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Abstract

A comparative study of two di"erent hydro power turbine designs, made
by Remote Hydrolight (RHL) was conducted. The shaft of the erst design
has su'ered from fatigue failures and a bushing was introduced to solve
the problem, giving the second design.

In this thesis, ,ow calculations, ¢nite element analysis (FEA), inspection
of micro structures and the weld were carried out, along with fatigue life
calculations. This was done for both designs to compare the existing
fatigue data with the endings. It was found that the introduction of the
bushing is generally beneescial. The stresses at the weld toe previously
subject to fatigue fracture were reduced by at least 52,5%.

Two kinds of laboratory activities were carried out in this thesis. Firstly, a
metallurgic analysis was performed and unveiled ,aws on and in the weld.
Micro cracks, cavities and general porosity suggested that the welding
procedure also needs to be revised. Such cavities, especially if occurring
at the weld toe of the outer rotor disk, may lead to fatigue failure, despite
the introduction of the bushing. In addition, a micro Vickers hardness
test was conducted. The tests showed that a range of materials are used
for making the turbine, with the shaft material having the highest tensile
strength.

There exists too few fatigue data’s for establishing a fatigue stress limit for
the di"erent components. Based on the data received, no reliable fatigue
life for the modised turbine with bushing can be calculated.



Sammendrag

Et sammenligningsstudie av to forskjellige mikrovannkraftturbindesign ble
gjennomfgrt. Begge design kommer fra Remote Hydrolight (RHL). Ak-
slingen pa mange av turbinene av det farste designet har gatt til utmat-
tingsbrudd. En hylse ble satt pa akslingen for & unnga ytterligere utmat-
tingsbrudd, som ga det andre designet.

| denne oppgaven har det blitt gjort stramningsberegninger, Elementanal-
yse (FEA), undersgkelse av mikrostrukturer og sveis, samt beregninger
pa utmattingslivet til turbinen. Dette ble gjort pa begge design for a kunne
sammenligne resultatene med eksisterende utmattingsdata. Det ble kon-
kludert med at innfgringen av hylsa var fordelaktig. Spenningen i sveisetaa
der de tildligere utmattingsbruddene hadde oppstatt ble redusert med
minst 52,5%.

To laboratorieundersgkelser ble giennomfart. En metallurgisk undersgkelse
ble farst gjennomfart. Den avdekket feil bade i og pa sveisen. Mikroskopiske
sprekker, tjerver og generell porgsitet anmodet at sveiseprosedyren burde
gjennomgas. Tjervene som ble funnet i sveisetdaa kan meget lett fare til
utmattingsbrudd, selv pa hylsa.

Deretter ble det gjennomfart Vickers hardhetstesting av de metallurgiske
provene. Testene viste at det blir brukt forskjellige materialer i byggingen
av turbinen, der materialet i akslingen har den hgyeste anslatte strekkfas-
theten. Det ennes for lite utmattingsdata for & bestemme en utmattings-
grense for de ulike komponentene i turbinen. Med bakgrunn i de mottatte
utmattingsdata er det ingen grunnlag for & stadfeste et palitelig utmat-
tingsliv for den modisserte turbinen med hylse.



Contents

1

Introduction 1
1.1 The Hindu Kush Turbine (HKT) . . ... .. .. ...... 1
1.2 Background forwork . . . . ... ... ... ... ... ... 2
Theory 6
2.1 Flow through a cross ,ow turbine . . . . .. ... ... ... 6
211 Leakage,ow . ... ... ... .. ... ... ... 7
2.1.2 \Velocitydiagrams . . . .. .. .. ... .. ..... 8
2.1.3 Elciency ofturbine . .. ... .. .......... 9
2.2 Forcesonturbineblades . ... ... ............. 11
2.2.1 Torque distribution on individual blades . . . . . .. 11
2.2.2 Shafttorque . .. ... ... ... .. ... ... 12
2.3 Vickers Hardnesstest . ... ................. 14
2.3.1 Relationship between hardness, yield- and ultimate
tensile strength . . . . ... ... ... .. ... 14
2.4 Governing forces for fatigue analysis . . ... ... ... .. 15
241 TOrsion ... 15
242 Bendingmoment . ... .. ... ........... 15
2.4.3 Stress distribution . . ... ..o 17
2.4.4 Stress Concentration Factor (SCF) . . . . ... ... 19
25 FRatigue . . .. ... 20
251 S-Ncurve . . ... . 20
2.5.2 Basquin'sequation . . ... .. .. .. ........ 20
2.6 Finite Element Method . . . .. ... ... ......... 21
2.6.1 Element types and function . . . .. ... ...... 21



2.6.2 Constraints . . . . . . . ... e 22

3 Lab work 25
31 Weld . . .. ... 25
3.1.1 Qualitative analysis . . . ... ... ... ... ... 25
3.2 Metallurgy . .. ... .. .. .. 27
3.2.1 Acquiringsamples . . ... ... ... ........ 27
3.2.2 Preparationofsamples. . .. .. .. ......... 29
3.2.3 Microscopy andendings . . . ... ... ....... 31
3.3 Hardness and strength of material . . ... ... ...... 36
331 Results .. ... ... .. .. . ... ... ... 36
3.4 Finite Element Analysis . . . .. ... ... ... ...... 39
341 3DModelling . .. ... ... ... ... ... ... 39
3.4.2 Constraints and boundary conditions . . . . . . . .. 43
343 Loads . . . ... 48
344 Meshing . ... ... .. ... ... ... ... 49
345 2Dmodels. . . .. ... .. 51
4 Results 52
41 Results,owanalysis . ... ... ... ... ......... 52
4.1.1 Forcesonturbineblades .. .. ... ......... 52
4.2 Analytical shaft stress calculations . . . ... ... ..... 57
4.2.1 Torsion and bending moment . . . . ... ... ... 57
422 Shaftstresses . ... ... ... ... ......... 58
43 ResultsfromFEA . ... ... ... ... .. ... . ..., 60
431 3Dmodels. ... ... ... ... ... ... ..., 60
432 2Dmodels. . . ... ... ... 64
44 FRatiguelife . . ... ... .. .. 67
4.4.1 Determine slope number b for S-N curve . . . . . . . 67
4.4.2 Hand calculations . .. ................ 69
443 FEA . . . e 70
5 Discussion and conclusions 72
5.1 DisCussion . . . . . . . ... e 72
51.1 Metallurgy . .. ... .. ... ... 72
5.1.2 Vickers hardnesstest. . . ... ... ... ...... 73

51.3 Flowanalysis . ... ... ... .. .......... 73



514 Shaftstress . ... ... ... ... ..........

515 FEA . . . . . . ...

5.1.6 Fatiguelife . .. ... .. ... ... ... .. ...
5.2 Conclusions . . . . .. . .. ... ...

Net head - Flow diagram

Technical Drawings

B.1 Shaftwithdisks. . .. ... ... ... ... .........
B.2 Shaftdimensions . . .. ... .. ... .. ... ... ...,
B.3 Disk . ... ... . .

Velocity equations
Colour plots from FEA
Digital appendix

E.1 Torque distributiononblades . . . .. ... ... ......
E.2 Forcecalculations. . . ... ... ... .. .. ........

82

84

85
86

87

88

90



List of Figures

11
1.2

1.3

1.4

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

2.10
2.11

2.12

3.1
3.2
3.3
3.4

Cross-,ow turbine installed in Afghanistan [1] . . . . . . .. 2
The fracture surface of a shaft. The turbine in the picture
Is another, larger model called Pamir Turbine. The failure

is however the same forthe HKT.. . . . . .. ... ... .. 3
Image of the rotor from the technical drawings supplied by

RHL. The bushing is indicated at6. . . ... .. .. .. .. 4
Sample of welded bushing connection and samplerod. ... 5
Major ,ow patterns through cross ,ow turbine . .. .. .. 7
Velocity diagram of ,ow through rotor . . . . .. ... ... 8
Resultant forceonblade . . . . . ... ... ... ...... 12
Load on rotor blade [2, p. 37] . . . . . ... ... ... ... 13
Torque distribution on disks inrotor . . . . .. ... .. .. 14
Figure for calculation of bending moment by beam theory . 16
Stresses and strainsintheshaft . . . .. ... ........ 18
Parameters involved in cyclic stress testing . . . . ... .. 21
General S-N curve with e"ect of crack initiation- and prop-
agation on fatigue life [3] . . . . . . . .. ... ... .. ... 22
Two types of linear 3D elements. . . . ... ... ... ... 23
An example of a colour plot showing stress distributions in
ABAQUS. . . . . . . e 23
Abaqus graphical interface for modelling . . . . . . .. ... 24
Weld on bushingand disk . . . .. ... ........... 26
Initial cut of shaft and bushing . . . . ... ... ...... 28
Bushing, shaft and disk sample in resin, Sample 1. . . . . . 28
Cut-out of shaft, Sample 2. . . . .. .. .. ... ...... 29



3.5 All samples used for the metallographic inspection. . . . . . 31

3.7 Microstructure of the test rod - Sample 3. . . . .. ... .. 32
3.6 Microstructure of the shaft from Sample 2. . . .. ... .. 32
3.8 Inclusions in the base material at the root of the weld. . . . 33
3.9 Micro structure in the bushing material . . . .. .. .. .. 34
3.10 Microcracks inthe HAZ. . . . . . . ... . ... ... .... 35
3.11 Vickers hardness testing with Mitutoyo HM-200 . . . . . . . 36
3.12 Location and numbering for Vickers hardness test points . . 37

3.13 Shaft and disks with partition at blade radius on the left.
On the right, partitions to facilitate application of quadri-

lateral elements inside the part at the disk root. . . . . . .. 40
3.14 Cavity in model without bushing. Cavity geometry from b). 41
3.15 Shaft for bushing. . . . . . . .. ... oo oo oL 41
3.16 Disk with bushing, cavity ontheright. . . . .. ... .. .. 42
3.17 The assembly of the 2 pulley bushing model. . . . .. ... 42
3.18 The assembly of the 1 pulley bushing model. . . ... ... 43
3.19 OverviewofallRPswused. . . ... ... ........... 43

3.20 Highlighted areas are constrained in Z-direction. The area
constrained with symmetry condition is the cross section
surface at the far right end. 2 pulley model without bushing. 44

3.21 Red surface indicates the master surface, the pink is the

slave surface. . . .. .. ... ... 45
3.22 The two identical parts are tied where indicated to constrain

the two parts together the 1 pulley models. . . .. ... .. 45
3.23 Constraint between reference point and edge. This simu-

lates the behaviour of the turbine bearing. . . . . .. .. .. 46
3.24 The pink surface was tiedto RP-2. . . . . ... ... .. .. 47
3.25 The indicated surface was coupled to RP-1. . . . . .. ... 47

3.26 Taken from the 2 pulley bushing model. The ,ow forces

are applied identically in the erst 8 models in table 3.5.The

dotted lines indicate point load on the opposite side of the

disk. a) Flow forces. b) Pulley force applied at reference

point, RP-2. . . . . . . . . .. . 48
3.27 Two alternative load scenarios to introduce both torsional-

and bending stresses. R indicates the blade radius. . . . . . 49



3.28

4.1
4.2
4.3
4.4

4.5

4.6

4.7
4.8
4.9

4.10
411

D.1
D.2
D.3
D.4
D.5

All stresses were extracted along the paths, starting from

the left. a) Old turbine. b) Cavity. ¢) Bushing. . . . . . .. 50
Torqueonblades . . .. ... ... .. ... ......... 54
Snapshot of rotating runner with blade numbers . . . . . . 55

Original turbine without bushing Von Mises stress at weld . 60
Comparison of stresses of one and two pulley conegurations

of shaft with bushing. . . . . .. ... ... ......... 61
Comparison of stresses of original turbine without bushing

with cavity at weld for one and two pulley coneguration . . 62
Comparison of stresses of one and two pulley conegurations

of shaft with bushing. . . . . .. .. ... ... ....... 63
Stress distribution for 2D model with bushing cavity. . . . . 64
Stress distribution for 2D model with disk cavity. . . . . . . 65
Stresses at path for 2 pulley without bushing at 7 meters

and 50 metersnethead . .. ... ... ... ........ 66
S-N curve for shaft and bushing material . . . . . .. .. .. 68
Comparison of S-N curve for bushing material for di"erent
values for slope parameterb . . . . . . ... ... ... ... 69
2 pulleys bushing model . . . . ... .. ... ........ 90
2 pulleys model, without bushing . . . . . ... .. ... .. 91
1 pulley cavity model, without bushing . . . . . ... .. .. 91
1 pulley broken bushing model . . .. .. ... ....... 92

1 pulley bushingmodel . . . . . ... ... .......... 92



List of Tables

3.1
3.2
3.3
3.4
3.5
3.6

4.1
4.2
4.3
4.4
4.5

4.6

5.1

As Required per AWS A5.1/A5.1M: 2004 . . ... .. ... 26
Overview of the chemical composition of the deposit material 26
Results Vickers hardnesstest . . ... ... ... ...... 37
Estimation of ultimate tensile strength . . . . . . ... ... 38
Listof modelsmade . ... .. ... ... .......... 39
The pointloads used for the analyses . . . . ... ... ... 49

Hand-calculated axial- and shear stresses in HKT at weld toe 59

Relative improvement with introducing of bushing . . . . . 64
Nominal- and cavity stresses for the 2D models. . . . . . . . 65
Presentation of hand-calculated fatigue life based on Basquin’s
equation with b=-0,283 . . .. .. .. ... ... ... ... 70
Presentation of fatigue life based on stress levels from FEA

with slope valueb=-0,183. . ... ... ... ....... 71
Presentation of fatigue life based on stress levels from FEA

and slope value b=-0,13 . . . . . .. ... .. ... ... .. 71
Relative SCFs from the 2D analyses. . . . . .. ... .. .. 76



List of Symbols and

Abbreviations
| Abbreviation | Description
AWS American Welding Society
FEA Finite Element Analysis
FEM Finite Element Method
HKT Hindu Kush Turbine
NGO Non-Governmental Organization
RHL Remote HydroLight
SCF Stress Concentration Factor
SMAW Shield Metal Arc Welding
UTS Ultimate Tensile Strength

List of abbreviations used in this thesis




| Symbol | Description | Unit
b Angle between absolute (C) and peripheral (U) velocity rad
N Angle between relative (W) and peripheral (U) velocity rad
o) Angle of span turbine blades rad
O Elciency -
! Hydrolic radius rotor m
e Angular velocity rotor rad/s
R Density of water kg/ m?3
a Axial stress MPa
a Shear Stress MPa
a Distance between bearing and outer disk on rotor m
A Area m?
b Width of rotor m
b Slope parameter S-N curve -
c Absolute velocity m/s
Cu Tangential component of absolute velocity m/s
E Energy of ,owing water J
F Force N
g Gravitatinal acceleration m/ s?
He Net Head m
HV Vickers Hardness -
| Moment of inertia m?
Jzz Torsion constant m*
I Length between bearing in turbine m
M Moment Nm
n Number of blades in action -
N Number of stress cycles -
Q Volumetric ,ow m3/s
R:m Cyclic tensile strength MPa
Rm Tensile strength MPa

List of symbols used in this thesis




| Symbol | Description | Unit
R Radius m
S Number of blade spans -
T Torque N m
u Peripheral velocity m/s
% Water velocity m/s
w Relative velocity m/s
w Distributed load N/m
Z Height m

List of symbols used in this thesis

| Symbol | Description
1 Inlet orst stage of cross ,ow
2 Outlet erst stage of cross ,ow
3 Inlet second stage of cross ,ow
4 Outlet second stage of cross ,ow
5 Entrained ,ow
1% 2 Stage 1
3% 4 Stage 2
a Amplitude
a,e Equivalent amplitude
b Bending
bs Blade span
c Blade channel
c Concentration
[ Inner
m Mean
m,e Equivalent mean
o] Outer
S Shaft

List of presxes, super- and sub scripts used in thesis




Chapter 1

Introduction

For the past few decades, Afghanistan has seen a lot of con,ict. The war
torn country has a large rural population that have limited access to elec-
tricity as the establishment of national infrastructure has been hindered.
Supplying electricity to a rural community can be very bene-cial for the
inhabitants and may help the development of the region. Afghanistan has
many valleys and mountains and inevitably many rivers. This makes for
a vast potential for the development of hydro power. The ever increasing
demand for renewable energy creates yet another incentive to exploit this
potential as a mean for the development of the region.

Remote Hydrolight is a non-governmental organisation (NGO) situated
in Afghanistan. The NGO helps the local population install, operate and
maintain o"-grid micro hydro power plants. The components are manufac-
tured locally, with limited access to equipment and high-quality materials.
RHL have successfully aided the establishment of over 4000 such plants
for over 17 years. More information can be found at the RHL websitet [1].

1.1 The Hindu Kush Turbine (HKT)

HKT is one of the turbine models designed by RHL. The investigated
turbine is a cross-,ow turbine. They are made after speciecations and



drawings by Remote Hydrolight [1]. Because of installation in remote
locations without existing infrastructure, the parts has to weight less than
100 kg each because of transport by horses.

Figure 1.1: Cross-,ow turbine installed in Afghanistan [1]

HKT is usually installed in old enlarged mill sites to serve electricity to

a village. HKT is robust and can cope with various ,ow conditions and

heads and is equipped with either one or two pulleys. Detailed graph
for ,ow range and net head is shown in appendix A. The turbine is
connected to a Chinese alternator, delivering up to almost 100 kW under
perfect conditions at maximum load.

1.2 Background for work

Several turbines have su“ered fatigue failures of the shaft. The fracture
has been on the outside weld on the disk as seen in egure 1.2.



Figure 1.2: The fracture surface of a shaft. The turbine in the picture is
another, larger model called Pamir Turbine. The failure is however the
same for the HKT.

RHL have improved the turbine design by adding a bushing to the shatft.
The bushing is made with an inner radius slightly smaller than that of
the shaft and heated over an open ,ame to approximately300: C. This
expands the bushing enough to «t over the shaft. The bushing is stted
and as the bushing cools and contracts it presses itself on to the shatft.
This is called shrink etting. The bushing is subsequently welded to the
disk, as seen in egure 1.3.



DESCRIPTION
With keyway

For rotor side

4 Divider
2 [1.5H 665.100.005 Seal HKT water spinner
2 [1.6H |600.100.001 Bushing Shaft reinforcement bushing

Figure 1.3: Image of the rotor from the technical drawings supplied by
RHL. The bushing is indicated at 6.

The improvement made to the turbine is rather new. Therefore, RHL do
not yet have data on the fatigue life for the turbines with bushings. So
far, none of the turbines with bushings have failed from fatigue.

Due to the lack of empirical data, RHL have requested an assessment on
the relative improvement of the turbines with the introduction of bushings.
In the thesis, the following has been conducted:

» Assessed the changes in stresses by the means of ¢nite element anal-
ysis by comparing stresses of the old and new design. This has been
done for both 1 and 2 pulleys.

* Inspected the micro structures of the components around the weld
to assess the material quality

* Made estimates on expected fatigue life of the components based
on FEA results, hardness testing of the components and qualitative
evaluations of the in,uence of micro structure/material quality.

» Assessed the quality of the weld and included this into the qualitative
evaluation.



Figure 1.4: Sample of welded bushing connection and sample rod.

RHL sent some samples to use for examination of the turbine components.
The two samples were a cut-out of the shaft-disk connection with bushing
and a sample rod. They can be seen in egur 1.4.



Chapter 2

Theory

A set of experiments and calculations are carried out in this thesis. The
theory presented aims to give a good background for the calculations and
experiments. Basic theory for ,ow through a cross ,ow turbine is used
to end the governing forces acting on the shaft. Fatigue theory presents
the background and validity of the equations used in hand-calculation of
fatigue life. Theory for Finite Element Method aims to support the Finite
Element Analysis.

2.1 Flow through a cross ,ow turbine

There are two major ,ow patterns through a cross ,ow turbine, cross ,ow
and entrained ,ow shown in sgure 2.1.

When water follow the cross ,ow pattern from point B to D, it hits the
turbine blades at two stages before it exits the turbine. Water travels
diagonally through the runner after exiting the erst stage of the torque
transfer at point B. The angle and curvature of the blades are designed
so the water will transfer a signiecant amount of torque at stage two at
point D before exiting the turbine.

A part of the ,ow is trapped by the blades and swung around to the



=—— Cross flow

= Entrained flow

Figure 2.1: Major ,ow patterns through cross ,ow turbine

bottom of the turbine. This is what is called entrained ,ow. This ,ow
pattern will only contribute with one stage of torque transfer.

Rotational speed of the rotor and nozzle opening a"ects the cross ,ow
through the runner. Inappropriate coneguration of the turbine can make
the water hit the axle or most of the ,ow get entrained [2, p. 32].

2.1.1 Leakage ,ow

Leakage ,ow is a loss due to water ,owing through gaps between the rotor
and turbine casing. There are two leakage ,ows, one between the end of
the top cover at point E in egure 2.1. The other leakage ,ow is between
the side casing and the rotor. Lower tolerances in the manufacturing will
give less leakage ,ow.



2.1.2 Velocity diagrams

The ,ow inside the rotor can be analysed through a one dimensional anal-
ysis. The velocity vector from the water ,ow can be decomposed into a
triangle. Each component can be analysed with respect to energy transfer
to the rotor. The diagram gives a decent indication of the direction and
magnitude of the momentum, making it possible to do hand calculations
for an estimation of torque transfer and elciency. Assuming no leakage
,ow and no other losses inside the runner, the velocity components from
the outlet of he erst stage and inlet of the second stage will be the same.
Further assumption is that all energy is extracted from the water when
leaving the turbine, and cross ,ow is the only ,ow pattern.

Figure 2.2: Velocity diagram of ,ow through rotor

The prevailing velocity diagram is shown in egure 2.2 with the following
notations;



Subscript 1 - Water entering stage 1
Subscript 2 - Water leaving stage 1
Subscript 3 - Water entering stage 2
Subscript 4 - Water leaving stage 2
Subscript 5 - Entrained ,ow
W - Relative velocity
C - Absolute velocity
U - Peripheral velocity, runner velocity
- Angle between absolute and peripheral velocity

- Angle between relative and peripheral velocity and between the tan-
gent of the blade curvature and runner periphery

2.1.3 Elciency of turbine

The elciency of the turbine is deened as the ratio between the power
output from the turbine to the generator and the energy of the water
,owing into the turbine. When all the energy from the water is utilized
and transferred into movement of the rotor, the ratio will be equal to one
which means an e!ciency of 100%.

9= Fuilized _ Ea- l0ss 2.
Eavailable Ea

Elciency can also be expressed as power output divided by available
power. The power output from the turbine is calculated by measuring the
shaft torque and multiplying it with the angular velocity of the rotor.

_ Tsee
gQH.

The variables and constants for equation 2.2;

(2.2)



Ts - Shaft torque, Nm
I - Angular velocity shaft, rad/s
- Density of water, kg/m 2
g - Gravitational acceleration, m/s 2
Q - Volumetric ,ow rate of water, m3/s
He - Net head, m

There are some quantities that has to be measured. Shaft torque and
angular velocity is measured directly from the shaft. Volumetric ,ow
rate is measured with a ,ow meter from the turbine inlet. Net head is
calculated with use of equation 2.3.

2 2 n
Vi- V3 p
29 _Bg +Z (2.3)

The governing variables for calculating net head;

He =

v1 - Water velocity at turbine inlet, m/s

Vo - Water velocity at turbine outlet, m/s

" p - Pressure di"erence between inlet and outlet of turbine,Pa
Z - Di"erence in elevation between reservoir and runner,m

To calculate the theoretical e!ciency of the turbine, the shaft torque Ts
can be estimated based on a ,ow analysis presented in section 2.2.2. The
angular velocity of the rotor, ! , is set to be equal to the tangential ,ow
velocity at inlet, U.

T
20 He 2b
&:

s 2.4
R, 60 (24)

Ro is the radius from the centre of the rotor to the outer edge of the
turbine blades.

10



2.2 Forces on turbine blades

Forces from the ,owing water acting on the turbine blades to set the

runner into movement. The maximum force acting on one blade can be
calculated with use of the velocity vectors of the water and the geometry
of the runner. A study by P.Verhaart [4] has been carried out to calculate

the forces acting on the blades to prevent fatigue failure.

The torque transmitted by a blade channel is given by momentum theory;

Teava2 = QcB(C1RocOSB) - U2R;) (2.5)
Tcs, 2 - Torque transmitted by blade channel from stage 1,Nm
Q¢ - Volumetric ,ow through blade channel, m3/s
Ro - Outer radius, from center of the runner to outer edge of bladesm

Ri - inner radius, from center of the runner to inner edge of bladesm

F = (2.6)

Tc
T
To *nd the centric force acting in the middle of the blade curvature, T,
from equation 2.5 is divided by the distance” from the middle of the
blade curvature to the centre of the runner, shown in egure 2.3 on the
following page.

1 2= R2+ (2 Rpssin (0/4))? - 4R;Ryssin (OMd)cogb - O/4) (2.7)

2.2.1 Torque distribution on individual blades

An investigation of how the torque is transferred from the water to the
turbine with respect to contribution for each individual blade is done by
Walseth [2]. An uncalibrated strain gage was used to *nd the percentage
of torque contributed by the two stages. The strain gage was attached
to the backside of a turbine blade, and the voltage was presented in a
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Figure 2.3: Resultant force on blade

graph. This graph and the overall e!ciency could be used to scale the
graph representing the torque contribution by each blade channel. The
maximum force on the blades will be used as a scaling factor for the
maximum point on egure 2.4. The erst peak in the mentioned egure
represent the erst stage in the cross-,ow torque transfer, while the second
peak represent the second stage.

2.2.2 Shaft torque

The blades are welded to disks which again are welded to the axle. The
disks are placed evenly on the blades. This means less torque is transferred
through the two outer disks, illustrated in egure 2.5 on page 14, whereTg

Is the total amount of shaft torque.

To estimate the total amount of torque transferred to the axle, and the
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Figure 2.4: Load on rotor blade [2, p. 37]

elciency of the turbine, the torque from stage 1 and 2 is summed. To
simplify the calculation, it is assumed that all the available water follows
the cross-,ow pattern. A further assumption based on the geometry of
the construction is that 8 blades contribute with torque transfer simulta-
neously in stage 1 of the cross-,ow, and 8 in stage 2. This is a conservative
assumption, as it is expected to give greater forces.

Tesa = QcRps(UsRi - CusRo) (2.8)

Here Cuy, is the tangential component of the absolute velocity €4). This
term can be neglected assuming the water has no rotational energy as it
leaves the rotor.

The total amount of torque transferred to the shaft is then given by equa-
tion 2.9, wheren is the number of blades transferring torque in each stage.
Ts = nQcRps((c1RoCOSBY - U2Ri) + U3Ri) = N(Tciz2 + Teana)  (2.9)

To calculate the di"erent velocities, the equations from Appendix C are
used. The known inputs are the geometry of the runner and the inlet
velocity set to be equal toc;.
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Figure 2.5: Torque distribution on disks in rotor

2.3 Vickers Hardness test

Vickers hardness is a parameter and method for measuring hardness of a
material. The test is non-destructive, and involves poking the material
using a pyramidal tip with a certain force. The area of the crater formed
by the tip is measured, follows the equationHV = %, where HV s the
Vickers hardness,F is the applied force in kilograms andA is the area
of the crater. The hardness is denoted xxHVyy where xx is the hardness
number, HV tells that it is in Vickers hardess, and yy is the applied force

in kilograms.

2.3.1 Relationship between hardness, yield- and ultimate
tensile strength

According to Zhang [5] based on experimental results, the relationship

between hardness, yield- and ultimate tensile strength can be written as
in equation 2.10. ay is yield strength in MPa and ayTs is ultimate tensile

14



strength of the material in MPa.
0,3ay <HV < 0.3ayts (2.10)
This will be a conservative assumption, as the estimated tensile strength

will be lower than the real tensile strength.

2.4 Governing forces for fatigue analysis

2.4.1 Torsion

The shaft torque acts as a cyclic load, given that the turbine acts as an
Impulse turbine [6, p.33]. The mean value will be above zero as the shaft
Is rotating continuously in one direction. Torsion is a result of a twisted
shaft due to applied torque. Because of the cross-,ow nature, each blade
contributes with two stress peaks within one revolution.

2.4.2 Bending moment

Both the pulley and the forces from the rotor contributes to the bending
of the shatft.

Pulley forces

The turbine is equipped with either one pulley, or one pulley on each side
depending on available head ll¢) and ,ow ( Q). The pulleys causes the
shaft to bend, introducing bending moment in the shaft. The force from

the pulley acting on the shaft is modelled as a point load, F, shown in
egure 2.6.

Flow forces

The forces on the turbine blades contributes with bending moment to the
shaft. It acts in the opposite direction of the bending moment contributed

15



by the pulley. The bending contribution on the shaft from the ,ow forces
can be modelled with classic beam theory as a distributed load, W, shown
in egure 2.6. Originally, the forces from the blades to the shaft is trans-
ferred through eve disks. This assumption of a distributed load can be
made because the point of interest lies outside the loaded area.

Equations

Figure 2.6: Figure for calculation of bending moment by beam theory

Point x in egure 2.6 represent the point where fracture of the shaft has oc-
curred. Itis in the weld toe of the outer disk of the rotor. The pulley force
F and ,ow force W contributions to bending moment are calculated sep-
arately and combined with the use of the super position principle. When
the upper side of the beam in egure 2.6 is deened as tension side, the
bending moment from the ,ow forces W will have a negative sign.

The contribution of bending moment in point x from the pulley force F is

shown in equation 2.11
+
_ Fcea+ b (2.11)

M
|

ST

The contribution of bending moment in point x from the ,ow forces W is

shown in equation 2.12

MW = WTba (2.12)

The combined bending moment in pointx will then be as in equation 2.13.
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Fc(a+ b) ] W ba
I 2

Mp = (2.13)

In the case where the shaft is connected to one pulley on each side, the
total bending moment in point x will be as in equation 2.14

Fc(2a+ b) ] W ba

Mn =
b | 2

(2.14)

2.4.3 Stress distribution

The bending and torsion on the shaft results in a biaxial stress distribution.
The bending contributes with axial stresses (tension and compression)
normal to the cross section of the shaft. Torsion contributes with shear
stress coplanar with the shaft cross section.

The point of interest is at weld toe on tension side at pointx from sgure 2.6
on the preceding page.

The tension stress from bending at the weld toe will be;

M pr 4M
= = — 2.1
[« pr3 (2.15)

My is the bending moment found in equation 2.13 or 2.14,] is the
moment of inertia for the circular cross-section of the shaft andr is the
radius of the shaft at the weld toe.

a

The shear stress caused by torsion of the shaft is at it's maximum at the
outer surface of the shaft, where the weld toe in pointx from egure 2.6

Is located. Torsion is a consequence of torque, and is calculated for the
Hindu Kush Turbine in section 2.2.2 equation 2.9. The shear stress caused
by torsion is given by equation 2.16.

, Tr 2T
- __ =25 2.1
a J,, br3 (2.16)

Ts is the applied torque to the shaft in Nm, J,; is the torsion constant for
a round, solid shaft wherer is the radius of the shaft at the weld toe.
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Stress amplitude and mean stress

The two most important stress parameters when determining fatigue life
is the stress amplitude a; and mean stressan, illustrated in egure 2.8.
The stress situation is biaxial, as shown in egure 2.7. Stress situation
Is assumed proportional, which means that the relationship between the
di"erent stress amplitudes (a5 and &) and the mean stressesd, and &)
are constant.

Figure 2.7: Stresses and strains in the shaft

In order to estimate the fatigue life by hand calculations, the equivalent
stress follows von Mises criterion [7, p. 285]. This implies that the multi-
axial stress situation can be calculated as a one-axial stress distribution.
The material is ductile, and the crack initiation and propagation follows
from cyclic plastic deformation. Crack initiation and propagation force is
governed by the equivalent stress amplitude.

i
Bae= a2, +382, (2.17)

dae Means the equivalent stress amplitude. The stress caused by bend-
ing is fully reversed within one cycle, as the shaft rotates. The point in
tension will half a period later be in compression. Because of the fully
reversed nature of the cyclic stress caused by bending of the shaft, the
mean bending stress is zero. The stress amplitude will bénax, as the
stress level oscillates fromamax t0 amin = A- max -

Shear stresses in the shaft caused by torsion will mainly be constant,
as the load and rotational speed of the shaft varies marginally within
one load cycle. The blades position relative to the nozzle changes with
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rotation. When the blades are optimally alligned with the ,ow, more
torque is transferred to the shaft, hence the #jerk# in shear stresss. The
maximum shear will be obtained with the amount torque as follows from
the contribution from 8 blades inserted in equation 2.16. Minimum shear
follows from the contribution of torque from the number of blades making
the average amount of torque match the e!ciency of 78,6% for the turbine
found by Walseth [2].

When the turbine is set up with 2 pulleys, half of the torsion is taken up
by each pulley. This implies that half of the total torque causing shear
stress in the point of interest (point x in egure 2.6 on page 16)

When it comes to mean stressesSines! rule is used to *nd the equivalent
mean stress [8, sec. 2.6.2]. Experience has shown that pure torsion has
little or no e"ect on the equivalent mean stress. This is implied in Sine’s
rule as follows in equation 2.18.ay, e means equivalent mean stress.

~

n_—...

2.4.4 Stress Concentration Factor (SCF)

The point of interests (point x in egure 2.6 on page 16) sits at a discontinu-
ity. At discontinuities, the stress will be higher than in the areas around.
The stress concentration factor is a measure of the stress at the discontinu-
ity divided by the stress a distance from the discontinuity (equation 2.19).
In the case for the turbine, the discontinuity is a ellet weld.

SCF= o (2.19)

Ame T dae

ame T aae IS the surface stress some distance from the discontinuity, and
ac Iis the concentrated stress at the weld toe. Surface enish, geometry,
load conditions and micro structure of the material a"ects the concentra-

tion of stress in a point. The only way of getting the correct SCF for a

complex loading situation and geometry is through testing or FEA. Some

estimations may still be made based on existing tables.
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2.5 Fatigue

When a structure is subject to a cyclic load, fatigue fracture can occur even
when the resulting stressess are below yield strength of the material [3,
p. 1]. The fatigue life of a structure or component is a prediction of the
number of stress cycles before failure. There is several factors a"ecting
the fatigue life, including metallurgic composition of the material, stress
state, stress level and cyclic load behaviour.

The development of a fatigue fracture is divided into two stages,fatigue
crack initiation and fatigue crack propagation Firstly, a crack is initiated
due to repeated loading and unloading. The crack is formed in regions
where stress is most severe and where there are structural defects. Then
the crack propagates, accelerating around microscopic nucleations in the
material, until the cross section is unable withstand the load and ends up
with total fracture.

25.1 S-N curve

In case of high-cycle fatigue situations, an S-N curve is used to describe
the number of cycles to failure. The stress S (or ) is plotted against the
number of cycles (N) to fracture at a logarithmic scale. The stress parame-
ter could have the form of either the di"erence between the maximum and
minimum stress (* a = amax - amin ), Mean stress m = (Amax + amin )/ 2)
or the stress amplitude @a = (@max - amin )/ 2) all illustrated in egure 2.8.

At low stresses, the fatigue limit line becomes horizontal for some engi-
neering materials, which means the stress level is below the fatigue limit
and the component has inenite fatigue life.

2.5.2 Basquin’s equation

Basquin’s equation is an approach for describing the slope of the S-N
curve. Assuming the slope of the S-N curve is linear when the number
of cycles N on the x-axis is logarithmic, the constant slope gradient is b.
This is only valid for N below the fatigue limit. The Basquin equation
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Figure 2.8: Parameters involved in cyclic stress testing

(2.20) states the allowed stress amplituded, based on the cyclic tensile
strength R:m of the material, number of cycles N and the slope gradient
b [8, p. 12].

a = R (2N)P (2.20)
A modiecation done by Morrow allows for including mean stresses in

Basquin’s equation, which can contribute to reducing the fatigue life sig-
niecantly. The modiecation is shown in equation 2.21.

32 = (Rp - am)@N)P (2.21)

2.6 Finite Element Method

2.6.1 Element types and function

The Finite Element Method (FEM) is a numerical method for solving
boundary value problems. In this thesis, it is used for a complex structure
with multi axial loading and stresses. The continuous structure is divided
into a enite number of elements of a certain geometry. The elements used
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Figure 2.9: General S-N curve with e"ect of crack initiation- and propa-
gation on fatigue life [3]

in the analyses were 4 node terahedral and 8 node hexahedral, as seen in
egure 2.10.

The nodes transfer displacements from one element to the other elements
sharing the same nodes. The node values are interpolated through the
element by an interpolation function. For these kinds of elements, these
functions are linear. This renders a displacement «eld for the whole model,
hence the strains and stresses.

The element size is analogous to the step size in numerical iteration -
smaller elements render more exact results, but require more calculation
time. The enite elements sotware, ABAQUS, was used for all 3D modelling
and analyses. [9]

2.6.2 Constraints

A structural distributing coupling in ABAQUS constrains a part of the
geometry to a reference point or node. Usually, a surface, an edge or a
set of nodes are coupled. This area is then constricted to the degrees of
freedom of the reference. The area is allowed to deform, but theum of
the displacements are zero relative to the reference.
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(a) A 4 node tetrahedral elemen
with linear interpolation func-
tions.

{b) An 8 node hexahedral ele-
ment, also linear.

Figure 2.10: Two types of linear 3D elements.

S, Mises

(Avg: 75%)
+6.968e+01
+6.388e+01
+5.809e+01
+5.230e+01
+4.651e+01
+4.071e+01

Figure 2.11: An example of a colour plot showing stress distributions in
ABAQUS.
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Chapter 3

Lab work

Testing was carried out in order to get input data for calculations as well as
the qualitative assessment. Metallography and hardness testing of samples
was conducted in the Metallurgic Lab at the Department of Engineering
Design and Materials at NTNU.

3.1 Weld

Chinese welding rods of carbon steel is used in all welds throughout the
turbine and runner. The welding process is called Shield Metal Arc Weld-
ing (SMAW) and is known to be very versatile. The rod is certieed Amer-
ican Welding Society (AWS) E6013, where 60 meaning 60 Ksi (430MPa)
tensile strength, and 13 denotes basic coating type and ability to take both
AC and DC current. The weld is said to have following properties [10];

The material composition of the weld deposit is shown in table 3.2.

3.1.1 Qualitative analysis

A wreckage of the shaft with bushing and disk is used in qualitative anal-
ysis of the welding. The weld connects the bushing with the disk where
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Length rod 350 mm
Diameter rod 3,2 mm
Yield Strength 330 MPa
Tensile Strength 430 MPa
Elongation min 17%
Current (AC or DC) | 110- 140 A

Table 3.1: As Required per AWS A5.1/A5.1M: 2004

Chemical composition of deposit material
% C %Mn %Si %Ni %Cr %Mo %V
0,2 max | 1,2 max | 1,0 max | 0,3 max | 0,20 max | 0,3 max | 0,08 max

Table 3.2: Overview of the chemical composition of the deposit material

the rotor blades are connected.

Figure 3.1: Weld on bushing and disk

Quality issues were seen on the weld. These can be seen in egure 3.1 and
are listed below [11];

Porosity Small cavities or holes resulting from gas pockets in weld metal.
Possible causes could be dirty work piece, arc length to long and/or
damp electrode. Corrective actions is to ensure clean welding sur-
faces, reduce arc length and/or use dry electrode.
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Excessive penetration  Weld metal melting through base metal and
hanging underneath weld. Possible causes could be excessive heat
input or wrong welding technique. Corrective actions is to select
lower amperage, use smaller electrode and/or adjust travel speed.

Heat Alected Zone (HAZ)

The HAZ is the are between the weld and base material in a welded
structure. The micro structure here di"ers from both base- and weld
structure. As a result of the high temperature during welding and the
subsequent cooling, the structure here becomes quite di"erent. Cracks
may occur as a result of the temperature expansion and contraction as
well as the potential brittleness. [12]

3.2 Metallurgy

A series of laboratory tests were performed to assess the condition of the
materials of the components and weld. The micro structure was inspected
to end possible ,aws or defects in the materials and weld.

3.2.1 Acquiring samples

Three samples were acquired from the components for micro structure
analysis.

Weld

Firstly, the turbine shaft and bushing were cut using an electrical saw with
cooling liquid, egure 3.2 , giving the basis for the weld sample.
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Figure 3.2: Initial cut of shaft and bushing

Secondly, the excessive metal was trimmed manually, using a conventional
hack saw. Thirdly, the sample was cut to «t the mounting chamber. This
was done using an automatic diamond disc cutter. All sharp corners and
edges were subsequently rounded with sand paper to prevent the mounting
resin from cracking. This sample is hereby denoted Sample 1, seen in
egure 3.3. The sample contains some material from weld deposit, bushing
and disk.

Figure 3.3: Bushing, shaft and disk sample in resin, Sample 1
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Shaft

The shaft sample was cut manually with a conventional hack saw. Two
diagonal cuts were made to extract the sample as seen in egur 3.4. All
sharp corners and edges were subsequently rounded with sand paper to
prevent the mounting resin from cracking. This sample is hereby denoted
Sample 2.

N

Figure 3.4: Cut-out of shaft, Sample 2

Rod
The rod was cut using a large diamond disc cutter with cooling liquid.

The sample was not mounted, but sharp edges were rounded to prevent
cutting *ngers while grinding. This sample is hereby denoted Sample 3.

3.2.2 Preparation of samples

To obtain photographs of the micro structure, samples need to be ground,
polished and etched before put under the microscope.
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Mounting

Samples 1 and 2 were too small to hold on the grinding disks and were
therefore mounted. The samples were cleaned and lowered into the mount-
ing chamber. 30 and 20 ml of M03012 resin was used for samples 1 and 2,
respectively. The heating time was set to 1:30 min. and the cooling time
was set to 3:00 min. The chamber pressure was set to 290 bar.

Grinding

Grinding is performed to smooth the surface of the sample. An electri-
cally powered grinding disks covered in sandpaper that are continually
sprayed with water was used for grinding. The water cools the sample
down, as well as hindering airborne metallic and plastic dust. All samples
were ground using sandpaper with 220, 500, 800, 1200 and 2500 grit, suc-
cessively. While changing paper on the grinding disks, the samples were
kept in ethanol to avoid pitting corrosion of the surfaces. After grinding,
the samples were cleaned ultrasonically to remove any debris that might
damage the sample during polishing.

Polishing

All samples were polished manually on rotating disks with3Um and 1Um
pads. The disks were sprayed with Struers DP-Spray P and lubricant.
The samples were ultrasonically cleaned going fror8Um to 1Um to avoid
contamination of the disks with coarser particles. Contamination may
lead to scratches on the samples, compromising the quality of the eventual
pictures.

Etching

In order to bring out the micro structure of steel, the samples must be
etched. The phases in the material react di"erently to the etchant, giving
them di"erent colours. This allows for an examination of the micro struc-
ture. All samples were etched in a 2 % nital solution (pure ethanol with
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2 % nitric acid) for approximatively 10 seconds, separately. After etch-
ing the samples were quickly rinsed in running water and cleaned with
ethanol to avoid further etching. The readily prepared samples are seen
in egure 3.5.

Sample 1

Sample 2

Sample 3

Figure 3.5: All samples used for the metallographic inspection.

3.2.3 Microscopy and endings

All samples were examined in a light microscope. Potential ,aws, defects
or inclusions in the materials that might be detrimental to the material
quality were things to look out for.

Findings

All samples showed a ferritic - pearlitic structure, as expected, however
varying in pearlite content. In egure 3.6 the light areas are ferrite, the
dark are pearlite. All materials had a fairly high number of inclusions,
most likely MnS (manganese sulphides) [12]. These can be seen in <g-
ure 3.7. The grain sizes in the di"erent samples varied substantially. This
di"erence is easily observed in egure 3.6 and egure 3.7. The structure in
egure 3.7 seems to have less inclusions than the one in egure 3.6. The
Images were taken from Sample 2 and 3, respectively.
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Figure 3.7: Microstructure of the test rod - Sample 3.

Figure 3.6: Microstructure of the shaft from Sample 2.
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