| 353| 382 411 441| 470| 499| 529 558 588 3.5
n[s"] 1033 | 9.85| 943| 9.06| 873| 843| 816| 792| 770| 7.49| 730

e [s '] | 30.98 | 29.54 | 28.28 | 27.17 | 26.18 | 25.30 | 24.49 | 23.76 | 23.09 | 22.48 | 21.91

P [kW] 118 130 142| 154 166| 178 190| 201 | 213| 225| 237

Q [m/s] 3.02| 333 3.63| 393 423 454| 484 5.14| 544 575| 605| 4

n[s'] 1054 | 1005 | 9.62| 925| 891 | 861 | 833| 8.09| 786| 7.65| 745

N [s'] | 31.63 | 30.16 | 28.87 | 27.74 | 26.73 | 25.82 | 25.00 | 24.26 | 23.57 | 22.95 | 22.36

P [kW] 137 150 1ea| 177 191 205| 218 232| 246 259 273

Q [m’/s] 310 | 341 | 3.72| 403| 434| 465 496| 527| 558 589 | 620 45
n[s™] 10.74 | 1024 | 981 | 942| 9.08| 877| 849 | 824 801 | 780| 7.60

N [s7'] | 3223 30.73 | 29.43 | 2827 | 27.24 | 26.32 | 25.48 | 24.72 | 24.03 | 23.39 | 22.79

P [kW] 155 170 186 | 201 | 217 232 248| 263| 279 204| 310

Q [m/s] 316 | 3.48| 380 411 443| 474| 506| 538| 569| 601 633] 5

n[s] 1094 | 1043 | 998 | 959 | 924 | 893| 864 839| 815| 793| 7.73

e [s '] | 32.81 | 31.28 | 29.95 | 28.77 | 27.73 | 26.79 | 25.93 | 25.16 | 24.45 [ 23.80 | 23.20

P [kW] 173 191 208 | 225 243| 260 277| 295| 312 329| 347

Q [m’/s] 322 | 354 386| 4.18| 451 | 483 5.15| 547| 579 612| 644 55
n[s™] 11.12 | 10.60 [ 10.15| 9.75| 939 9.08| 879 | 853| 829 8.06| 7.86

e [s'] | 33.35 ] 31.80 | 30.44 | 29.25 | 28.18 | 27.23 | 26.36 | 25.58 | 24.86 | 24.19 | 23.58

P [kW] 192 211 230 250 269| 283 | 307| 326| 346 365| 384

Q [m’/s] 327 | 360 392 425| 458 490| 523| 556| 58| 621 654 6

n[s™] 1129 | 10.76 | 1030 | 9.90| 954 | 922| 892| 866| 841 | 819| 7.98

e [s '] | 33.86 | 32.29 | 3091 | 29.70 | 28.62 | 27.65 | 26.77 | 25.97 | 25.24 | 24.57 | 23.95

Table 4.2 was completed by using the above equations from this chapter. This table
allows the reader to get an overview of the main characteristics of a Kaplan turbine

under different head and discharge circumstances.
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5 CAVITATION

In the fact that the vapor pressure of a liquid exceeds the hydrodynamic pressure of
the liquid flow, a small part of the water changes into the vapor phase; this causes
the formation of steam bubbles. The bubbles join the water flow and the more the
water changes into the vapor phase the bigger the bubbles get. Finally, the water
carries the bubbles to a spot where the liquid pressure increases again. The steam
bubbles are not able to withstand the higher pressure and they condense in an
imploding manner. This implosion releases very fast micro streams and pressure

peaks of up to some hundred MPa occur.

Cavitation occurs especially at spots where the pressure is low. In the case of a
Kaplan turbine, the inlet of the runner is quite susceptible to it. At parts with a high

water flow velocity cavitation might also arise.

Cavitation should be avoided because it has several negative effects on the turbine.
First it decreases the efficiency and causes crackling noises. However, the main
problem is the wear or rather the damage of the turbine’s parts such as the blades.
Cavitation does not just destroy the parts, chemical properties are also lost; for
example, the material is not able to recover its protective layer which is tutelary

against corrosion.

The suction head H; is the head where the turbine is installed; if the suction head is
positive, the turbine is located above the trail water; if it is negative, the turbine is
located under the trail water. To avoid cavitation, the range of the suction head is

limited. The maximum allowed suction head can be calculated using the following

equation:

H, =Pwm Py, c‘z‘ ~G*H, [m] (5.1)
p*g  2%g

Where:

Patm atmospheric pressure [Pa]

o water vapor pressure [Pa]

p water density [kg/m’]

g acceleration of gravity [m/s°]
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C4 outlet average velocity [m/s]
c cavitation coefficient [-]
H, net head [m]

The cavitation coefficient, calculated by modeling tests, is usually given by the
turbine manufacture. However, statistical studies related the cavitation coefficient
to the specific speed. Thus the o for the Kaplan turbine can also be established with

the following equation:

2

_ 1.46 Cy
o =1.5241%n; ETPeT [-] (5:2)
Where:
nQE specific speed [-]

The outlet velocity c4 can be established via the discharge and the diameter at the
outlet of the water passage. Since the dimensions of the water passage are not
known, the outlet velocity has to be assumed. An outlet velocity of 2m/s is chosen.
Using this velocity a diameter of 1.38m would arise at the outlet of the water

passage - a quite realistic value.

The specific speed is known from Section 4.2.1 and has a value of 1.28s. Thus a

cavitation coefficient of 2.2 arises.

The vapor pressure depends on the water temperature. The water temperature of
rivers in Finland can vary from 0°C in the winter to a maximum of 24°C in the
summer. Since the vapor pressure increases with higher temperatures the vapor
pressure at 24°C is relevant for the cavitation calculation. At a water temperature
of 24°C, the vapor pressure is 2985.7 Pa (see Table 14.1). Since the site, where the
experimental rig can be build, is just 100m above the sea level, an atmospheric

pressure of 101300 Pa can be used.

Hence, a maximum suction head of 2.9m results from equation (5.1). As long the
chosen suction head is below the established suction head no cavitation occurs. A

suction head of 0.45m is chosen. /1, 9, 10/
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6 DESIGN OF THE BLADE

Leading edge

Trailing edge

Figure6.1: Two different views of a blade

The design of the blade does not just depend on the stress analysis; several other
factors play significant roles as well. The leading edge is thicker than the trailing
edge for a streamlined flow. Furthermore, the blade should to be as thin as possible
to improve the cavitation characteristics; it is thicker near the flange becoming
thinner and thinner towards the tip. In addition, the blade has to be distorted on the
basis of the tangential velocity. The “Tragfliigeltheorie” is also an important factor

in defining the shape of the profile and the distortion of the blade. /9, 11/

6.1 Distortion of the blade under ideal circumstances

The velocity triangles, which occur on the blade, play a significant role in

determining its distortion. The velocities at the velocity triangle are shown in

Figure 6.2.
} u tangential velocity  [m/s]
c absolute velocity [m/s]
W relative velocity [m/s]

Cu Wy

Figure6.2: Velocity triangle:
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When a cylindrical cut is set at the runner and the cut is developed into a drawing
pane, a grating like that shown in Figure 6.3 occurs. Velocity triangle 1 occurs
directly before the grating and the velocity triangle 2 occurs directly after the
grating. The meridian components wi, and won, are equal. The medial relative
velocity can be determined via the average of w; and w; and its direction is
specified due to the angle B.. Value t represents the grating partition and value 1

denotes the chord.

u
C1 W1
u ‘ t

Cz%

R y Wmi= Wm2

%
W, FW, N\
2 Wi

Figure 6.3: Grating /9/

To define the distortion of the blade, the velocity triangles of six different radiuses
of the blade are determined. The angle B, of each radius gives conclusions on the

distortion of the blade.

Figure6.4: Cylindrical cuts of the blade /9/
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Table 6.1: Velocities and angles of the occurring velocity triangles

d 073] 0,63] 054] 043] 033] 024
u 2293 | 1979| 17.03] 1351 1037 7.54
Cul 139 1.62| 1.88| 237| 3.08| 424
cw 145 1.69| 196| 247| 322| 442
Wl 2154 | -18.18| -15.15| -11.14| -7.28| -3.30
W2 2148 | -18.11| -15.07| -11.04| -7.15| -3.12
Wae 2151 -18.14| -15.11] -11.09| -7.22| -3.21
Wn 800 800| 800| 800/ 800| 8.00
Wi 2298 | 19.86| 17.13| 13.72| 10.82| 8.65
W) 2292| 1980| 17.06| 13.63| 10.73| 8.59
Wa 2295| 1983 | 17.10| 13.67| 10.77| 8.62
B 160 156 152 144 132 112
(180-p..) 20 24 28 36 48 68

Table 6.1 shows the velocities and the significant angles of the velocity triangles

for each of the radiuses. The equations, which were used to establish the table, are

as follows:

u=mn*n*d [m/s] (6.1)
%szg m/s]  (6.2)
w,=c¢,—Uu [m/s] (6.3)
Wi =% [m/s]  (6.4)
W:ﬁwi +an [m/s] (6.5)
., = arccos W [m/s] (6.6)

w

The angles, however, are not 100% accurate. To get the exact angles of the

distortion the “Tragfliigletheorie” has to be considered. /9/
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6.2 The “Tragfliigeltheorie”

The “Tragfliigeltheorie” was developed by Ludwig Prandtl. According to the
“Tragfliigeltheorie” a lifting force F; applies at the blades of the runner due to the
configuration of the parallel stream and the circulation stream, which occur at the
blade. Hence, values such as the lift coefficient and the attack angel 6 also play a
significant role in the design of the blade. These coefficients can be determined via
model tests. In the book “Vesiturbiinit”, the results of such model tests are shown.
Using these results the profile, the chord and the exact distortion of the blade can
be determined. /9, 12/

rd

(180-P=)

Figure 6.5: “Tragfliigeltheorie” /9/
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6.2.1 Procedure

For a better understanding, this section examines the precise procedure of the

determining the blade’s main characteristics.

Step 1:

With the following equation, the lifting coefficients for each radius are determined:

2 2
2 2 C; ¢4
W2 _Woo +2*g*[patm _Hs _pmin _ns *

¢, = 2 EINCR)
! K*w?

Where:

W2 relative velocity after the grating [m/s]

Woo medial relative velocity [m/s]

Patm atmospheric pressure [m]

H, suction head [m]

Pmin minimal water pressure [m]

Ns efficiency of the energy change [-]

C3 velocity after the runner [m/s]

Cy4 outlet velocity [m/s]

K profile characteristic number

Almost all the values of the equation (6.7) are known either from previous section
or they can easily be established. The other values have to be assumed but can be
found in “Vesiturbiinit” where a range for these values is given. The ranges of
these values are as follows:

Pmin = 2+2.5

Ns = 0.88+0.91

K=2.6+3

Step 2:
When the lifting coefficient is known, the ratio 1/t can be established as follows:
1_g*n,*H,c, , COSA

1
_m *_
t w2 u sin(180-B, —A) ¢,

o0

[-] (6.8)
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Where:
g acceleration of gravity [m/s?]
Nh hydraulic efficiency [-]
H gross head [m]
Cm meridian velocity [m/s?]
A angle of slip [°]
u tangential velocity [m/s?]
(180-B)inflow angle [°]

In equation (6.8), the angle of slip A has to be assumed; the range for the
assumption is as follows:
A=2.5°+3°

Using this assumption, an approximate value of the ratio 1/t can be established.

Step 3:
During Step 3, the reciprocal value of the ratio I/t has to be established. Via the
reciprocal value, the ratio of the lifting coefficients (,/Ca can be read off in the

following chart. Using this ratio the lifting coefficient {s can be established.

af234%'

Figure 6.6: Ratio of /(s and t/1 /12/
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Step 4:
The chart in the following figure gives information on the drag coefficient (w of

the different profiles.

Profiles
e J/ 410
> . ==
96 A
A——
o f/f" e 417
04 ol A —. ]9
I"ﬂ Ty
93 "7 - ELE
2 /. dlEE..
¢ ’\
/ S 432
C o v W wW © Sw - 443
Tt $§ 8 833 § 5§
R ———— 444

Figure 6.7: Ratio of {4 and C, for different profils /12/

Each of the curves represents one of the profiles which are listed beside the chart.
First, it has to be decided which of the profiles should be chosen; following this,
the drag coefficient of this profile can be determined by using the chart,

Step 5:

With the following equation, the angle of slip can be calculated:

A= arc:tang—W [°] (6.9)
A

It has to be checked whether the assumed angle of slip and the calculated angle of

slip are similar or not. If the difference is too great, the procedure of the calculation

has to be repeated using the angle of slip calculated in equation (6.9). Steps 2 to 5

must be repeated until the angles of slip do not change anymore; however, it is

necessary to always choose the same profile in Step 4. When the angle A is fixed, it

can be assumed that the last calculated values of Steps 2 to 5 are accurate enough.

Thus the ratio 1/t and the profile are determined.
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Step 6:
The angle of attack 6 of the chosen profile can now be established using the

following figure.

W W 1/
7 /\yy

04

T )
A

6 4 -2 o0 2 4 6 §

Figure6.8: Ratio of {4 and 6 for different profils /12/

The above Steps have to be followed for the same diameters as in Section 6.1. The

listed values in Table 6.2 arise using the profile 430:
Table6.2: Characteristics of the blade

d 0.73 0.63 0.54 0.43 0.33 0.24
1/t 0.95 0.90 0.87 0.85 0.85 0.94
Ca 0.12 0.16 0.21 0.32 0.52 0.87
Cw 0.0062 | 0.0063 | 0.0065 0.006 [ 0.009 0.04
A 2.9 23 1.8 1.1 1.0 2.6
d -5.40 -4.60 -3.30 -1.20 3.00 9.60

At a diameter of 0.24m, the value of the lift coefficient (4 is so high that it is not
indicated in the Figures 6.7 and 6.8. Thus, the further development of the curves in
these charts had to be assumed in order to obtain the drag coefficient and the angle

of slip.

To get the accurate angle of distortion, the angle 6 has to be subtracted from the
angle (180-Bx). The outcome of this is shown in Table 8.3.
Table6.3: Angle of the blade distortion

d 073 ] 0.63] 054 ] 043 ] 033 ] 0.24
(180-Be- 0) 26 28 31 37 45 59

12/
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7 CALCULATION OF THE FORCES

a Fr
Figure 7.1: Occurring forces upon the blade /11/
7.1 Tangential force
The tangential force is defined as:
P
= N 7.1

T Nl (1)
Where:
P power [W]
n rational speed [s]
z number of blades [-]
Tep radius of the center of pressure (cp) [m]
The radius r, can be calculated using the following equation:

R +R;

Ty, = — ; 1 [mm]  (7.2)
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The outcome of this is a radius of 0.272m and from this follows a tangential force

of 1,434N. /11/

7.2 Axial force

The axial force can be established in two ways. The first possibility is to calculate
F, via the water pressure and the second possibility is to calculate it via the
tangential force and the distortion of the blade. Understandably, the results are
supposed to be the same. Using both ways to calculate the axial force is a good

method of ensuring that the design of the blade fits.

1. Calculation via water pressure:
Assuming that the water is dormant and the blade is a plate, the force F,, which is

caused by the water, can be approximately calculated with the following equation:

F,=g*p*H, *A, [N] (7.3)
Where:

g acceleration of gravity [m/s?]

p water density [kg/m’]

H, net head [m]

Ay area of the blade [m]

To calculate the area Ay, a further assumption must be made. Assuming that the
ratio of 1/t (see chapter 6.2.1) of the blade is constant, a simplified blade area as

shown in Figure 7.2 arises.

N

o _' /t
T =80°

Figure 7.2: Sketch of the simplified blade area
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Hence, an Ay, of 0.083m” has been established using the following equation:
_n*a*(R;-R})

360°
Thus a force of 2,706N results from the equation (7.3). /13/

A, [m’] (7.4)

2. Calculation via the tangential force and blade distortion:
The blade distortion (180-B.- 0) at the radius r has a value of 31°. The force F, can
be established using the following equation:

Fl
F = an(180-p. —5) N

The outcome from equation (7.5) is an axial force of 2,387N.

The results do not match 100%; however, that can be based on the assumption of
the dormant water and the simplification of the blade. One can thus say that the
blade characteristics which were established in Chapter 6 are accurate. In the

following calculations, the higher value of 2,706N will be used. /9/

7.3 Resulting force

The force F; can be established by using following equation:

F =F +F [N] (7.6)

A resulting force of 3,062N results from the equation (7.6). /11/

7.4 Hydraulic moment
The force F; causes a turning moment which tends to turn the blade about its axis

of rotation - the ‘hydraulic moment’. The value of the moment changes due to the
adjustment of the blade. The main forces that the adaptation mechanism has to
withstand are caused by this moment. Hence, the moment has a high influence on
the design of the adaptation mechanism and can be calculated with the following
equation:

M, =F *e, [Nmm] (7.7)
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Where:
ey distance from the cp to the rotation axis of the blade [mm]

The center of pressure cp is not a fixed point; it changes its position depending on
the adjustment of the blade. Thus the arm e, also changes its value. Under
simplified circumstances as those in Section 7.2, the arm e, can be calculated,
although the evaluation is not 100% accurate. The exactly center of pressure and
consequently the exactly length of the arm e, can only be precisely established by
using model tests. However, to get an idea of the length of e, the calculation under

simplified circumstances is sufficient.

Ww_

Figure 7.3: Turbine with projected view of the blade

The distance between the center of gravity cg and respectively the rotation axis of
the blade and the center of pressure in y-direction can be calculated with the

following equation:
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I

e, = v :‘A [mm] (7.8)
Where:
I moment of inertia of the area A related to the x’-axis which

runs parallel to the x-axis over the center of gravity [mm*]
Vs the distance between the x-axis and the center of gravity  [mm]
Ay area of the blade [mm?’]

The moment of inertia is defined as:

R!-R} (a

[[=——* @ sinErcost [mm*] (7.9)
4 2 2 2

With a blade-radius R, of 365mm, a hub-radius R; of 120mm and an angle o of

80° (.= 1.396) a moment of inertia of 901,718,555mm" results.

The distance ys can be calculated as follows:

ys:g*p*:ab*coss [m] (7.10)
Where:

F, force of the water on the plate [N]

g acceleration of gravity [m/s?]

p water density [kg/m’]

Ay area of the plate [m?]

€ angle of the adjustment of the blade [°]

Angle € changes with the adjustment of the blade. The smaller the angle the bigger

is ey. The smallest possible angle of 20° was chosen. Hence, a y, of 3.5m results.

All the necessary values are now known to calculate e, - a value of 3.1mm results

from the equation (7.8). /13/

Using the results from equation (7.8) and (7.6) in equation (7.7) a maximum

turning moment of 9,422Nmm results. /11/
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7.5 Centrifugal force

The blade, the blade flange, the pivot, the lever and the link of the runner cause the

centrifugal force, which is defined as:

F, =M, *R *o’ [N]  (7.11)
Where:

Mg total weight of the five parts kel

Ree radius to the center of gravity [mm]

® angular velocity [s]

The total weight of the five parts results out of the sum of the weight of each part:

M, =Y G, [kg]l (7.12)
Where:
G;j weight of a single part [kg]

The radius to the center of gravity can be calculated with the following equation:

R 20 "R, [mm] (7.13)
== mm] (7.

cg z Gi

Where:

R; radius to the center of gravity of a single part [mm]

Runner center line |
Lever Link :

Blade Flange

Ri

A AlFE

Figure 7.4: Radiuses to the center of gravity of each part
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7.6

The angular of velocity can be calculated with the following equation:

o=2%n*n__ [s']  (7.14)
Where:
Nimax runaway speed [s]

Table 7.1: Weight and radius to the center of gravity

Part G;j [kg] R [mm] G*R [kgmm]
1. Blade 5.6 272 1523

2. Blade flange 0.55 110.6 61

3. Pivot 1.15 90 103.5

4. Lever 0.27 55 14.85

5. Link 0.08 45 3.6
Total 7.65 1,706

A radius to the center of gravity R¢, of 223mm as the case may be of 0.223m
results. To calculate the angular velocity, the runaway speed is needed. In Section
4.2.3, a maximum runaway speed of 32s” has been determined. Thus an angular
velocity of 201s™ results from equation (7.14). The outcome of this is a centrifugal

force of 68.922N. /11/

Weight of the blade
The weight of the blade can be calculated by using the following equation:
Fy =Gy *g [N]  (7.15)
A weight of 55N results from equation (7.15). /11/
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8 CRITICAL SPEED

The critical speed is that where the runner has its natural frequency. When the
runner operates at or close to the critical speed, a high vibration occurs which may

damage the runner.

To assure that the rational speed is not equal or close to the critical speed, the

critical speed can be determined as follows:

1 Cq

nc=2*n* e [s] (8.1)
Where:

Cq spring constant for elastic lateral oscillation [N/m]

G total weightiness of the runner [kg]

The total weight of the runner results from the sum of the weight of the single parts

which are listed in the following table:

Table 7.1: Weight of the runner parts

Part G;j [kg]
Blade 4*5.6
Blade flange [ 4*0.55
Pivot 4*1.15
Lever 4*0.27
Link 4*0.08
Upper hub 1.8
Middle hub 17
Lower hub 4.8
Total 54.2

The runner of a turbine is overhung-mounted; thus the spring constant for elastic

lateral oscillation is defined as:

3*E*I
= 5 [N/mm] (8.2)
Where:
E elastic modulus [N/mm?]
I axial moment of inertia [mm*]

1 length of the axle to the bearing [mm]
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The material which was chosen for the axle has an elastic modulus of

220,000N/mm?>.

The axial moment of inertia can be established as follows:

T
[= 5* (D* —d*) [mm*]  (8.3)
Where:

D outer diameter of the axle [mm]

d interior diameter of the axle [mm]

Value D is equal to 168.3mm and value d equal of 159.3mm. Hence, an axial
moment of inertia of 7,772,160mm* results. The axel is supposed to be borne at a
length of 200mm. The outcome of this is a spring constant for an elastic lateral

oscillation of 6,41,203N/mm.

A critical speed of 17.3s” results from equation (8.1) which is 7.3s™ higher than
the rational speed. Thus the difference between rational speed and the critical speed
is big enough. In the case of a load rejection, the speed reaches its maximum of
approximately 32s” (see Section 4.2.3). However, a load rejection only lasts a
short time and as the speed passing through the critical field rather quick there is no

danger of damage. /13/
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9 STRESS ANALYSES

The moment M; which was calculated in Section 7.4 is one of the main
characteristics on which the stress analysis is based. Since it was established under
simplified circumstances, it might be that it is different under real circumstances
and a bigger turning moment occurs. Thus a safety factor of 10 has been chosen to
be sure that the parts of the runner can withstand the forces which might occur.
Hence, a turning moment of 94,920Nmm will be utilized in the stress analysis.
Furthermore, it will be assumed that the parts are stressed statically. The stress of
the parts changes with the head and the discharge. These changes take place rather
slowly, though. Thus the assumption of statically stress is rather convenient than

dynamically stress.

When a load rejection occurs, the forces at the blade suddenly decrease and after
the load rejection suddenly increase again. This causes an impact on the runner.
Thus an application coefficient K, of 1.25 is utilized to consider the impulsive

stress.

The strength factors of the material of the parts can be read off Table 14.2 in the

Appendix.
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9.1 Axle

The maximum tensional stress which the axle can withstand is 125N/mm>.

The present tensional stress can be calculated as follows:

K, *M
T, = AT [N/mm?] (9.1)
Where:
M, turning moment [Nmm)]
W, polar section modulus [mm’]

The turning moment M; is the moment caused by the tangential forces and it can be
establish using the following equation:

M, =K, *4*r *F [Nmm] (9.2)

The tangential force has a value of 1,434N and the r, has a value of 272mm. Thus

a turning moment of 1,560,192Nmm results from equation (9.2).

The polar section modulus is defined as:

n  D*-d* 3
= mm 9.3
=D [mm’] - (93)
Where:
D outer diameter of the axle [mm]
d interior diameter of the axle [mm]

The outer diameter is 168.3mm and the interior diameter is 159.3mm; a polar

section modulus of 184,722mm3 results.

The outcome of this is a present tensional stress of 10.6N/mm* which is

significantly smaller then the permissible tensional stress. /13, 14/
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9.2 Blade

At the stress analysis, the blade is treated as a flat plate. Furthermore, the blade is
not considered over its whole width only over the width h, which has a value of
60mm. This is because the main forces are at work in this area. Accordingly, one

can say that the stress analysis of this part represents the whole blade.

9.2.1 Bending

Figure 9.1: Sketch of the significant cutaway of the blade

With the assumption that force F, applies at the tip of the blade instead of the
center of pressure, equation (9.4) can be used to calculate the minimum required
thickness y at every radius. Since the bending moment at the assumption is even
higher than in reality, a safety factor of approximately 1.6 is included. Due to this
fact, utilizing the application coefficient K, is not necessary. Furthermore, as the
weight of the blade is relatively small compared with the force F;, it can be

neglected.

Equation to calculate the minimum required thickness of the blade:

6*F *z
y= | [mm]  (9.4)
h Gbpermissible

The permissible bending stress of the blade is 450N/mm?>,
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Using equation (9.4), the following table of the blade thickness is created; whereas

the thickness at 0.73m was set with a value of 2mm without using the equation:

Table 9.1: Blade thickness at different radiuses

120 165 215 265 315 365
y 13 12 10 8 6 2

According, to the source /10/ the in the table, the shown values should be safe

against bending and thus further bending stress analyses are not necessary.
/13, 15/

9.2.2 Torsion

|Center line of the runner

—————“___EB________________

Figure 9.2: Sketch of the significant cutaway of the blade with cylindrical cut

The main force F,, which causes the hydraulic moment, is applied at the radius r,.

A cut is therefore made at this radius to get the relevant cross-section form.

The maximum permissible tensional stress of the blade is 270N/mm>.
The present tensional stress can be determined as follows:

*
T, _ KM, [N/mm?] (9.5)
Wt
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Where:
My hydraulic moment [Nmm]
Wi polar section modulus [mm?’]

The polar section modulus for the present cross-section form is defined as:
W, = Slapxy? mm?]  (9.6)
2

The values of ¢; and ¢, depend on the ratio of h and y and they can be read off the
Table 14.3 in the Appendix. The value of h is 60mm and y is equal to 8mm. From
this follows a ¢; of 0.307 and a c; of 0.999 and a polar section modulus of
1,180mm2 results. The hydraulic moment has a value of 94,920Nmm and the
outcome of this is a present tensional stress of 101N/mm?, which is less than the

maximum permissible stress. /13, 15/
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9.3 Pivot

Figure 9.3: Sketch pivot
Material: X20Cr13 (1.4021)

9.3.1 Contact pressure

The maximum permissible contact pressure of the pivot is 300N/mm*. The
maximum permissible contact pressure of the bearing (HSM-4550-30) must,
however, also be considered. The permissible contact pressure of the bearing is
90N/mm’ and is therefore used as the reference value for the maximum contact

pressure.

The present contact pressure can be calculated with the following equation:

p= Ky 'R [N/mm?®] (9.7)
A i

Where:

F; resulting force [N]

Ay projection screen [m?]

The projection screen can be established as follows:

A =b*d [mm’] (9.8)

proj
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Where:
b length of the pivot [mm]
d diameter of the pivot [mm]

With a diameter d of 45mm and a length b of 30mm, a projection screen of
1,350mm” results. As the resulting force has a value of 3,062N, a present contact

pressure of 2.8N/mm” results from the equation (9.7). /13, 15, 16/

9.3.2 Torsion

The maximum permissible tensional stress is 225N/mm”.

The present tensional stress can be established using the following equation:

T, = % [N/mm?] (9.9)
Where:

My hydraulic moment [Nmm)]

Wi polar section modulus [mm’]

Equation of the polar section modulus:

3
n*d

W, =
16

[mm’] (9.10)

With a hydraulic moment My of 94,920Nmm and a polar section modulus of

17,892mm” a present tensional stress of 6.6N/mm” results. /13, 15/

9.3.3 Bending

The significant maximum permissible bending stress is the value of the bearing

which is 175N/mm>.

The present bending stress can be determined as follows:

K, *M
c, = \/;v—b [N/mm?](9.11)

b min
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Where:
M, bending moment [Nmm]
Wiy min  minimal section modulus [mm3]

The length | of the arm which causes the bending moment is 212mm. Thus a
bending moment of 649,144Nmm can be established from the following equation:

M, =1*F, [Nmm] (9.12)

The section modulus can be calculated as follows:

T[*ds 3
W, . = mm 9.13
b min 32 [ ] ( )

The diameter d is 45mm; so a section modulus of 8,946mm* results.

The outcome of this is a present bending stress of 90N/mm®.

/13,15, 16/
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9.4 Lever

Figure 9.4: Sketch lever
Material: X20Cr13 (1.4021)

The pin of the lever is where the force is applied. Thus the occurring stresses at the
pin have to be checked. If the pin is able to withstand the forces, one can assume

that the whole lever is strong enough as the pin is the weakest part of the lever.

9.4.1 Bending

The maximum bending stress of the pin is 375N/mm? however, the present
bending stress should not exceed the permissible bending stress of the bearing

which has a value of 175N/mm?>.

The force which is applied at the pin can be calculated with the following equation:

F=—t [N]  (9.14)

The length 1 is 40mm and M, has a value of 94,920Nmm, thus a force F of 2,373N

results.
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Equation of the present bending stress:

K, *M,

c, = W [N/mm?](9.15)
Where:

M, bending moment [Nmm)]

Wi min minimal section modulus [mm3]

The bending moment results from the following equation:
M, =b, *F [Nmm] (9.16)

The length b, is 10mm and from this follows a bending moment of 23,730Nmm.

The minimal section modulus can be calculated as follows:

* 43
e = [N/mm?)(9.17)

With a value of d of 12mm, a section modulus of 170mm?’ results.

The outcome of this is a present bending stress of 174N/mm’. /13, 15, 16/

9.4.2 Shear

The maximum shear stress which the pin can withstand can be calculated as

follows:
R
Tspermissible = ﬂ [N/mmz](9 1 8)
1.5
Where:
Rpo2 elastic limit [N/rnmz]

The elastic limit of the lever material is 550N/mm?”. Hence, a permissible shear

stress of 367N/mm? results.

The present shear stress can be established using the following equation:

%
T, = Ki‘; F [N/mm?](9.19)

With an area of 113mm? a present shear stress of 26N/mm” results. /13, 15/
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9.4.3 Contact pressure

The maximum permissible contact pressure of the bearing (HSM-1214-10) is

90N/mm’.

Equation of the present contact pressure:

K, *F

p= [N/mm?](9.20)
A
proj
Where:
Aproj projection screen [mm’]
Equation of the projection screen:
A, =b,*d [mm?] (9.21)

The projection screen is equal to 120mm’ and a contact pressure of 25N/mm’

results. /13, 15, 16/
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9.5 Link
b
e

B+ =

ng A
[

B+ —| |«+h

Figure 9.5: Sketch link
Material: X3CrNb17 (1.4511)
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9.5.1 Buckling

The link is clamped between the lever and the crosshead as in buckling case II.

Thus, buckling length Iy is equal to length 1 and has a value of 70mm.

The thickness ratio of the link can be established with the following equation:

A=1 * I_ [-] (9.22)
Where:
Linin minimal axial moment of inertia [mm4]

The minimal axial moment of inertia can be calculated as follows:
_2*B*H’+b, *h’
min 12

The outcome of this is a minimal moment of inertia of 395mm?®.

I

[mm*] (9.23)

The area A is 104mm” and a thickness ratio of 36 results from the equation (9.22).

The marginal thickness ratioA ,,, can be determined using the following equation:

My =¥ |2 1 924
G402

Where:

E elastic modulus [N/mm?]

0do.2 elastic limit (Ry.2) [N/mmz]

The steel 1.4511 has an elastic modulus of 220,000N/mm” and an elastic limit of

230N/mm?’. Hence, a marginal thickness ratio of 97 results.

Since the thickness ratio of the link is smaller than the marginal thickness

ratiod,,,, the present buckling stress has to be calculated with the following

equation:
K, *F
A

o, = [N/mm?](9.25)
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Force F which is applied at the link is the same force as in Section 9.4 which has a
value of 2,373N. Thus a present buckling stress of 29N/mm’ results. The
permissible buckling stress is equal to the permissible compression stress which is
170N/mm>. Accordingly, the present buckling stress is within the permitted range.
/13, 15/

9.5.2 Stress calculation of the links eye

Bearing b,

C ds C
+—— | | —>
d,

Figure 9.6: Sketch of the eye

The eye of the link is the point where the most stress occurs. To calculate the stress

which appears at the eye the following equation can be used:

%k
SR S Y P Y [N/mm?](9.26)
2*c*b, 2 \c

The permissible stress can be determined with the following equation:

o =0,5*R [N/mm?](9.27)

permissible

Where:
R tensile strength [N/mm?]
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The tensile stress is 420N/mm?, thus a permissible stress of 210N/mm” results.

The values which are needed to calculate the stress in the eye are as follows:
F=2,373N

c=5mm

bi=10mm

d;=12mm

Accordingly, a stress of 181N/mm results from equation (9.26). The present stress
is smaller than the permissible stress, thus the dimension of the eye is sufficient.

/15/
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9.6 Crosshead

v
bl
A e
\
Section A
i
d

Figure 9.7: Sketch of the crosshead
Material: X20Cr13 (1.4021)

In section A, the crosshead has the weakest point. If this point can withstand the
occurring stress, it can be assumed that the whole crosshead is safe against failure.

The principle of this stress analysis is the same as in Section 9.5.2.
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Link

/
/

Section A

P

Y% F | Y F

F

Figure 9.8: Clamping of the link in the crosshead

The force which is applied at section A is the half of the force which applies at the

link. The stress which applies in section A can be calculated as follows:
K,*F
o= /2 {1 4 % * (9 4 1)} [N/mm?](9.28)

2%c*b c

The permissible stress is defined as:

Gpermissible = 075 * Rm [N/mmz](929)
Where:
R tensile strength [N/mmz]

The tensile stress is 750N/mm?, thus a permissible stress of 375N/mm’ results.

The outcome of this is a present stress of 113N/mm using the following values:
F=2,373N
c=5mm

b=8mm
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d=12mm

The section A can withstand the present stress; this means that the dimension of the

whole cross head is sufficient. /15/

9.7 Bolt

1y I, I3

Bolt

\J

N
-

Crosshead / T Link

Figure 9.9: Sketch of the bolt connection
Bolt: DIN 1445-12h11x17x55

Material: X6CrMoS17 (1.4105)

9.7.1 Bending

The permissible bending stress is 215N/mm?.

The present bending stress is defined as:

K, *M
G, = # [N/mm?](9.30)

b min
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Where:
M, bending moment [Nmm]
Wiy min  minimal section modulus [mm3]

Depending on the fitting of the bolt, the bending moment has to be calculated in
different ways. The bolt has a clearance fit over the lengths 1;, 1, and I5. Thus, to
calculate the bending moment the following equation must be used:
CFx(, +1,+1,)

8

M, [Nmm] (9.31)

The force F has a value of 2,373N and the relevant lengths are as follows:
[;=20mm
L=10mm

L=8mm
Thus a bending moment of 11,272Nmm results.

The section modus can be established with the following equation:

W _Tt*d3

= mm’]  (9.32
b min 32 [ ] ( )

The bolt has a diameter d of 12mm and the outcome of this a section modus of
170mm’. Thus a present bending stress of 83N/mm’ results from equation (9.30).

/15/

9.7.2 Shear

At the bolt calculation, the maximum permissible shear stress can be determined

using the following equation:

Tspermissible =0.2% l{m [N/mmz](933)
Where:
R tensile strength [N/mm?]

The tensile strength has a value of 430N/mm?; so a maximum shear stress of

86N/mm’ is permitted.
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The present shear stress is defined as:

K, *F
T, = 4.5 [N/mm?](9.34)
3 A *2
Where:
A, cross section area of the bolt [mm]

With a diameter of 12mm, it follows a cross section area of 113mm?. Force F is

2,373N; so a present shear stress of 18N/mm?” results from equation (9.34). /15/

9.7.3 Contact pressure

At the bolt contact pressure is applied which is caused by the link and the contact

pressure caused by the crosshead.

The permissible contact pressure can be established using the following equation:

=0.35*R_ [N/mm?](9.35)

ppermissible
The tensile strength is, as in the previous section 430N/mm” and a permissible

contact pressure of 151N/mm’ results.

The respective present contact pressure can be established using the following

equation:
K, *F
p=—2 [N/mm?](9.36)
A
proj
Where:
Aproj projection screen of the link alternatively of the crosshead [mm?’]
Crosshead:

The projection screen of the crosshead can be established as follows:

A =1, +1,)*d [mm?®] (9.37)

proj

With a projection screen of 336mm? a present contact pressure of 9N/mm* follows.
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Link:
The projection screen of the link is defined as:

A =1,*d [mm?®] (9.38)

proj.link
The projection area of the link is 120mm and the present contact pressure of

25N/mm’ results from equation (9.36). /15/
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9.8 Shaft

The shaft has to withstand four times force F of 2,373N, which was calculated in
Section 9.4. Assuming that the shaft is clamped as in the buckling case II, the
buckling length Il is equal to the length of the shaft which has the value of
3300mm.

The thickness ratio of the link can be established with the following equation:

A=1* I_ [-] (9.39)
Where:
Linin minimal axial moment of inertia [mm4]

The minimal axial moment of inertia can be calculated as follows:

n*d? 4
1= mm 9.40
i [mm™] (9.40)

The diameter of the shaft is 60mm; so an axial moment of inertia of 636,173mm4

results.
With an area A of 2,827mm, a thickness ratio of 220 results from equation (9.39)

The marginal thickness ratioA ,,, can be determined using the following equation:

, E
Aog,=m* [——— - 9.41
g02 =T 0.8%0,,, [-] ( )

Where:
E elastic modulus [N/mm?]
0do.2 elastic limit (Ry0.2) [N/mmz]

The elastic modulus is 220,000N/mm?® and the elastic limit is 230N/mm?; the
outcome of this is a marginal thickness ratio of 109. Since the marginal thickness
ratio is smaller than the thickness ratio, the following equation has to be used to

calculate the present stress:
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K, *n’*E
G, = % [N/mm?2](9.42)

9.9 Hub

A present buckling stress of 56N/mm” follows from equation (9.42); this is less

than the permissible buckling stress of 170N/mm?. /13, 14/

The hub has to absorb the moment caused by the tangential force and the contact
pressure caused by the resulting force. A stress analysis for the hub is not
necessary. The wall thickness of the hub is much bigger than the wall thickness of
the axle. Since the axle is able to withstand the occurring tensional stress, the hub
should also withstand it. The contact pressure which occurs at the hub must be
calculated in the same way as in Section 9.3.1. In reference to this section, it can be

assumed that the contact pressure at the hub is within the permitted range.
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10 CALCULATION OF THE SCREWS

The screw calculation is rather bulked and the procedure of it is always pretty
much the same; thus just the calculation of the first screw connection will be

detailed. In the following sections, only the main results will be presented.

10.1 Screw connection of the lever and the pivot

Step1: Pre-selection of the screw
The following two motive forces are acting at the screw connection:
1. Longitudinal force which is equal to the centrifugal force

2. Shear force which is caused by the hydraulic moment My,

In Section 5.5, a maximum centrifugal force of 68,922N was established. Three
screws are supposed to be used for the connection; thus a longitudinal force Fpg of
22,974N results for each screw. According to Table 14.4 in the Appendix, a M12

screw of the strength class 12.9 can be chosen.

The shear force is defined as:

=M [mm] (10.1)
r

Ky

Where:

r radius of the hole circle diameter

The holes are arranged at a radius of 15mm and the hydraulic moment has a value
of 94,920Nmm; a shear forces Fos of 7,910N results from this. This means that
each screw has to absorb 2,637N. The screws chosen based on the longitudinal

force are also adequate accordingly for the shear force.

Step2: Rough calculation of the contact pressure
The occurring contact pressure can approximately be calculated as follows:
F

sp 2
p= [N/mm~](10.2)
09*A,
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Where:
Fyp tension force [N]
A, contact surface of the screw head [mm?’]

A tension force of 68.5kN can be read off Table 14.5 in the Appendix and the

contact surface of the screw head can be determined as follows:

_m*(dl —d})

2
A, 4 [mm“] (10.3)
Where:
dyw outer diameter of the annular surface of the screw head [mm]
dy hole diameter [mm]

Diameter dy, is equal to 18mm and the diameter of the hole is 13mm (see Table
14.6). The outcome of this is a contact surface of 122mm?* and from this follows a
contact pressure of 624N/mm?. However, the permissible contact pressure of the
lever is only 300N/mm?”. Hence, a washer must be used to decrease the contact
pressure. The outer diameter of the washer must now be used in equation (10.3)
instead of diameter dy,. With the new outer d, diameter of 24mm (see table 14.6) a
contact surface of 320mm” results and a contact pressure of 238N/mm’ follows,

which is in the permitted range.

Step3: Calculation of the required assembly preload force

The assembly preload force is defined as:

Fou =k, *[F +Fy, *(1-®)+F, | [N]  (10.4)
Where:

ka snap factor [-]

Fxi clamping force [N]

Fp longitudinal force per screw [N]

() force ratio [-]

Fz preload force loss [N]

The snap factor can be read off the Table 14.8 which is in the Appendix. Since the

screws are supposed to be manually tightened by torque wrench, the snap factor
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has a value of 1.6. As already mentioned, the longitudinal force per screw is

22,974N.

The clamping force can be determined with the following equation:

F,

Fo= ot N] (105
Where:

u friction factor [-]

z number of the screws [-]

A friction factor of 0.5 can be assumed based on the Table 14.9. Thus a clamping
force of 4,218N results from equation (10.5).

The force ratio is defined as:

D=n*d, [-] (10.6)
Where:

n force introduction factor [-]

e simplified force ratio [-]

A force introduction factor of 0.5 is normally used. The simplified force ratio can

be established using the following equation:

b, = ﬁ [-] (10.7)
Where:

Or flexibility of the uptight parts [mm/N]

Os flexibility of the screw [mm/N]

The flexibility of the uptight parts can be determined as follows:

b [mm/N] (10.8)
Aers * ET

T
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Where:
I clamping length [mm]
A ersatz area [mmz]
Er elastic modulus of the uptight part [N/mm?’]

The clamping length is 12.5mm and the elastic modulus of the part is

216,000N/mm?®. The ersatz area can be calculated using the following equation:

A=A, =)+ 2od, *(D, =d,)*[c 1 1] ] (10.9)
Where:
dyw outer diameter of the annular surface of the screw head [mm]
Da outer diameter of the uptight part [mm]
dn hole diameter [mm]
1, *d
X 3 sz L [mm] (10.10)
A

The outer diameter Da of 30.5mm has been established using the following
equation:

D, =d, +1, [mm] (10.11)
The outcome of this is a x of 0.62. Thus an ersatz area of 147mm” results and a

flexibility &1 of 3.9% 10 mm/N follows from equation (10.8).

The flexibility of the screws can be determined with the following equation:

[mm/N](10.12)

S

1 *[Q4*d I 05*d Q4*dj
+ +

Eq Ay, A, A, Ay
Where:
Es elastic modulus of the screws [N/mmz]
d nominal diameter of the screw [mm]
AxN nominal cross section of the shank [mm?’]
1 length of the non screwed part [mm]
As core cross section of the thread [mm?]

The elastic modulus of the screws is 220,000N/mm2; the nominal diameter of the
screw is 12mm; the length of the non screwed part is 12.5mm; the core cross

section of the thread is 76.25mm” (see Table 14.10). A nominal cross section of
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113mm” results out of the circular area equation. A flexibility of the screws of

1.5%10°mm/N results from equation (10.12).

The results of equation (10.12) and (10.8) must be put in equation (10.7) and from
this a simplified force ratio of 0.21 results. This result has to be used in equation
(10.6) and a force ratio of 0.105 results. Only the value of the preload force loss is

still missing by which to calculate the assembly preload force.

Equation of the preload force loss:

fZ

F,=—*%*— N 10.13
zZ (68 + 6T) [ ] ( )

Where:

4 setting amount [mm]

The setting amount is a recommended value which can be established using Table
14.11 from the Appendix. The setting amount is 0.023mm. Hence, a preload forces
loss of 12,169N results. Finally all the values are known to establish the assembly
preload force via equation (10.4) which is equal to 59,118N. The assembly preload

force is less than the tension fore; thus the screws which were chosen can be used.

Step4: Calculation of the required tightening torque
Since the screws are supposed to be tightened by a torque wrench, the tightening

torque is defined as:

M, =09*M [Nm] (10.14)
Where:
M, tension torque [Nm]

A tension torque of 137Nm can be read off Table 14.5, the outcome of which is a

tightening toque of 123Nm.

StepS: Maximum permissible screw force
The following requirement has to be fulfilled:
O*Fy <0.1%R , *Ag
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Where:
®*F, =2.412N (10.15)
0.1*R ,, *Ag=9,104N (10.16)

Thus the requirement is fulfilled. The value Ry can be determined from Table

14.12 and the value Ag can be determined from Table 14.10 from the Appendix.

Step6: Exact calculation of the contact pressure
The contact pressure is defined as:
_F, +D*E;,

p=—t—— [N/mm?] (10.17)

p

All the values are already known from the previous calculation and an exact
contact pressure of 222N/mm’ results from equation (10.17). This exactly contact
pressure is even less than the contact pressure which was roughly determined; thus

the chosen material can be taken. /15/

Chosen screw: ISO 4017 M12x25 class 12.9

10.2 Screw connection between the blade and the pivot

Step1: Pre-selection of the screw
The longitudinal force has a value of 68,922N. The connection exists out of 8
screws. Thus a longitudinal force of 8,615N results for each screw. The shear force

per screw is 424N. Hence, an M8 screw of class 12.9 is chosen.

Step2: Roughly calculation of the contact pressure
When using washers, the determined contact pressure has a value of 225N/mm?,
The material of the blade is able to withstand a contact pressure of up to

360N/mm?>.

Step3: Calculation of the required assembly preload force
The assembly preload force has to be less than the tension force of 29.5kN. The
established assembly preload force is 27.19kN, which is within the permitted limit.



TAMPERE UNIVERSITY OF APPLIED SIENCES FINAL THESIS 74 (134)
Environmental Engineering Timo Flaspohler

Step4: Calculation of the required tightening torque
The required tightening torque has a value of 35.73Nm.

StepS: Maximum permissible screw force

The maximum permissible screw force of 3,953N is not exceeded.

Step6: Exact calculation of the contact pressure

The accurate contact pressure has a value of 208N/mm?>. /15/

Chosen screw: DIN 7984 M8x12 class 12.9

10.3 Screw connection between the upper and the middle hub

Step1: Pre-selection of the screw

The longitudinal force of 14,052N follows from the sum of the axial force and the
weight of the blade. Eight screws should be used for the connection; thus a
longitudinal force of 1,757N results per screw. The shear force is 21,061N, which
means that each screw has to absorb a shear force of 2,633N. An M8 screw of the

class 12.9 is sufficient for the longitudinal force as well as for the shear force.

Step2: Roughly calculation of the contact pressure
When using washers the occurring contact pressure is 192N/mm” which is okay,
since the chosen material of the upper hub has a maximum permissible contact

pressure of 210N/mm”.

Step3: Calculation of the required assembly preload force
The required assembly preload force for this screw connection is 25.19kN. The
tension force, which has a value of 29.5kN, of the screw has to be higher than the

assembly preload force; this requirement is fulfilled.

Step4: Calculation of the required tightening torque

The torque which is necessary to tighten the screw has a value of 35.7Nm.

StepS: Maximum permissible screw force

It exits no danger to exceed the permissible screw force.
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Step6: Exact calculation of the contact pressure
Using the accurate equation to determine the contact pressure, a result of
203N/mm” results. Thus the material of the upper hub is able to withstand the

occurring contact pressure. /15/

Chosen screw: DIN 7984 M8x16 class 12.9

10.4 Screw connection between the middle and the lower hub

The screw connection between the middle and the lower hub hardly has to absorb
forces. The longitudinal force results just from the weight of the lower hub and has
a value of 49.05N. Also the shear force is so little that it does not have an important
influence on the connection. Thus, four M8 screws of class 4.6 are chosen for this
connection. Due to the little forces, a check-up of the screws is not necessary; one

can assume that the connection is strong enough.

Chosen screw: DIN 7984 M8x16 class 4.6
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11 EXPLANATION OF THE RUNNER DESIGN

The principle of the adaptation mechanism of the runner can be seen in Figure
11.1. The blade is connected to a pivot which is connected with a lever; the lever is
connected to the crosshead using a simple link. Through upwards and downwards
movements of the crosshead, the blade can be adjusted. To realize the movements,
the crosshead is welded to a shaft which is interfaced, for example, to an electric

motor.

Figure 11.1: Sketch of the adaptation mechanism

The adjustment of the blade can be made in quite a wide range. As can be seen in

Figure 11.2, the crosshead fits into the axle. Thus the upturn of the crosshead is,

: . theoretical, unlimited. The middle hub
Sectional view

of the axle Crosshead

is the barrier of the downturn. In the

practice, the blades can be turned about

69°.

Middle hub

Figure 11.2: Sketch of the crosshead inside the axle
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The parts of the runner can be manufactured by machining or casting; whereas the
smaller parts, such as the pivot, the lever, the link and the crosshead can be
produced at the Tampere Polytechnic. Other parts, such as, the bearings, the shaft
and the axle are standard parts and can be purchased. The parts can be connected
by screws or by welding. The parts of the adaptation mechanism are mostly
connected by screws and thus they can be changed quite easy in the case of damage

or wearing.

Since the adaptation mechanism is working without the input of oils or greases, the
runner does not contaminate the water. Also, it is of no concern if some water does
penetrate the runner as all parts are made out of stainless steel and some water in

the runner will not influence its efficiency. Thus seals are not needed.
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Upperﬁl l

Crosshead

12 ASSEMBLING

Pivot Bearingl

Sectional view of
middle hub

Lower hub

Figure 12.1: Parts of the runner

Figure 12.1 explains the assembly of the runner step by step.

Step1: Bearing 1 is attached to the middle hub with a tight fit.

Step2: Bearing 2 is attached to the link with a tight fit

Step3: The pivot is fit into bearing 1

Step4: The lever is connected to the pivot using screws

Step5: The link is fit to the pin of the lever; a spring cotter secures the link
Step6: Repeat steps 1 to 5 with the other three sides

Step7: The links are connected to the crosshead using a bolt connection
Step8: The upper and middle hub are connected by screws

Step9: The middle and lower hub are connected by screws

Step10: The blades and the pivots are connected by screws



TAMPERE UNIVERSITY OF APPLIED SIENCES FINAL THESIS 79 (134)
Environmental Engineering Timo Flaspohler

13 CONCLUSION

The adaptation mechanism in this thesis is different to the adaptation mechanisms
found in the literature. This is based on the small space the hub provides. However,
even though the space of the hub is little, it is enough to fit a proper mechanism

with which to adjust the blades.

The stress analysis and the screw calculation show that the adaptation mechanism
should be able to withstand the occurring forces. To design the runner some
simplifications and assumptions had to be made, as it is only tests can really
confirm that the adaptation mechanism is sufficient. However, the safety factor
used in the stress analysis should be high enough to avoid any significant

malfunction.

Since the design of the runner is just based on theory, it can not be assumed to be
100% practicable — some variances to the theory always appear in practice. Hence,
for example, the profile of the blade maybe needs to be change somewhat to

improve the manner of the water flow.

On some points, the sources which were used to design the runner give different
information and thus it was not altogether clear which of the sources should be
used. Furthermore, the only book providing a step-by step design of the blade was
in Finnish. Therefore, in designing the blade I was heavily dependent on my

Finnish supervisor Mr Jaakko Mattila.

The drawings were compiled using the program Inventor Professional 11 similar to
the Solid Edge program taught at the Fachhochschule Hannover. The most of the
drawings were simple. But the blade is a quite complex part; so it caused a lot of
difficulties to draw the blade in a proper way. To keep the English number system
also in the drawings, they were made according to the JSI. Due to setup issues of
the plotter it was not possible to plot the drawings exactly according to the standard

sizes A2 and A1; the drawing areas just have approximately the correct size.
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To write the final thesis in English was a very big challenge and it was not always
easy. Especially technical terms were not that easy to translate into English. But the

thereby gained experience is irreplaceable.
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14 APPENDIX

14.1 Calculation of the mains characteristics
Q=3m’/s
H=3.7m
nn=0.9
p = 998kg/m’
g=9.81m/s’

14.1.1 Power
P=Q*H*n, *p*g =>P=3%3.7%¥0.9%998*9.81 =97.806W = 98kW

Specific speed

H, =H*n, =>H, =3.7%0.9=3.33m

2.294
> nQE = 3.330.486 :i
14.1.2 Rational speed
n % n *E3/4
QE 3/4Q —>n=—r =
E JQ

E=H, *g => E=3.33%9.81=32.7/kg

% 3/4
o _lasEnrt

NG

14.1.3 Runaway speed
n, . =32%n =>n_ =32%10=32s"
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14.1.4 Runner diameter

+H
D, =84.5%(0.79+1.602*n ;) * .
60*n

333 _ 0.73m

60*10

=D, =84.5*%(0.79+1.602*1.28) *

14.1.5 Hub diameter

0.0951
n

D, = D, =| 025+ 291
1.28

D, = (0.25 + j* 0.73=0.24m

QE



TAMPERE UNIVERSITY OF APPLIED SIENCES FINAL THESIS 83 (134)
Environmental Engineering Timo Flaspohler

14.2 Cavitation
Patm = 101,300Pa

pv = 2,985.7Pa (see table 14.1)
p = 998kg/m’

g=9.81m/s’

cs4 = 2m/s

H,=3.33m

Suction head

HS:patm_pv+ c4 _G*Hn
p*g  2%g
c? 92
Gc=15241%nk 4+ 4 = 5=1.5241%128" 1 — = =27
2%g*H_ 2%9.81%3.33

_101,300-2,985.7 N 2?

’ 998*9.81 2*9.81

-2.2%333=29m
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14.3 Design of the blade

The calculation of the blade characteristics is rather bulky; thus all the established
values were calculated via Excel. But for a better understanding the calculation of

the diameter D, is listed below.

14.3.1 Velocities and the angles angle of distortion (180°-f..)

d=D.=0.73m
n=10s"
H,=3.33m
H;=3.26m
H;=3.4m
Q=3m’/s

D; = 0.24m

u=n*n*d =u=n*10%*0.73=22.93m/s

H, * 26*9.
Cy =— £ - Cus _3:2079.81 1.39m/s
u 22.93
H,* 4*9.
Cp =—2 £ - C,, _3AT98L_ 4smis
u 22.93
w,=c,—u =>w, A =139-2293=-21.54m/s
wW,=C,—-u =>w,=145-22.93=-21.48m/s
w o VutWe o :_21'54+(_21'48)=-21.51m/s

uoo W uoo
2 2
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v - Q

A,
* 2 _ N2 * 2 2
AT (pz-p7) AT 073°-024) .
4 4
=w_=——= 8m/s

W, =W +wh = w, =v-21.54% +8> =22.98m/s
W, =W W2 =>w, =1/—21.48% +8> =22.92m/s

W, =W +w2 = w_=4-2151"+8 =22.95m/s

B, = arccos e = B, = arccos_zl'51 =160°

Woo 22.95

(180° =B, )=180" —160° = 20°

14.3.2 Calculation of the blade characteristics

Lifting coefficient 1
wy =22.92m/s

Wo = 22.95m/s

p/y =10m

H;=0.45

Pmin/y =2

ns=0.9

cs4 = 2m/s

K=2.6

Q=3m’/s
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2 2
Y Y 2*g
C.)a: 2

K*w

0

2 A2
22.922 —22.95> +2%9 8] * 10—0.45—2—0.9*g
2%9.81 ) o

=>¢, = 2
2.6%22.95

Ratio I/t

nmn=0.9

H=3.7m

Cm = Wm = 8m/s

Wo = 22.95m/s
u=22.93m/s

Bw = 160°

a=0.08

A = 3° (assumption)

1_g*n,*H ¢ COSA

*

1
L2 1 0 sk _m *__
t w2 u  sin(180-B, 1) ¢,

o0

* *
. 1_981%09*37, 8 ,  cos3 1 .o

t 22.957 2293 sin(180-160-3) 0.08 —
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This value of 1/t does not match exactly with the value in Section 6.2.1 which has a
value of 0.95. The values in Section 6.2.1 were established using precise numerical
data; however, in the calculation above the numerical data were rounded. This
impreciseness will also arise in some of the following calculation. However, these
calculations are supposed to show the exact procedure to establish the main

characteristics of the blade and thus the impreciseness can be neglected.

Reciprocal value of I/t

t/l=L = t/l=
1/t

Lifting coefficient {4

1,0

=> (/4 =0.62 =>(, =0.08/0.62=0.13
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Drag coefficient (w

k| seEm———
391
0 - |
| a——
%6 _ e
H_ 417
24 —
@) <. 0
-~ g ., . 47300
9r A
- 432
C o - -
ity ———
S & & S —EE— 44
—> (= 0.0062
Angle of slip A
A= arctanC—W =>) = arctan 0.0062 _ 2.7°
c, 0.13

It can be assumed that the assumed angle of 3° and the calculated angle are close
enough. (In the calculations with the precise values in Section 6.2.1 the calculated

angle of slip is even 2.9)

Angle of attack

W |

VA4

\
Nl N

6 4% 2 0 2 4 6 &
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=>=-54°

Exact angle of distortion

(180°-B- 8) = 180°-160°~(-5.4°) = 25.4°

Now all the significant values of the diameter D, are known.

14.4 Calculation of the forces

14.4.1 Tangential force
P = 98kW

n=10s"
z=4
Re=0.365m
Ri=0.12m

P

t:—
Q¥ gEn*z*r

=0.272m

RI+R; \/0.3652+0.122

r=.——1 =>r=
2

) L Y
2*T*10%4%0.272

14.4.2 Axial force
H,=3.33m

= 80°
B = 152°
§=-3.1°
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Via water pressure

F,=g*p*H, *A,

*a*(R2-R; *80%*(0.365 —0.127
A, T%C (RZ-R?) g, ES0 (03657 -012)_ oo
360° 360

=>F, =9.81*998*3.33*0.083 = 2,706N

Via the tangential force and blade distortion:

F = F, > F - 1434
tan(180° —B_ —9) tan31

2,387N

14.4.3 Resulting force

F =,F2+F> =>F =+1434% +2706° = 3,062N

14.4.4 Hydraulic moment
F,=3,062N
Ay, = 0.083m’
R.=0.365m = 365mm
Ri=0.12m = 120mm
a=80°=> a=1.396

e=20°

M, =F *e,
e = L

g YS*Ab
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4 4

= = 365 —120° (1396 —sing—o*cos8—0 =901,718,555mm"

4 2 2 2

F, 2,706

YS = :> ys = = 3.5m

g*p*A, *cose 9.81*998*0.083 * cos 20

901,718,555

=>e, = 3 = 3.Imm

3.5*%10°*0.083*10

=> M, =3,062*3.1=9,492Nmm

14.4.5 Centrifugal force

-1
Nmax = 328

2G; =7.65kg
2Gi*R; = 1,706kgmm

F, =M, *R, *o’
M, =Y G,=7.65kg

G. *R.
R z - =>R =%=223mm20.223m

o=2%n*n => @=2%1*32=201s"

max

=> F, =7.65%0.223*201°= 68.922N
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14.5 Critical speed

G = 54.2kg

E = 220,000N/mm’
D =168.3mm
d=159.3mm
I=2m

1= #D*—d*)=>1= 634* (168.3* ~159.3*)=7,772,160mm"

. - 3%220,000 * 7,772,160
d 200°

. 1, 641,203 — 173!
2%m 54.2

14.6 Stress analysis

14.6.1 Axle

T permissible = 125N/mm”
r=272mm
Fy=1434N

D =168.3mm
d=159.3mm
Ka=1.25

=641,203N/mm
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Present tensional stress
K, *M,
T, =———
\\Y%

t

M, =4*r*F, = M, =4%*272%1,434=1,560,192Nmm

4 4 4 4
tzi*D d _>Wt:l*l68.3 159.3 _ 184.722mm’
16 D 16 168.3
£ 3
=> 1 _ 125 156’0192210.6N/mm2<125N/mm2

' 184,722

14.6.2 Blade
Bending:
The calculation to establish the thickness of the blade should be shown on the basis
of the radius R..

F,=3062N

Gppermissible = 450N/mm”

h = 60mm

Re =365mm

r = R; = 120mm (variable)

6*F *z
y= |
k
h cprermissible

z=R,-r =>2z=365-120=245mm

6*3,062*245
= y=,]——=13mm
60*450
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Torsion:

T permissible = 270N/mm”
My =94,920Nmm

y = 8mm

KA: 1.25

Present tensional sterss

K, *M,
Tt = T
t
WI = c_l * ] % y2
C2
E = % =7.5 =>¢;=0.307 and c; = 0.999 (see table 14.3)
y
= . :0'307*60*8221,180
0.999
%
=1, = %: 101N/mm’ < 270N/mm”

14.6.3 Pivot

Contact pressure:
Ppermissible = 90N/mm’
F,=3,062

d=45mm

b =30mm

Ka=1.25

Present contact pressure
K, *F
A

p:

proj
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A =b*d =>A__ =30%45=1350mm>

proj proj

1.25%3062

= 2.8N/mm? < 90N/mm?
1,350

Torsion:
_ 2
Tt permissible = 225N/mm

M, = 94,920Nmm

Present tensional stress

K, *M,
T, =E—
Wt
* 43 % 3
w =T w2 80mm?
16 16
%
=1, = 1.25794.920 _ 6 6N/mm? < 225N/mm?
17,892
Bending:

— 2
Obpermissible — 175N/mm

[=212mm

Present bending stress
K, *M,
W

G, =

bmin

M, =1*F. = M, =212*3,062= 649,144Nmm

*d3 * 4&3
Wbmin = ntd => Wbmin = n” 4 = 8,9461111’1’13
32
ES
=> g, = 1.257649,144 90N/mm? < 175N/mm?>

8,946
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14.6.4 Lever

Bending:

Gbpermissible = 175N/mm”
M; = 94,920Nmm
1=40

b, = 10mm

d=12mm

Ka=1.25

Present bending stress
I<A * M b
W

Oy, =

bmin
M, =b, *F

94,920

M
F= Th =>F =2,373N

=> M, =10%2,373=23,730Nmm

n*d’ n*12°
bmin bmin
32 32

_ 1.25%23,730
170

=> Gb

Shear:
Ry = 550N/mm’
F=2,373N

Permissible shear stress

Rp0.2 550

T

spermissible = 1 5 spermissible

= 174N/mm? < 175N/mm?>

367N/mm?>
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Present shear stress

o _K,*F
: A
%* 42 %192
AT A2 s
4
%k
=> 1, = % = 26N/mm’ < 140N/mm’

Contact pressure:

Dpermissible = 90N/mm?>

Present contact pressure

oKy *F
Aproj
_ _ _ 2
A, =b,*d => A =10%12=120mm

1.25%2,373
120

=25 N/mm? < 90N/mm°
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14.6.5 Link

Buckling:

Okpermissible = 170N/mm?
1 =70mm

B =4mm

H=8mm

b, = 10mm

h =4mm

6402 = Rpo2 = 230N/mm’
E = 220,000N/mm’
F=2373N

Ka=1.25

Buckling case I1

=> 1, =1=70mm

Thickness ratio:

A=2*B*H+b,*h = A=2%4*8§+10*4= 104mm’

. _2*B*H’+b, *h’ o _2%4%8 +10%4°

min 12 min 12

= A= 70*1/ﬁ= 36
395
Marginal thickness ratio

hogor =T E = hgos _qx [220000 o7 5
| 5405 ' 230

= 395mm*
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%k %
=0, = K; Fo o, = %z 29N/mm’ < 170N/mm”

Stress calculation of the links eye:

R,, = 420N/mm?>

¢ =S5mm
b; = 10mm
d; = 12mm

Permissible stress

c =0.5*R, =>o = 0.5*420=210N/mm’

permissible permissible

Present stress
K, *F d
P P
2%c*b, 2 {c

%
=>G=M* 1+3* 2+1 = 181N/mm? < 210N/mm?>
2%5%]() 2 |5 E—
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14.6.6 Crosshead

R, = 420N/mm”
F=2,373

¢ =5mm

b =8mm
d=12mm
Ka=1.25

Permissible stress

c =0.5*R, =>o

permissible permissible

Present stress

K, *I/F
GzA—A*{l_F%*(g_Flj}

2%c*b C

_1.25%1186.5
2%5%8

14.6.7 Bolt

Bending:

Gppermissible = 21 SN/mm”
F=2373N

l; =20mm

I, = 10mm

3 = 8mm

d=12mm

Ka=1.25

Present bending stress
K, *M,
W

b min

Gy, =

=0.5%420=210N/mm?>

{1 + % * (% + 1}} = 113N/mm’ < 210N/mm?>
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F*(, +1, +1 *
M, - I, +1, +1) . Mb:2373 (2O+10+8)=11,272Nmm
8 8
* 13 % 3
Wbmin = ntd = bmin nrli2 = 170mm3
32
*
= g, = 125711272 _ ganN/mm? < 215N/mm’
170
Shear:

R,, = 430N/mm?>

Permissible shear stress

T =02*R, =>1 =0.2*430=86N/mm’

spremissible spremissible

Present shear stress

: =i*KA*F
3 A *2
* 42 %122
A =T A ST
4
*
=> 1 = 4, 1.25%2373 _ 18N/mm’ < 86N/mm’

T
3 113%2

Contact pressure:

Permissible shear stress
Poemisive = 0-35* Ry => P = 0.35%430=151N/mm”
Crosshead:

K, *F
A

p:

proj
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A= +1)*d = A, =(20+8)*12=336mm’
*
=BT o mm? < 151N/mm?
336
Link:
e K A[: *F
proj
A, =lL*d = A =10%12=120mm’
*
> p =BT s mm? < 151N/mm’
120
14.6.8 Shaft
Buckling:
Gkpermissible — 170N/ mm’
1=3300mm
d = 60mm

6402 = Rpo2 = 230N/mm’
E = 220,000N/mm”
F=2373N

Ka =125

Buckling case I1
=> ]y =1=3300mm

Thickness ratio:

=2,827mm?>
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* 44 % 4
Lo="9 oy =T 63 6173mm
64 64

=> A =3300* 2827 _ 220
636,173
Marginal thickness ratio

Kgomzn* L => }\’gOOIZTC* M:109<220
' 0.8%G,,, ' \0.8%230

_ 1.25*x* *#220,000
220°

K, *n’*E
=>Gk:— => o,

7\'2

= 56N/mm> < 170N/mm>
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14.7 Calculation of the screws

14.7.1 Screw connection of the lever and the pivot

Stepl: Pre-selection
z=3

Fp = 68,922N

M; = 94,920
r=15mm

KA =1.25
Fg=68,922N => Fp,=22,974kN per screw => M]12 class 12.9 (see table 14.4)

%
= %= 7910N  =>Fqs=26,37N per screw

=> M12 class 12.9 (see table 14.4)

Step2: Roughly calculation of the contact pressure
Ppermissible = 300N/mm?

Fsp = 68.5kN = 68,500N (see table 14.5)

dw = 18mm (see table 14.6)

dy = 13mm (see table 14.6)

Contact pressure

P 00%A,

p 4 p
> p=800 _ 6 iN/mm? > 300N/mm?
0.9%122

=> A washer is necessary
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d,=24mm (see table 14.6)

(a2 —d?) n*(247 -137)

=A =— V2 "h) S A =2 7T ) 390mm?
p 4 p 4
=>p= 68,500 _ 238N/mm? < 300N/mm?
0.9%320 —

Step3: Calculation of the required assembly preload force
ka = 1.6 (see table 14.8)

p=0.5 (see table 14.9)

n=0.5

Iy =12.5mm

Er = 216,000N/mm”

Es = 220,000N/mm’

d=12mm

1=12.5mm

Az =76.25mm’ (see table 14.10)
f;=0.023 (see table 14.11)

Fou :kA *[FKI + Fy, *(I_CD)"'FZ]

Fo _ p _6328

F, = = = =4,218N
KI Wz Kl 0.5%3
O=n*d_
__ %
b )
1
Op = L
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ers w

A =240, =4, )+ 5wd, #(D, —d,)*[x+1) -]

D, =d, +l, =>D, =18+12.5=30.5mm

I, *d

*
e F | ML L )
D2 30.5

= A_ = *(18—13)+§*18*(30.5—18)*[(O.62+1)2 —1]= 147mm’

T
4

12.5

;= —————=3.9%10"mm/N
147 * 216,000

+—+

s _1,(04%d 1 05%d 04*d
; ES AN A3 A3 AN

* 12 % 2
A =T oA T2
4 4
* * *
. *(0.4 12 125 05*12 04 12)21.5*10'6mm/N
220,000 \ 113 7625 7625 113
%k -7
= O, = 3‘_97 10 — =021
(3.9%107 +1.5¥10°°)

= ®=05*0.21=0.105

f 0.023
F.=—2  =>F, = =12,169N
27 (8 +8,) “ (1.5%10° +3.9%107)

=> Fy,, = 1.6%[4,218+22,974*(1-0.105)+12,169]= 59,118N < 68,500N
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Step4: Caculation of the required tightening torque
M, = 137Nm (see table 14.5)

M, =09*M_ =>M, =0.9%137=123Nm

StepS: Maximum permissible screw force
Rpo2 = 1,080N/mm’ (see table 14.12)
A, = 84.3mm” (see table 14.10)

D*Fy <0.1%R ., ¥A, => 0.105%22,974 < 0.1¥1,080%84.3

=>2,412N <9.104N

Step6: Exact calculation of the contact pressure

E, + ®*Fy, 68,500+ 0.105* 22,974
p = => p =
A 320

p

= 222N/mm?

Chosen screw: ISO 4017 M12x25 class 12.9
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14.7.2 Screw connection of pivot and flange

Step1: Pre-selection
z=38

Fg = 68,922N

My = 94,920
r=35mm

KA: 1.25

Fg=68,922N => Fp,=8,615N per screw => M& class 12.9 (see table 14.4)

~ 1.25%94,920

=> MBS class 12.9 (see table 14.4)

Step2: Roughly calculation of the contact pressure
Ppermissible = 360N/mm”

Fop = 29.5kN =29,500N (see table 14.5)

d; = 13mm (see table 14.7)

dp = 8.4mm (see table 14.6)

Contact pressure
po—
0.9*A,
2 2
A, :—ﬂ*(d1 _dh) = A, = n*(132 _8'42)277mm2
4 4
=>p= 29,500 _ 426N/mm”* > 360N/mm”
0.9*77

=> A washer is necessary

d,= 16mm (see table 14.6)

=3,390N => Fqos = 424N per screw
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*\d; —d; *(16% —8.4°
IO, (it ) AT (16 84)=146mm2
= p=22% _ 225N /mm? < 360N/mm’
0.9*146

Step3: Calculation of the required assembly preload force
ka = 1.6 (see table 14.8)

pu=0.5 (see table 14.9)

n=0.5

Ix = 6.6mm

Er = 216,000N/mm’

Es = 220,000N/mm’

d = 8mm

1 =6.6mm

Az = 32.84mm’ (see table 14.10)
f;=10.023 (see table 14.11)

Foum :kA *[Fm + Fy, *(I_CD)+FZ]

F
F,=—2Y = Kl:ﬂsz
n*z 0.5*8
O=n*O,
O
‘ (8T+SS)
— L
! Aers*ET
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D, =d,+l, =>D, =13+6.6=19.6mm

i feer13_

D? 19.6°
= A :%*(13—8.4)+§*13*(19.6—13)*[(0.61+1)2 ~1]= 57mm?
5, =00 5 4x107mmN

T 57%216,000

+—+

1 ,(04%d 1 05%*d 04*d
5=t | Tar TA T A T A
S N 3 3 N

% 12 * Q2

Ay =2 4d = A, =" 48 = 50.3mm’
% * *

. *(0.4 12, 66 , 05*8 04 8]22'2*10_6mm/N

220,000 \ 503  32.84 3284 503

* -7

A S LAy

(5.4%107 +2.2%10°°)
=> ®=0.5%02=0.1
Fo= 2 - 0023 _g304N

(5, +5,) (22%10° +5.4%107)

= F,,, =1.6%[848+8,615*(1—0.1)+8,394]=27,193N < 29,500N
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Step4: Caculation of the required tightening torque
M, = 39.7Nm (see table 14.5)

M, =09*M_, =>M, =0.9%39.7=35.73Nm
StepS: Maximum permissible screw force
Rpo2 = 1,080N/mm’ (see table 14.12)

A = 36.6mm” (see table 14.10)

D*F, <0.1%R,, ¥A, => 0.1%8521<0.1%1,080%36.6

=>852N < 3.953N

Step6: Exact calculation of the contact pressure

E, + ®*Fy, 29,500 +0.1*8,615
p:— => p:
A 146

p

= 208N/mm’

Chosen screw: DIN 7984 M8x12 class 12.9
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14.7.3 Screw connection between the upper and the middle hub

Step1: Pre-selection
z=38

F.=2,706N

G =53.2kg

g =9.81kg/s’

M; = 1,560,192Nmm
r=92.6mm

KA: 1.25

F, =4*K, *F, +G*g =F, =4*1.25%2,706+53.2*9.81= 11,346

=>Fps=1,757TN => M8 class 12.9 (see Table 14.4)

*
. > 5, < 125*1560192

= =21,06IN =>Fqs=2,633N per screw
°T 92.6 ¢ P

=> M8 class 12.9 (see table 14.4)

Step2: Roughly calculation of the contact pressure

Ppermissible = 23 ON/mm2

Fop = 29.5kN =29,500N (see table 14.4)
d; = 13mm (see table 14.7)
dy = 8.4mm (see table 14.6)

Contact pressure

— FSP
P 09%A,
A :n*(df—dfl) = A :Tt>k(132_8'42)=77mm2
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29,500

p= = 426N/mm” > 230N/mm’
0.9%77

=> A washer is necessary

d,= 16mm (see table 14.3)

Cnx(dl-d?) _n*(16” -8.4)

=A, =—2— =>A = = 146mm”
4 4
—> p=222% _ 2)5N/mm? < 230N/mm?
0.9*146

Step3: Calculation of the required assembly preload force
ka = 1.6 (see table 14.8)

pu=0.5 (see table 14.9)

n=0.5

Ix = 6.6mm

Er = 200,000N/mm’

Es = 220,000N/mm’

d=8

1=6.6

Az = 32.84mm’ (see table 14.10)
f; =10.023 (see table 14.11)

Foum :kA *[Fm + Fy, *(I_CD)+FZ]

3 21,061
FKI = M}SZ = KI = m: 5,265N
O=n*O,
O
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__ L
T Aers * ET
A :g*(dl _dh)+g*dl *(DA _dl)*[(x+1)2 _1]

D, =d,+l, =>D, =13+6.6=19.6mm

%k %
X =3 L Zdl =>x =3 6.6 12320.61
D2 \ 19.6

= A, = *(13—8.4)+§*13*(19.6—13)*[(0.61+1)2 —1]= 57mm’

T
4

5, =0 5 gx10"mmN
57%200,000

1 *(0,4*d 1 05*d 0,4*d]
Oy =—* —+—+ +
ES AN A3 A3 AN

% 12 * Q2
AN=“4d = AN=”48 = 50.3mm’

] =2*%10°mm/N

1 *(0.4*8 6.6 0.5*8 0.4*8
=> 0¢ = + + +
220,000 | 50.3 32.84 32.84 503

* -7
o= 809
(5.8%107 +2%10°°)
=> ®=0.5%021=0.11
F,=— 2 __ 0.023 =8,915N

27 5y +8,) * " 2%10° +5.8*107)
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= F,,, =1.6%[5,265+1757*(1-0.11)+8,915]= 25.190N < 29,500N

Step4: Calculation of the required tightening torque
M, = 39.7Nm (see table 14.5)

M, =09*M_ =>M, =0.9%39.7=35.7Nm

StepS: Maximum permissible screw force
Rpo2 = 1,080N/mm” (see table 14.12)
A = 36.6mm?” (see table 14.10)

D*Fy <0.1%R, *A, => 0.11*1418<0.1¥1,080*36.6

=>193N <3.953N

Step6: Exact calculation of the contact pressure

E, + ®*Fy, 29,500 +0.11*1,757
p = => p =
A 146

p

= 203N/mm>

Chosen screw: DIN 7984 M8x16 class 12.9
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14.9 Tables
Table 14.1: Vapor pressure of water /10/
t/°C 0 2 4 6 8 10 12 14 16 18
0]0.6112 | 0.706 | 0.8135 | 0.9353 | 1.0729 | 1.2281 | 1.4027 | 1.5989 | 1.8187 | 2.0646
20 | 2.3392 | 2.6452 | 2.9857 | 3.3638 | 3.7809 | 4.2452 | 4.7582 | 5.324 | 5.9472 | 6.6324
40 | 7.3848 | 82096 | 9.1126 | 10.1 | 11.117 | 12.352 | 13.632 | 16.023 | 16.534 | 18.173
60 | 1.,948 | 21.869 | 23.946 | 26.188 | 28.605 | 31.21 | 34.013 | 37.01 | 40.24 | 43.704
80 | 47.416 | 51.388 | 55.636 | 60.174 | 65.018 | 70.183 | 75.685 | 81.542 | 87.771 | 94.39
100 | 101.42 | 108.87 | 116.78 | 125.15 | 134.01 | 143.38 | 153.25 | 163.74 | 174.77 | 186.41
Table 14.2: Strength factors /15/
Stahlsorte A RN Ran T wn OhwN TwWN relative Eigenschaften und Verwendungsbeispiele
Kurzname Werkstoff- % Rynan (Cpisenn) {Obsenn) (Tisenn) Werkstoff-
nummer min. min. min. kosten”
i) Nichtrostende Stihle nach DIN EN 10088 und SEW 400 zeichnen sich durch besondere Bestindigkeit ge-
Behandlungszustand: Ferritische und austenitische Stahle: gegliht (+ A) gen chemisch angreifende Stoffe aus: enthalten
Martensitische Stihle: vergitet (+OT) mindestens 12 % Cr und hischstens 1.2 % C; Be-
Praklisch kein technologischer GriBeneinfluss stiindigkeit beruht auf der Bildung von Deck-
schichten durch den chemischen Angriff
X3CrNb17 1.4511 23 420 230 170 (230) 210 (275) 125 (160) Bauwesen: Beschlige, Re- | Ferritische
gale, Bekleidungen Stiihle
gute Schweileig-
X6CrMoS17 1.4105 20 430 250 170 (250) 215 (300) 130 (175) Automatenstahl; Bolzen, nung, warmfest,
Befestipungselemente besondere magne-
tische Eigenschal-
X6Cr13 14000 19 400 240 160 (240) | 200 (290) | 120 (165) Chips-Triiger, Bestecke, | ten, schlecht zer-
Innenausbau spanbar, Kaltum-
formbar
X6Cr17 1.4016 20 450 240 180 (240) | 225 (290) | 135 (165) Verbindungselemente, tief-| £ =220000N/mm-
gezopene Formieile
X20Cri3 1.4021 10 750 550 300 (480) 375 (560) 225 (380) 32 Armaturen, Flansche, Fe- | Martensitische
dern, Turbinenteile Stihle
hirtbar, gut zer-
X39CrMol7-1 1.4122 12 750 500 300 (480) | 375 (560) 225 (345) Rohre, Wellen, Spindeln, | spanbar, hohe Fe-
VerschleiBteile stigkeil, mag-
netisch, bedingt
X14CrMoS17 14102 11 640 450 255 (410) | 320 (480) | 190 (310) Automatenstahl; Dreh- schweiBbar.........
teile, Apparatebau E=216000N/mm-
X50CrMoV1s 1.4116 12 850 340 (545) 425 (635) 255 (410) Fleischverarbeitung: Wel-
len, Muffen, Schneidwerk-
zeuge
X12Crl13 1.4006 12 650 450 260 (415) 325 (485) 195 (310) Verbindungselemente,
Schneidwerkzeug,
X3CrNiMol3-4 1.4313 11 900 800 360 (575) 450 (675) 270 (460) verschleibeanspruchte
Bauteile
X17CrNil6-2 1.4057 14 750 550 300 (480) 375 (560) 225 (380) 4.0
XSCrNilB-10 1.4301 40 520 210 210 (210) 250 (250) 145 (145) universeller Einsatz: Bau-
wesen, Fahrzeugbau, Le-
bensmittelindustrie
XBCrNISIR-O 1.4305 35 500 190 190 (190) 230 (230) 130 (130) Automatenstahl; Maschi-
nen- und Verbindungsele-
ol Austenitische
e T Stiihle
X6CrNITI18-10 1.4541 40 500 200 200 (200) 240 (240) 140 (140) 58 .‘,uhlenunl’z.lhrzcughau, : gute SchweiBeig-
Baugruppen Sanitarbereich| nung, gut kalt-

% i e umformbar,
X2CrNiMo17-12-2 1.4404 40 520 220 220 (220) 260 (260) 150 (150) Offshore-Technik, ge- schwer zerspan-
X2CrNiMoN17-13-3 1.4429 35 580 295 230 (295) 290 (355) 175 (205) schweibte Konstruktions- | par, unmagne-

teile, Achsen, Wellen, tisch
Wirmetauscher E=200000N/mm’
X5CrNiMo17-12-2 1.4401 40 520 220 220 (220) 260 (260) 150 (150) Bleichereien, Lebensmitiel-
industrie, Aubenfassaden
X6CrNiMoTil17-12-2 1.4571 40 520 220 220 (220) 260 (260) 150 (150) Behiilter (Tankwagen),
Heizkessel, Dacheinde-
ckungen
X2CrNiN24-4 1.4362 25 600 400 240 (385) 300 (450) 180 (275) Textilindustrie, Apparate- | Austenitisch-
X3CrNiMoN27-5-2 1.4460 20 600 450 240) (385) 300 (450) 180 (305) bau; geschweilite Bauteile | ferritische Stihle
X2CrNiMoN22-5-3 1.4462 30 640 450 255 (410) 320 (480) 190 (310) mit hoher Beanspruchung | (Duplex-Stihle)
bestindig gegen
Spannungsrisskor-
rosion
£ =200000N/mm?
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Table 14.3: Values of ¢; and ¢, /13/

BbE < ¥ 4 1650 .27 | ASELE | 8 |8 fai0s] -5
(& 0,141 (0,196 | 0,229 | 0,263 | 0,281 | 0,258 | 0,307 | 0,312 | 0,333
Ca 0,675 | 0,852 | 0,928 | 0,977 | 0,990 | 0,987 | 0,999 | 1,000 | 1,000
C3 1,000 | 0,858 | 0,796 | 0,753 | 0,745 | 0,743 | 0,743 | 0,743 | 0,743

Table 14.4: Nominal diameter of the screws depending on the force /15/

Nenndurchmesser in mm fiir Schaftschrauben bei Kraft je Schraube!!
Fp bzw. Fg in kN bis
Festig- | stat. axial | 1.6 25 4 6,3 10 16 25 40 | 63 100 | 160 250
keits- | dyn. axial | 1 1.6 2.5 40 63 | 10 16 25 40 63 | 100 160
klasse quer 032 0.5 0.8 125 | 2 315 5 8 12.5 20 315 50
4.6 6 3 10 12 16 20 24 27 33 - - -
4.8, 5.6 3 3} 8 10 12 16 20 24 30 - - -
5.8, 68 4 5 f 8 10 12 14 18 22 27 - -
8.8 i 5 ) 8 8 10 14 16 20 24 30 -
10.9 — 4 5 6 8 10 12 14 16 20 27 30
129 4 ] 5 8 8 10 12 16 20 24 30
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Table14.5: Tension force and tension torque /15/

Schaftschrauben Dehnschrauben (dr = 0.9d5)
Regel- Spannkraft Fy Spannmoment M, Spannkraft Fy, Spannmoment M.,
bzw. .—}_[ﬁ; in kKN in Nm in kN in Nm
Feingewinde | = bei Festigkeitsklasse'! bei Festigkeitsklasse!!
88 [ 109 | 129 | 88 | 109 | 129 | 88 | 109 | 129 | 88 | 109 | 129
M35 008 | 716| 105 | 123 | 43| 63| 73| 498 731 | 855 30| 44| 5.1
010 | 690f 1001 | 11,9 49| 72| 85| 475| 697 | 816| 34| 50| 58
012 | 663 974| 11.4]| 55| 81| 95| 452| 664 | 7771 38| 55| 65
014 | 636| 934| 109| 60| 89| 104| 430 631 | 739 41| 60| 70
M6 008 | 101 | 149 | 174 74| 109| 127| 697|102 | 120 | 51| 75| 88
010 | 974| 143 | 167 | 85| 125| 147| 665 976| 114 | 58| 86/ 10
012 | 935 137 | 161 ]| 95| 14 164 632 929 109 [ 64| 95| 111
014 | 897| 132 | 154 | 104 | 153| 179 601| 883 103 | 70| 103 12
M8 008 | 185 | 272 | 31,9| 179| 262| 307( 129 | 19 | 222 | 125]| 183 | 214
010 | 179 | 262 | 307 | 206 | 303| 355( 123 | 181 | 21,2 | 142 | 209 | 245
012 | 172:| 252, 1295 | 23| 34 | 397 11,8 | 173 | 202 || 158 | 2832|1272
014 | 165 | 242 | 283 | 253 | 372| 436| 112 | 164 | 192 | 172| 253 | 296
MS x 1 008 | 203 | 297 | 348 | 188 | 27,7| 324| 146 | 21,5 | 251 | 136 20 | 234
0,10 | 196 | 287 | 336 | 22 323 377] 14 | 205 | 24 157 | 23,1| 27
012 | 188 | 27,7 | 324 | 248 | 364| 426( 134 | 196 [ 23 176 | 258 302
014 | 181 | 266 | 31,1 | 273 | 401| 47 [ 127 | 187 | 219 | 192 | 282 33
MI10 008 | 295 | 433 | 50,7 | 36 53 | 61 | 207 | 304 |356| 25 | 37 | 43
010 | 284 | @18 | 489 | 41 61 71 | 198 | 29,1 | 34 29 | 42 | 50
012 | 27,3 | 402 | 47 | 46 68 | 80 | 189 | 277 | 324 | 32 | 47 | 55
0,14 | 262 | 385 | 451 51 75 | 88 | 179 | 264 | 308 | 35 | 51 | 60
M10x 125 | 0,08 | 316 | 465 | 544 | 37 55 | 64 | 228 | 335|392 | 27 | 40 | 46
0,10 | 30,6 | 449 | 525 44 64 | 75 | 219 | 321 | 376 | 31 46 | 53
012 | 294 | 432 | 506 | 4¢ 72 | 84 | 209 | 306 | 359 | 35 | 51 60)
014 | 283 | 41,5 | 486 | 54 B0 | 93 | 199 | 292 | 342 | 38 | 56 | 65
Mi2 008 [ 43 | 631 | 739 61 90 | 105 | 303 | 446 | 521 | 43 | 63 | 74
0,10 [ 414 | 609 | 712 | T 104 | 122 | 29 | 426 | 498 | 50 | 73 | 85
012 | 399 | 585 | 685 | 80 | 117 | 137 | 276 | 406 | 475 | 55 | 81 95
014 | 383 | 562 | 658 | 87 | 128 | 150 | 263 | 386 | 452 | 60 | 88 |103
MI2x 125 | 008 | 482 | 708 | 828 | 65 9 | 112 | 355 | 521 | 61 8 | n 83
0,10 | 46,6 | 684 | 80,01 | 77 | 113 | 132 | 341 | 50 | 585 | 56 | 8 | 9
0.2 | 449 | 66 772 | 87 | 128 | 150 | 326 | 478 | 56 63 93 | 108
014 | 432 | 635 | 743 | 96 | 141 | 165 | 31,1 | 457 | 534 | 69 | 102 | 119
M4 008 | 59 | 867 | 101 97 | 143 | 167 | 418 | 614 | 718 | 69 | 101 | 118
010 | 569 | 836 | 978|113 | 165 | 194 | 399 | 586 | 686 | 79 |116 |136
012 | 547 | 804 | 941|127 | 186 | 218 | 381 | 559 | 654 | 88 |129 | 151
014 | 526 | 772 | 903|139 | 205 | 239 | 362 | 532 | 623 | 96 | 141 |165
M16 008 | 81 [119 |139 |147 | 216 | 253 | 584 | 858 [100 | 106 |156 |183
010 | 782 (115 | 134 [172 | 252 | 295 | 559 | 822 | 962 | 123 |180 |21
012 | 753 [111 [ 130 |194 | 285 | 333 | 534 | 785 | 91,8 | 137 |202 |[236
014 | 724 106 | 124 |[214 | 314 | 367 | 509 | 748 | 875 | 150 |221 |258
Mi6x15 | 008 | 88 [129 |151 |154 | 227 | 265 | 655 | 96,2 [113 | 115 |169 |197
' 0,10 | 852 (125 |[147 | 182 | 267 | 313 | 629 | 924 [108 | 134 |197 |231
012 | 822 [121 |141 [207 | 304 | 355 | 602 | 884 [104 | 151 |222 |260
014 | 792 (116 | 136 |229 | 336 | 394 | 575 | 84,5 | 989 | 166 | 244 | 286
M20 008 |131 |186 |218 |298 | 424 | 496 | 942 |134 |157 | 215 | 306 | 358
0,0 |126 |180 |[210 |[347 | 494 | 578 | 90,2 |128 |150 | 248 | 354 | 414
012 (121 [173 | 202 [392 | 558 | 653 | 86,01 |123 [144 | 278 |396 | 463
004 [117 [166 | 194 | 431 | 615 | 719 | 82,1 |117 [137 | 304 |432 | 506
M20x15 | 008 (149 [212 |248 |320 | 456 | 533 |113 [160 [188 [242 | 345 | 403
010 (144 [206 | 240 [379 | 540 | 632 [108 |154 [181 | 285 |406 |475
012 (139 |[199 |232 (433 | 617 | 722 [104 |148 |[173 |323 | 460 |538
014 [134 [191 | 224 (482 | 686 | 803 | 994 |142 [166 |356 |508 |39
M24 008 |188 |268 |313 |[512 | 730 | 854 |136 |193 |226 | 370 | S66 | 616
010 |182 |259 |[303 |[597 | 850 | 995 |130 |185 |216 |427 |608 |7I2
012 |175 |249 |[291 |673 | 959 |1122 |124 |177 |207 | 478 | 680 |79
0,14 |168 |239 |280 |[742 |1057 |1237 |118 |168 |197 |522 | 743 | 870
M24x2 | 008 |210 299 (350 |[S44 | 775 | 907 |158 |224 263 | 409 | 582 | 681
010 (203 |290 [339 [643 | 916 1072 [152 |216 |253 | 479 |683 | 799
012 (196 |280 |327 (733 |1044 |1222 |145 [207 |242 |52 |772 |94
0,14 (189 269 |315 |[814 |[1159 [1357 [139 [198 231 |[598 |851 | 966
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Table 14.6: Main characteristic of headless screws /15/

wﬂ.ﬁ LE b ] = L = geg | sl agg | ov | ee| || s|ow (soxgo| e | s | 1| & | — [oozooc |osecopr| sE | 1E'ie s | eEm
EW 9 g ] 1L 19 o6 L9 sl gls 5 ££ 1€ K| 95 | 05 %ED 43 S| 9sE | it 99 | DOZ 0O |O0E°COLE| LBL | STIS 9 | OER
ﬁ g0z | so IL e | ose [ os | oz | rer | oose | st| s sl F[er|orx ) @] m|cw| oo | v [00zooos [oev06 | ST | Bees 9 | EEN
EhL | SLl | S £ 9k i 9 | tar | T e | v | i@ | | e joEx v| & | ov | gI| 2 | o |00cTUOr | OTTU08 ST | £5EE 0t | GeN
ST I e a ok £ s oz | £6 st | son | e | el eloe fsex | e g | &¥r | w | B | 00T 0E 0918 ol | SL9% FTo| BIN
CEIN il i £F 4 13 0 e | €6 ENL | &1 | S | el sz 8T |sexTE| 9 C | ®Z0 [ Ok | #E | DRITCOC | OPD'T'OS | WE | EET [z | FIn
ZIN I o 3 T g i vize | €% | get | v | ger | oer|lsel w | mrre] @ o | #op | - oF | oz1ctUse (ogrtios | s | f0E 81 | TN
OIN & l £1 £ e C SLT | EL 7L | | son )| zloz |ozxse| = ¢ [ w8 = 9z | o010 [oonciee | b | Ledd ot | Dmw
PR St o] 9z Pz 81 [ iz | o oF ot 6 | va o] o [etx 2| g6 P |89 T oL | om et |08 OF | £5 | BEW |
9N | #5 | 8 0z 81 {0 b R gz | & |sto | wallller @ |erxon | g0 | we |Zs | = | s |oocvE oo cvoe | v | eofn | o1 [SEEK
= P 81 €1 1 i g1 | gr | osr |Es |ss | Es tlor [zixzn| 9 | ez | ov = 9p | 08 cccor |os sz | s | 6B e o
S F'E 5l £l ot 0z gar | owe FIE |8 | Sr | &R [|gofs (0% 1| 5 | E T - #1 [ oro7g |or g2 | 9T | 9L L L
U ¥ 11 11 f 6l L' R L 9 FE | TE |50 | ¢t - -~ #1 K = 21 | 0E ‘e | OE T2 F 1'e &e £ W
PO e s e e | e | e | ] [ e ]| e | e e T l Wl Y EE R
9 | 28|28 |sgzpeleze| 88| £ 27|39 28| 82 2 B £ | §|EE|SE|EF| 58| ¥ g |E| BRI E| §
: |z |8p [38ss §eal| 2B | E | RPE|2E | 32| & § =2 g O i B e o N s % e S x
3 |cf | =6 |cERE|sEs| 28| & |[EE (28| 22 o < i a8 (= 5 I £ 2
B gz | 22 |E2Eg|BEnm| 22 = | Bk g | 52 2 |52 Elp=|BRE " i n = z
23 |38 |SEE2|cRE| 2® | B | 28| E| B2 Elig® | RZEEE 3 5 g
a ] FE = B m = £ E g = e 8] ¥ o =
EM _m = i = 3 &= T W m = m - = 8 |5 56 % [} P
£ il ZoE| 8 B | 2% B E g z. z
® Lo 3 S ¥ | 48 2 ! g £l = -
o & = = =
= =
& UG
; My
ALVL|asvs| BLES [vLvs| ¥ 420
g | uwog LI uuog | unog -siuiaangg
N0 (ZLbL6) ELFL o | oeTie | oW ed| ok iy NIl
NE NI ELT0E +ET1 051 SEOFT | TEORT | FLOFT | FIOFT | LIOKT LIOKT | FIOPT | o0 ZE0FTPIOFT | NS NICH
051 , i cep | Teor | piov | pIow L1 i rlop [N ZE0p P10V TLY OS]
N ) R L O [ T T T T S T e R R 9 5 v o« z 1




TAMPERE UNIVERSITY OF APPLIED SIENCES FINAL THESIS 129 (134)
Environmental Engineering Timo Flaspohler

Table 14.7: Main characteristic of countersink screws /15/
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Table 14.8: Snap factor /15/

Anziehvertahren

Streuung der
Vorspannkriifte

vorzuschreibendes
Anzichdrehmoment

Anziehfaktor
K

Streckgrenzgestenertes oder drehwinkel-

entspricht der

entfallt

1,0

gestewertes Anziehen von Hand oder
motorisch

Streckgrenze
der Schraube

Drehmomentgesteuertes Anzichen mit +20 %
Drehmomenischliissel ohne oder mit
Vormontage durch Schlagschrauber,

oder Drehschrauber mit Einstellen iiber
Verliingerungsmessungen der montierten
Schrauben oder tiber das Nachziehmoment

sowie stetiger Nachkontrolle

0.9 My 1,6

Impulsgesteuertes Anzichen mit =40 %
Sehlagschrauber. Einstellung iber
Verlingerungsmessungen der montierten
Schrauben oder tiber jeweils 10 Versuche
(pro Los bzw. Tag),

d, h. Kentrolle durch Drehmomentschliissel

0,85 My, 2,5

Impulsgesteuertes Anziehen mit Sehlag- +60 % entfillt 4.0
schrauber ohne Einstellkontrollen oder
Anzichen von Hand ohne Messung des

Anzichmomentes

Table 14.9: Friction factor /15/

Gleitreibung Festkorperreibung ]
— Metall/Metall (trocken) 03 ...15
— Keramik/Keramik 02 ...15
— Kunststoff/Metall : '{_k_l:m.;'lﬁ'
Schmierstofffilm 1
Mischreibung particller 001...01
Schmierstofffilm . L
Flussigkeitsreibung Schmierstoff e 10
Gasreibung _ Gas | e 10+ : -
Rollreibung g Walzkérper | | 0001::.0005 .=
H ) - ' ‘.'.'?.'"':e T Az S .: :- -
Haftreibung ohne P T T e O T
(Ruhereibung) LAl A R i - !
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Table 14.10: Nominal cross section of the shank and core cross section of the thread /15/

Gewinde- Stei- | Flanken- Kern- Gewindetiefe Span- Kern- Stei-
Nenn- gung durch- durchmesser nungs- quer- gungs-
durchmesser messer quer- schnitt’) | winkel®
d=D schnitt!! Aa (i
As
Reihe 1 | Reihe 2 P dr= D ds Dy s H mm* mm? Grad
1 0,25 (.838 (0,693 0,729 0,153 0,135 (0,460 0,377 543
1,2 0,25 1.038 (0,893 0,929 0,153 0,135 0,732 0,626 4.38
1.6 0,35 1,373 1,170 1,221 0,215 0,189 1.27 1075 4,64
7 0.4 1.740 1,509 1,567 0.245 0,217 207 1,788 4,19
2.3 0,45 2,208 1,948 2013 0,276 0,244 3,39 2,980 3,71
3 0.5 2,675 2,387 2,459 0,307 0,271 5,03 4,475 341
3.5 ()6 3,110 2,765 2.850 0,368 0,325 6,78 6,000 3,51
4 0,7 3,545 3.141 3,242 0,429 0,379 3,78 7,749 3,60
4.5 0,75 4013 3,580 3,688 (0,460 (1,406 11,3 10,07 34
5 0,8 4,480 4,019 4,134 (1,491 0,433 14,2 12,69 325
6 1 5,350 4773 4917 0.613 0,541 20,1 17.89 341
8 1,25 7,188 6,460 6.647 0,767 0.677 36.6 32,84 317
(9 1,25 8,188 7.466 7.647 0,767 0,677 48.1 4378 2,78
10 1.3 9,026 8,160 8,376 0,920 0,812 38,0 52,30 3,03
(11) 1.3 10,026 9,160 9376 0,920 0.812 723 65.90 2,73
12 175 10,863 9,853 10,106 1,074 0,947 843 76,25 2,94
14 2 12,701 11,546 | 11,835 1,227 1,083 115 1047 287
16 2 14,701 13,546 | 13.835 1,227 1.083 157 144,1 2_-}8
18 2.5 16,376 14,933 | 15,294 1,534 1,353 193 175.1 2,78
20 2.5 18,376 16,933 17.294 1.534 1,353 245 225.2 248
22 2.5 20,376 18,933 | 19,294 1,534 1,353 303 2815 2,24
24 3 22051 20319 | 20,752 1,840 1,624 353 3243 248
27 3 25,051 23,319 | 23,752 1,840 1.624 459 427.1 2,18
30 3.5 27,327 25,706 | 26,211 2,147 1.8594 561 519.0 2,30
33 35 30,727 28,706 | 29211 2,147 1,894 694 6472 2,08
36 4 33,402 31,093 | 31.670 2,454 2,165 817 1393 2,19
39 4 36,402 34,093 | 34670 2,454 2,165 976 913.0 2,00
42 4.5 39,077 36477 | 37,129 2,760 2,436 1121 1045 2,10
45 4.5 42,077 39479 | 40,129 2,760 2436 1306 1224 1.95
45 5 44,752 41,866 | 42,587 3.067 2,706 1473 1377 2.04
52 5 48,752 45,866 | 46,587 3,067 2,706 1758 1652 1,87
56 5,5 52,428 49252 | 50,046 3.374 2,977 2030 1905 1,91
3.5 56,428 53,252 | 54,046 3374 2977 2362 2227 1,78
64 6 60,103 56,639 | 57,505 3,681 3,248 2676 2520 1,82
68 f 64,103 60,639 | 61,505 3,681 3,248 3055 2888 1,71
Table 14.11: Setting amount /15/
Lingskraft Querkraft
Rautiefe der Oberfliche R, in pm <10 | 10...<40 | 40... <160 =10 10...<40 | 40...<160
im Gewinde 3 3 3 3 3 3
fr je Kopf- oder Mutterauflage | 2.5 3 4 3 45 6.5
in
mm e innere Trennfuge 1.5 2 3 2 2.5 35
Summe"/ 9.5 11 14 1 14,5 19.5
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Table 14.12: Strength factors of the screws /15/
Festigkeits- Werkstoff und Wirmebehandlung Zug- Streckgrenze? Bruch-
klasse festigkeit?) bzw. 0.2 %- dehnung
(Kennzeichen) Ry Dehngrenze As
Rﬂ_ bzw. Rp_z
N/mm® N/mm? % min
3.6Y Stahl mit niedrigem C-Gehalt 300 (330) 180 (190) 25
(z. B. QSt 36-2)
4.6 Stahl mit niedrigem oder 400 240 22
mittlerem C-Gehalt :
4.8% (z. B. UQSt 38-2) 400 (420) 320 (340) 14
56 Stahl mit niedrigem S00 300 20
oder mittlerem C-Gehalt
5.8% (z. B. Cq22, Cq35) 500 (520) 400 (420) 10
6.8 600 480 8
<Ml6 Stahl mit niedrigem C-Gehalt 800 640
88 ———1 und Zusitzen (z B. Bor, Mn, Cr) 12
>MI6 oder mit mittlerem C-Gehalt, 800 (830) 640 (660)
jeweils abgeschreckt und
9.8Y angelassen (z. B. 22B2, Cqg45) 200 720 10
10.9 Stahl mit niedrigem C-Gehalt 1000 (1040) 900 (940) 9
und Zusitzen' (2. B. Bor, Mn, Cr)
bzw. mittlerem C-Gehalt,
abgeschreckt und angelassen;
oder mit mittlerem C-Gehalt mii
Zusiitzen oder legierter Stahl
{z. B. 35B2, 34Cr4)
12,9 legierter Stahl, abgeschreckt und 1200 (1220) 1080 (1100) 8
angelassen (z. B. 34CrMod)
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