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Abstract

Nepal has great potentials for hydropower that is not yet utilized. This Master’s thesis is a part of
the long-standing collaboration between Kathmandu University (KU) and Norwegian University
of Science and Technology (NTNU) to develop a Turbine Testing Lab (TTL). The goal of the lab
is to perform hydropower research within the standards of IEC60193. The objective of this thesis
is to develop an axial load and friction torque measuring device to be installed at TTL. The device
is a part of the bearing block and is measuring the forces with strain gauges. The main challenge is
that the strains caused by the axial load are much bigger than that caused by friction torque.

Two designs have been investigated. The first design has been experimentally tested, calibration
equations have been obtained, and uncertainty analysis has been performed. It is found that the
calibration equations for the axial load and friction torque should not be functions of the same
strain gauges, as the uncertainties become too high. As a result of the insight obtained during the
work on the first design, an improved design is developed. This second design is the recommended
version to install. Based on numerical analysis, the output from the strain gauges should be such
that the final calibration equations are not related, meaning they are functions of one strain gauge
set each. This will lower the uncertainties drastically. A compendium that accompanies the final
design to ease the process of completion has been made as part of this thesis.




Sammendrag

Nepal har et stort potensial for vannkraft som ikke er utnyttet. Denne masteroppgaven er en del av

det langvarige samarbeidet mellom Kathmandu University (KU) og Norges teknisk-naturvitenskapelige

universitet (NTNU) for a utvikle en lab for testing av vannturbiner, kalt Turbine Testing Lab (TTL).
Milet for laben er a kunne utfgre tester i henhold til standardene i IEC60193. Malsetningen for
denne oppgaven er a utvikle et malesystem for aksiell last og friksjonsmoment som skal installeres
pa TTL. Enheten er en del av bereblokken og den méler krefter med strekklapper. Hovedutfordrin-
gen er at tgyningene forarsaket av aksiell last er mye stgrre enn tgyningene forarsaket av friksjons-
moment.

To design er undersgkt. The forste designet har blitt testet eksperimentelt, kalibrasjonsligninger
er funnet og en usikkerhetsanalyse er utfgrt. Det ble bekreftet at kalibrasjonsligningene for aksielle
krefter og friksjonsmoment ikke kan vare funksjoner av de samme strekklappene fordi usikker-
hetene da blir for store. Som et resultat av l&@rdommen av arbeidet pa det fgrste designet, er et
forbedret design utviklet. Dette andre designet er den anbefalte versjonen a installere pa TTL. Nu-
meriske analyser gir grunn til a tro at strekklappene vil gi malinger som gir kalibrasjonsligninger
som er uavhengig av hverandre. Dette vil senke usikkerhetene drastisk. Et kompendium som
akkompagnerer det endelige designet er ogsa skrevet for a lette fullfgringsprosessen.

il
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Chapter 1

Introduction

Nepal is a relatively small country compared to its two neighboring countries, India and China, and
has become economically dependent and highly influenced by both. With the challenging nature of
the skyscraping Himalayas in the north and a landscape dominated by jungle and agriculture in the
south, this country has different challenges in improving the living conditions of the people. There
is a big gap between rich and poor, and after the powerful earthquakes in 2015, it was recorded
that 25% of the country’s inhabitants lived under the poverty threshold [1]. Social development
and economic growth will have a positive impact on people’s lives. One step in that direction is the
cooperation between Nepali authorities and the Norwegian Agency for Development Cooperation
(NORAD) focusing on education, women and equality, good governance, climate change, and
energy production. The latter is the focus area of most relevance to this thesis. By contributing
to a stable power grid and ensuring the people of Nepal access to electrical power, better living
conditions could be achieved for everyone, regardless of financial status. By utilizing Nepal’s huge
potentials for hydropower, the country could not only be self-sufficient but even able to export
energy. [2]

Former NTNU principal Inge Johansen started the collaboration between the Norwegian Uni-
versity of Science and Technology (NTNU) and Kathmandu University (KU) in 1991. This was
also the year that Nepal became a democracy, and 5-year free compulsory schooling was intro-
duced [1]. In the years of the civil war, between 1996 to 2006, the partnership continued, and in
1999, professor Arne Kjglle contributed to the decision of building a Turbine Testing Lab (TTL)
at KU. Between 2003 and 2004, Professor Ole Gunnar Dahlhaug had a sabbatical year in Nepal
to supervise the planning of the construction of TTL and kept strengthening the relationship be-
tween the two universities. Since 2003, it has continuously been one or more Norwegian master
students working on the development of TTL through their theses, and there have been several
PhD-candidates from KU doing their research at NTNU obtaining increased knowledge to bring
back to Nepal.
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1.1 The Waterpower Laboratory at NTNU

Hydropower has been used in the Norwegian industry for centuries, and as the demand for elec-
tricity increased in the early 1900s, the use of hydropower in energy production also increased [3].
This led to an interest in improving the turbine design as a small improvement would mean much
more energy generated. The Waterpower Laboratory (VKL) at NTNU was built in 1917 and has,
since then, had a leading role in hydropower research both nationally and globally. [4]

VKL has had various research areas, including test rigs for Francis, Pelton, and pump turbines,
all within the standards of IEC60193 [5]. The current Francis rig is built in such a way that model
tests with dynamic similarity to a corresponding prototype can be performed. The rig canbe runina
closed or open loop, and the two pumps of 330 kW can be run in series or parallel. The combination
of closed-loop and pumps run in series gives a maximum head of 100 m. When the pumps are run
in parallel in a closed-loop, the maximum flow is 1 m®/s. The open-loop mode pumps the water up
to the upper reservoir, which has a free water surface, in the attic of the laboratory, giving the water
a natural head of 16 m. [6]

1.2 The Turbine Testing Lab at Kathmandu University

In 2011, the building for the Turbine Testing Lab (TTL) was complete, and by fall 2019, all the
major mechanical parts have been installed such that the Francis rig is almost functional. Improve-
ments and installation of smaller devices, like an axial load and friction torque measuring device,
remains. When the lab is complete within the standards of IEC60193, TTL will devote much time
to research sediment erosion in turbines as this is one of the main challenges in hydropower in
Nepal.

The design of the Turbine Testing Lab (TTL) at Kathmandu University (KU) is based on the
design of the Francis rig at VKL. The rig will be able to perform prototype tests for turbines up
to 300 kW and model tests for larger turbines [7]. As VKL, TTL can be run in both open and
closed-loop and is equipped with two pumps of 250 kW that can be run in parallel or series. When
the pumps are run in series in a closed-loop, a maximum head of 150 m is achieved. When the
pumps are run in parallel in a closed-loop, the maximum flow is 0.5 m3/s. The open-loop mode
pumps the water up to the upper reservoir of 100 m?, which is placed on top of the campus, giving
a natural head of 30 m, and the lower reservoir of 300 m? is placed under the lab. Design data for
the best efficiency point is given by technical staff at KU in Table 1.1.




1.3 Previous Work

Parameter Symbol | Value | Unit
Head H 46 m
Discharge Q 0.233 | m’/s
Speed number Q 0.32 1
Inlet diameter D, 0.4047 | m
Outlet diameter D, 0.25 m
Inlet height B, 0.0422 | m
Speed n 1000 | rpm
Power at BEP p* 95.59 | kW

Table 1.1: Main dimensions of the runner at TTL.

1.3 Previous Work

Many project and master’s theses have been contributing to the development of TTL, and some
are mentioned in the following. In 2012, Bidhan Halwai designed a Francis model runner with
hydraulic parameters similar to Jhimruk Hydroelectric Power Project in Nepal. Then, the 3D draw-
ings he made were merged with the drawings of the pipe system at TTL [8]. In 2014, Rasmussen
designed, among other things, the main shaft and the bearing block, and she started the work on an
axial load and friction torque measuring device [9].

It was decided that the Axial block spare section, part 14 colored yellow in Figure 1.1, would
become the axial load and friction torque measuring device. The forces would be measured by
strain gauges placed on the surface of the cylinder wall. In 2016, Selmurzaev [10] continued the
work and presented a method for calibration of the measuring device while installed in the rig.
Grefstad further contributed to the development of the device in 2017 [11], such that Badsvik could
test it experimentally during her master’s thesis in 2018 [12].

Badsvik focused on the measurements of axial load and referred to the device as the Axial Load
Measuring Device (ALMD). She calculated the theoretical maximum axial force the device would
be applied, as a result of the hydraulic forces acting on the runner. Different wall thicknesses of
the ALMD was numerically tested with Ansys Mechanical for this amount of force. As a result,
she decided to experimentally test it with a wall thickness of 18 mm and 2 mm. Due to the lack of
weights in the range of 200-500 kg, there were only performed load measurements in the interval
of 0-200 kg and 500-700 kg. This gap in the loads was suspected of being the reason for signifi-
cant hysteresis effects in the results. In the work of further development of the measuring device,
Bédsvik recommended to perform load measurements with evenly applied loads and to perform a
temperature calibration. [12]

The author of this thesis did perform Badsvik’s recommended actions in her project thesis,
but only small improvements in uncertainties were achieved. Hysteresis was still a significant
contributor to the uncertainties, and some bigger changes had to be done to improve results. Further
work was suggested to include a thorough investigation of the strain gauges’ unexpected behavior
and other parts of the experimental setup that could cause significant uncertainties.
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1.4 Objectives of this Thesis

The objective of this master’s thesis is to design a measurement system for axial load and friction
torque measurements to be installed at the Turbine Testing Laboratory at Kathmandu University.
The measuring system has previously been called Axial Load Measuring Device (ALMD), but for
the sake of this thesis, it is renamed to Axial load and friction Torque Measuring Device (ATMD).
Figure 1.1 shows the assembly of the turbine, and the final design of the ATMD will replace part
number 14, the axial block spare section, colored yellow in the figure. The parts in the figure are
listed in Table 1.2.

First, the focus was to improve the whole system for axial load measurements so that the un-
certainties were lowered. The ATMD is resting on part 20, the Head Cover Top, and all the axial
forces working on the runner and shaft are aggregated to the device from above, leaving it to be
compressed. The sources for the axial loads are the weight of the runner, shaft and other parts, and
hydraulic forces. The total axial forces the ATMD will be applied is around 8500 N.

Second, the focus was to develop the ATMD further to enable measuring of friction torque as
well. The ball bearing, detail B, shown in Figure 1.2a, and the cylindrical bearing, part 10 and detail
C, shown in Figure 1.2b, are the sources of the friction torque the ATMD is to measure. Because
the friction in such bearings is very low [13], the friction torque to measure is around 20 Nm [14].

The main challenge of this thesis is that the strain caused by the friction torque is much smaller
than the strains caused by the axial force. The key is to find the balance between making the ATMD
strong enough to be safe for all operation points, while maintaining the ability to measure small
values without significant uncertainties in the results. The measuring device may be considered
fully developed when calibration equations giving the relation between measured strain, and axial
force and torque, with sufficiently low uncertainties, are obtained.




1.4 Objectives of this Thesis
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Figure 1.1: Machine drawing of the turbine at TTL and related parts, where the ATMD will replace part 14.
This drawing is made by technical staff at TTL.
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(b) Detail C: Cylindrical Bearings.
(a) Detail B: Ball bearings.

Figure 1.2: The bearings causing the friction torque.
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Part number Part name
9 Bearing housing
10 Cylindrical roller bearing
11 Shaft seal
12 Turbine intermediate shaft
13 Turbine shaft to runner
14 Axial block spare section
15 Turbine support spiral casing top plate
16 Guide vane control ring
17 Guide vane
18 ETP bushing
19 Guide vane control ring link
20 Head cover top
21 Head cover top labyrinth seal
22 Guide vane cover top
23 Guide vane top flange bushing
24 Guide ring
25 Stay ring
26 Stay vane support
27 Guide vane bottom flange bushing
28 Guide vane cover bottom
29 Runner Hub
30 Runner blade
31 Runner shroud
32 Stay vane
33 Spiral casing
34 Spiral casing radial supports
35 Spiral casing plate support

Table 1.2: The parts in the machine drawing, Figure 1.1.




Chapter

Theory

This chapter is divided into two parts. First, the theory for the forces acting on a Francis runner
is presented as this is the forces the ATMD will be measuring. Then, the experimental theory is
presented, giving the necessary foundation for performing experiments.

2.1 Forces Acting on a Francis Runner

This section describes the axial forces and torque working on the runner in a Francis turbine and is
mostly taken from the author’s project thesis, as the theoretical foundation is the same for both the-
ses [14]. The following equations are from Pumper og Turbiner by Brekke [15], and the variable’s
subscripts are describing the variable’s position. The first number in the subscript means the inlet
and outlet of the runner, respectively 1 and 2. The second number means at the hub and the shroud,
respectively 1 and 2. The equations will refer to vector components given in Figure 2.1.

G Wz h pZ

Figure 2.1: Velocity components at inlet and outlet of a turbine [15].
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2.1.1 Axial Forces

The axial forces, F; to Fy, are shown in Figure 2.2. Pressure forces and reaction forces at the inlet
and outlet of the runner are presented in the four first equations. F; is the force due to the difference
in diameter of the hub, D;;, and the shroud, D;,, given by

1 s
Flzpl'Alz§'p'g'<h11+h12)'Z'(D%Z_D%I) (N) 2.1)

where p is the density of the water, g is gravitational acceleration, 4 is height and D is diameter.
The water entering the runner at an angle ¢ > 0 has an axial force component given by

Fo=p-Q-cm-sing  (N) (2.2)

where Q is the flow rate and c,,; is the meridional velocity at the inlet. Note that if the water is
entering the runner at an angle equal to zero, then D;; and D, is equal, which makes both F; and
F to be zero. The force due to the pressure at the outlet of the runner is given by

W'DgL
4

where the subscript 2L means the lower labyrinth seal at the outlet. The reaction force at the outlet
of the runner is given by

Fs=p3-As=p-g-hy- (N) (2.3)

Fy=p-Q- cna (N) 2.4)

where the subscript m2 means the meridional velocity at the outlet of the runner.

The axial forces due to the pressure between the runner and the top cover are presented in the
three following equations. The force due to the pressure between the top cover and the runner hub
within the labyrinth seal is given by

2 2
k W 2

I (rp—=17) (N (2.5)

where the subscript p means the position of the labyrinth’s innermost radius r,, the subscript i
means at the inner radius, shown as D, in Figure 2.2, k is a constant between 0.5 and 0.55 and w is
the angular velocity.

The force due to the pressure between the top cover and the runner hub outside of the labyrinth
seal is given by

Fs=p-g-m-(ri—17)-(hy—

p-m-k?w?
64

_pmghn

Fy 1

(D}, — Diyp) — (D}, = Diy)? (N)  (26)
where D;; and D;;; are diameters both shown in Figure 2.2. The force between the top cover and

the runner shroud outside of the lower labyrinth seal, is given by

—p.ﬂ'.g.h12 p.ﬂ'.k‘Q.WQ
N 4 64
where the diameters D;, and D;,; are also marked in Figure 2.2.

Iy (Diy — Diyy) — (D= D) (N) @7

8
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Figure 2.2: The axial hydraulic forces working on a Francis runner [15].
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The axial forces due to the pressure in the labyrinth seals are presented in the two last equations.
Fj is the forces on the upper labyrinth seal

. A h h . DQ _D2
FBZPS'ASZp g (;1L+ p).ﬂ- ( 114L ) (N) 2.8)

and Fy is the forces on the lower labyrinth seal

g (hior, + hy) 7 - (D2, — D2
Fg = po ‘Ag _ p-g ( ;2[/ ) . ( 1QZ 2L) (N) (29)

Note that if the turbine has vertical oriented labyrinth seals, then Ag and Ay equals zero, leaving Fg
and F) to be zero too.

Then, at last, the total axial force can be calculated by equation 2.10. Positive direction is
defined as downwards as this is the desired direction.

Ftot:F1+F2—Fg—F4+F5+F6—F7+Fg—F9 (N) (210)

2.1.2 Torque

The torque in the shaft is a result of the work the water performs on the runner and is given by

fz:p'Q'<Cu1'T1—Cu2"r‘2) (N - m) (2.11)

where ¢,; and ¢, are the velocity vector components in the rotational direction for inlet and outlet
respectively. The torque can also be written as a function of the power production.

-2 (N.m) (2.12)

Most of the torque is absorbed in the generator and its housing which leaves the ATMD only
being exposed to the torque due to the friction in the bearings. The shaft power is given by

Po=0m My Q-p-g-H=m-Q-p-g-H (W) (2.13)

where 7, is the hydraulic efficiency, 7, is the loss in efficiency due to leakage and disc friction.
The outer mechanical losses, 7,,, is the efficiency of the most interest in this thesis as this gives the
friction torque.

2.1.3 Pressure and Velocity Components

To calculate the axial forces and the torque working on the shaft, the pressure at the inlet and outlet
of the runner and the velocity vector components, shown in Figure 2.1, must be known.
The equation for the outlet pressure 4, is given by
2
h2 = hatm — —2 [m] (214)
2-q

10
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The equation for the inlet pressure 4; is given by

2 2
h1:h2+02 a

+ H, [m] (2.15)

To solve the two equations above the absolute speed of the water is needed. The absolute speed of
the water at inlet c; is given by
1 =1/, + A [m/s] (2.16)

Q@
7T'D1'Bl

where c,,; is given by

[m/s] (2.17)

Cm1 =
Next, c¢,; can be calculated by

_mn-g-H, 09-g-H,

Uy Uy

[m/s] (2.18)

Cul

where a hydraulic efficiency of 96% and no swirl at the outlet at BEP is assumed. When also
assuming continuity, equation 2.18 is valid for all operation points.
The aboslute speed of the water at the outlet, ¢, is given by

Co =)o+ 2y [m/s] (2.19)

where ¢, 1s given by

Q
g = ———— 2.20
Cm2 T- D%/4 [m/s] ( )
and, c,, 1s given by
Cm2
o = Uy — 2.21
Cu2 = U2 tan(Ba) [m/s] ( )
The outlet blade angle, [3,, is constant for all operational points, and can be calculated by
By = tan 1 (ZP2BELY (deg] (2.22)
U2

The blade velocity at inlet #; and outlet u, is given by

U =w- — [m/s] (2.23)

11
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2.2 Experimental Theory

This section describes the theoretical foundation for the experimental work.

2.2.1 Stress and Strain in a Solid Body

As a result of forces working on a solid body, stress and strain occur in the material. The three
following equations are from Konstruksjonsmekanikk by Bell [16]. Normal strain € is defined as
the relative change in length in the axial direction, given by

AL
T

€= (2.24)
The normal stress o in a solid body is defined as the normal force N divided by the body’s cross

section area A, given by

o= % [Pal (2.25)

For linear elastic materials, like steel, Hooke’s law describes the linear relationship between the

stress and strain and is given by
o N

“F~a5
where E is Young’s Modulus for the material.

(2.26)

€

2.2.2 Strain Gauges

Strain gauges mounted on the surface of a solid body that is compressed or stretched can measure
the strain through the change in length of the wires causing the resistance to change [17]. Strain
gauges are often arranged in a Wheatstone bridge as this configuration is well suited for measuring
changes in resistance [18]. Figure 2.3 shows the schematic of a full Wheatstone bridge.

External Completion
circuit network

Figure 2.3: Strain gauges arranged in a full Wheatstone bridge [18].

The following equations are from the article Applying the Wheatstone Bridge circuit by Karl
Hoffman [18]. When the strain gauges are arranged as in Figure 2.3 a linear relationship between
the relative change in resistance and strain is obtained, given by

12
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AR

— =GF- — 2.27

o e [ (2.27)
where GF is the Gage Factor, a characteristic depending on the specific strain gauge.

The equation

Ui Ry Ry R1-Rs— Ry Ry

—A — = — 2.28
Us Ri+Ry R3+Ry (Ri+Ry) (Rs+ Ry - (2.25)
is valid for a bridge with strain gauges that is initially balanced, which means
Ua
— =0 — 2.29
o -] (229)

when

Ry =Ry =Rs =Ry Q]

or
bl
Ry  Rs

When R; to R4 are exposed to strain, the bridge is no longer balanced and Uy is non-zero. With
the assumption that the deviation in resistance, AR;, is much smaller than the resistance itself, R;,
second-order factors can be neglected and equation 2.28 can be written as

Uz 4 'R, Ry R3 Ry ) - 230

By substituting equation 2.27 into equation 2.30 we get the relation between the change in voltage
and applied strain

UA 1 ARI ARQ I AR3 _ AR4

Us GF
Us 4

There are several ways of arranging the strain gauges depending on the desired measurand. For
measuring axial strain, the arrangement is as in Figure 2.4. With this arrangement the strain gauges
only give output due to axial load, any torque load or extension of the wires due to a temperature
rise will be canceled out [19]. Note that the figure is demonstrating tension while the ATMD will
be applied compression. The direction of the axial force F only affects the sign of the strain output
and the principle is the same for positive and negative axial forces. For measuring compression, €;
and e3 will be negative, and €, and €, will be positive, and equation 2.31 becomes

. (61 — €9+ €3 — 64) [—] (231)

Ua _GF
UE Compression 4

(=le] = lez] = les| = leal)  [-] (2.32)

In most cases, €; and €3 are the values of interest as strain gauge number 1 and 3 are the ones placed
in the same direction as the applied forces. Poisson’s Ratio v is a material constant describing the

13
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material’s change in length perpendicular to the direction of the force, and is usually around 0.3 for
metals. For a purely axial compression, we have €; = €5 = € and €3 = €4 = v - ¢, by using this we
can rewrite equation 2.32 to

= = EE e~ el fel ~ el

UE Compression 4

UA GF - |€‘

A — 2+2-v - 2.33

UECompression 4 ( ) [ ] ( )

F
H
Gauge 1—\\‘ H+Gauge 3

£ positivei : ‘F Calige: 4

Gauge 2~ ,%‘1{‘7

2

g, negative

Figure 2.4: Arrangement of strain gauges measuring axial forces [18].

For measuring torque the strain gauges are arranged as in Figure 2.5. With this arrangement
the strain gauges only give output caused by torque, any axial load or extension due to temperature
rise, will be canceled out [19]. In the figure a clockwise torque is applied, meaning the left side of
the beam is held fixed and a clockwise twist is applied on the right side of the beam. This causes
strain gauge 1 and 3 to experience positive strain and strain gauge 2 and 4 to experience negative
strain. In most practical cases for torque measurement, pre-positioned strain gauges, arranged as a

fishtail, are used to make sure the strain gauges are exactly 45°. The absolute value of |e;| = |eo| =
les| = |e4| = € which reduces equation 2.31 to
Ua GF
— = —-(le| = (—|€]) + |¢] = (—|€
Upzormne 4 (lel = (=lel) + [el = (=le[))
U
A =GF-¢ [ (2.34)
UE' Torque

Since the equations for change in voltage for axial and torque load applied, respectively equa-
tions 2.33 and 2.34, only consist of one unknown value e, this value is possible to derive. The

change in voltage in the bridge U, is measureable, and the the exitation voltage U, the gage factor
GF, and the Poisson’s Ratio v are known.

14
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Figure 2.5: Arrangement of strain gauges measuring torque [18].

2.2.3 Uncertainty

This subsection is partly taken from the author’s project thesis [14] as the uncertainty analysis is
performed in the same matter in both theses.

Uncertainties are divided into two parts: systematic and random. The systematic error is caused
by the experimental setup and the measuring devices used, never being exactly accurate. The
following equations describing systematic errors are published by German Calibration Service in
Calibration of Pressure Gauges [20]. The first number in the subscript is referring to a total of six
measurement series. Each measurement session is done in pairs, first on-loading (number 1, 3, and
5) and then off-loading (number 2, 4, and 6), where measurement series 1 and 2 are one pair of on-
loading and off-loading, etc. The second subscript in the equations refers to a measurement point
within a measurement series. In the equations where the second subscript is j, then the uncertainty
is different for each measurement point. The unit in the three following equations is not specified
as it depends on the unit of the measurements, which is pstrain in this thesis.

A systematic error highly relevant in this thesis is hysteresis, as this was the main challenge
in earlier performed measurements. Hysteresis is occurring when the output of a variable has a
different value when the variable is increasing and decreasing, see Figure 2.6, and are calculated
by

1
Nomean = o (’($2,j —210) — (x1; — x10)| + [(Ta; — 230) — (23 — T30)]

+|(wg; — x50) — (w55 — T50)]) (2.35)

where n, is the number of measurement pairs, which is three for a set of six measurement series.

Another systematic error is the deviation in output at zero loads for the different measurement
series, called zero deviation. It is defined as the maximum deviation of the measured value at zero
loads for one on-loading and the corresponding off-loading, and is calculated by

fo= ma%(‘iﬂz,o - 1171,0’, ‘l’4,0 - $3,0’7 ’956,0 - x5,0‘) (2.36)
Repeatability is the error that describes how much the results at one point deviates within the
different measurement series. The repeatability for each measurement point j is given by
bupj =135 = 230) = (T15 — 21,0)]
/
down,j =1(Taj — Ta0) — (¥25 — Ta0)]

b =max(b, ., b ) (2.37)

mean,j up,j’ “down,j
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Value of measurand

Figure 2.6: The principle of hysteresis [17].

Random errors will occur when gathering data in big samples. By assuming the data points of
a measurement have a Gaussian distribution, the random uncertainty can be calculated by

Sa

= -] (2.38)

Wz =1-
where S, is the standard deviation of the sample and ng_ is the size of the sample. The number ¢
is the Student’s t-distribution number which is obtained from tables and is a function of the degree
of freedom and the desired confidence interval. In this thesis, the confidence interval used for the
random uncertainty is 95%.

When dealing with a variable that depends on several uncertain values, it is not very likely that
all terms become simultaneously high or low. Summing up all the uncertainties give unreasonably
high estimates. Calculating the Root of the Sum of the Squares (RSS) is a more used method for
the total uncertainty [17], and is given by

1
- SR1%\ "
W = Wy, + — — 2.39
- (Sl2]) -
where wp, is the total uncertainty for the result variable R and w,,, is the uncertainty of variable z;.
The term, %, is the relation between a small change in the result variable R and a small change in

variable x;. If a change in z; have a direct impact on the result variable R, % is equal to one.
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Chapter

Process

This chapter is divided into three parts. First, previous work is evaluated to ensure progress in
the development of the measuring device. Second, a new design of the measurement device is
developed so that it can measure both axial load and friction torque. Then third, the experimental
process is described.

3.1 Evaluation of Previous Work

The strain gauges previously used was Kulite Semiconductor S/UCP-090-120, and their strain out-
put for axial load applied is shown in Figure 3.1. Note that the repeatability in the measurements
are so good that the blue series is plotted over the red and green series in the figure. The hystere-
sis effects, on the other hand, are severe. The general opinion of the lab technicians at VKL and
according to the manufacturer and supplier, these types of strain gauges should be giving better
results than obtained [21]. It was assumed that the adhesive or poor mounting must have been the
reason for the big hysteresis effects even though the mounting was done by an experienced tech-
nician with apparently the correct adhesive. When the ATMD is complete, it must be installed by
the staff at TTL themselves. If the mounting of the semiconductor-type strain gauge is so sensitive
that not even an experienced lab technician can do it correctly, then this is not the strain gauges to
recommend KU. It was therefore decided to test other types.

The amount of strain measured by the Kulite Semiconductor strain gauge type when the ATMD
was applied 700 kg was known to be about 16 ustrain and the corresponding numerical calcu-
lated strain was about 24 pustrain [14]. One of the students previously working on the ATMD had
mounted some traditional HBM pre-wired strain gauges on a steel bar and it was decided to test
these strain gauges for the same amount of strain to check the uncertainties of their output. The
desired strain was around 25 pstrain, the bar’s cross-section was 2 cm? and the material’s Young’s
Modulus was around 200 GPa. The amount of force to apply the bar was calculated with Hooke’s
law, equation 2.26, to be around 100 kg. The bar was tested numerically in Ansys Mechanical with
an axial load of 100 kg applied to give a numerical strain of 25 pustrain.

The bar was then tested experimentally for axial loads with a hanging system of 5 kg in steps
of 20 kg up to 105 kg in total weight applied, and the output is shown in Figure 3.2. The traditional
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Axial Load Measurement
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Figure 3.1: Output from the Kulite Semiconductor strain gauges when applied axial load.
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Figure 3.2: Output from the traditional strain gauges when applied axial load.
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strain gauges, that was mounted by the inexperienced student herself, show much less hysteresis
and are much more linear than the earlier used strain gauges shown in Figure 3.1. It was concluded
to use strain gauges like these in the further development of the measurement device. The advantage
with traditional strain gauges is that they are cheaper than the semiconductor-type and the pre-wired
types are easier to mount by someone inexperienced. The disadvantage with the pre-wired type is
that they do not exist in a fishtail configuration, the type that is most used for torque measurements.
Still, it was decided to use traditional pre-wired strain gauges and to be precise when mounting the
diagonal strain gauges in 45°.

3.2 Geometrical Change Through Numerical Analysis

Since new experimental data collection had to be performed to test the new strain gauges, it was
decided to also do some bigger changes to the geometry of the ATMD to enable measuring of
friction torque as well. By cutting holes in the middle part of the ATMD it was believed that the
strain as a result of solely applied torque would be big enough to measure. What kind of holes to
choose was decided through numerical analysis. The axial forces the shaft will be applied during
operation in the Francis Rig at KU was calculated by Badsvik [12], and is given in Table 3.1.
The maximum amount of friction torque transferred to the ATMD was calculated by this thesis’s
author’s project thesis to be 20 Nm [14] .

Fi[N] | Fo[N] | F5[N] | F4[N] | Fs[N] | Fg[N] | F7IN] | Fg[N] | Fo[N] | Fio[N]
BEP 0 0 -5198 | -1106 | 4804 | 24490 | -22 528 0 0 461
Qmax 0 0 3667 | -5093 | 4804 | 43 840 | -40 250 0 0 6968

Table 3.1: Axial forces F; in the turbine at TTL due to hydraulic forces [12]. Positive direction is defined as
downwards.

The new geometrical design had two main requirements: first, the ATMD must be strong
enough to be safe for all operation points meaning the maximum stress should never exceed 80%
of the yield strength, and second, it must be flexible enough to be able to measure the small friction
torque values. As seen in the previous section, a bar with old fashioned metal wire strain gauges
had satisfactory linear experimental results with no signs of hysteresis for a strain interval of 0O-
17 pstrain, and the corresponding numerically calculated strain was 25 pstrain. It was therefore
decided to find a design of the ATMD that gave numerically calculated strain as high as possible,
preferably around 25 pstrain, for solely 20Nm torque applied.

Before any geometrical changes were performed, the ATMD had a wall thickness of 2 mm, two
circular holes through the wall for the drainage of labyrinth seal water, and four flattened sections
at the wall where the old strain gauges were attached, see Figure 3.3. Downsizing the ATMD to a
wall thickness of 1 mm would almost halve the cross-section area and increase the strain values,
and could have been a good basis for further investigation. Even so, this alternative was considered
to be practically difficult because the smallest wall thickness at the flattened sections was 0.72 mm,
meaning that if this version had got 1 mm wall thickness, there would be six holes in the wall. It
was therefore decided to investigate different designs of 2 mm wall thickness.
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Figure 3.3: Flattened sections of the ATMD and the previous used semiconductor strain gauges.

First, the ATMD were numerically tested for different materials with the use of Ansys Mechan-
ical. For all the materials tested: copper, aluminum, bronze, and stainless steel, it was concluded
that a change in the material would not give big enough strains and that holes in the wall were
necessary. By the use of CAD-drawing in Creo Parametric different designs of the ATMD were
constructed and then numerically tested. In this process, 31 different designs were investigated,
and the holes ranged from straight, diagonal, circular, oval, ellipse, big and small, see Figure 3.4
for a selection of the investigated designs. Vertically oriented holes were considered, but the 2
mm wall thickness limitation gave that not even the design in the lower left in Figure 3.4 were
giving big enough strains when solely applied torque. The lower right model in Figure 3.4 were
the chosen design, as this design combines two weak points in the upper and lower circular part of
the slotted holes and form a larger area with bigger strain values. Figure 3.5 shows the numerical
results of solely 20 Nm torque applied giving 19 ustrain in the area where the strain gauges would
be mounted. Getting higher maximum strain without getting too close to the 80% of yield strength
limit turned out to be difficult.

The final design of the ATMD that was meant for Kathmandu University, from now on called
the KU-version, is not geometrically identical to the version of the ATMD on which the experi-
ments were performed, from now on called the experimental version. Due to a miscommunication
with the lab technician machining the holes, the experimental version ended up having holes of 25
mm width, see Figure 3.6, while the KU-version was planned to have 20 mm width, see Figure 3.7.
Another difference is that the experimental version is made of st52 steel and has the four flattened
sections, while the KU-version will not have these flat areas and are planned to be made of stainless
steel 316.
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Figure 3.4: A selection of the investigated designs.
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Figure 3.5: The design combines two weak spots into a larger area of bigger strain values. At the strain
gauge’s position, there is 19 ustrain for 20 Nm applied torque.
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Figure 3.7: Design of the KU-version of the ATMD with dimensions in millimeter.
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Due to the geometrical and material differences, the resulting strain will be different for the
same amount of force. Considering the materials, the experimental version is the stronger one as
st52-steel has 355 MPa in yield strength [22], and stainless steel 316 is having 205 MPa in yield
strength [23]. Considering the geometry, the bigger holes and the flat thin parts of the experimental
version makes the KU-version the strongest. Table 3.2 shows that the KU-version is in total the
stronger one. To achieve the same amount of strain, the axial forces should be reduced to 69%
and the torque to 73%. Table 3.3 presents the average strain at the strain gauge’s position for
the adjusted forces applied to the experimental version, showing that the adjustments are making
the two versions comparable. In Table 3.2 and Table 3.3, case 1 is referring to the maximum
amount of axial forces and friction torque the ATMD will be applied, case 2 is the maximum axial
hydraulic forces and friction torque, case 3 is only the maximum friction torque and case 4 is only
the maximum axial hydraulic forces.

Strain in
Case | Axial force | Torque Average strain at SG-point KU-version compared
to experimental
IN] (Nm] K[U—ver‘sion Experimenta‘l version (%]
pstrain] [pstrain]
1 -8500 -20 440 640 69
2 -7000 -20 360 530 68
3 0 -20 19 26 73
4 -7000 0 350 510 69

Table 3.2: Numerical analysis of the experimental version and KU-version.

Case | Axial force | Torque | Average strain Strain in KU-version
69% 73% at SG-point | compared to experimental
[N] [Nm] [pstrain] [%]
1 -5865 -14.6 441 100
2 -4830 -14.6 365 99
3 0 -14.6 18.9 101
4 -4830 0 352 99

Table 3.3: Numerical analysis of the experimental version for adjusted forces.

For both versions, it was necessary to make sure that the amount of stress would not exceed
80% of the yield strength for the maximum applied forces, case 1 in Table 3.2 and Table 3.3.
The maximal numerical calculated stress applied to the experimental version is 253 MPa, which
is around 71% of the yield strength of 355 MPa for the st52-steel type. For the KU-version, the
maximum stress was calculated to be 157 MPa, which is 76% of the yield strength of 205 MPa for
stainless steel 316.

The theory behind constructing a good mesh such that reliable numerical results are obtained
are described in appendix A. One of the actions performed is a mesh independent test to make sure
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the calculated values were correct. A deviation of 1% was found in the maximum stress calculation
and was considered small enough to regard the numerical results as mesh independent.

3.3 Experimental Data Collection

After the two versions of the ATMD had been tested numerically to be safe for the amount of forces
to apply, it was time to test the experimental version in the lab. This section describes the necessary
preparations for the experiments and the procedure in the data collection.

3.3.1 Preparations of Experiments

After the ATMD had gotten diagonal slotted holes through the walls, the eight new strain gauges
were attached. Four of them were arranged as in Figure 2.4 for the axial load measurements, and
this group was named vertical-SGs. The other four were arranged as in Figure 2.5 for the torque
measurements and were named diagonal-SGs. The strain gauges used are from Tokyo Measuring
Instruments Lab (TML) and have a gauge resistance of 119.8 £ 0.5 €2, a gauge factor of 2.15 +
1%, and a gauge length of 1 mm [24]. The strain gauges were initially cabled in a full Wheatstone
bridge and calibrated within LabView as described by National Instruments in Connecting Strain
Gages to a DAQ Device [25]. This calibration removes the null point offset, making sure the first
measurement is close to zero for no load applied.

The experimental setup for axial load measurements was arranged such that the ATMD was
compressed, see Figure 3.8 for a schematic. Upon the ATMD, a circular cover was placed where
the hanging system was attached to the exact center. This was important because if the weights
were applied slightly off-center, the weight would not be evenly distributed in the walls of the
ATMD, and the strain gauges would give the wrong output.

For the torque load measurements, the ATMD was hanged in a stable frame, and an arm of 15
cm was attached underneath, see Figure 3.9 for schematic. The hanging system consisted of a thin
wire and a metal plate with a total weight of 0.6515 kg. All the weight plates used were either
calibrated by Justervesenet or calibrated during the work of this thesis’ author’s project thesis [14].
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Full Wheatstone
bridge

Y

NI-device
Analog-to-digital

Y

PC with LabView
logging program

Figure 3.8: Drawing of the experimental setup for axial load measurements.

The equipment used in the axial load data collection:
— The ATMD

— Strain gauges attached to the ATMD cabled in a full Wheatstone bridge
— A temperature probe taped to the surface of the ATMD
— Some isolating material to cover the strain gauges and temperature probe
— A strong beam with a hole between the top and bottom
— Hanging system

— Top cover plate with screws

— A hook

Lever hoist

— Straps
— Pallet
Weight plates
— 20 weight plates of 10 kg
— 12 weight plates of 25 kg

— 38 weight plates of 5 kg
— 5 weight plates of 2 kg

NI-devices converting analog signals from the strain gauges to digital signals

PC with LabView program for logging

Matlab for post-analysis
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Full Wheatstone
bridge

NI-device
Analog-to-digital

PC with LabView
logging program

Figure 3.9: Drawing of the experimental setup for torque measurements.

The equipment used in the torque load data collection:
— The ATMD

— Strain gauges attached to the ATMD cabled in a full Wheatstone bridge
— A temperature probe taped to the surface of the ATMD
— Some isolating material to cover the strain gauges and temperature probe
— A stable frame to hang the ATMD from
— Hanging system

— An arm attached underneath the ATMD

— Plate to place weights

— Wire to attach to the arm and plate

— Pulley on which the wire can slide frictionless

— 5 weight plates of 2 kg

NI-devices converting analog signals from the strain gauges to digital signals

PC with LabView program for logging

Matlab for post-analysis
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3.3.2 The Data Collection

The procedure in collecting axial load measurement data is based on Badsvik’s original procedure
[12], which she partly based on the guideline for calibrating pressure gauges from the German
Calibration Service [20]. As part of the planning of the procedure, a risk assessment was performed.

At the beginning of every measurement session, a measurement without any load, not even the
hanging system, was performed for later to be able to compensate for a possible zero-point drifting.
Each measurement session contained a pair of on-loading and off-loading measurement series. For
the axial load data collection, the first on-loading measurement was of the hanging system of 37
kg, then 50 kg was added in 12 steps, adding up to a total of 637 kg. Then all the weights were
removed in LIFO-order, meaning last in first out. Every recording was done in one minute, and the
hanging system had to be still and undisturbed during that time.

The data collection of torque load was performed in the same matter. The first on-loading
torque measurement was of the hanging system of 0.6515 kg, giving a torque of 0.96 Nm. Then
weights of 2 kg were added in 5 steps, adding up to a total of 10.6515 kg, which is 15.67 Nm. The
complete procedure was performed three times to be able to investigate the repeatability of each
measurement point.

During the data collection, the temperature on the surface of the ATMD was also collected. The
arrangement of the strain gauges should be temperature-compensating [19]. However, if it does not
work as expected, it would be necessary to know the surface temperature to be able to perform a
temperature compensation afterwards. The output from the strain gauges and the temperature probe
was, through an analog-to-digital-device, provided to LabView, which wrote the data to .txt-files.
Then Matlab was used for analysis, as discussed in the following chapter.
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Results of the Experiments

This section presents and discusses the results of the experiments performed, where three test cases
were investigated. The goal was to obtain two independent sources of strain data to relate to the
two unknowns the system is to measure, axial load and friction torque.

The output from the full-bridge vertical-SGs of test case 1 had sufficiently low uncertainties and
was kept in all the test cases as the first source of strain data. Test case 2 and 3 were performed to
find a better second source of strain data than the full-bridge arrangement of diagonal-SGs in case
1. An arrangement with low uncertainties for both axial load and torque load, or low uncertainty
for one of the loads while close to zero output for the other, would be a good second source.

4.1 Case 1: Vertical-SG and Diagonal-SG both in Full-bridge

The first case to be investigated was the original setup with the vertical-SGs and diagonal-SGs
arranged in two separate full Wheatstone bridges. The output from the two sets of strain gauges is
first presented for the axial load applied, then for the torque applied.

4.1.1 Axial Load Applied
Output From Vertical-SGs

The temperature development during the measurements of axial load applied is shown in Figure
4.1 and the strain measured by the vertical-SGs is shown in Figure 4.2. These strain gauges are
arranged in a way such that they should compensate for temperature change [19]. It seems to be
working as the blue measurement series is the warmest measurement, and the strain measured lies
in between the other measurement series.

Figure 4.3 is presenting the different uncertainty-types. The uncertainty due to repeatability is
the biggest contributor to the lower load measurements. Zero deviation and hysteresis being low for
all loads is an improvement compared to the earlier used strain gauges [14], which had hysteresis
effects as shown in Figure 3.1. The random uncertainty in the data acquisition is neglected through-
out the whole thesis as it is about 0.01 pstrain, which is 1% the size of the other uncertainties. The
total uncertainty is calculated by using the Root of the Sum of the squares method (RSS).
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The total absolute uncertainty is presented in Figure 4.4 and the total relative uncertainty is
presented in Figure 4.5. Based on the measured values, a linear best fit line with an upper and
lower uncertainty band of the total uncertainty is plotted in Figure 4.6.

Temperature development
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—%— Series 6 (offload)
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0 36 86 136 186 236 286 336 386 437 486 537 587 637
Loads [kg]
Figure 4.1: Case 1: Temperature development during axial load applied.
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Figure 4.2: Case 1: Measured strain by vertical-SGs during axial load applied.
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Figure 4.3: Case 1: Uncertainties in the output from the vertical-SGs applied axial load.
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Figure 4.4: Case 1: The total absolute uncertainty in the output from the vertical-SGs applied axial load.
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Total relative uncertainty (RSS)
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Figure 4.5: Case 1: The total relative uncertainty in the output from the vertical-SGs applied axial load.
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Figure 4.6: Case 1: Best fit line with upper and lower uncertainty band for vertical-SGs applied axial load.
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4.1 Case 1: Vertical-SG and Diagonal-SG both in Full-bridge

Output From Diagonal-SGs

The diagonal-SGs was intended to measure torque, and was expected to have no output when
applied axial load. As seen in Figure 4.7, that was not the case. Since the holes in the wall of the
ATMD are diagonal, the forces applied must also work in the same diagonal direction along the
holes, leaving the diagonal-SGs affected. Even so, the full-bridge arrangement should cause the
strain gauges to temperature compensate. It seems to be working as the warmest measurement, the
blue series in Figure 4.1, is giving strain output in between the red and green measurement series.
The uncertainties in the output from the diagonal-SGs are shown in Figure 4.8. By comparing
these results to the corresponding figure for vertical-SGs, Figure 4.3, it can be seen that repeatabil-
ity is still the biggest contributor and that zero deviation has increased. Within each measurement
series, the repeatability is quite good, but the strain gauges may be affected by some drifting result-
ing in low repeatability between the series. Figure 4.9 and 4.10 show the total absolute and relative
uncertainty for the strain measured by diagonal-SGs with axial load applied. Since the total amount
of strain measured by the diagonal-SGs is about one-third of the strains measured by the vertical-
SGs, the relative uncertainties are much higher for the diagonal-SGs as the absolute uncertainties
are about the same. Figure 4.11 shows the best fit line together with an upper and lower uncertainty
band. These uncertainties being relatively higher than for the vertical-SGs is the reason for the
choice of investigating other arrangements that could serve as a second source of strain data.

Best fit line for the output from full bridge diagonal-SG
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Figure 4.7: Case 1: The measured strain from the full-bridge diagonal-SGs and linear best fit line during
axial load applied.
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Figure 4.8: Case 1: Uncertainties in the output from the diagonal-SGs applied axial load.
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Figure 4.9: Case 1: The total absolute uncertainty in the output from the diagonal-SGs applied axial load.
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Figure 4.10: Case 1: The total relative uncertainty in the output from the diagonal-SGs applied axial load.
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Figure 4.11: Case 1: Best fit line with upper and lower uncertainty band for the diagonal-SGs applied axial
load.
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4.1.2 Torque Load Applied
Output from Vertical-SG

Figure 4.12 shows the temperature development during the strain recording of torque applied, and
Figure 4.13 shows the strain output from the vertical-SG. The temperature difference between the
coldest and warmest measurement of 0.3 °C seems to not affect the strain output as the measured
strain for the steps of applied torque is roughly the same for all the series.

The vertical-SGs seems to have more accurate results for torque load applied than for axial
load. In Figure 4.14, it can be seen that the repeatability is no longer the biggest contributor to the
uncertainty. The total absolute and relative uncertainty calculated is shown in Figure 4.15 and 4.16
respectively. By disregarding the first step with applied torque, which is the hanging system of 0.96
Nm, it can be seen that the total uncertainty is between 1 % and 3 %, which is quite low compared
to other measurements. Figure 4.17 shows the best fit line with the upper and lower uncertainty
band for the output of the vertical-SGs when applied torque. It can be seen that the linear best fit
line fits quite good with the measured points and have low uncertainty.
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Figure 4.12: Case 1: Temperature development during torque applied.
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Figure 4.13: Case 1: Measured strain by vertical-SGs during torque load applied.
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Figure 4.14: Case 1: Uncertainties in the output from the vertical-SGs applied torque load.
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Case 1: The total relative uncertainty in the output from the vertical-SGs applied torque load.
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Best fit line for the output from full bridge vertical-SG
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Figure 4.17: Case 1: Best fit line with upper and lower uncertainty band for vertical-SGs applied torque
load.

Output from Diagonal-SG

The strain measured by the diagonal-SGs when applied torque is shown in Figure 4.18. The output
range from 0.1 pstrain to -0.8 ustrain, which is a span of roughly 0.9 ustrain. Such small outputs
are completely opposite of what to expect according to theory for a geometry without holes. This
means that the strains act very differently in the ATMD with the diagonal slotted holes.

Even though the measurements looks messy in Figure 4.18, the calculated uncertainty is less
than 0.1 pstrain for all measuring points, see Figure 4.19. As the measured values are very small,
it is not suitable to regard the uncertainties as percentages. Figure 4.20 shows the linear best fit
line with an upper and lower uncertainty band. The uncertainties for case 1 when applied torque is
sufficiently low, but due to the uncertainties in the output of the diagonal-SGs when applied axial
load, other test cases where investigated in the following.
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Figure 4.18: Case 1: The measured strain from the diagonal-SGs during torque load applied.
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Figure 4.19: Case 1: The total absolute uncertainty in the output from the diagonal-SGs applied torque load.
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Figure 4.20: Case 1: Best fit line with upper and lower uncertainty band for the diagonal-SGs applied torque
load.
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4.2 Case 2: Vertical-SG in Full-bridge and Diagonal-SG in Half-
bridge

As one strain gauge in one of the diagonal-SG-pairs was not placed in precisely 45°, it was sus-
pected of causing uncertainties. This section is a compressed version of the investigation of whether
a half-bridge configuration can replace the full-bridge diagonal-SGs from case 1, and serve as the
second source of strain data. The complete investigation and more figures are included in Appendix
B. The full-bridge vertical-SGs is kept as the first source.

4.2.1 Axial Load Applied
Output from Half-Bridge Diagonal-SGs

The recorded strain with a linear best fit line is shown in Figure 4.21. Even though the strains in
case 1 and 2 have opposite sign, they are both applied the same compressing force, and the absolute
value of the strains are comparable. This change to positive strain values is not intentional and can
be disregarded as it is simply due to the wires being connected opposite. It can be seen that the
blue series is drifting away from the other measurement series. This causes a big total uncertainty
of above 4 pstrain, see Figure 4.22, which is twice as much as the total absolute uncertainty in
the full-bridge diagonal-SGs in case 1. It can be concluded that to arrange the diagonal-SGs in a
half-bridge is a worse alternative for axial load applied.

Best fit line for the output from half bridge diagonal-SG
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Figure 4.21: Case 2: The measured strain from the half-bridge diagonal-SGs during axial load applied.

42



4.2 Case 2: Vertical-SG in Full-bridge and Diagonal-SG in Half-bridge

Total absolute uncertainty (RSS)

4 - S 5 .

1 strain
o
T
|

-4+ S s 1 =

_5: | | | | | | | | | | | | |
0 36 86 136 186 236 286 336 386 437 486 537 587 637

Loads [kg]

Figure 4.22: Case 2: The total absolute uncertainty in the output from the half-bridge diagonal-SGs applied
axial load.

4.2.2 Torque Load Applied
Output from Half-Bridge Diagonal-SGs

For torque load applied to test case 2, the measured strain is presented in Figure 4.23. The strain
range from -0.8 pstrain to 1.2 pstrain, with relatively large deviations in the strain output. This is
mostly due to the green series, and partly the blue, dropping in strain value as the first torque load is
applied. In Figure 4.24 it can be seen that the calculated uncertainty is around 0.6 pstrain. This is,
in absolute terms, quite low, but it is almost ten times as high as the uncertainty for the full-bridge
diagonal-SGs applied torque, case 1, which is around 0.08 pstrain, see Figure 4.19. By that, it can
be concluded that case 2 is a worse alternative for torque load as well as for axial load.
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Best fit line for the output from half bridge diagonal-SG
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Figure 4.23: Case 2: The measured strain from the half-bridge diagonal-SGs during torque load applied.
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Figure 4.24: Case 2: The total absolute uncertainty in the output from the half-bridge diagonal-SGs applied
torque load.
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4.3 Case 3: Vertical-SG in Full-bridge and Single-SG in Quarter-bridge

4.3 Case 3: Vertical-SG in Full-bridge and Single-SG in Quarter-
bridge

The third test case was decided to contain a new strain gauge vertically placed in the upper part of
the wall away from the holes and arranged in a quarter-bridge. It was thought that this strain gauge
would get clean output from the axial load and minimal output from torque load. Additional plots
may be found in appendix C.

4.3.1 Axial Load Applied
Output from Single-SGs

The temperature development during axial load applied is shown in Figure 4.25 and the strain mea-
sured is shown in Figure 4.26. As for case 2, due to the opposite cabling, the single-SG measure
positive strain values, although the ATMD is applied compression forces. The different measure-
ment series do not have an equal slope, even though they are applied the same load. This single
strain gauge has no way of compensating for the temperature, and since the red series is both the
most deviant and the warmest, the impact of the temperature must be investigated.

The strain gauges came along with a sheet of test data containing information about the strain
gauges’ behavior depending on temperature [24]. The tests were performed on SS400, a Japanese
structural steel type similar to the German steel type ST44 [26], which is quite similar to the steel
type ST52, used for the experimental version of the ATMD. The temperature influences the appar-
ent strain with the relation

€app = —2.33- 10" + 1.57- T —1.21-1072- T —4.97-107* - T3 +4.55-107% . T*  (4.1)

and this curve is plotted in Figure 4.27. The blue measurement series has a temperature of around
21.4 °C for all measuring points, which gives a rise of 0.8 pstrain from the normalized 20 °C. The
red measurement series, which is around 22.5 °C, has a rise of 1.4 y strain. The deviation of 0.6
pstrain is removed in the offset nulling calibration procedure, described in section 3.3.1, that is
ensuring all the measurements have the same starting position of close to zero strain for zero loads
regardless of temperature. Since the temperature is not changing during on-loading and off-loading,
this temperature-strain relation is not affecting the slope of the line.

There exists a small change in the gauge factor as a result of temperature change that could
cause the slopes of the line to be different. For every 10th degree Celsius rise, the gauge factor
rises by 0.1 % [24]. The gauge factor at the normalized 20 °C is 2.15 +1 %, and at 22.5 °C the
gauge factor is 0.025% higher which is well within the uncertainty interval of the normalized gauge
factor. This deviation in the gauge factor is too small to be the cause.

Even though no relation between the drift and the temperature was found, the article "How to
battle drift in bonded foil strain gauge-based sensors” posted in Control Engineering argues that
this kind of general drift is likely to be caused by temperature [27]. Further, it is argued that
drifting is likely to occur even though the strain gauges and adhesive are matched with the surface
material and the temperature range. Arranging the strain gauges in half-bridge or full-bridge in a
temperature compensating arrangement is necessary. This statement is also supported by the data
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Chapter 4. Results of the Experiments

found in this thesis as the full-bridge case 1 shows little indication of drifting, and the quarter-bridge
of case 3 drifts a lot. Even though the series that is drifting in case 2 is neither especially warm
or cold compared to the other series, the drifting might still be caused by temperature. Since the
temperature probe is only measuring the surface temperature, and not the actual SG-temperature,
drifting might occur as a result of the strain gauges self-heating [27].

Temperature development
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Figure 4.25: Case 3: Temperature development during axial load applied.
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Figure 4.26: Case 3: The measured strain from the quarter-bridge single-SG applied axial load.
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Change in measured strain [;: strain]
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Figure 4.27: The change in measured strain due to change in temperature [24]. The blue and red line
represent the approximate temperature in the blue and red measurement series respectively.

The total absolute uncertainty is given in Figure 4.28. It can be seen that the uncertainty is
rising towards 13 pstrain, which is much higher than seen in any other of the test cases. As for case
2, the big uncertainties are mostly due to drifting series that cause low repeatability. The case with
a single-SG arranged in a quarter-bridge is also concluded to be a worse alternative than case 1.

% Total absolute uncertainty (RSS)
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Figure 4.28: Case 3: The total absolute uncertainty in the output from the quarter-bridge single-SG applied
axial load.
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4.3.2 Torque Load Applied

Although case 3 is already concluded to be a worse alternative than case 1, the output for torque
load is presented in the following for the sake of good order.

Output from Single-SGs

The temperature development during torque load applied to the single-SG is shown in Figure 4.29
and the strain measured is shown in Figure 4.30. These measurements show much less drifting
than for axial load. A possible explanation is that the temperature is near-constant during the mea-
surements and only varying by 0.04 °C, which means that the strain measured is not influenced
by changing surface temperature. Another possible explanation is that the strain measured is very
small. Since the strain measured when applied torque is around 3% of the strain measured when ap-
plied axial load, the drifting might have shown if the strains became larger. Figure 4.31 is showing
the total absolute uncertainty. Even though the uncertainties calculated for the strain measure-
ments for applied torque is much lower than for applied axial load, test case 3 is, in total, a worse
alternative than case 1.

Temperature development
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Figure 4.29: Case 3: Temperature development during torque load applied.
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Best fit line for the output from quarter bridge single-SG
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Figure 4.30: Case 3: The measured strain from the quarter-bridge single-SG during torque load applied.
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Figure 4.31: Case 3: The total absolute uncertainty in the output from the quarter-bridge single-SG applied
torque load.
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Chapter

Discussion

This chapter contains discussions based on the results from Chapter 4. In section 5.1, the direction
of the strains is investigated through vector plots, and a better understanding of why the output
was not as expected is obtained. In section 5.2 it is investigated whether it is possible to obtain
calibration equations that depend on both strain gauge set. As the calculated uncertainties are too
high, an improved design is presented in section 5.3, and this design is the final recommended
version of the ATMD.

5.1 Direction of Strain

As the holes are diagonal with a 45° tilt, the forces working through the ATMD must also aggregate
in that same direction. Figure 5.2 and 5.3 show numerically calculated vector plots of the strains
working along the holes for 7000 N and 20 Nm applied respectively. Elongation and compression
are occurring on either side of the holes, ensuring strain to work in multiple directions. The yellow
and the green squares represent the approximate placement of the vertical-SGs and diagonal-SGs,
respectively. In the figures, blue arrows represent compression, red arrows represent elongation,
and the size of the arrowhead represents the size in absolute value.

For only axial forces applied, it can be seen in Figure 5.2 that the vertical compression is the
dominant strain component as the blue arrowheads are larger than the red. The vertically placed
strain gauges are getting quite clean output in the experiments because the strain gauges are only
affected by the vertical compression components. The diagonally placed strain gauges, on the
other hand, are inflicted by both the vertical compression and horizontal elongation, which causes
the output to be a lower absolute value than the vertical-SGs. Since all four diagonal-SGs are
placed in the same small place, the exact placement of the strain gauges might affect the output and
causing a bigger uncertainty than in the results from the vertical-SG.

When the ATMD only is applied torque, see Figure 5.3, neither the blue vertical compression
arrows nor the red horizontal elongation arrows are the clear dominant strain component. As the
vertical-SGs mostly are affected by the vertical compression and mostly independent of the hor-
izontal elongation, they have quite clean output also for solely torque applied. The diagonally
placed strain gauges, in the other hand, are both compressed and elongated at the same time, see
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Figure 5.1. If the compression and elongation are approximately the same sizes, this explains their
near-zero output. As the vector plots confirm the experimental results, these kinds of plots are used
in the development of an improved design in section 5.3.

v b
(_TO—) (_QT_)

Figure 5.1: The strain acting on the diagonal-SGs when applied torque. Red arrows are elongation and blue
arrows compression.

Figure 5.2: Vector plot of the strains in the ATMD when applied axial compression (7000 N). Red arrows
are elongation and blue arrows compression.
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Figure 5.3: Vector Plot of the strains in the ATMD when applied torque (20 Nm). Red arrows are elongation
and blue arrows compression.
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5.2 Choosing Case 1 to Complete the Measurement System

The goal of the data collection and analysis in the previous chapter is to obtain two final calibration
equations. The two unknowns, applied axial load F and friction torque 7, will be functions of
the two measurable variables, strain output from vertical-SGs and diagonal-SGs. The easiest way
would have been to have two sets of strain gauges that only had output for one type of load each.
The vertical-SGs was meant only to measure axial load and would, for a geometry with no holes
in the wall, have no output for torque load or temperature change [19], meaning F=f{vertical-SG).
The diagonal-SGs would, for a geometry with no holes in the wall, only have output for torque load
and cancel out any strain caused by axial load and temperature change [19], meaning T=f{diagonal-
SG).

As seen in the previous section, the diagonal slotted holes caused both vertical-SGs and diagonal-
SGs to have output for both axial and torque load, which means F=f(vertical-SG, diagonal-SG)
and T=f(vertical-SG, diagonal-SG). In other words, the final calibration equations will describe
two planes as they are linearly dependent on two variables. With this method, the uncertainty in
the data for both the strain gauge sets when applied both axial and torque load must be accounted
for, which leaves cases 2 and 3 not usable due to their big uncertainties.

In Figure 5.4, the strain measured by vertical-SGs and diagonal-SGs are shown when applied
axial load only. Case 2 and 3 were tested because the uncertainties for diagonal-SGs when ap-
plied axial load were relatively higher than preferred, but it can be seen that in absolute terms and
compared to the uncertainties in the vertical-SGs, the uncertainties are not that big.

In the following equations, axial force is given in kg added load and torque is given in Nm. The
lines are expressed on the form y = A - x + B where the subscript v and d means vertical-SGs and
diagonal-SGs respectively, and a and ¢ means axial and torque load applied respectively. Figure 5.4
show strain output for solely axial load applied so the lines can be express as a function of applied
force F as the lines lay in the zero-torque-load-plane. The best fit line for the vertical-SGs, the blue
line, is given by

€yertSG, Az Load(T=0) = Av,a - F+ Bv,a [_] (5.1)

and the best fit line for diagonal-SGs, the green line, is given by

6diagSG,AacLoad(T:O) - Ad,a - F + Bd,a [_] (52)

In Figure 5.5, there is not applied any axial force, and the lines can be express only as a function
of applied torque T as the lines lay in the zero-axial-load-plane. The best fit line for the vertical-
SGs, the blue line, is given by

€vertSG,ToLoad(F=0) — Av,t T+ Bv,t [_] (53)
and the best fit line for diagonal-SGs, the green line, is given by
€diagSG,ToLoad(F=0) = Adt T + Bay -] (5.4)

where the numerical values of A and B is given in Table 5.1.
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Figure 5.5: Output from vertical-SGs and diagonal-SGs applied torque load.
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Coefficent | Numerical value Coefficent | Numerical value
Ava -0.2197 B,. 1.1621
Ada -0.0753 Baa 0.8072
Ay -0.4415 B, 0.0300
Aqy - 0.0508 By 0.0265

Table 5.1: The numerical values of the best fit lines in Figure 5.4 and Figure 5.5.

To be able to calculate the unknown axial forces and friction torque, these lines and equations
must be combined. The strain measured by each strain gauge set is independent of the other, and
as the zero-torque-load-plane and the zero-axial-load-plane are perpendicular, the strain measured
in each plane is independent of the other. If the two lines describing the output of the vertical-SGs,
equation 5.1 and 5.3, and the two lines describing the output of the diagonal-SGs, equation 5.2
and 5.4, had been exactly zero for zero load, then to combine the pair of lines to two planes would
be done by simply adding them together [28]. As the lines to combine do not intersect, there is
no mathematically way to combine them into a plane. This however, is possible to bypass. The
plane’s point of intersection with the strain axis is chosen to be the mean value of the two lines
intersection points with the strain axis. This adjustment places the resulting plane between the
lines in the zero-torque-load-plane and zero-axial-load-plane while their slope is kept. Then, by
introducing a deviation that covers the actual intersection of the two lines, the approximation is
taken into account.

The resulting planes are given in Figure 5.6. The blue plane is the output from the vertical-SGs
when applied both axial and torque load, and is given by

€vertSG = Av,a B+ Av,t T+ (Bv,a + Bv,t)/2 + (Bv,a - Bv,t>/2 [_] (55)

The green plane is the output from the diagonal-SGs when applied both axial and torque load, and
is given by

€diagsGc = Ada F + Aqyr T + (Bao + Bay)/2 =+ (Bio— Bay)/2 [—] (5.6)

In both equations, when only applied axial force (7=0) the strain output is slightly underestimated
compared to the actual value, and when only applied torque (F=0) the strain output is slightly
overestimated compared to the actual value. This is because the lines in the zero-torque-plane
crosses the strain axis at a point of higher value than the lines in the zero-axial-force-plane.

The preceding equations may be compared to Figure 5.4 and 5.5 in order to verify them. For
maximum axial load applied of 637 kg and no torque applied, the equations should give output
similar to the maximum absolute values shown in Figure 5.4. Equation 5.5, describing the blue
line, gives -139 4 0.5661 pstrain, and equation 5.6, describing the green line, gives -48 £ 0.3904
pstrain. The calculated values match well, and the deviation is relatively small. For the maximum
torque of 15.67 Nm and no axial load applied, the equations should give values similar to the
maximum absolute values shown in Figure 5.5. Equation 5.5, describing the blue line, gives -
6.32 £ 0.5661 pstrain, and equation 5.4, describing the green line, gives -0.38 £ 0.3904 pstrain.
The calculated values do match the values given in the figures when including the relatively high
deviations. The relative deviation becomes high for torque load because the preceding equations
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5.2 Choosing Case 1 to Complete the Measurement System

and the corresponding deviations are results of the strain measured when applied both solely axial
load and solely torque load. Note that the output for axial load is about 20 and 60 times as high as
for torque load for vertical-SGs and diagonal-SGs, respectively.

I Vertical-SG
I Diagonal-SG

Strain [;: strain]

20

30 400

600
Axial load [kg] 700 O Torque load [Nm]

Figure 5.6: The two resulting planes for the output of the vertical-SGs and diagonal-SGs.

Equations 5.5 and 5.6 are a pair of equations that can be solved for the two unknowns. The
force is given by
- Ad,t * €vertSG — Av,t * €diagSG + (Av t” (Bd,a + Bd,t) - Ad,t : (Bv,a + Bv,t))/2

F = )
A'U,a : Ad,t - Av,t : Ad,a [k;g]
(5.7)

New coefficients are introduced to simplify the equation, so the force may be expressed as
F =Cfq - epertsa + Cra - €giggsa + Crs L dy [kg] (5.8)

where the coefficients expressed in known terms and their numerical values can be found in Table
5.2. The deviation in equations 5.5 and 5.6 will follow as well, and the resulting deviation dy is
calculated with by the the Root Sum Square method, given by

(Bva_th) 2 (Bda_Bdt) 2 i
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Coefficient In terms of A;; and B;; Numerical value
C Aas 2.3003
f.1 Av,a'Ad,t_Av,t'Ad,a '
_Av t
Cf,z Av,a'Ad,t*Au,t-Ad,a -19.9917
A’U, (B ,a+B ,,t)_A ,,t'(B’u,a"‘Bv, )

Cf’3 : 2'(2Av,a'dAd,t*Adv,t'Ad,a) : 6'9624

d¢ Equation 5.9 7.9116

Table 5.2: The numerical values of the coefficients in the preliminary calibration equation for axial load.

The torque is given by

_Ad,a " €vertsG + Av,a * €diagSG + (_Av,a : (Bd,a + Bd,t) + Ad,a : (Bv,a + Bv,t))/2

T = N-
Av,a : Ad,t - Av,t : Ad,a [ m]
(5.10)
New coefficients are introduced to simplify the equation, so the torque may be expressed as
T = Ct,l * €vertsG T Ct,Q * €diagSG + Ct,3 + dt [N : IIl] (511)

where the coefficients expressed in known terms and their numerical values can be found in Table
5.3, and the deviation is calculated by

(Bv,a - Bv,t) ? (Bd,a - Bd,t) 2 v
dy = Ci - — 5 + | Ci2- — 9 [N+ m] (5.12)

Coefficient In terms of A;; and B;; Numerical value
Cy Av,a-A;ﬁdXU,t-Ad,a -3.4097
Co Ava 9.9483

Av,n.'Ad,th'u,t'Ad,a

—Ay,a'(Bd,a+Bda,t)+Ad,a(Bv,a+Bu,t)
Ct3 2-(Av,a-Adt—Avt-Ad,a) -2.1146

d; Equation 5.12 4.3365

Table 5.3: The numerical values of the coefficients in the preliminary calibration equation for torque.

Note that the axial force as a function of the strain is slightly overestimated, and the torque is
slightly underestimated. This is because in the process of choosing the planes’ point of intersec-
tion with the strain axis in equation 5.5 and 5.6, the strain output is slightly underestimated for
solely axial load (7=0) and slightly overestimated for solely torque load (¥=0). This explains why
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equations 5.8 and 5.11, when both SG-pairs have zero output, give 6.96 + 7.91 kg of applied axial
force and -2.11 + 4.34 Nm of applied torque. The deviation is relatively small compared to the
maximum axial load of 700 kg, and relatively big compared to the maximum applied torque of 16
Nm. As for the previous equations, this is due to the best fit lines not crossing the strain axis at
exactly zero and the need for approximation. Conveniently, if the ATMD is installed at TTL, it
will always be applied a minimum of 50 kg of axial load as it will carry the weight of the turbine
runner, the shaft, and other parts. This makes the strain gauges always to give output bigger than
zero, which makes the deviations relatively lower.

The upper and lower uncertainty bands in Figure 5.4 and 5.5 are unrelated to the deviations
in the preceding equations and are results of the uncertainty due to hysteresis, zero deviation, and
repeatability, described in section 4.1. As these lines also vary with both axial and torque load, they
must be calculated in the same matter as the procedure leading to equation 5.8 and 5.11. In short,
the coefficients describing the upper and lower uncertainty bands are combined to form an upper
and a lower deviation plane in three dimensions. The intersection with the strain axis is chosen
to be the maximum and minimum value for the upper and lower deviation, respectively. Then the
equations are solved to be functions of the measured strain values. See Appendix D for the full
deduction. In the calculations of the upper and lower uncertainty limits, the deviations in equation
5.8 and 5.11 are accounted for, and may be disregarded.

The final calibration equations are given in the following. The axial force is given by

F =Cy1 - €peresa + Cra - €diagsa + C 3 kg (5.13)
the upper uncertainty limit is given by
Fopper = Criup - €vertsc + Croup - €diagsa + Cr.3,up (kg (5.14)
and the lower uncertainty limit of the axial force is given by
Frower = Cf,1,zow * €pertsq + Cf,2,low * €diagSG T Cf,3,low [kg] (5.15)
The torque is given by
T = Ci1 - €pertsa + Cra - €giggsa + Cr3 N - m] (5.16)
the upper uncertainty limit is given by
Tupper = Ctaup * €vertsa + Croup - €diagsa + Cr3.up N - m] (5.17)
and the lower uncertainty limit of the torque is given by
Trower = Ct 110w * €vertsa + Cr 20w * €diagsa + Ct 3,100 N - m] (5.18)

where the numerical values of the coefficients are found in Table 5.4.
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Coefficient | Numerical value
Cri 2.3003
Cia -19.9917
Css 6.9624

Ce1up 2.3512
Ceoup -19.9301
Ct3up 50.9491
Cr 110w 2.2627
Cr.low -19.9610
Crt 310w -20.2542
Cu -3.4097
Ciz 9.9483
Cis -2.1146
Citup -3.4812
Cioup 10.1291
Cizup -16.4188
Ciliow -3.3560
Ci2ow 9.8035
Cisow 7.5711

Table 5.4: The numerical values of the coefficients in the final calibration and uncertainty equations 5.13 to
5.18.

For zero output from the strain gauges, the upper and lower deviation of the applied force is 51
kg and -20 kg, and the deviation of applied torque is 7.6 Nm and -16 Nm. It can be seen in Figure
5.4 that the slope of the upper RSS-deviation line for the diagonal-SGs has such a small negative
incline that the point of intersection with the zero-strain-line is at the point of about 40 kg of axial
load. This is one of the contributors to the big deviations.

A numerical example is used to demonstrate the use equations 5.14 to 5.18. For an unknown
combination of axial load and friction torque, the vertical-SGs may give an output of -100 pstrain,
and the diagonal-SGs may give an output of -33 pstrain. This case is visualized in Figure 5.7 and
Figure 5.8, where the blue and green lines represent all possible combinations of axial load and
friction torque that could give each strain gauge’s output. The intersection of these two lines gives
the answer.

Equation 5.13 and 5.16 are used to calculate the applied force and torque to be 437 kg and 10.6
Nm respectively. The equations for the upper and lower uncertainties give that the true axial load is
between 412 kg and 474 kg, which is -5.6% and +8.4%. The true torque load is between -2.6 Nm
and 19.7 Nm, giving a range of 22.3 Nm, which is bigger than the tested range of 0-16 Nm. These
numbers conclude that the uncertainties in the system are too high to provide useful information.

From the uncertainty analysis, it can be concluded that the calibration equations for axial load
and friction torque must be functions of separate and independent sets of strain gauges. If not, the
uncertainty for the strain gauges when applied axial load is present in the final calibration equations
for both the axial load and friction torque. As the output from the strain gauges due to axial load is
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20 and 60 t

imes as high as for the output due to friction torque for the vertical-SGs and diagonal-

SGs, respectively, see Figure 5.4 and 5.5, the relative uncertainty in the friction torque calculations
become huge.
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Figure 5.7: The intersection of two constant strain lines emphasized with a circle. The strain axis pointing
out put the paper plane.
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Figure 5.8: The intersection of two constant strain lines emphasized with a line.
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5.3 Suggested Final Design

During the work of this thesis, it is obtained knowledge about how the design of the ATMD could
be improved so that the output from the strain gauges would be as preferred.

As described in Section 3.2, there was early on decided to investigate designs of 2 mm wall
thickness due to the unplanned holes in the wall that would appear if downsizing to 1 mm wall
thickness. This limitation resulted in the diagonal slotted holes with the unfortunate strain output
and big uncertainties. In hindsight, the design could have been adjusted so that the planned holes
covered the unplanned appearing holes. The suggested final design of the ATMD does not have
such limitations, so this version is chosen to have a wall thickness of 1 mm, and dimensions as
shown in Figure 5.9.

The reason for this design choice is based on numerical results obtained using Ansys Mechani-
cal. When the ATMD is applied both 7000 N and 20 Nm, the strain distribution is as in Figure 5.10
and the direction of the strains are shown as a vector plot in Figure 5.11. The strain distribution for
only 20 Nm applied torque is shown in Figure 5.12, and the vector plot of the direction of strains
are shown in Figure 5.13. The vector plots show that the strains are working in the same direc-
tions as in theory, see section 2.2.2. This means that the calibration equations for the axial load
and friction torque will be unrelated and dependent on separate strain gauges, which will cause the
uncertainties to be drastically lowered compared to the results from the experimental version. The
strains when only applied torque is numerically calculated to be 20 pstrain, which is big enough to
be measured. The stress calculated for the maximum amount of forces is 74 MPa, which is 36 %
of the yield strength for a stainless steel type with 205 MPa as yield limit [23].

In addition to the final design, there is written a compendium to ease the process of completion.
The compendium contains a description of the ATMD, the necessary theoretical foundation, and
instruction for how to perform the calibration. The content of the compendium was presented and
discussed with technical staff at TTL during a visit to Kathmandu University. A 3D-printed model
of the ATMD was used to show the final design and to emphasize the correct placement of the strain
gauges. The calibration process was demonstrated, and the steps practiced were: cabling of strain
gauges, setup of the logger program, collecting strain data by applying and removing weights, and
analysing of the data in Matlab to obtain calibration data.
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Figure 5.9: The final design of the measuring system.
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Figure 5.10: The strain distribution when the final design is applied 7000 N and 20 Nm.

Figure 5.11: Vector plot of the strains when the final design is applied 7000 N and 20 Nm.
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Figure 5.12: Strain distribution when the final design is applied solely 20 Nm.

Figure 5.13: Vector plot of the strains when the final design is applied solely 20 Nm.
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Chapter

Conclusions

The objective of this thesis was to develop a measuring system for axial load and friction torque
for the Turbine Testing Lab (TTL) at Kathmandu University (KU), and two designs have been
investigated. The initial design, shown in Figure 6.1, was tested in the lab, calibration equations
were obtained, and uncertainty analysis was performed. As a result of the insight obtained, an
improved design, shown in Figure 6.2, was developed.

The measuring device is a part of the bearing block, placed between the bearing housing and the
head cover top, see Figure 1.1. The weight of the runner, shaft and other parts, and the hydraulic
axial forces acting on the runner are aggregated to the device as compression. The device is also
applied a small torque due to the friction in the bearings. The axial load and the torque are the two
sources of strain the device will be measuring with strain gauges. The main challenge is that the
strain caused by the axial forces is much larger than the strain caused by the friction torque. The
goal was to find a design of the device that was susceptible to the strain caused by both sources
while still strong enough to be safe for all operation points in the test rig. By the use of CAD-
drawing in Creo Parametric different designs of the device were investigated and tested numerically
in Ansys Mechanical.

In the development of the first design, shown in Figure 6.1, the wall thickness was limited to
2 mm. To achieve big enough strains from the torque applied, the slotted holes in the wall had
to be diagonal so that two weaker points were grouped into an area of larger strain values. In the
experiments, two sets of strain gauges were used. They were placed to measure axial forces and
friction torque individually. The slotted holes being diagonal prevented this, which made the final
calibration equations dependent on the data from both strain gauge sets. As the strains caused by
axial forces were at most 60 times larger than the strains due to torque, the uncertainties became
unacceptable. From this, it is confirmed that the calculations of axial load and friction torque must
be functions of separate and independent strain gauges. Numerically calculated vector plots of
the strains concur with the experimental results, and these types of plots are therefore used in the
development of the improved design.

The final design, shown in Figure 6.2, has a wall thickness of 1 mm and vertical slotted holes.
The vector plots of the strains working on this design show that the direction matches well with
theory. This will cause the calibration equations to be functions of only one strain gauge set each,
which will lower the uncertainties drastically. The remaining procedures and possible challenges

67



Chapter 6. Conclusions

are described in detail in the compendium accompanying the final design, see Appendix E. During a
visit to Kathmandu University in November 2019, the final design was presented and the calibration
process was demonstrated to technical staff at TTL. Hopefully, with the compendium and this
demonstration, the staff at TTL feel well equipped to perform the final phase of the development
of the measuring system themselves.
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P240

Figure 6.1: The first design of the measuring device with dimensions in millimeter. The yellow and green
squares show the placement of the two strain gauge sets.
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Figure 6.2: The final and recommended design of the measuring device with dimensions in millimeter. The
placement of the axial load measuring strain gauges is represented by the yellow squares, and the placement
of the friction torque measuring strain gauges is represented by the green squares.
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Chapter 7

Further Work

The main work remaining is to test the final design experimentally. The suggested actions are listed
and described in detail in the compendium in Appendix E. The method used for uncertainty analysis
in this thesis is conservative, so the uncertainties may be lowered if the analysis is redone with a dif-
ferent method. Another aspect to consider is the fact that there is water on the inside of the ATMD
due to drainage of the seal water. In the compendium, there is suggested some possible solutions. A
possible impact of electromagnetic interference from the surroundings should also be investigated.
In this thesis, the semi-conductor strain gauge types are rejected. As the general opinion of these
types is good, it might be useful to investigate possible actions that may lower the hysteresis effects.

Production:

— It is preferred that the final design, shown in Figure 6.2, is made of stainless steel.
Calibration:

— Order (at least) 8 strain gauges that are matched to the material of the ATMD

— Attach strain gauges

Obtain weights of 700 kg, calibrate and systematically label the weights

Make experimental setups so that the ATMD can be applied purely axial load and purely
torque load

Perform axial load and torque load data collection

Analyse the gathered data to obtain calibration equations and to perform uncertainty analysis.
If the results are satisfactory, linear, and with low uncertainties, the device may be installed.

Installation:
— Decide a solution to the challenge with water on the inside of the ATMD
— Replace the Axial Block Spare Section with the ATMD and update the existing drawings and
CAD-models.

— Implement the output from the ATMD in the main data acquisition program in the control
room with the calibration equation calculating axial load and friction torque.
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A Numerical Analysis

This section is taken from this thesis’ author’s project thesis as the procedure is the same for both
theses [14].

Ansys Academic Mechanical is used for the numerical analysis, with the purpose of testing the
ATMD digitally for the forces to be tested experimentally. The theory in this section is from
conversations with Hove in EDRMedeso.

In reality, forces and strain propagate through a body evenly and continuous, but computations
of these forces performed by computers must be handled at discrete positions and cannot be ex-
actly as in reality. These discrete points represent the mesh and make up the grid the computer is
computing through. The more discrete points in the grid, the finer mesh and the closer to reality the
computation is, see Figure A.1. Unfortunately, it is not possible to have thousands of millions of
nodes as the execution time of the computer grows out of manageable proportions and it is, there-
fore, necessary to make a mesh economically. This means, in areas of the modeled body where
changes are big, there should be many nodes, and in areas with small changes, the steps between
each node can be bigger.

Solution+ ===+ True solution
—— Approximate solution

Nodal value

__Basis function

/
node element

Figure A.1: Discrete points on a continuous line [29].

To check whether the number of nodes chosen in different areas was good, it is possible to
test for convergence in a calculated value. Convergence works in the way that the program first
calculates the desired value in all the nodes. Then, for areas where the calculated values in the
neighboring nodes have a big difference, the program makes a refinement and redo the calculation.
If the change after the refinement is small, the original number of nodes was enough and the values
first calculated close to the truth. If the change is big, then the first calculation is too far from the
truth and the program makes another refinement.

Another way to check the mesh quality is to check the element quality. A score is given to each
element based on its shape, where a good score is given to an element that is not twisted or warped.
Ansys Mechanical uses four different element types, the two most common are presented in Figure
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A.2. The hexahedron-type is considered as the best, but in places of the geometry where hexahe-
drons are not possible to use, Ansys Mechanical patch the geometry up with wedges which is the
worse type. The hexahedron-dominant method is, therefore, best for geometries where the number
of wedges is small, which is typical square-like geometries. The tetrahedron-type is the second
best element type and pyramids, which is considered as the third best, are the type used where
tetrahedrons cannot be used. The tetrahedron-dominant method is more flexible and therefore a
good choice for complicated or circular-like geometries like the ATMD.

3D Cell Types

<L 7

Tetrahedron Hexahedron

Figure A.2: The two main element types [30].

To start constructing the mesh an automated tetrahedron-dominant mesh was generated with a
global element size of 5 mm and this mesh was then improved by several techniques. By applying
a convergence condition in the strain calculation of the whole body, the areas that needed smaller
elements were highlighted. Since the forces are transferred through the screw holes and the edges
between the flange and the middle part, these were areas where the element size was reduced. The
belt in the middle of the ATMD was also given smaller element size since this was an area interest.
The final mesh was given a convergence condition on the strain calculation in the whole body,
and the mesh converged at the first iteration with a change of less than 1%, which means that the
originally mesh before any refinements have small enough elements in the necessary places. The
average element quality was 0.77 which is a good score, meaning that most of the elements are
satisfactorily shaped.

The resulting mesh is given in Figure A.3 and has 1.1 million nodes and 0.70 million elements.
The placement of the strain gauges is in the middle belt between the blue dotted lines. A mesh in-
dependent test was performed to check the validity of this mesh, and the value used for comparison
was the maximum strain in the belt area for a force of 7000 N. The reason for this choice was based
on the fact that the belt area is the area of most interest and the maximum force applied would
give the biggest error if the final mesh was poorly made. The test mesh had element size of 1 mm,
resulting in 5.1 million nodes and 3.4 million elements. The calculated maximum strain in the belt
area for the test mesh was 26.686 ustrain and the calculated maximum strain for the final mesh was
26.774 pstrain giving a deviation of 0.088 ustrain. This confirms mesh independence and by only
using a fifth of the number of nodes, the final mesh is economically made.
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B Elaboration of Test Case 2

This section discusses the results from experimental case 2 and is an elaboration of section 4.2.

Axial Load Applied
Output from Half-Bridge Diagonal-SGs

The temperature development during axial load applied to the half-bridge diagonal-SGs is shown
in Figure B.1 and the recorded strain with a linear best fit line is shown in Figure B.2. Even though
the strains in case 1 and 2 have opposite sign, they are both applied the same compressing force,
and the absolute value of the strains are comparable. This change to positive strain values is not
intentional and can be disregarded as it is simply due to the wires being cabled opposite. It can be
seen that the blue series is drifting away from the other measurement series. However, it does not
seem like the drifting is caused by the difference in temperature as the warmest and coldest series,
the red and green respectively, have the most similar output.

The diagonal-SGs cabled in a half-bridge should have numerical values half the size of the
full-bridge as there is half the number of strain gauges applied strain [19], see Chapter 2.2.2 and
equation 2.31. For the maximum axial load of 637 kg, the full-bridge diagonal-SGs measured a
strain around -50 pstrain, and the red and green measurement series are measuring a maximum
strain around 27 pstrain, which is within the expected size. This gives reason to believe that the
blue measurement series is not to be trusted, as the maximum measured strain is above 35 pstrain,
even though this series looks more linear than the others.

In Figure B.3, it can be seen that repeatability is a big contributor to the uncertainty and the blue
measurement series drifting off is the reason for this. This causes a big total uncertainty of above 4
pstrain, see Figure B.4, which is twice as much as the total absolute uncertainty in the full-bridge
diagonal-SGs in case 1. Figure B.5 show the best fit line and the total uncertainty in combination.
When comparing this figure to the corresponding figure of case 1, Figure 4.11, it can be concluded
that to arrange the diagonal-SGs in a half-bridge is a worse alternative for axial load applied.
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Figure B.1: Case 2: Temperature development during axial load measurements applied to the half-bridge

diagonal-SG.
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Figure B.2: Case 2: The measured strain from the half-bridge diagonal-SGs with axial load applied with a
linear best fit line.
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Figure B.4: Case 2: The absolute total uncertainty in the half-bridge diagonal-SGs for axial load applied.
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Best fit line for the output from half bridge diagonal-SG
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Figure B.5: Case 2: Best fit line with upper and lower total uncertainty for the half-bridge diagonal-SGs
with axial load applied.

Torque Load Applied
Output from Half-Bridge Diagonal-SGs

For torque load applied to test case 2, the temperature development is presented in Figure B.6 and
the measured strain is presented in Figure B.7. The strain range from -0.8 pstrain to 1.2 pstrain,
with relatively large deviations in the strain output. This is mostly due to the green series, and
partly the blue series, dropping in strain value as the first torque load is applied. In Figure B.8 it
can be seen that the calculated uncertainty is around 0.6 pstrain. This is, in absolute terms, quite
low, but it is almost ten times as high as the uncertainty for the full-bridge diagonal-SGs applied
torque, case 1, which is around 0.08 pstrain, see Figure 4.19. By that, it can be concluded that case
2 is a worse alternative for torque load as well as for axial load.
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Figure B.8: Case 2: The absolute total uncertainty in the half-bridge diagonal-SGs applied torque load.
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C Additional Plots for Test Case 3

Axial Load Applied
- Temperature development
® ‘ r\;- v =3 [ o o o=
22.4[
22.2.r
T
e &— Series 1 (onload)
g 22 - 77— Series 2 (offload)
= £ Series 3 (onload)
& </ Series 4 (offload)
Q218 - —4&— Series 5 (onload)
E —— Series 6 (offload)
216
21.4 e v
D D G S S S S == s S o
21‘2 i | | L | | | | | | | L L |
0 36 86 136 186 236 286 336 386 437 486 537 587 637
Loads [kg]

Figure C.1: Case 3: Temperature development during axial load.
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Figure C.2: Case 3: The measured strain from the quarter-bridge single-SG applied axial load.
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of the measured value.
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Best fit line for the output from quarter bridge single-SG
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Figure C.5: Case 3: Best fit line with upper and lower total uncertainty for the quarter-bridge single-SG
applied axial load.
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Figure C.6: Case 3: Summation of the uncertainties in the quarter-bridge single-SG applied axial load.
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Torque Load Applied
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Figure C.8: Case 3: The measured strain from the quarter-bridge single-SG applied torque load.
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Figure C.10: Case 3: The absolute total uncertainty in the quarter-bridge single-SG applied torque load.
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Best fit line for the output from quarter bridge single-SG
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Figure C.11: Case 3: Best fit line with upper and lower total uncertainty for the quarter-bridge single-SG
applied torque load.
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D Calculations of Uncertainty

This is the complete deduction of the equations giving the uncertainty as a function of the measured
strain values, equations 5.14 to 5.18 in chapter 5.2. The best fit lines, shown in Figure D.1 and D.2,
are written in the form y = A -z + B and the subscripts in the coefficients A and B are: v and d that
means vertical and diagonal strain gauges, a and ¢ that means axial and torque load applied, and up
and low that means upper and lower deviation. When the following equations are simplified and
coefficients are introduced, then the first subscript is either f or ¢ and corresponds to the calculation
of force or torque respectively.

50 - Best fit line for both SGs —— Best fit line for vertical-SG

—1I— Best fit line for diagonal-SG
0 B Upper RSS-deviation line
SE———r Lower RSS-deviation line
20 T e
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Figure D.1: Output from vertical-SGs and diagonal-SGs applied axial load.
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Figure D.2: Output from vertical-SGs and diagonal-SGs applied torque load.
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The Upper Deviation Line

The best fit line to the upper RSS-deviation for the output of the vertical-SGs with axial load
applied, the red line above the blue line in Figure D.1, is given by

€v,a = Av,a,up : Fuppe'r + Bv,a,up [_] (Dl)

The best fit line to the upper RSS-deviation for the output of the vertical-SGs with torque load
applied, the red line above the blue line in Figure D.2, is given by

€t = Av,t,up : Tupper + Bv,t,up [_] (D2)

Equation D.1 and D.2 combined to describe the upper RSS-deviation plane for the vertical-SGs in
three dimensions. As this is the upper deviation line, the intersection with the strain-axis is chosen
to be the maximum point of intersection, and the plane is described by

€ = Av,a,up : Fup + Av,t,up : Tup + mal‘(Bv,a,um Bv,t,up) [_] (D3)

where the numerical values of the coefficients are given in Table D.1.

Coefficient | Numerical value
Ay aup -0.2223
Byaup 4.1444
Ay up -0.4374
By tup 0.0620

Table D.1: The numerical values of the best fit lines of the upper deviation for the vertical-SGs, the red lines
in Figure 5.4 and 5.5.

The best fit line to the upper RSS-deviation for the output of the diagonal-SGs with axial load
applied, the red line above the green line in Figure D.1, is given by

€d,a = Ad,a,up : Fup + Bd,a,up [_] (D4)

The best fit line to the upper RSS-deviation for the output of the diagonal-SGs with torque load
applied, the red line above the green line in Figure D.2, is given by

€dt = Ad,t,up : Tup + Bd,t,up [_] (DS)

Equation D.4 and D.5 combined to describe the upper RSS-deviation plane for the diagonal-SGs in
three dimensions and is given by

€q = Ad,a,up : Fup + Ad,t,up : Tup + max(Bd,a,u;m Bd,t,up) [_] (D6)

Also here, the planes intersection with the strain axis is chosen to be the maximum of the two line’s
intersection. The numerical values of the coefficients are given in Table D.2.
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Coefficient | Numerical value
Agaup -0.0764
Baaup 3.0453
Agtup -0.0516
B tup 0.1177

Table D.2: The numerical values of the best fit lines of the upper deviation for the diagonal-SG, the red lines
in Figure 5.4 and 5.5.

When solving equation D.3 and D.6 for F and T, we get upper deviation of the force expressed

as
Fo— Adﬂf,up c €y — Av,t,up €4+ Av,t,up : max(Bd,a,upa Bd,t,up) - Ad,t,up : max<Bv,a,upa Bv,t,up)
P Av,a,up : Ad,t,up - Av,t,up : Ad,a,up
[kg]
(D.7)
When introducing new coefficients the equation may be simplified to
Fup = Cf,l,up C €y T Cf,2,up c €4+ Cf,S,up [kg] (D8)

where the coefficients C are expressed in terms of the known coefficients A and B, and their numer-
ical values are given in Table D.3.

Coefficient In terms of A;;,, and B;; Numerical value [-]
Cr Adtup 2.3512
,1L,up Av,a,up-Ad_yt,up*Au,t,up'Ad,a,up )

Ciaup —Avtup -19.9301

Av,a,up‘Ad,t,up_Av,t,up‘Ad,a,up

Ay t,up 'ma’x(Bd,a,up 7Bd,t,'u,p)7Ad,t,up'max(B’UyaauP7B’Uat«up) 50.9491
Av,a,up‘Ad,z,up—Av,t,up‘Ad,a,up :

Table D.3: The numerical values of the coefficients in equation D.8 describing the upper limit of axial load
applied.

Torque is given by

_Ad,a,up "€ + AU#L“F " €d — Av,mup ) max(BdﬂaUp’ Bd,tvup) + Ad7a7up ) ma'l'(BUﬂauP’ vatﬂw)

T —

w Av,a,up ' Ad,t,up - Av,t,up ' Ad,a,up
[N m]
(D.9)
and the simplified version of that equation is
Tup = Ct,l,up * €y -+ Ct,gyup * €4 + Ot,3,up [N . m] (DlO)

where the coefficients C are expressed in terms of the known coefficients A and B, and their numer-
ical values are given in Table D.4.
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Coefficient In terms of A;;,, and B, ,p Numerical value [-]
7Ad,a,up
Ct,l,up Av,a,up‘Ad,t,up—Av,t,up‘Ad,a,up 34812
Ci Av.aup 10.1291
t,2,up Av,a,up'Ad,t,upfAv,t,up'Ad,a,up
_A’u,a,up'max(Bd,a,up7Bd,t,up)+Ad,a,up'max(B'u,a,,up7B'u,t,up)
Cisup Sl by ) 16.4188

Table D.4: The numerical values of the coefficients in the equation D.10 describing the upper limit of torque
load applied.

The Lower Deviation Line

Then the complete procedure is almost identical for the lower RSS-deviation, where the difference
is that the point of intersection with the strain axis is chosen to be the minimum value. The best
fit line to the lower RSS-deviation for the output of the vertical-SGs with axial load applied, the
yellow line below the blue line in Figure D.1, is given by

€v,a = Av,a,low : Eower + Bv,a,low [_} (Dll)

The best fit line to the lower RSS-deviation for the output of the vertical-SGs with torque load

applied, the yellow line below the blue line in Figure D.2, is given by
€t = Av,t,low . 7jlowev" + Bv,t,low [_] (Dlz)

Equation D.11 and D.12 combined to describe the lower RSS-deviation plane for the vertical-SGs
in three dimensions and is given by

€y = Av,a,low : Eow + Av,t,low : Eower + min(Bv,a,lowa Bv,t,low) [_] (D13)

Here, the lowest value is chosen as the point of intersection as the plane will be used to describe
the lower deviation. The numerical values of the coefficients are found in Table D.5.

Coefficient | Numerical value
Asalow -0.2188
By.alow -1.0587
Avtiow - 0.4455
Byiow -0.0021

Table D.S: The numerical values of the best fit lines of the lower deviation for the vertical-SGs, the yellow
lines in Figure 5.4 and 5.5.

The best fit line to the lower RSS-deviation for the output of the diagonal-SGs with axial load
applied, the yellow line below the green line in Figure D.1, is given by

€d,a — Ad,a7low : Eow + Bd,a,low [_] (D14)
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The best fit line to the lower RSS-deviation for the output of the diagonal-SGs with torque load
applied, the yellow line below the green line in Figure D.2, is given by

€dt = Ad,t,low : ZZ“’low + Bd,t,low [_] (DIS)

Equation D.14 and D.15 are combined to describe the lower RSS-deviation plane for the diagonal-
SGs in three dimensions and is given by

€4 = Ad7a,low : Eow + Ad,t,low : T‘low + min<Bd,a,low> Bd,t,low) [_] (D16)
Coefficient | Numerical value
Adalow -0.0749
Ba.alow -1.1347
Adtiow -0.0505
Bt jow -0.0599

Table D.6: The numerical values of the best fit lines of the lower deviation for the diagonal-SGs, the yellow
lines in Figure 5.4 and 5.5.

When solving equation D.13 and D.16 for F and T, we get

Ad,t,low €y — Av,t,low c€q + Av,t,low : min(Bd,a,lowa Bd,t,low) - Ad,t,low : min(Bv,a,lowa Bv,t,low)

Fow =
: Av,a,low : Ad,t,low — Av,t,low : Ad,a,low
[kg]
(D.17)
When introducing new coefficients equation D.17 may be simplified
Eow = Cf,Llow © €y T C1f,2,low < €q + CVf,3,low [kg] (D18)

where the coefficients C are expressed in terms of the known coefficients A and B, and their numer-
ical values are given in Table D.7.

Coefficient In terms of A;;jow and B;jow Numerical value [-]

Ck Liow Adt low 2.2627

Av,a,low 'Ad,t,low _A'u,t,low 'Ad,a,low

Cr2.ow —Au.tlow -19.9610

Av,a,low 'Ad,t,low 7Av,t,law 'Ad,a,low

Av,t,low'min(Bd,a,low7Bd,t,low)_Ad,t,low'min(Bv,a,lowqu,t,low) _20 2542
Av,a,low'Ad,t,low_A'u,t,low'Ad,a,low ’

Ci 310w

Table D.7: The numerical values of the coefficients in equation D.18 describing the lower deviation of axial
load applied.
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Torque is given by

_Ad,a,low C €y T Av,a,low c€q — Av,a,low : mzn(Bd,a,lowa Bd,t,low) + Ad,a,low : mzn(Bv,a,lowa Bv,t,low)

Tow =
: Au,a,low : Ad,t,low - Aut,low : Ad,a,low
[N m]
(D.19)
and the simplified version of equation D.19 is
ﬂow - Ct,l,low “ €yt C’15,2,l0w - €q+ C115,3,low [N : m] (DZO)

where the coefficients C are expressed in terms of the known coefficients A and B, and their numer-
ical values are given in Table D.8.

Coefficient In terms of A;;jow and B; 0w Numerical value [-]

Ciliow —Ad.0,low 233560

A'L},a,low 'Ad,t,low _Av,t,low 'Ad,a,low

Ciziow Av,a.low 9.8035

A'u,a,,low 'Ad,t,low 7Av,t,lo'w 'Ad,a,low

_Av,a,low'min(Bd,a,low :BdA,t,low)“!‘Ad,a,low 'min(Bv,a,lovav,t,low) 7 571 1
Av,a,low'Ad,t,low_Av,t,low'A(i,a,low ’

Cislow

Table D.8: The numerical values of the coefficients in equation D.18 describing the lower deviation of torque
applied.

E Recommendations to the Turbine Testing Lab at Kathmandu
University
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Chapter 1

Introduction

This document is a complete guide to the measurement system for axial load and friction torque
measurements, from now on called ATMD, to be installed at the Turbine Testing Laboratory (TTL)
at Kathmandu University (KU) and is developed by Enggy [1] during her Master’s Thesis at NTNU.
The following contains of a description of the final design, the theoretical foundation, and instruc-
tion in how to perform the calibration. The ATMD uses strain gauges to measure the strain applied
to the device. Then, calibration lines obtained in the calibration process are functions of the mea-
sured strain, and are used to calculate the applied axial forces and friction torque. When the ATMD
is ready to be installed it will replace the Axial Thrust Block Spare Section, colored yellow in Figure
1.1. The figure shows the assembly of the turbine and the parts are listed in Table 1.1.

The ATMD is resting on part 20, the Head Cover Top, and all the axial forces working on the
runner and shaft is aggregated to the ATMD from above leaving the ATMD to be compressed. The
sources for the axial loads are the weight of the runner, shaft and other parts, and hydraulic forces
of about 7000N. The ball bearing, detail B, shown in Figure 1.2a, and the cylindrical bearing, part
10, detail C, shown in Figure 1.2b are the sources of the friction torque the ATMD are to measure.
Because the friction loss in such bearings is very low, the maximum friction torque to measure is
around 20 Nm [2].
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Figure 1.1: The assembly of the turbine and related parts, where the ATMD will replace the yellow colored

part.
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Figure 1.2: The bearings causing the friction torque.

(b) Detail C: Cylindrical Bearings.




Part number Part name
9 Bearing housing
10 Cylindrical roller bearing
11 Shaft seal
12 Turbine intermediate shaft
13 Turbine shaft to runner
14 Axial block spare section (ATMD)
15 Turbine support spiral casing top plate
16 Guide vane control ring
17 Guide vane
18 ETP bushing
19 Guide vane control ring link
20 Head cover top
21 Head cover top labyrinth seal
22 Guide vane cover top
23 Guide vane top flange bushing
24 Guide ring
25 Stay ring
26 Stay vane support
27 Guide vane bottom flange bushing
28 Guide vane cover bottom
29 Runner Hub
30 Runner blade
31 Runner shroud
32 Stay vane
33 Spiral casing
34 Spiral casing radial supports
35 Spiral casing plate support

Table 1.1: List of the parts in Figure 1.1.




Chapter 1. Introduction

1.1 Design of the Measuring Device

The main challenge in the design of the ATMD is that the strains caused by the friction torque
is much smaller than strains caused by the axial forces. The key is to find the balance between
making the ATMD strong enough to be safe for all operation points and “weak’ enough to be able
to measure small values with low uncertainties. The final design of the ATMD is shown in Figure
1.3, note that the wall thickness is 1 mm, and it is planned to be made of 316 stainless steel. The
choice for this design is based on numerical results obtained using Ansys Mechanical.
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Figure 1.3: Final design of the ATMD with dimensions in mm.

When the ATMD is applied both 7000 N and 20 Nm the strain distribution is as in Figure 1.4
and the direction of the strain is shown as a vector plot in Figure 1.5. The yellow squares in the
figure are where the axial load measuring strain gauges will be attached. The strain distribution for
only 20 Nm applied torque is shown in Figure 1.6 and the vector plot of the direction of strain is
shown in Figure 1.7. In this figure the yellow squares are where the torque load measuring strain
gauges will be attached. The strains in the ATMD when only applied torque, around 20 pstrain, is
big enough to be measured by the strain gauges, and the vector plots show that the strain is working
in the same directions as in theory, see section 2.2. The maximum possible forces applied to the
ATMD is 20 Nm and 8500 N in total axial force, where 7000 N is due to hydraulics and 1500 N
is an estimation of the weight of the turbine runner, bearing housing and other parts. The stress
calculated for the maximum amount of forces is 74 MPa which is 36 % of the yield strength for a
stainless steel type with 205 MPa as yield limit [3].
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Figure 1.4: The distribution of strain when applied 7000 N and 20 Nm torque.

Figure 1.5: Vector plot of the strains when applied 7000 N and 20 Nm torque with the placement of axial
load-measuring strain gauges shown with yellow squares.
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Figure 1.6: The distribution of strain when applied 20 Nm torque.

Figure 1.7: Vector plot of the strains when applied 20 Nm torque with the placement of torque-measuring
strain gauges shown with yellow squares.




Chapter 2

Theoretical Foundation

This chapter describes the theory used in the experimental work and is mostly copied from Enggy’s
master thesis [1].

2.1 Stress and Strain in a Solid Body

As a result of forces working on a solid body, stress and strain occurs in the material. The three
following equations are from [4]. Normal strain € is defined as the relative change in length in the

axial direction, given by
AL

-7 -
The normal stress in a solid body ¢ is defined as the normal force N divided by the body’s cross
section area A, given by

€ 2.1)

o= % [Pa] (2.2)

For linear elastic materials, like steel, Hooke’s law describes the linear relationship between the
stress and strain, and is given by

o N

CET AL

] (2.3)
where E is Young’s Modulus for the material. A material being linear elastic means that any
compression or elongation giving stress values o below the yield strength, is reversible. If there is
applied stress values above this limit, the object behaves like a spring that have been pulled too far
and lost its ”bounce”.
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2.2 Strain Gauges

Strain gauges mounted on the surface of a solid body that is compressed or stretched can measure
the strain through the change in length of the wires causing changes in the resistance [5]. Strain
gauges are often arranged in a Whetstone bridge as this configuration is well suited for measuring
changes in resistance [6]. Figure 2.1 shows the schematic of a full Wheatstone bridge.

External Completion
circuit network

Figure 2.1: Strain gauges arranged in a full Wheatstone bridge [6].

The following equations are from the article Applying the Wheatstone Bridge circuit by Karl
Hoffman [6]. When the strain gauges are arranged as in Figure 2.1 a linear relationship between
the relative change in resistance and strain is obtained, given by

AR
R GF -¢€ [—] (2.4)
where GF is the Gage Factor, a characteristic depending on the specific strain gauge.

The equation

%: R Ry _ R1-R3— Ry Ry ] 2.5)
Up Ri+Ry R3+Ry (Ri+Ry)-(Rs+ Ry) '
is valid for a bridge that is initially balanced, which means
Ua
— =0 - 2.6
- -] 26)

or
o
Ry  Rs

When R; to Ry are exposed to strain, the bridge is no longer balanced and U, is non-zero. With
the assumption that the deviation in resistance, AR;, is much smaller than the resistance itself, R;,
second-order factors can be neglected and equation 2.5 can be written as

8



2.2 Strain Gauges

Us _1 AR AR, ARy AR

U_E_Z(R1 R Rs R,

By substituting equation 2.4 in equation 2.7, we get the relation between the change in voltage and
applied strain

) [ 2.7)

Uy, GF
U—z == (e1—4e5—e)  [—] (2.8)

There are several different ways of arranging the strain gauges depending on the desired mea-
surand. For measuring axial strain the arrangement is as in Figure 2.2. With this arrangement the
strain gauges only give output due to axial load, any torque load or extension of the wires due to
a temperature rise will be canceled out [7]. Note that the figure is demonstrating tension while the
ATMD will be applied compression. The direction of the axial force F only affects the sign of the
strain output, and the principle is the same for positive and negative axial forces. For measuring
compression €; and e3 will be negative and ¢, and ¢, will be positive, and equation 2.8 becomes

F

o =Sl -lal-lal-la) [ 29)
ompression

In most cases €; and €3 are the values of interest as strain gauge number 1 and 3 are the ones placed
in the same direction as the applied forces. Poisson’s Ratio, v, is a material constant describing
the material’s change in length perpendicular to the force direction, and is usually around 0.3 for
metals. For a purely axial compression, we have ¢; = €3 = € and €3 = ¢4 = v - ¢, by using this we
can rewrite equation 2.9 to

A N I )

—= =— (—|e|=|v-el—le| = |v-e

UE Compression 4

UA GF|E|

ZA = _ (242-v — (2.10)
UECompression 4 ( ) [ ]

For measuring torque the strain gauges are arranged as in Figure 2.3. With this arrangement
the strain gauges only give output caused by torque, any axial load or extension due to temperature
rise, will be canceled out [7]. In the figure a clockwise torque is applied, meaning the left side of
the beam is held fixed and a clockwise twist is applied on the right side of the beam. This causes
strain gauge 1 and 3 to experience positive strain and strain gauge 2 and 4 to experience negative
strain. In most practical cases for torque measurement, pre-positioned strain gauges, arranged as a
fishtail, are used to make sure the strain gauges are exactly 45°. The absolute value of |¢;| = |ez| =
les| = |e4| = € making equation 2.8 to reduce to

Ua GF

— = —- (€| = (—|€]) + |€] — (—|€
Uprorgne 4~ U= (Zle) F el = (=lel)
Ua

UE Torque

=GF -¢ [—] (2.11)
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Since the equations for change in voltage for axial and torque load applied, respectively equa-
tions 2.10 and 2.11, only consist of one unknown value e, this value is possible to derive. The
change in voltage in the bridge U, is measureable, and the the exitation voltage U, the gage factor
GF and, for the compression case, the Poisson’s Ratio v are known.

Gauge 11

Gauge 3
R = G
€4 positiveI | F dlge: 4

m
Gauge 2 ,’%‘{‘7

2

g, negative

Figure 2.2: Arrangement of strain gauges for measuring axial forces [6].

Gauge 3 Gauge 4
1 < \ 1
\
6&5( > K ‘
Gauge 1 Gauge 2

Figure 2.3: Arrangement of strain gauges for measuring torque [6].
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2.3 Uncertainty

2.3 Uncertainty

Uncertainties are divided into two parts: systematic and random. The systematic error is caused by
the experimental setup and the measuring devices used, are never exactly accurate. The following
equations, describing systematic errors, are published by German Calibration Service (DKD) in
Calibration of Pressure Gauges [8]. The first number in the subscripts in the equations is referring
to a total of six measurement series. Each measurement session is done in pairs, first on-loading
(number 1, 3 and 5) and then off-loading (number 2, 4 and 6), where measurement series 1 and
2 are one pair of on-loading and off-loading. The second subscript refers to a measurement point
within a measurement series. In the equations where the second subscript is j, then the uncertainty
is different for each measurement point. The unit in the three following equations is not specified
since it depends on the unit of the measurements, which is pstrain for measurements performed by
the ATMD.

If the measurement of a variable has different output when the variable is increasing and de-
creasing, hysteresis is occurring, see Figure 2.4 [5], and is given by

1
himean,j = — - (|(x2,; — 210) — (21, — 21,0)| + (24 — T30) — (w35 — T30)]

—H([E@J — 1'570) — (.ng,J — .’E570)’) (212)

where n, is the number of measurement pairs, which is three for a set of six measuring series.

Measurand
decreasing
o0
R
o
[
[\}]
(2
Measurand
increasing

Value of measurand

Figure 2.4: The principle of hysteresis [5].
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Chapter 2. Theoretical Foundation

Another systematic error is the deviation in output at zero loads for the different measurement
series, called zero deviation. It is calculated by taking the maximum deviation of the measured
value at zero load for one on-loading and the corresponding off-loading, and is calculated by

fo= max(|x270 - $1,0|, |5E4,o - 173,0|> |1156,0 - $5,0|) (2.13)

Repeatability is the error that describes how much the results at one point deviates within the
different measurement series. The repeatability for each measurement point j is given by

brpj =maz(|(x1; — 10) — (55 — T50); (2.14)
(21,5 — 1,0) — (3,5 — 230)], (2.15)

(35 — 30) — (25, — T50)])
town,y =max (| (22 — 220) = (45 — T40)], (2.16)
(22,5 — 20) — (26,; — T6,0)], 2.17)

(45 — w40) = (26, — T60)|)
b;nean,j =maz( ;zp,j’ élown,j) (2.18)

Random errors will occur when gathering data in big samples. By assuming the data points of a
measurement have a Gaussian distribution, the random uncertainty can be calculated by

Sy
A /nsx

where S, is the standard deviation of the sample and ng,_ is the size of the sample. The number ¢ is
the Student’s t-distribution number which is obtained from tables and is a function of the degree of
freedom and the desired confidence interval.

When dealing with a variable that depends on several uncertain values it is not very likely that all
terms become simultaneously high or low, and summing up all the uncertainties give unreasonably
high estimates. Calculating the Root of the Sum of the Squares (RSS) is a more used method for
the total uncertainty [5], and is given by

n (SR 2 %
wr = (Z {wm : 5} ) (2.20)

=1

(2.19)

where wp, is the total uncertainty for the result variable R and w,, is the uncertainty of variable x;.
The last term, 2 is the relation between a small change in the result variable R and a small change

9 61‘

in variable x;, and is equal to one if a change in x; have a direct impact on the result variable R.
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Chapter

Preparations for Calibration

3.1 The Experimental Set Up

The experimental set up for axial load measurements is arranged such that the ATMD is com-
pressed, see Figure 3.1 for a schematic. Make sure the ATMD is placed on a stable and still place
where it is not exposed to any vibration. On top of the ATMD, place a circular cover in which the
hanging system can be attached in the exact center. This is important because if the weights applied
are applied slightly off-center the forces will not be evenly distributed in the walls of the ATMD
and the strain gauges will give wrong output.

BE000

Full Wheatstone
bridge

NI-device
Analog-to-digital

PC with LabView
logging program

Figure 3.1: Drawing of the experimental set up for axial load measurement.
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Chapter 3. Preparations for Calibration

The equipment used in the axial load data collection:
e The ATMD with the design as in Figure 1.3

e Strain gauges attached to the ATMD cabled in a full Wheatstone bridge
e A temperature probe taped to the surface of the ATMD
e Some isolating material to cover the strain gauges and temperature probe
e A strong beam with a hole between the top and bottom
e Hanging system
— Top cover plate with screws
A hook
Straps

Lever hoist
Pallet
e 700 kg in weight plates (each plate of maximum 50 kg)

e NI-devices converting analog signals from the strain gauges to digital signals

NI-module meant for temperature measurements, e.g. NI 9217

NI-module meant for strain gauge measurements, e.g. NI 9237

Two terminal boxes (if necessary, depending on the NI-module), e.g. NI 9949
NI-chassis with power cord, e.g. NI cDAQ-9178
— USB-cable to connect the chassis with the PC

e PC with LabView program for logging
e Matlab for post-analysis
e Safety shoes

For the torque load measurements hang the ATMD in a stable frame and attach an arm of 15
cm underneath, see Figure 3.2 for schematic. Also for this setup, the ATMD must be hanged from
a stable place without any vibrations. The hanging system may consist of a thin wire and a metal
plate where the weights are laid.
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3.1 The Experimental Set Up

Full Wheatstone
bridge

Y

NI-device
Analog-to-digital

Y

PC with LabView
logging program

Figure 3.2: Drawing of the experimental set-up for torque measurements.

The equipment used in the torque load data collection:

e The ATMD with the design as in Figure 1.3
e Strain gauges attached to the ATMD cabled in a full Wheatstone bridge
e A temperature probe taped to the surface of the ATMD
e Some isolating material to cover the strain gauges and temperature probe
e A strong frame to hang the ATMD from
e Hanging system
— An arm attached underneath the ATMD (e.g. 15 cm)
— Plate to place weights
— Wire(s) to attach to the arm and plate
— Pulley on which the wire can slide frictionless
e 7 weight plates of 2 kg (or 14 plates of 1 kg)

e NI-devices converting analog signals from the strain gauges to digital signals

NI-module meant for temperature measurements, e.g. NI 9217

NI-module meant for strain gauge measurements, e.g. NI 9237

Two terminal boxes (if necessary, depending on the NI-module), e.g. NI 9949
NI-chassis with power cord, e.g. NI cDAQ-9178
USB-cable to connect the chassis with the PC

e PC with LabView program for logging
e Matlab for post-analysis
e Safety shoes
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Chapter 3. Preparations for Calibration

It matters which order the weight plates are applied, and this order must be the same for all
measuring series. To achieve this, each weight plate must be labeled. For weight plates of 25 kg,
a suggested label is w25-1, w25-2, etc., and for weight plates of 10 kg, a suggested label is w10-1,
w10-2, etc. When all the plates have been systematically labeled, they should be weighted by a
calibrated scale so that their true weight is known.

3.2 Setup of the Strain Gauges

When the ATMD is produced in the stainless steel, with the wall thickness of 1 mm and cutouts as
in Figure 1.3, eight strain gauges should be attached. The version of the ATMD used in Enggy’s
Master’s Thesis is made of structural steel st52 [1], and the strain gauges tested are a pre-wired
type from Tokyo Sokki Kenkyujo with type number FLA-1-11-1L. They have a gauge resistance
of 119.8 = 0.5 2 and a gauge factor of 2.15 = 1 %. The gauge length is 1 mm and the strain
difference due to temperature change is & 0.85 pstrain / °C. The strain gauges to use on the final
ATMD must be a type that is matched spesifically to stainless steel to avoid scewed data due to
temperature differences.

Attaching the strain gauges to the ATMD is important to do correctly, and it is recommended
to perform the mounting with someone experienced. Start by cleaning the ATMD by removing
grease, dirt, etc. and clean the workplace such that the ATMD stays clean. On the position where
the strain gauges will be attached, lightly polish the surface with an abrasive paper of #120-180 and
wipe with acetone, use clean cloths and cotton pins, and let the acetone evaporate. Use a piece of
installation tape that is meant for strain gauge mounting and tape the strain gauges in the correct
position on the ATMD. Keep the uninsulated wires taped to the surface while the rest of the tape
with the strain gauge is lifted off from the surface. Then adhesive can be added on the surface
where the strain gauge will be placed, and, in assistance by the tape, the strain gauge can be placed
back on the surface. Use thumb pressure on the tape so that the adhesive cures. It is important to
use fresh adhesive that is meant to be used on the specific strain gauges, matched with stainless
steel and a temperature difference of 20 to 40 °C, the strain gauge supplier should recommend a
suited adhesive.

The complete procedure of preparing the surface of the ALMD and the technique of using tape
to attach the strain gauges is best to learn by guidance from someone experienced or by watching
YouTube videos [9]. Four of the strain gauges are arranged as in Figure 2.2 and 1.5 for the axial
load measurements and this group is named vertical-SGs. The other four is arranged as in Figure
2.3 and 1.7 for the torque measurements and is named diagonal-SGs. When the eight strain gauges
are attached, they are cabled in two full Wheatstone bridges into the National Instrument module,
where the NI-module serves as the Completion network in Figure 2.1. National Instruments has
a guidance Connecting Strain Gages to a DAQ Device that describes how to perform the cabling
[10].
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3.3 Setup of the Software

3.3 Setup of the Software

When the strain gauges are connected and cabled correctly, connect the temperature probe to a
NI-module meant for temperature measurements, and connect the chassis to the computer. Then
the next step is to set up the software.

Either construct new logger program or download the files from the LabView-folder in the
shared google drive folder. Note that the folder exist of two files, and that both is needed. Open the
file ”ATMD-strain-recorder.vi” and the program’s block diagram. Doubleclick the DAQ-assistant
to set up the input channels. The first input should be the temperature measurement, the vertical-
SG is the second and the diagonal-SG is the third. For the vertical-SG use strain configuration
”Full Bridge III” and Poisson ration 0.3, and for the diagonal-SG use “Full Bridge I”. For both
the vertical-SG and diagonal-SG, fill in the gage factor and gage resistance depending on the strain
gauges. Choose voltage excitation source to be internal and voltage excitation value may be set to
2.5 V.

In the ”Strain Setup”, perform an offset nulling-calibration as described in the NI-guidance
[10]. This calibration removes the null point offset making sure the output is equal to zero for
no load applied. At this point, it is also possible to perform a shunt calibration. When the DAQ
assistant is set up correctly, run the program to test it.
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Chapter I

The Calibration

4.1 Collection of Calibration Data

The first thing to do in a measurement session is to turn on the power on the chassis and start the
LabView program, then let the program run for 10-15 minutes without any recordings and with
no load applied to the ATMD. This is important because the output might drift during the start-up
process. Use this time to prepare the weight plates, necessary documents and put on safety shoes.
Make sure the temperature probe is taped to the surface of the ATMD, and cover both the probe
and the strain gauges with some isolating material so that they are less exposed to the changing air
temperature.

The script that is performing the calibration curve calculations and uncertainty analysis, de-
scribed in section 4.2, needs the collected files to be organized and named in a certain way, and it is
therefore recommended to do so right away. Each session of associated onloading and offloading
of weights should be stored in one folder and may be called ”AxialSeries_1And2” for the first axial
load session. Then each filename must be specified to be ’up#.txt” for onloading and ”down#.txt”
for the offloading, where Table 4.1 gives the number ”#”. The full file path and filename is specified
in the file path-box, e.g. ”(desired file path)\ AxialSeries_1And2 \up#.txt”.

When the signals have stabilized after the start-up process, the first recording without any load,
not even the hanging system, can be performed, and this file must have the name "up-1.txt”. When
pressing the record button, LabView will write the output from the strain gauges and temperature
probe to the specified file for one minute. Next, the hanging system can be applied, change the
filename to "up0.txt”, make sure it hangs still and undisturbed, and press record. For the data
collection of axial load, 50 kg is added in 14 steps, where their filenames will be "upl.txt” to
“upl4.txt”, adding up to a total of 700 kg plus the weight of the hanging system. For the offloading,
reverse the process. The first offloading measurement should be performed with maximum weight
and named “downl4.txt”, note that "upl4.txt” and “downl4.txt” is collecting measurements for
the exactly same load. Then remove weights in LIFO-order, last in first out, and name the files
“downl4.txt” to "downl.txt”. As for the onloading, “down0.txt” should be a measurement of
the hanging system, and ”down-1.txt” should be a measurement without any load. The complete
procedure with onloading and offloading is performed three times, resulting in six measurement
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Chapter 4. The Calibration

series.

The data collection of torque load is performed in the same matter as for axial load. The first
recording is without any load and has the filename “up-1.txt”, then the hanging system is applied
with filename “up0.txt”, and then weights of 1 or 2 kg are added in as many steps as needed to
achieve a total torque of 20 Nm. With an arm of 15 cm, a total weight of 14 kg (including the
hanging system) is giving the correct amount of torque. Table 4.2 is a suggested table to use during
onloading and offloading torque load. As for the axial load, repeat the complete procedure with
onloading and offloading torque two more times, resulting in a total of six measurement series.

# aggteag ;ﬁ;ﬁ?t[l?;] Actual total weight [kg] Which weight plates are added

-1 10 0 -

0 |0 [Weight of hanging system] Hanging system

1 |50 50+weight of hanging sys w25-1 | w25-2 - - -
2 | 100 100+weight of hanging sys | w25-3 | w25-4 - - -
3 150 150+weight of hanging sys etc.

4 | 200 200+weight of hanging sys

5 250 250+weight of hanging sys

6 | 300 300+weight of hanging sys

7 | 350 350+weight of hanging sys | wl0-1 | wl0-2 | w10-3 | wl10-4 | w10-5
8 | 400 400+weight of hanging sys | wl0-6 | etc.

9 | 450 450+weight of hanging sys

10 | 500 500+weight of hanging sys

11 | 550 550+weight of hanging sys

12 | 600 600+weight of hanging sys

13 | 650 650+weight of hanging sys

14 | 700 700+weight of hanging sys

Table 4.1: Example of a table for systematically adding of weights for axial load data collection. The
”Actual total weight”’-column should contain the accumulated real weight applied, and the "Which weight
plates are added”-column are filled out with the names of the plates to add.
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4.1 Collection of Calibration Data

# a};ggg ;Zﬁ?t[g] Actual total torque [Nm] Which weight plates are added
-110 0 -

010 [Torque due to hanging system] Hanging system

1|2 2.9 + torque of hanging sys w2-1

2 14 5.9 + torque of hanging sys w2-2

316 8.8 + torque of hanging sys w2-3

4 |8 11.8 + torque of hanging sys w2-4

5 110 14.7 + torque of hanging sys w2-5

6 | 12 17.7 + torque of hanging sys w2-6

7 | 14 20.6 + torque of hanging sys w2-7

Table 4.2: Example of a table for systematically adding of weights for torque load data collection. The
”Actual total torque”-column should contain the accumulated real torque applied, and the "Which weight
plates are added”-column are filled out with the names of the plates to add.
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Chapter 4. The Calibration

4.2 Analysis of the Calibration Data

When the necessary data collection have been performed, there is time to analyze the data in order
to produce calibration curves. The Matlab-folder in the shared google drive folder contains scripts
that are performing all the necessary calculations and plots. The three folders of measurement files
for axial load, e.g. named ”AxialSeries_1And2” etc., must be stored in the "Axial Load”-folder
within the downloaded ”Matlab”-folder, and the three folders of measurement files for torque load,
e.g. named “TorqueSeries_1And2” etc., must be copied to the “Torque Load”-folder.

There are two Matlab-scripts: “MainLoadMeasurementsAxialLoad.m” and “Mainl.oadMea-
surementsTorqueLoad.m”. At the beginning of each script, it must be filled in some constants,
folder names, file names, etc. When everything is filled in correctly, run the script, and it will
plot the measured strain against the applied load, calculate all coefficients for the best fit lines and
perform a complete uncertainty analysis. Note that both scripts are plotting the output from both
vertical-SG and diagonal-SG although vertical-SG should have about zero output for torque load
and diagonal-SG should have about zero output for axial load.

When running the axial load-script, the strain measured by vertical-SG should be linear and
approximately zero for zero loads. If it is not linear that might indicate that something is wrong
with the strain gauges. If it is far from zero for zero loads then there is something wrong with the
offset nulling or the zero deviation is big. The best fit line for the diagonal-SG should be close to
zero for all loads and should be horizontal compared to the output from the vertical-SG. If the line
is not close to zero, then the diagonal-SGs are reacting to axial load as they should not, according
to theory. It is important to investigate why and whether any measures are possible to perform so
that the diagonal-SG does not have output for axial load. Two possible reasons to consider is: 1.
axial load is not applied in the exact middle so that the axial load applied, is unevenly distributed
through the body, or 2. the diagonal-SG is not mounted exactly £45°.

The torque load-script works in the same matter as the axial load-script, except that the vertical-
SG and diagonal-SG have opposite roles. For the torque load-script, the strain measured by
diagonal-SG should be linear and approximately zero for zero loads. If it is not linear that might
indicate that something is wrong with the strain gauges. If it is far from zero for zero loads then
there is something wrong with the offset nulling or the zero deviation is big. The best fit-line for
the vertical-SG should be close to zero for all loads and should be horizontal compared to the out-
put from the diagonal-SG. If the line is not close to zero for all loads, then the vertical-SGs are
reacting to torque load as they should not, according to theory. It is important to investigate why
and whether any measures are possible to perform so that the vertical-SG does not have output for
torque load. Two possible reasons to consider: 1. when applying torque load, the ALMD is also
applied some axial forces, or 2. the vertical-SG is not mounted exactly 0° and 90°.

When the vertical-SGs only have output for axial load and the diagonal-SGs only have output
for torque load, then the calibration curves may be obtained. The axial load-script is plotting the
calibration curve for the vertical-SGs and the torque load-script is plotting the calibration curve for
the diagonal-SGs. As long as the degree of the best fit lines is 1, meaning linear, then the script
will print out the equations for the calibration lines in the command window as well as the upper
and lower deviation lines. If the uncertainties are satisfactory low, then the measurement system is
complete and ready to be installed.
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Implementing the Measuring System

When the ATMD is ready to install, 2D and 3D-drawings of TTL should be updated so that the part
Axial Thrust Block Spare Section is replaced by the final design of the ATMD. A Creo part-file is
included in the shared google drive folder.

5.1 Water on the Inside of the ATMD

The drainage of the labyrinth seal water is currently arranged such that there is water on the inside
of the Axial Thrust Block Spare Section. When this part is replaced by the ATMD, some measures
must be implemented to prevent leakage. There are two main possible solutions: keep the water
from entering the inside of the ATMD or to cover the inside of the ATMD with some sealing
material that will not influence the measurements.

In Figure 5.1 the ATMD is colored yellow and the two main seals are shown. The labyrinth
seals, colored blue, remove the pressure energy in the water but do not block water from passing
through. The shaft seals, colored purple, keep the water from leaking through the intersection of
one part at standstill and one moving part [11]. Additionally, O-rings keep water from leaking
through the intersection of two parts at standstill and must be installed between the ATMD and
adjacent parts.

By using an extra shaft seal between the Head cover top, part 20 in Figure 1.1, and the rotating
Turbine shaft to runner, part 13 in Figure 1.1, the water is kept from entering the inside of the
ATMD. For the labyrinth seals to work there must be a continuous flow of water through, which
means before the blocking shaft seal, water must be drained. Figure 5.2 show this alternative
solution with drainage through four drilled holes in the runner hub and drainage in pipes through
the cutouts of the ATMD.

The advantage of this solution is that the ATMD does not need modifications and the solution
is sure to not influence the measurements. The disadvantage is that other parts of the rig need
modifications. Especially by drainage through the hub, Figure 5.2a, involve drilling in an expensive
part. There is only room for one shaft seal, so there must be used a type where one is enough.
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Figure 5.1: Machine drawing of the ATMD (yellow), the labyrinth seals (blue) and the shaft seal (purple).
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(a) Drainage through the hub. (b) Drainage through the ATMD.

Figure 5.2: Keeping the inside of the ATMD dry.
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5.1 Water on the Inside of the ATMD

A second solution is to allow water on the inside of the ATMD and to use some sealing material
to keep it from leaking, see Figure 5.3. If a hard pipe is used, it must have a lower height than the
ATMD to make sure it is not carrying any axial forces. There must also be installed an upper and
lower O-ring to keep water from leaking between the pipe and the ATMD. The sealing material
may also be a soft plastic foil that can be glued on. The glue must be water-resistant and have great
adhesive strength on both plastic and stainless steel. Also for this case, water must be drained for
the labyrinth seal to work, and the drainage will be through pipes through the sealing material.

Figure 5.3: Covering the inside of the ATMD.

The advantage of this solution is that it is only the ATMD that needs modifications and every
change is possible to undo. A disadvantage is that the hard pipe must be custom made with an outer
diameter of exactly 178 mm, which is the inner diameter of the ATMD, and a height less than 110
mm, which is the height from the Head Cover Top, the vertical rest of the ATMD, to the Bearing
Housing-part. A disadvantage with the soft sealing material alternative is the high demands of the
adhesive and the risk of leaks.

An additional advantage of this solution is the opportunity to use the sealing pipe as a safety
measure. The maximum stress in the ATMD with maximum applied force is numerically calculated
to be less than 36 % of yield strength, see section 1.1, and by using the Goodman mean stress
method to calculate the fatigue life, the ATMD should handle more than 10° cycles before there is a
risk of destruction. This means that the ATMD should have no problem for all range of use at TTL.
Even so, the final design of the ATMD is significantly weaker than the 18 mm thick Axial Block
Spare Section currently installed, and are more likely to break due to an extraordinary incident. The
sealing pipe may be a thick steel pipe with a 109 mm height. At this height, it will not influence the
measurements as it will not carry any axial forces, and if the ATMD would ever break, the runner
and associated parts would fall maximum 1 mm and land on the steel pipe and limit the extent of
possible damage.
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Chapter 5. Implementing the Measuring System

5.2 Use of the measuring device

After installation, the output from the strain gauges must be included in the main signal acquisition
program together with the formulas calculating applied force, friction torque and the uncertainties.
For a suggestion for how to perform calibration of the device while installed in the rig, see the
Master’s Thesis of Selmurzaev Chapter 5.1 and 5.2 [12].
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