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Abstract

In the future, hydropower plants are expected to operate more flexibly. This will lead
to a more varied operation of the turbine and the generator, such as more start and
stop in order to stabilise the frequency in the grid. Studies show that these transient
operations are more costly in terms of fatigue degradation, i.e. consumption of fatigue
life. Vattenfall has developed a methodology with the aim to analyse fatigue loads,
acting on the runner and the rotor in hydropower units during operation. With a
numerical model, the loads are assessed with input data gathered from measurements
together with given data on several parameters. Some of the input data are bearing
structure stiffness, bearing oil properties, and point of action of forces, etc. Several of
these input parameters are subject to a degree of uncertainty, which affect the assessed
fatigue load, determined with the methodology.

This study will focus on analysing one fatigue force component acting on the runner.
The aim with this study is to answer the following research questions: (i) Which input
parameters, that are subject to a degree of uncertainty, contribute the most to the
combined standard uncertainty in the assessed fatigue force? (ii) How much does the
combined standard uncertainty in the assessed fatigue force amount to? (iii) How
does the uncertainty in the assessed fatigue force affect the fatigue damage?. The
combined standard uncertainty in the fatigue force is determined with methods in
uncertainty propagation. In order to evaluate the effect from the uncertainty in the
fatigue load on the fatigue damage, a statistical analysis of the ratio between the fatigue
damage associated with a probability of exceedance and the expected fatigue damage
is conducted.

From the results it can be observed that the governing uncertainty parameter is the
offset of the shaft displacement signal, which amount to 40 % of the combined standard
uncertainty in the fatigue force. Of the nine analysed uncertainty parameters, three
parameters are bearing properties parameters, i.e. the bearing clearance, the oil film
temperature and the point of action of bearing forces, which amount to 47.5 % of the
combined standard uncertainty in the fatigue force. Therefore, in order to decrease the
uncertainties, focus should be kept on the bearing properties. Given each parameters
uncertainty, the ratio between the combined standard uncertainty in the fatigue force
and the expected fatigue force amount to 7 %. This corresponds to a ratio between
the standard uncertainty in the fatigue damage and the expected fatigue damage of 35
%, due to the value of the index of S-N curve of five. Given the standard uncertainty
in the fatigue force together with the index of S-N-curve, the ratio between the fatigue
force associated with a probability of exceedance and the expected fatigue force can
be assessed, i.e. the fatigue force ratio. Consequently, the fatigue force ratio amount
to 1.32 for a probability of 0.0032 %, 1.09 for a probability of 10 % and 1.04 for a
probability of 30 %. These probabilities correspond to the fatigue damage ratios, i.e.
the ratios between the fatigue damage associated with a probability of exceedance and
the expected fatigue damage of 4, 1.56 and 1.20. Thereby, the uncertainty in the fatigue
force can greatly affect the uncertainty in the fatigue damage, dependent on the value
of the index of S-N-curve.

The results from this study imply the importance of considering the uncertainties in
fatigue load assessments. These results provide support for assessing load levels for
runner dimensioning to finally, be able to derive a correct margin of safety. This in
order to not underestimate fatigue damage and thereby decrease the risk for unexpected
fatigue failure.

Descriptors: Hydropower, Hydro turbine runner, Uncertainty analysis,
Fatigue load, Fatigue damage, Propagation of uncertainty.
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Sammanfattning

Det finns ett förväntat behov av att kraftproduktionen i vattenkraftverk skall vara mer
flexibel i framtiden. Detta leder till mer varierande driftlägen för turbinen och gener-
atorn, s̊asom fler start och stop med syfte att stabilisera frekvensen i elnätet. Studier
p̊avisar att transienta driftlägen är mer kostsamma i form av utmattningsdegrader-
ing, d.v.s. konsumtion av utmattningsliv. Vattenfall har utvecklat en metodik för att
analysera inverkan av utmattningslaster verkande p̊a löphjulet och rotorn i vattenkraft-
saggregat under drift. Med en numerisk modell kan utmattningslasterna bedömas. Den
ing̊aende datan till modellen är bland annat är uppmätta storheter och given data p̊a
parameterar. N̊agra av de ing̊aende storheterna är lagerstyvhet, angreppspunkter för
lagerkrafter och lageroljans egenskaper, etc. Flera av dessa ing̊aende parametrar in-
nehar osäkerheter, vilket p̊averkar bedömningen av utmattningslasterna.

Denna studie kommer att fokusera p̊a en kraftkomponent verkande p̊a löphjulet. Målet
med detta arbete är att svara p̊a följande forskningsfr̊agor: (i) Vilka ing̊aende parame-
trar, som innehar en osäkerhet, bidrar med en styrande osäkerhet i den bedömda
kraften? (ii) Hur mycket uppg̊ar den kombinerade standardosäkerheten i den bedömda
kraften till? (iii) Hur p̊averkar kraftens osäkerhet utmattningsskadan? Den kombiner-
ade standardosäkerheten i kraften är beräknad med metoder i fortplantning av osäker-
heter. För att kunna bedömma p̊averkan p̊a delskadan givet osäkerheten i kraften, s̊a
sker en statistisk analys av förh̊allandet mellan delskadan sammanhängande med en
sannolikhet för överskridande och den förväntade delskadan.

Resultatet p̊avisar att den styrande ing̊aende parametern är offset i signalen för ax-
elförskjutning, vilken uppg̊ar till 40 % av den kombinerade standardosäkerheten i ut-
mattningskraften. Av de nio analyserade parametrarna härrör tre av dessa lagere-
genskaper, d.v.s. lagerspel, oljetemperatur och angreppspunkter för lagerkrafterna,
vilka tillsammans uppg̊ar till 47.5 % av den kombinerade standardosäkerheten i utmat-
tningskraften. Därför, för att reducera den totala osäkerheten bör fokus ligga p̊a lagere-
genskaperna. Givet alla standardosäkerheter i de analyserade parametrarna s̊a uppg̊ar
förh̊allandet mellan standardosäkerheten i utmattningskraften och den förväntade ut-
mattningskraften p̊a löphjulet till 7 %. Detta motsvarar att förh̊allandet mellan stan-
dardosäkerheten i delskadan och väntevärdet för delskadan uppkommer till 35 %, givet
ett index av S-N-kurvan p̊a fem. Givet standardosäkerheten i kraften och index av
S-N-kurvan, kan förh̊allandet mellan utmattningskraften förenad med en sannolikhet
för överskridande, och den förväntade utmattningskraften, d.v.s. kvoten av utmat-
tningskraften, utvärderas. Detta resulterar att kvoten av utmattningskraften uppg̊ar
till 1.32 för en sannolikhet för överskridande p̊a 0.0032 %, 1.09 för en sannolikhet p̊a 10
% och 1.04 för en sannolikhet p̊a 30 %. Dessa sannolikheter motsvarar att kvoten av del-
skadan, d.v.s. kvoten mellan delskadan förenad med en sannolikhet för överskridande,
och den förväntade delskadan uppg̊ar till 4, 1.56 och 1.20. Därför kan osäkerheten i ut-
mattningskraften p̊averka osäkerheten i delskadan med en betydande faktor, beroende
p̊a värdet p̊a index av S-N-kurvan.

S̊aledes, resultaten fr̊an denna studie p̊avisar betydelsen att beakta osäkerheterna i
de ing̊aende parameterna vid bedömning av utmattningslast. Dessa resultat tillhan-
dah̊aller stöd vid bedömning av lastniv̊aer för dimensionering av löphjul, för att slutli-
gen kunna erh̊alla en korrekt säkerhetsmarginal. Detta för att inte underskatta utmat-
tningsskadan och därmed minska risken oför oväntat utmattningshaveri.

Nyckelord: Vattenkraft, Löphjul, Osäkerhetsanalys, Utmattning, Delskada,
Fortplantning av osäkeheter.
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CHAPTER 1

Introduction

1.1. Background

Renewable energy technologies are increasing their share of the total power production
in Sweden. Power generated from renewable energy sources, such as solar and wind
power are more weather dependent and therefore, they are not generating balancing
electricity to meet the varying electricity demand. Consequently, other power produc-
tion technologies must operate more flexibly in order to meet the electricity demand
and thereby, stabilize the frequency in the power transmission grid. The Swedish au-
thority for Energy, in Swedish called Energimyndigheten has predicted that the need
for regulated power generation will increase and therefore, hydropower generation plays
an important role in the future as it has great potential to regulate the operation. Con-
sequently, the hydropower units will be more regulated in the production, which affect
the life time mechanisms of the units, and by that, design criterias must be revised to
meet the future operating conditions [1]. More regulated operations cause an increased
share of transient operations, such as more start and stop operations.

Vattenfall has conducted analyses of the operating conditions where it could be
observed that off-design, transient operations such as start and stop operations generate
higher fatigue loads on the runner [2]. The most fundamental failure type of hydraulic
turbines is fatigue damage [3]. Based on determined loads, assessment of stresses can
be conducted and together with a representative S-N-curve, the fatigue damage can
be analysed [2]. The S-N-curve is derived from a known relationship between stress
amplitudes and number of load cycles to failure [4].

Previous studies have been carried out on stress analyses of hydro turbines but
there has been a information gap of a load assessment, conducted for several fatigue
load components acting on the unit, i.e. a methodology to determine several loads with
the same input data. Therefore, Vattenfall has developed a methodology to conduct
load assessments, with the aim to determine a design specification for future turbines.
The loads are calculated with a numerical model of the shaft and the bearings with
measured quantities of the shaft as inputs, i.e. shaft displacement, strain from bending
moment, torsion moment and the axial force. The measured quantities are together
with and data on different parameters such as bearing stiffness, location of external
loads, measurement setup, etc., the input to the numerical model. The load assessment
aims to determine the fatigue loads, i.e. lateral runner and rotor force and the bending
moment on the runner and the rotor [2].

Some of the input parameters to the numerical model are subject to a degree of
uncertainty, which in turn give rise to an uncertainty in the assessed fatigue loads and
consequently also the fatigue damage. A deeper analysis of the uncertainties in the input
parameters has not yet been conducted. Therefore, a study on the combined uncertainty
in the a assessed fatigue load is valuable.
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1.2. Problem description

Vattenfall’s methodology to assess fatigue loads for various operating conditions de-
pends on several input parameters such as bearing stiffness, location of external loads,
measurement setup, etc. Several of these input parameters are subject to a degree of
uncertainty. The uncertainties should be identified and quantified with the aim to de-
termine the uncertainties combined effect on a fatigue force acting on the runner, and
thereafter determine the governing uncertainty parameters. A combined uncertainty of
the fatigue loads, including the contributions from all identified parameters should be
quantified. Thereafter, the effect from the combined uncertainty on the fatigue damage
should be assessed. The study will be focused on Vattenfall’s methodology, and the
research questions can be summarized as:

• Which input parameters, that are subject to a degree of uncertainty, contribute
the most to the combined standard uncertainty in the assessed fatigue load?

• How much does the combined standard uncertainty in the assessed fatigue force
amount to?

• How does the uncertainty in the assessed fatigue load affect the fatigue damage?

1.3. Objectives

The purpose of this study is to identify the uncertainty of the parameters used to deter-
mine the turbine fatigue loads. This study can be divided into the following deliverables;

• Identify and quantify the uncertainty in the input parameters used in Vattenfall’s
methodology.

• Establish an analysis of the uncertainty propagation in the assessed fatigue load
with methods in uncertainty propagation.

• Analyse the uncertainty in fatigue damage given the fatigue load uncertainty.

1.4. Limitations

The study will focus on one specific vertical Kaplan hydropower unit, owned and op-
erated by Vattenfall, which is designed with three bearings. Two of these bearings are
radial bearings and one is a combined (axial and radial) bearing. The study is limited
to start operations and to analyse the lateral runner force, i.e. the external force acting
orthogonal to the shaft, in a plane which follows the rotation of the shaft. The lateral
runner force is defined to act in the pressure center of the runner. All the identified
and quantified uncertainty parameters are assumed to be uncorrelated. The main focus
is not to derive the solid mechanics methods used in the numerical model. A life cycle
analysis will not be conducted, neither an economic analysis.

1.5. Methodology

To enhance knowledge in fatigue damage, fatigue degradation and understanding in
Vattenfall’s methodology an extensive literature review is carried out. Interviews are
conducted with the people that are responsible for measurements to obtain knowledge
in the measurement technique. People that have developed the numerical model are
also interviewed to obtain knowledge about the input parameters and the methodology.
Methods in uncertainty propagation will be used to determine the combined standard
uncertainty in the lateral runner force due the uncertainty in the input parameters. A
probabilistic approach is used to quantify the uncertainty in the fatigue damage given
the fatigue force uncertainty. A field study will be conducted with Vattenfall, where
the focuses should be kept at sensor setup, measurement techniques and construction of
hydropower units.
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CHAPTER 2

Theory

In this chapter, the theory behind the study can be read. The theory chapter includes a
description of hydropower and turbine design as well as descriptions of turbine loads and
operating conditions. Thereafter, the methodology developed by Vattenfall is clarified,
followed by methods for fatigue damage determination. Moreover, the methods for
propagation of uncertainty determination will be clarified, as well as probability analysis.

2.1. Hydropower

Hydropower is power extracted from moving water, where the turbine is converting po-
tential energy into mechanical energy. Due to changes of velocity and pressure of the
water on the turbine runner blades, torque and rotation are generated which cause the
turbine shaft to rotate. The rotation is then transferred from the turbine shaft to the
rotor, which is fixed at the turbine shaft. The rotor is a part of the generator, which
converts the rotation, i.e. the mechanical power, into electrical power. Then the gener-
ated electrical current is transferred to the power transmission lines via a transformer
[5]. The inlet flow of water from the reservoirs can be adjustable in order to regulate
the production. The reservoir works as energy storage which enables adjustments of
the inlet flow volume to meet a flexible demand [6]. The water is stored during seasons
under the year when there is high water flow from snow melting and rain [7]. The main
components in a hydropower plant are illustrated in figure 2.1.

Figure 2.1. Components in a hydropower unit [8].

At the beginning of the 20th century, the Swedish government started to build the
hydropower units for power production. Today there are around 2100 hydropower units
in operation in Sweden, where 208 of the power plants have an installed effect of more
than 10 MW. Normally, hydropower plants generate 66.9 TWh together during a year,
which represents 45 % of the total electricity production in Sweden [7].
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2.1.1. Hydropower characteristics

As the share of electricity produced from wind and solar power plants increases, there
is a need of adjustable power production in order to balance the electricity production
with the electricity demand, i.e. frequency balance. This is important in order to
flexible generate electricity when the demand is changing. Today, the electricity balance
is adjusted with hydropower, which is a fast adjustable power production technology.
The rotating energy in the hydropower plants, i.e. the inertia contributes with stability
in the power production system. How fast and how much the frequency can be adjusted
depends on the inertia. Nuclear power, which normally generate 40 % of the total
electricity in Sweden, is not fast adjustable and therefore, nuclear power generation
does not work as a balancing power technology in Sweden [1].

Hydropower generation is flexible in the way a hydropower unit can go from stand-
still operation to being synchronised to the grid in just a couple of minutes. If the
hydropower generation needs to be more flexible in the future, the operating conditions
will change. This leads to more transient operating conditions, such as more start and
stop operations. These operating conditions generate increased fatigue loads on the
runner, which Vattenfall has analysed [9].

2.1.2. Hydro turbine design

There are several kinds of hydropower turbines, but in this study the focus will be on
Kaplan turbines. Kaplan is an axial flow turbine type, which means that the water flow
is mainly parallel to the turbine shaft. The water flows over the turbine blades, also
called runner or rotor blades (from now on called runner blades) and the pressure of
the water changes due to the change in the profile of the blade. As the fluid velocity
and pressure are changing, a reaction force is generated, which generates torque and
rotation of the turbine shaft. Therefore, Kaplan turbines are categorised as a reaction
turbine type.

Kaplan turbines are constructed with adjustable guide vanes at the inlet to the
turbine in order to adjust the volumetric flow rate. The turbine blades are also adjustable
due to movable joints connected between the runner blades and the shaft. The design
of a Kaplan turbine is illustrated in figure 2.2. As the inlet volumetric flow rate and the
runner blades are adjustable, Kaplan turbines operate with high efficiency of around 90
% or more. When the water has passed through the runner, it reaches the outlet which
is a divergent draft tube. The draft tube is divergent in order to decelerate the flow and
therefore, the kinetic energy can be recovered [5].

Figure 2.2. Kaplan turbine design [10].

As mentioned above, the rotor is connected to the turbine via the shaft. In order
to keep the shaft in the right position, bearings are needed. In the hydropower unit
analysed in this study, the shaft is fixed by three bearings, in both the axial and radial
direction with two radial and one combined bearing (radial and axial).

4



One radial bearing is located over the generator, also called Upper Generator Bear-
ing (from now on called UGB) and the combined bearing is located under the generator
and is called Lower Generator Bearing (from now on called LGB). The second radial
bearing is located close to the turbine, called Turbine Guide Bearing (from now on
called TGB). The unit analysed in this study is illustrated in figure 2.3, in which the
lateral runner force and the defined coordinate system are illustrated. The coordinates
in the figure are stationary coordinates. The quantities that are measured in this coordi-
nate system, are transformed into a rotating coordinate system, which is more detailed
explained in chapter 2.3.1. The coordinates x′, y′ and x′ are defined as the rotating
coordinates, i.e. coordinates that follow the rotation of the shaft, and x, y and z are
defined as the stationary coordinates.

Figure 2.3. Location of bearings. Modified figure, adopted from [11].

The unit analysed in this study has tilting pad bearings, constructed with several
pads that are placed inside the bearings, closest to the shaft. Behind the pads, there
are rockers which allow the pads to be tilted, thus also the shaft. Between the shaft
and the pads, there is an oil film, which decreases the friction between the shaft and the
pads [9]. The construction of the bearings is illustrated in figure 2.4. The temperature
of the oil film is not directly measured, but it lies in an interval between circa 15-80
°Celsius. This as the oil not is colder than the temperature inside the station, i.e. circa
15 °Celsius, and the temperature is not higher than 80 °Celsius as the oil used in this
unit breaks down at higher temperatures. When operating, the temperature of the oil
film is circa 50 °Celsius [9]. For shafts with three bearings, almost all the load from the
rotor is divided between two generator guide bearings and the turbine guide bearing
will capture the load from the runner [12].
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Figure 2.4. Construction of tilting pad bearings. Modified figure,
adopted from [11].

2.1.3. Runner loads

The volumetric flow rate at the inlet of the turbine will vary due to the water level
at the reservoir and the required electricity demand [13]. As the velocity of the inflow
water changes, the pressure on the runner blades also changes. This can be derived from
Bernoulli’s equation for incompressible fluids, i.e. fluids with a constant density as

pin
ρ

+
v2
in

2
+ g · zin =

pout
ρ

+
v2
out

2
+ g · zout (2.1)

where the index in refers to the conditions before the runner blades and the index
out refers to the conditions after the runner blades. Where pin and pout are the static
pressures, ρ is the density of the fluid, g is the acceleration of the gravity, vin and vout
are the fluid velocities and zin and zout are the heights [14].

Due to the change of the velocity at the runner blade inlet and outlet, there is a
change in momentum. A change in the axial momentum, i.e. axial velocity, is causing
an axial thrust on the runner blades. A change in radial momentum, i.e. change in
radial velocity causes a bending force on the runner blade. The torque is generated by
the change of the circumferential velocity [14]. The circumferential and axial direction
is illustrated in figure 2.5.

Figure 2.5. Circumferential and axial directions at the runner. Mod-
ified figure, obtained from [10].

The torque, T generated on the runner blades can be determined as

T = ṁ · (rin · vΦin − rout · vΦout) (2.2)

where ṁ is the mass flow, rin and rout are the radius at the inlet and the outlet
points and vΘin and vΘout are the absolute circumferential velocity components at the
inlet and the outlet. Equation 2.2 is also known as Euler’s turbine equation [5].
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The velocity components are illustrated in figure 2.6, where w is the velocity of the
runner blade.

Figure 2.6. Velocities components at the runner blade.

2.1.4. Lateral force acting on the runner

Vattenfall has analysed data from measurements and seen that the runners are exposed
to cyclic lateral forces during operation. The lateral runner force is defined as a force
component from the water, orthogonal to the shaft that acts in the center of pressure of
the runner [2]. Due to pressure fluctuations, turbines running at off-design operations
are affected by excessive vibration. Some forces that can generate excessive lateral
vibrations and affect the dynamic behavior are unbalanced hydraulic and mechanic
forces during operation [15].

2.1.5. Operating conditions

During the measurements conducted by Vattenfall, which are more detailed explained in
chapter 2.3.1, measurements at different operating conditions are performed. Operating
conditions for a start operation, as well as a start operation to 100 % power output are
illustrated in figure 2.7.

During a start operation, the turbine is exposed to varying loads as the water volume
flow and velocity are adjusted due to adjustable runner blade pitch angle, adjustable
guide vane opening angle, etc. The start operation is defined as the time from when
the guide vanes open until the runner has reached nominal rotational velocity. In the
operation illustrated in figure 2.7, the start operation is performed during 60 seconds,
i.e. from 94 to 153 seconds, which can be seen in the first graph. During the start
operation, the water inflow increases due to the increased guide vane opening angle.
This in order to increase the rotation of the runner. Thereafter, the guide vane opening
angle is kept constant until it approximately meet the desired rotational velocity and
then, it is decreased to keep the rotational velocity constant. Thereafter, the generator
synchronises with the grid in order to deliver electrical current. When that occurs, the
rotational velocity of the rotating parts synchronises with the frequency in the power
transmission grid, i.e. 50 Hz. This is illustrated in the second graph in figure 2.7, at
the time 171 seconds. At the same time, i.e. at 171 seconds, the guide vane opening
angle increases which lead to an increased torque and thereby, increased power output.
At the time 206 seconds, the runner blade pitch angle increases to match the current
water flow adjusted with the guide vane opening angle [9].
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Figure 2.7. Operating conditions during a start operation and oper-
ating conditions from start opertion to 100 % power output.

2.2. Fatigue life & Fatigue damage

Components subjected to numerous repetitions of stress, considerably lower than the
stress required to produce immediate rupture, may lead to failure. This phenomenon
is referred as fatigue failure [16]. During the 19th century, the fatigue formation and
growth of cracks were discovered in machine elements, and thereafter studies on the
phenomenon started [17]. Fatigue life can be analysed from an S-N-curve. The curve
defines the number of load cycles to failure for corresponding stress amplitudes. The
curve varies for different materials, environments, load levels, type of load, etc. [4]. An
S-N-curve is illustrated in figure 2.8, from where the logarithmic number of cycles is
linear to the logarithmic stress amplitude.

Figure 2.8. Example of an S-N-curve.

The relationship between the number of stress cycles to failure, N and the corre-
sponding stress amplitudes, ∆σ can be written as

∆σmfc ·N = C (2.3)

where mfc is the index of S-N-curve and C is a constant.
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The index of S-N-curve, associated with the slope in double logarithmic scale, is
dependent on material, load level, type of load, environment, etc. For metals, the index
of S-N-curve can vary between three to 25, most commonly between three and ten [17].
The stress amplitude, ∆σ is linear to the force amplitude, ∆F and therefore, the stress
amplitude can be expressed as

∆σ = k ·∆F (2.4)

where k is a constant dependent on the geometry of the component. When the
number of load cycles to fatigue failure, N is known, the fraction on the total life being
consumed for the assessed stress level, ∆σ can be determined. The fraction of the total
life is also called fatigue damage, D which can be determined with Palmgren-Miner rule
as

D =
∑
i

ni
Ni

(2.5)

where ni is the number of load cycles for the assessed stress level, ∆σ. When the
fatigue damage becomes one, the total life is consumed and failure is expected. To
determine the total consumption, all stress cycles must be considered [18].

In Vattenfall’s methodology, the fatigue force acting on the runner is assessed. As
the methodology aims to compare the fatigue damage for different operating conditions
relative another, i.e. the relative fatigue damage, the fatigue damage for each operating
condition is not quantified [2].

2.3. Vattenfall’s methodology - Fatigue load assessment

Vattenfall has developed a methodology with the aim to assess fatigue loads acting on
the rotor and the runner. By conducting this approach at different operating conditions,
the relative fatigue damage can be derived, which represents a quantity of how costly
in terms of fatigue degradation one operating condition is, relative to another. The
fatigue loads are calculated with a numerical model, in which measured quantities on
the shaft as well as data on parameters describing the shaft geometry, stiffness of the
bearings etc., are input data. With this approach, the corresponding loads acting on the
runner and rotor that give rise to the measured responses on the shaft are calculated.
The advantage of this methodology is that the fatigue loads can be assessed without
performing a direct measurement on the runner below the water level during operation.
The assessed loads are the bending moment and the lateral force acting on the runner
and the rotor, as well as the axial force and torsional moments. From the time signals of
the fluctuating loads, corresponding load spectra can be determined. The load spectra
are graphically showing the load cycle amplitudes as function the cumulative number
of load cycles. The numerical model developed by Vattenfall has been validated to a
commercial FE-program [2].

In the following chapters, the methodology developed by Vattenfall will be clarified.
The theory behind the methodology is divided into four phases; measurements, stiffness
properties of bearings, numerical model and load spectra analyses.

2.3.1. Phase one - Measurements

To determine the fatigue loads, measurements at four locations on the shaft are con-
ducted during the operating condition that is to be investigated. Close to the bearings
UGB, LGB, TGB are the lateral shaft displacements measured with displacement sen-
sors. Further, between LGB and TGB, the strain caused by axial force, torsional and
bending moment is measured with strain gauge sensors. The location of the displace-
ment sensors and strain gauge sensors are illustrated in figure 2.9, in which the point of
action of the external loads at the runner, i.e. the lateral runner force and the bending
moment also are illustrated.
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Figure 2.9. Placement of sensors and point of action of external run-
ner loads.

Position 1, 2 and 3 are the locations close to the bearings where the shaft displace-
ments are measured and position 4 is where the strain caused by axial force, bending and
torsional moment is measured. The shaft displacement is defined as the lateral displace-
ment of the shaft relative to the bearing house. The measurement is conducted with
four non-contact displacement sensors placed around the shaft, i.e. two in x-direction
and two in y-direction. The placement of the sensors and the definition of the lateral
displacement is illustrated in figure 2.10. The non-contact displacement sensors used in
the measurement conducted by Vattenfall is of inductive type [9].

The inductive displacement sensors consist of a probe and a driver. The probe is
the physical device that generates a sensing field which is driven by the driver. The
driver generates the resulting output voltage proportional to the measurement quantity.
Inductive displacement sensors use an electromagnetic field that penetrates the target,
i.e. the surface of the shaft. This is done by passing an alternating current through a
coil in the end of the probe, which generates an electromagnetic field around the probe.
When the alternating electromagnetic field is in contact with the target, electric current
is generated in the target. This current generates an electromagnet field at the target
which reacts with the electromagnetic field around the probe. This reaction is thereafter
measured, which is converted into a voltage signal in the driver [19].

Figure 2.10. Placement of non-contact inductive displacement sensors.
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The displacements sensors are placed above the center of the bearings, fixed at the
bearing house. As the sensors are attached to the three bearing houses, the displacement
measurement are conducted in the stationary x- and y-directions.

As the methodology is conducted in order to assess the runner loads, the analysis of
the displacements is conducted in a rotating coordinate system, following the rotation of
the shaft. In order to make it possible to translate the measured displacement quantities
from the stationary to the rotating system, an optical sensor is attached at one of the
bearing house which measures a once-per-revolution reference signal. This is done by
measure the time it takes for a reflexive tape to be transported a revolution [9]. From
the measured radial shaft displacements in the stationary coordinate system, the radial
displacements are illustrated in figure 2.11, this for TGB and the unit analysed in this
study.

100 110 120 130 140 150

Time [s]

-100

-50

0

50

100

S
h

a
re

 o
f 

m
in

. 
d

is
p

la
c
e

m
e

n
t 

[%
]

Displacement in x-direction

100 110 120 130 140 150

Time [s]

-100

-50

0

50

100

S
h

a
re

 o
f 

m
in

. 
d

is
p

la
c
e

m
e

n
t 

[%
]

Displacement in x-direction

Figure 2.11. Radial displacement of shaft i x- and y-direction for TGB
during a the start operation.

Strain measurements on the surface of the shaft are conducted to determine the
axial force, the torsional moment and the internal bending moment of the shaft. The
axial force and the torsion moment can directly be derived from the measurement data.
The internal bending moment is determined with measurement of the strain in the z’-
direction, i.e. the axial direction, in the two rotating planes x′ − z′ and y′ − z′ as
the sensors are fixed at the rotating shaft. In order to determine the internal bending
moment, the axial strain is measured with four strain gauge sensors placed around the
shaft, at the opposite side of the shaft in the x′ and the y′-directions. The sensor setup
is illustrated in figure 2.12.
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Figure 2.12. Placement of strain gauge sensors. Both from the axial
and the upper view of the shaft.

As the turbine shaft is exposed to several load components, the measured strain
quantities must be separated in order to determine the strain from bending, from which
the internal bending moment is derived. In order to separate the bending strain from the
strain due the axial force and the torsional moment, the axial strain in the z′-direction
is measured at the four locations around the shaft. This as for pure bending, one side
of the shaft is exposed to compressive strain and the opposite side is exposed to tensile
strain of equal magnitude. Therefore, in each plane, i.e. the x’-z’ and y’-z’ plane, the
bending strain is formulated as a combination between the two opposite strain gauges
as

εb =
ε1 − ε2

2
(2.6)

where ε1 and ε2 are the measured axial strains at the opposite sides of the shaft
in one direction. The formulation of the bending strain according to equation 2.6 is
insensitive of axial force as well as torsional moment. Thereafter, the internal bending
moment, Mb can be determined as

Mb = Wb · E · εb (2.7)

where E is the elastic modulus and Wb is the section modulus [20]. The strain gauge
measurement is a technique that measures the change of the distance between two places
at a surface of a test object, exposed to a mechanical load. When the strain gauge is
deformed due to local strain, the resistance of the strain gauge changes which then is
observed [21]. At sensor setups, sensors may by misaligned relative to the direction
the strain is intended to be measured. Consequently, the axial strain is not correctly
captured. In general, given the normal strain in the ϕ- and L-directions and the shear
strain, γϕL the normal strain in an arbitrary direction with an angle, α from the ϕ-
direction, can be determined with equation 2.8. The direction of the normal strain in
an arbitrary direction is illustrated in figure 2.13.
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Figure 2.13. Normal strain in a arbitrary direction.

The normal strain as function of the angle, α can be determined as

εα = εϕcos
2α+ εLsin

2α+ γϕLsinαcosα (2.8)

where εϕ and εL are the strain in the ϕ -and L-directions and γϕL is the shear strain
[20]. The data obtained from the strain measurement, performed during operation are
transmitted to a computer via a Bluetooth system, with a sampling rate or frequency
of 600 Hz, i.e. 600 sampled measurements per second. With a given time for each
operating condition, the number of samples can be calculated as

Samples = freq · t (2.9)

where freq is the frequency, i.e. the sampling rate of the Bluetooth system and t is
the time in seconds.

2.3.2. Phase two - Stiffness properties of bearings

One crucial input to the numerical model, with which the fatigue loads are calculated, is
the bearing stiffnesses for the corresponding shaft displacements. The numerical model
is clarified in chapter 2.3.3. The shaft displacement corresponds to the deformation
of the oil film and the deformation of the bearing structure. In order to determine
the relationship between the stiffnesses for the corresponding shaft displacements, the
bearing clearance must be defined for all bearings. The bearing clearance can either be
measured at standstill or it can be found in drawing documentation of the unit.

In the methodology, the total stiffness of the bearings is derived from the bearing
structure stiffness and the stiffness of the oil film between the shaft and the pads. The
total stiffness can be illustrated as two serial connected springs where one of the springs
represent the oil film stiffness and one represent the bearing structure stiffness. This is
illustrated in figure 2.9 at the location labelled 1, 2 and 3. The bearing structure stiffness
is derived from material- and geometrical data. The oil film stiffness is dependent on
several variables, such as the temperature of the oil which effect the viscosity, the type
of oil and the geometry of the bearing, etc. The oil film stiffness is determined with the
software program RAPPID [9].

RAPPID is a modelling and simulation tool for rotordynamic-seal research where
several parameters can be inserted to perform analysis on the oil film stiffness for example
[22]. In RAPPID, supported load in the bearings as a function of the shaft displacement
is determined, from which the oil film stiffness can be determined. When the oil film
stiffness and the bearing structure stiffness are determined, the total stiffness of the
bearing is determined by combining the stiffnesses for the corresponding displacements.
The oil film stiffness, the bearing structure stiffness and the total bearing stiffness for
the unit analysed in this study are illustrated in figure 2.14.
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Figure 2.14. Oil film stiffness, bearing structure stiffness and total
bearing stiffness as function of shaft displacement.

2.3.3. Phase three - Numerical model

A numerical model describing the shaft and the bearings is used to calculate the fatigue
loads with the measured quantities as inputs. In particular, the calculated loads are the
lateral forces and bending moments acting on the runner and rotor in the two rotating
planes, x′-z′ and y′-z′. These external loads give rise to the measured response on the
shaft, where the external loads are determined for each time step in the measurement
file. The numerical model, developed at Vattenfall is built on theories of the finite
element method and can easy be adjusted to describe an arbitrary unit.

The determined lateral runner force as function of the time during a start operation
for the unit analysed in this study is illustrated in figure 2.15. The calculated time
history signal of the fatigue loads is thereafter transformed into corresponding load
spectra. This is conducted with the Rainflow Count method, which is a commonly used
method to determine load cycles [2]. The load spectra provide data on the amplitude of
the loads for the corresponding cumulative number of load cycles, which is illustrated
in figure 2.16.
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Figure 2.15. Lateral runner force during the start operation.
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Figure 2.16. Lateral runner force spectrum.

2.3.4. Phase four - Load spectra analyses

For the unit analysed in this study, Vattenfall has previously determined the load spec-
tra for various operating conditions. By comparing the resulting load spectra, it can
be concluded that the load amplitudes during the start operation are generally higher
compared to other operating conditions. From the load spectra for each operating con-
dition, the fatigue damage relative to the fatigue damage for Speed-No-Load operation
was calculated, i.e. when the rotating parts are rotating but are not synchronised to
the grid. Vattenfall’s analysis on the lateral runner force shows that the fatigue damage
for one minute of start operation corresponds to 92 minutes of Speed-No-Load opera-
tion. Another study was conducted in which the fatigue damage for different operating
conditions was derived from strain measurements on the runner during operation. For
the same unit, and for the corresponding operating conditions, Vattenfall’s methodology
was applied. The results in terms of relative fatigue damage showed decent agreement,
in particular when the damage was assessed from the lateral runner force.

2.4. Statistical methods

A measurand or a physical quantity, g is mostly not directly measured or determined.
It is often obtained or evaluated from other quantities, depended on several parameters
as

g = f(χ1, χ2...χL) (2.10)

where L is the number of parameters. The input parameters, χ may depend on
other quantities, including factors for error. Therefore, all the parameter quantities can
contribute with a degree of uncertainty to the measurand or the psychical quantity [23].

2.4.1. Uncertainty determination

Parameters obtained from measurements possess errors, i.e. a deviation from the true
value. Errors in measurements give rise to uncertainty in the results. Errors can be
separated into systematic and random errors which influence the accuracy of the system.
When performing an observation or measurement several times, a variation of the results
can be observed, which is caused by random errors. The offset between the measured
values and the true value is caused by systematic error. A small influence of random
and systematic errors implies a high accuracy of the system.
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Systematic errors can be difficult to quantify and therefore, one method to conduct
it is to perform judgments based on past experiences. In this study, the measurements
are performed once and therefore, the random errors are not evaluated. Therefore,
the systematic errors are analysed, in which the standard uncertainty in each input
parameter is determined by past experiences. The analysis of the uncertainty can be
divided into three phases; identifying, quantifying and combining the uncertainties [21].
After the uncertainties are identified and quantified, the combined standard uncertainty
can be determined in order to analyse their combined effect on the result [23].

2.4.2. Propagation of uncertainty

The combined standard uncertainty, uc is defined as the root-sum-square of the uncer-
tainty parameters. If the input quantities are uncorrelated, i.e. independent on each
other, and the expected values, µ and the standard uncertainties, u(χi) of each param-
eter are known, the combined standard uncertainty can be calculated as

uc(g) =

√√√√ L∑
i=1

(
∂f

∂χi

)2

u2(χL) (2.11)

where L is the number of uncertainty parameters. This method is also called propa-
gation of uncertainty and is based on first-order Taylor series approximations of equation
2.10 around the point (µ1, µ2, ..., µL). The function, f(χ) is approximated by linear func-
tions of its parameters, and the higher terms and the rest-term are neglected. When
the functional relationships are unachievable to express as a mathematical equation, the
propagation of uncertainty analysis can be conducted with a numerical approach. This
is done with direct differentiation on the functional relations, where the approximation
of the derivatives is conducted with the finite difference method [21]. An illustration of
the numerical approach for one parameter can be seen in figure 2.17.

Figure 2.17. Uncertainty effects.

To determine the combined standard uncertainty with a numerical approach for the
parameter g, obtained in equation 2.10, calculation on an increase of each parameter is
conducted, i.e. plus one standard uncertainty from the expected value for each parameter
as
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g+
1 = f(χ1 + u1, χ2, ..., χL)

g+
2 = f(χ1, χ2 + u2, ..., χL)

...

g+
L = f(χ1, χ2, ..., χL + uL)

(2.12)

where u is the standard uncertainty in each parameter L. Thereafter, the effect of
a decrease of one standard uncertainty is determined as

g−1 = f(χ1 − u1, x2, ..., χL)

g−2 = f(χ1, χ2 − u2, ..., χL)

...

g−L = f(χ1, χ2, ..., χL − uL).

(2.13)

Thereafter, the differences between the expected value, yµ and the increase, and the
decrease are evaluated as

δg+
L = g+

L − gµ
δg−L = g−L − gµ (2.14)

this is followed by an approximation of the uncertainty contribution as

δgL =

∣∣δg+
L

∣∣+
∣∣δg−L ∣∣

2
(2.15)

where the combined standard uncertainty, uc can be calculated as

uc(g) =

[
L∑
i=1

(δgL)2

]1/2

(2.16)

where each uncertainty contribution, also called uncertainty index, uindexi can be
calculated as

uindexL =
δgL∑
δgL

(2.17)

thereafter, the uncertainty indexes can be analysed and compared to see which
uncertainty, L that contribute with the greatest uncertainty in the result, g [21].

2.4.3. Standard uncertainty in the logarithm of a parameter

The standard uncertainty in a logarithm of a parameter, χ can be determined with
equation 2.11. If the logarithm of the parameter, χ is defined as a function, f(χ) as

f(χ) = ln(χ)

Sln(χ) = Sf(χ)
(2.18)

the standard uncertainty in the logarithm of χ, Slnχ can be determined according
to equation 2.11 as

Sln(χ) = Sg(χ) =

√
(
∂g

∂χ
· Sχ)

2

=
1

χ
· Sχ. (2.19)

where the derivative function is determined at the expected value of the parameter,
i.e. χ is its expected value. Therefore, to determine the standard uncertainty in the
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logarithm of the parameter, lnχ the expected value and the standard uncertainty in the
parameter χ is required [24].

2.4.4. Statistical methods - Probability

The probability that a stochastic parameter obtains a value within a specific interval can
be derived from the probability density function, referred to as PDF. If a distribution
is assumed to be normal, the scatter is symmetrically distributed around the expected
value, µ. The standard deviation or the standard uncertainty in the parameter reflects
its uncertainty and hence influencing the width of the PDF. In figure 2.18, the shape
of the probability density functions for the standard uncertainties, S of one and two is
illustrated.

-5 -4 -3 -2 -1 0 1 2 3 4 5

Number of standard uncertainties

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

D
e
n
s
it
y
 [
-]

Standard unc. = 1

Standard unc. = 2

Figure 2.18. PDF for different standard uncertainties.

The probability that a parameter, χ, with the expected value, µχ and the standard
uncertainty, Sχ, exceeds a chosen value, χpr, can be determined by integrating the PDF,
from χpr to ∞, which mathematically can be described as

G(χ = χpr) =

∫ ∞
χpr

g(χ)dχ. (2.20)

The limit, χpr can be expressed as a function of a chosen number of standard
uncertainties, θ corresponding to a determined probability, pr of exceedance, i.e. above
the expected value as

χpr = µ+ θ · S (2.21)

where one standard uncertainty corresponds to a probability of 15.87 % and three
corresponds to 0.13 % [25]. The PDF for the parameter χ, with a chosen limit, χpr of
2 standard uncertainties is illustrated in graph one, in figure 2.19. The area under this
curve from 2 to ∞ corresponds to the probability of exceedance according to equation
2.20, which is illustrated in graph two in the same figure.
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CHAPTER 3

Uncertainty analysis

In this chapter the uncertainty analysis can be read, where the uncertainties in the input
parameters used in Vattenfall’s methodology are analysed and quantified. Thereafter,
the quantified uncertainties are combined to analyse the effect on the lateral runner
force, followed by a evaluation of the effect from the uncertainty in the lateral runner
force on the fatigue damage.

3.1. Equivalent lateral runner force

As can be read in the previous chapter 2.3.3, the load spectra for the lateral runner
force includes information about the number of load cycles for various amplitudes given
a set of parameters. Therefore, in order to be able to quantify the fatigue loads and the
uncertainty associated with it, a scalar fatigue force, i.e. an equivalent lateral runner
force (from now on called ELRF) is defined. The ELRF is determined for a chosen
number of cycles with a constant amplitude of the force, which correspond to a fatigue
damage equal to the fatigue damage determined with all force cycles in the spectra.
By combining equation 2.3, 2.4 and 2.5, the relationship between the fatigue damage
determined for all force cycles in the spectra and the fatigue damage for the scalar ELRF
can be determined. Thereby, the amplitude of the scalar ELRF can be determined as

∆ELRF =
mfc

√∑N
i=1 ni ·∆F

mfc
i

neq
(3.1)

where neq is the chosen equivalent number of load cycles, and the sum of ni and
the sum of ∆Fi are the number of load cycles and the force amplitude for the whole
load spectra. The equivalent number of cycles is chosen, and held constant during all
uncertainty analyses in order to be able to compare the force amplitude of the ELRF
for different uncertainties. The index of S-N-curve, mfc is derived to five, which is
representative for non-welded steel components subjected to normal stress cycles less
than 106 cycles [26].

3.2. Uncertainty parameters

The ELRF, determined with equation 3.1 is as the function in equation 2.10, dependent
on several parameters. In order to determine the combined standard uncertainty in the
ELRF, an analysis of the standard uncertainty in each parameter is conducted, which
is described in this chapter.

3.2.1. Bearing oil film temperature

With data on properties of the bearing and the oil, the stiffness of the hydrodynamic oil
film can be calculated in RAPPID. Some of the input parameters to RAPPID are the
temperature of the oil, the bearing clearance, the density of the oil and the geometry
of the bearing. There are temperature sensors located inside the bearings, in the tilting
pads. The temperature inside the pad is measured, which is used as a reference of
the temperature of the oil film. The temperature of the oil film is thereby not directly
measured, which gives an uncertainty in the input temperature to RAPPID. The stiffness
of the oil film is correlated to its viscosity, which is dependent on the temperature of the
oil film. Therefore, there is an uncertainty in the oil film stiffness due the uncertainty
in the oil temperature, which affect the assessed ELRF.
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The temperature of the oil film is assumed to be 50 °C, i.e. the expected value. The
temperature is assumed to possess an uncertainty of ± 7 °C. In RAPPID, the tempera-
ture of the oil, the shaft and the pads are inserted as input. Vattenfall assume that the
pads and the shaft temperature are lower than the oil film, as the oil film is assumed to
be the warmest element, from where the heat is transferred. The temperatures of the
oil film, shaft and the pads are listed in table 3.1, for the expected values and for the
standard uncertainties.

Table 3.1. Temperature of oil film, shaft and pads.
Temperatures [◦C] Expected value Plus one st. unc Minus one st. unc.

Oil film 55 62 48
Shaft 50 57 43
Pads 50 57 43

In the analysis, it is assumed that stiffness in the two other bearings possess the
same quantity of the temperature uncertainty. This as is the same type of oil in all of
the three bearings.

3.2.2. Bearing structure stiffness

In the numerical model, the bearing structure stiffness is derived from the stiffness of
the rocker, which together with the oil film stiffness defines the total stiffness of the
bearing. However, there are several more components in the bearings which stiffnesses
should be added to the total stiffness. As in the uncertainty analysis of the bearing oil
film temperature, due the uncertainty in the stiffness, the assessed ELRF is affected.

Therefore, an analysis of the bearing structure stiffness is conducted, where the
bearing structure stiffness for all bearings is assumed to have a standard uncertainty of
± 10 %. The expected value is the rocker stiffness, from which the analysis proceeds.

3.2.3. Bearing clearance

Another parameter affecting the oil film stiffness is the bearing clearance. The bearing
clearance is required to calculate the oil film stiffness in RAPPID. During the bearing
clearance measurement, the radial bearing clearance in the x- and y-direction is measured
in each bearing at standstill. The bearing clearance used in the RAPPID simulations is
the average clearance in the x- and y-direction, as it is assumed that the bearing clearance
is constant around the entire perimeter. However, from the measured quantities, it could
be seen that there are differences between the bearing clearance in the x- and y-direction
for all bearing and therefore, there are uncertainties in the bearing clearance. This
affects the total bearing stiffness and thereby also the assessed ELRF. The differences
between the average radial bearing clearances and the measured bearing clearances for
each bearing are listed in table 3.2.

Table 3.2. Differences between the average and the measured bearing clearances.
Percentage difference [%]

UGB ± 10
LGB ± 3
TGB ± 8
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Another aspect that influences the uncertainty in the bearing clearance is the mea-
surement of the clearance, which is performed at standstill. As the bearings get warm
during operation, the bearing clearance may be affected by thermal expansion. There-
fore, the bearing clearance may be smaller at standstill than when operating and thereby,
the measured bearing clearance may not correspond to the other measured quantities.
The standard uncertainty in the bearing clearance is assumed to be equal the per-
centage difference between the average clearance and the measured clearance in x-and
y-directions for TGB, listed in table 3.2, i.e. 8 %. It is also assumed that all bearings
possess the same standard uncertainty.

3.2.4. Point of action - Bearing forces

The bearing geometry is complex and therefore, the point of action for the bearing
forces is subject to an uncertainty. The uncertainty in the point of action affects the
supported load as the determined supported load may not be determined for the correct
location in the bearing. As the determined supported load in the bearings gives rise to
the external loads, the ELRF is affected by the uncertainty. From drawings, it could be
observed that the forces acting on TGB should act in an interval of ± 0.2 m. Therefore,
it is assumed that the standard uncertainty in the point of action of the bearing forces
amount to ± 0.2 m for all three bearings.

3.2.5. Point of action - Internal bending moment

The axial location of the strain gauge sensors, i.e. the position of the sensors between
LGB and TGB are measured from a reference point. The strain gauges, used to measure
the bending strain of the shaft are manually attached at the shaft with help from a
measuring tape and therefore, there is an uncertainty in the axial location. As the
strain is used to determine the internal bending moment, the internal bending moment
is affected by the uncertainty and therefore, also the assessed ELRF. It is assumed that
the sensors location in the axial direction, z′ possess a standard uncertainty of ±0.05m,
this for all four strain gauge sensors. The uncertainty in the sensors is assumed to be
uncorrelated, i.e. independent on each other.

3.2.6. Misaligned strain gauge sensors

As described in chapter 2.3.1, the internal bending moment in one axial coordinate
between the TGB and LGB is derived from the measured strain caused by bending.
The strain gauges are located at the opposite side of the shaft in each direction, i.e. two
sensors in each direction in order to determine the bending strain without any influence
from torsional moment or axial force. Ideally, the strain is measured in a direction
perfectly aligned to the axial direction but as the strain gauges are manually attached
at the shaft, some degree of misalignment can be expected. Consequently, if the strain
gauges are misaligned located from the axial direction, there is an uncertainty in the
derived internal bending moment, which affect the assessed ELRF. By experiences it is
assumed that the strain gauge alignment to the axial, z′-direction of the shaft, possess
an uncertainty of 5 °. Therefore, in order to analyse the strain given the tilted angle of
the sensors, a coordinate system in one point at the shaft is defined. The coordinate
system is defined in the L-ϕ directions at the surface of the shaft. The strain sensor,
the tilting angle, α and the L-and ϕ-directions in one point at the surface of the shaft
are illustrated in figure 3.1.
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Figure 3.1. Misaligned strain gauge sensor setup.

According to equation 2.8, the normal strain in a arbitrary direction can be deter-
mined given the normal strain in the L-ϕ directions, the angle, α and the shear strain, γ.
For a shaft subjected to axial force, bending and torsional moments, the shear strain, γ
and the normal strain in the phi-direction, εϕ are zero. Therefore, according to equation
2.8, the strain measured with sensor 1 and 2 in one rotating plane can be written as

ε1,2 = ±εL1,2
sin2α (3.2)

where the expected angle is assumed to be 90 °, i.e. when the sensors are perfectly
aligned to the axial direction of the shaft. The standard uncertainty in the internal
bending moment, SMb is dependent on the standard uncertainty in the two strain com-
ponents, Sε1 and Sε2. The combined standard uncertainty in the internal bending
moment in one plane can be determined according equation 2.11 as

SMb
=

√
(
∂Mb

∂ε1
· Sε1)2 + (

∂Mb

∂ε2
· Sε2)2. (3.3)

Given the standard uncertainty in the tilting angle, Sα of the sensors, the standard
uncertainty in the strain, Sε can be determined with equation 2.11. Hence, the combined
standard uncertainty in the internal bending moment can be written as

SMb
=

√
(
∂Mb

∂ε1
· ∂ε1

∂α
· Sα)2 + (

∂Mb

∂ε2
· ∂ε2

∂α
· Sα)2 (3.4)

where the sensitivity coefficient for the internal bending moment can be derived
from equation 2.7, together with the data of the measured strain according to equation
2.6 as

∂Mb

∂ε1,2
= ±Wb · E

2
. (3.5)

The sensitivity coefficient for the measured strain can be determined with the nu-
merical approach, explained in chapter 2.4.2 as

∂ε1,2

∂α
=

(
εL1,2 · sin(90)2 − εL1,2 · sin(95)2

)
+
(
εL1,2 · sin(90)2 − εL1,2 · sin(85)2

)
2

(3.6)

From the equations above, the standard uncertainty of the internal bending moment,
SMb

relative to an expected value can be calculated to approximately 0.5 %.
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3.2.7. Offset of signal - Internal bending moment

From the result on the internal bending moment as function of time derived from the
measured strain, it can be observed that the internal bending moment signal deviates
from zero during standstill, i.e. the signal oscillates around an offset. Vattenfall assume
that the bearings are perfectly aligned and thereby, the shaft should not be exposed
to any internal bending moment at standstill. Thereby, the offset is corrected to zero.
There are uncertainties in this assumption, i.e. the bearings may not be perfectly
aligned. Therefore, the internal bending moment is subject to an uncertainty which
affects the assessed ELRF. The internal bending moment as function of time with the
offset is illustrated in figure 3.2, where the beginning of the start operation is indicated
as well as the offset.
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Figure 3.2. Offset of signal of internal bending moment as function
of time. Beginning of the start operation is indicated.

Given the assumption that the bearings are straight aligned, the internal bending
moment is zero, which is the expected value. It is assumed by experiences that the
shaft is misaligned and that the standard uncertainty is 20 % of the maximum internal
bending moment.

3.2.8. Offset of signal - Shaft displacement

Vattenfall assume that the shaft oscillates around the center of the bearings when oper-
ating at high efficiencies. From the measured displacements in the x- and y-directions,
it can be observed that the displacements do not oscillate around the center of the bear-
ings, i.e. there is an offset in the signal. Based on the assumption, the offset is corrected
to zero. The offset may be caused by errors in the measurement setup, e.g. the sensors
located at the opposite sides of the shaft may be located at different distances from
the shaft. This leads to uncertainties in the measured displacements, which affect the
assessed ELRF as it is input to the numerical model. Therefore, the assumption that
the shaft oscillates around the center of the bearing may be incorrect and therefore, it is
assumed that the offset possess a standard uncertainty of 10 % of the bearing clearance,
for all bearings in both the x′- and y′- directions. The standard uncertainty of 10 % is
assumed to correspond to one standard uncertainty in the offset of the signal, which are
assumed to proceed from the corrected offset by Vattenfall.
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3.2.9. Time signal offset

Vattenfall know that there is a delay in the time signal in the Bluetooth system which
synchronizes the measured strain in the rotating system with the measured time signal
obtained from the optical sensor. The time signal offset is measured to circa 42 ms and
as data is sampled with the frequency 600 Hz, the number of delayed samples can be
calculated according equation 2.9 resulting in 25 delayed samples. If there is no attention
brought to the time signal offset, the fatigue loads will be determined for the incorrect
time, i.e. the measured signals will not be synchronized. This leads to uncertainties
in the assessed ELRF. Therefore, the time signal offset is corrected in the numerical
model by Vattenfall. In this analysis, it it assumed that the time signal offset standard
uncertainty is 8.3 ms, which results in a time sample offset of 5 samples, calculated with
equation 2.9. The analysis proceeds from the corrected offset of 25 samples, i.e. the
time sample offset is 20 samples for minus one standard uncertainty and 30 samples for
plus one standard uncertainty.

3.3. Combined standard uncertainty in equivalent lateral runner
force

When the standard uncertainties of each of the nine analysed parameters were derived,
the combined standard uncertainty for the ELRF was calculated with the numerical
approach given in chapter 2.4.2. The uncertainty indexes for each parameter were de-
termined with equations 2.12 to 2.15, which thereafter were combined according equation
2.16 to determine the combined standard uncertainty in ELRF, S∆ELRF .

The logarithm of the fatigue life, the logarithm of the fatigue load and the logarithm
of the fatigue damage are expected to be normal distributed. According to equation 2.19,
the standard uncertainty in the logarithm of a parameter can be determined given the
expected and the standard uncertainty in the parameter. Hence, if it is assumed that
ln∆ELRF is normal distributed and the expected value and the standard uncertainty
are known, a force level, ∆ELRFpr associated with a corresponding probability of ex-
ceedance, pr can be determined. This according to the statistical method described in
chapter 2.4.4.

3.4. Effect on fatigue damage

Given the combined standard uncertainty in the ELRF, the effect on the fatigue damage
is evaluated. As the fatigue stresses are unknown, the fatigue damage can not be quan-
tified. However, the ratio between the fatigue damage associated with a probability of
exceedance, Dpr and the expected fatigue damage, Dµ, can be determined. This ratio
corresponds to the fatigue force ratio as the fatigue damage associated with a probabil-
ity of exceedance, Dpr is evaluated for the corresponding force level ∆ELRFpr and the
expected fatigue damage, Dµ is determined with the expected ∆ELRF . The expected
fatigue damage and the fatigue damage, Dpr associated with the corresponding proba-
bility of exceedance, pr is illustrated in figure 3.3, where the black marked area is the
probability of exceedance Dpr.
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Figure 3.3. Expected and determined fatigue damage.

The relationship between the fatigue damage, Dpr associated with the corresponding
probability of exceedance, pr and the expected fatigue damage, Dµ can according to
equation 2.21 be expressed as

lnDpr − lnDµ = Θ · SlnD. (3.7)

This equation can also be used to determine the relationship between the fatigue
load, ELRFpr associated with the corresponding probability of exceedance, pr and the
expected fatigue load, ELRFµ, i.e. the ratio of fatigue load. With the logarithmic laws,
equation 3.7 can be written as

Dpr

Dµ
= eΘ·SlnD . (3.8)

To determine the standard uncertainty in the logarithm of the fatigue damage,
SlnD in equation 3.8 the effect from the combined standard uncertainty in the ELRF is
analysed. According to equations 2.3, 2.4 and 2.5 the fatigue damage can be determined
given the ELRF as

D =
neq · kmfc ·∆ELRFmfc

C
= g (3.9)

where it is assumed that the constants C and k not possess any uncertainties.
According to equation 2.16, the standard uncertainty in the logarithm of the fatigue
damage can be determined as

SlnD =

√(
∂lnD

∂ln∆ELRF
· Sln∆ELRF

)2

= mfc · Sln∆ELRF (3.10)

where the standard uncertainty in the logarithm of the fatigue load can be deter-
mined given the expected value and the standard uncertainty in the ELRF, according
to equation 2.19. Hence, the ratio between the fatigue damage associated with a prob-
ability of exceedance, p and the expected fatigue damage given in equation 3.8, is given
by

Dpr

Dµ
= e

Θ·mfc·
S∆ELRF
µ∆ELRF . (3.11)

This ratio is from now on referred to the fatigue damage ratio. By iterating the
number of standard uncertainties, Θ from zero to four, the fatigue damage ratio can be
determined for the probability of exceedance, pr within the interval 50 down to 0.0032
%.
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CHAPTER 4

Results

This chapter presents the results on the uncertainty indexes, where the governing un-
certainty parameters are determined. Moreover, the results on the combined standard
uncertainty in the ELRF are presented, followed by the analysis on the effect on the
fatigue damage.

4.1. Uncertainty indexes

The uncertainty indexes, given the standard uncertainty in each parameter were deter-
mined according to equations 2.15 and 2.17. The parameters with the greatest uncer-
tainty index, i.e. the parameters that contribute the most to the combined standard
uncertainty in ELRF are the offset of signal - shaft displacement followed by the point
of action - bearing forces. The uncertainty analysis of these parameters can be read in
chapter 3.2. In figure 4.1, the uncertainty indexes are illustrated and in table 4.1 the
quantities of the uncertainty indexes are listed.

Offset of signal 

Shaft displacement

Point of action - Bearing forces

Bearing clearance

Point of action

 Internal bending moment

Bearing oil film temperature

Time signal offset 

Figure 4.1. Uncertainty indexes.

In figure 4.1, some uncertainty parameters can not be seen as they are close to zero.
From the same figure, it can be observed that three parameters are bearing properties
parameters, i.e. bearing oil film temperature, bearing clearance and point of action -
bearing forces. Together, these uncertainty parameters represent 47.5 % of the combined
standard uncertainty.
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Table 4.1. Uncertainty indexes.
Uncertainty parameter Uncertainty index
Offset of signal - Shaft displacement 40 %
Point of action - Bearing forces 25 %
Bearing clearance 11.5 %
Point of action - Internal bending moment 11.5 %
Bearing oil film temperature 11 %
Time signal offset 1 %
Misaligned strain sensors 0 %
Bearing structure stiffness 0 %
Offset of signal - Internal bending moment 0 %

100 %

4.2. Combined standard uncertainty in the ELRF

An evaluation of the effect from the combined standard uncertainty in the ELRF on the
fatigue damage was conducted. According to equation 2.19, the standard uncertainty
in the ELRF relative to the expected ELRF can be calculated to about 7 %. Given the
relationship between the standard uncertainty and the expected value, the ratio between
the ELRF associated with the corresponding probabilities of exceedance, ELRFpr and
the expected ELRF, ELRFµ could be determined according to equations 2.21 and 3.7.
This ratio, referred to as fatigue load ratio is illustrated in figure 4.2 and listed in table
4.2 for the probability of exceedance from 50 % to 0.0032 %, which corresponds to zero
to four numbers of standard uncertainties above the expected value.

4.3. The effect on the fatigue damage due the uncertainty in ELRF

By observing equations 3.10 and 2.19, it is clear that the standard uncertainty in the
fatigue damage relative to the expected fatigue damage is a factor equal to index of
S-N-curve greater than the ratio between the standard uncertainty in the ELRF and
the expected ELRF. Therefore, since the ratio between the standard uncertainty and
the expected ELRF is calculated to 7%, the corresponding ratio between the standard
uncertainty in the fatigue damage and the expected fatigue damage amount to 35 %,
given an index of the S-N curve of 5.

Given the index of S-N-curve, mfc and the determined ELRF standard uncertainty,
S∆ELRF , the ratio between the fatigue damage, Dpr associated with the corresponding
probability of exceedance, pr and the expected fatigue damage, Dµ could be calculated
with equation 3.11. This fatigue damage ratio is illustrated in figure 4.2 and listed in
tabel 4.2 for the probabilities of exceedance between 50 % to 0.0032 %, which corresponds
to zero to four numbers of standard uncertainties above the expected value.
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Figure 4.2. Fatigue damage ratio and fatigue load ratio as function
of probability of exceedance.

Some of the results on the fatigue load and fatigue damage ratio for corresponding
probabilities are listed in table 4.2.

Table 4.2. Probability of obtaining the fatigue load and fatigue dam-
age ratios.

Probability Fatigue load ratio Fatigue damage ratio
40 % 1.02 1.09
30 % 1.04 1.20
20 % 1.06 1.34
10 % 1.09 1.56
1 % 1.18 2.24

0.0032 % 1.32 4.00
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CHAPTER 5

Discussion

In this chapter, the execution of the thesis project is discussed with the main focus being
on the uncertainty analysis. A discussion regarding some of the analysed uncertainty
parameters, as well as the effect on the fatigue damage can also be read, followed by
recommendations for future work.

5.1. Uncertainty analysis

In an additional study recently conducted by Vattenfall, the lateral turbine force during
several start operations was analysed for a Francis turbine. From the results, it can be
observed that the lateral turbine force is generously distributed, i.e. there is a great dif-
ference between the assessed forces. As the measurements are conducted during several
start operations at similar operating conditions, the uncertainty due to random errors
can be evaluated. The ratio between the standard uncertainty, i.e. the experimental
standard deviation and the expected lateral force was calculated to around 5 %, which
imply the magnitude of the uncertainty due random errors. Therefore, there may be
random errors in the measurements of the unit analysed in this study, which should
be evaluated and added to the combined uncertainty in order to not underestimate the
combined standard uncertainty in the ELRF. But in order to perform an experimen-
tal study of the lateral turbine force distribution, several test operation for the same
machine must be conducted. Then, the machine must be standstill during some days,
which is costly for Vattenfall. Therefore, in this study it would have been difficult to
analyse the lateral turbine uncertainty due to random errors in the measurement. As
the assumptions on the standard uncertainties in the parameters analysed are based on
past experiences, there is accuracy in the result. However, it may be underestimated as
all input parameters not are analysed.

There are two sensors used for measurements which uncertainties not were analysed.
These sensors, i.e. the strain gauge sensors and the non-contact displacement sensors
frequently are calibrated by measurement experts at Vattenfall.

5.2. Uncertainty parameters

In the results, it could be observed that three parameters possess an uncertainty index
close to zero. It could also be observed that three of the nine analysed uncertainty pa-
rameters, are parameters governing by bearing properties. Therefore, a deeper discussion
regarding parameters dependent on bearing properties are conducted. The governing
uncertainty, the offset of the signal - shaft displacement is also discussed.

5.2.1. Parameters dependent on bearing properties

One of the governing uncertainty parameter is the point of action - bearing forces. The
point of action of the bearing forces is located where the pressure center inside the
bearings is assumed to be located. The pressure center is difficult to precisely locate as
it may change during the operation. During the start operation, the lateral turbine force
obtains varied amplitudes, which can be observed in figures 2.15 and 2.16. As the lateral
turbine force is balanced by the supported load inside the bearings, the amplitude of
the supported load also varies. This can lead to a changing pressure distribution inside
the bearings, which affect the uncertainty in the point of action and makes it difficult
to precisely locate.
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Therefore, an analysis on the pressure center should be conducted to immerse the
uncertainty analysis and thereby, get a deeper understanding of the uncertainty contri-
bution. To conduct analyses of the results from the uncertainty in the bearing clearance,
bearing oil film temperature and bearing structure stiffness, stiffness relations for given
shaft displacements were analysed. The differences between the resulting oil film stiffness
for plus and minus one standard uncertainty of the bearing clearance and the bearing oil
film temperature are illustrated in figure 5.1, where the expected value can be observed
as a reference on the stiffness.

0 10 20 30 40 50 60 70 80 90 100

Share of max. measured displacement [%]

O
il 

fi
lm

 s
ti
ff
n
e
s
s

Expected value

Bearing clearance, +1 st. unc.

Bearing oil temp. +1 st. unc.

Bearing clearance, -1 st. unc.

Bearing oil temp. -1 st. unc.

Figure 5.1. Oil film stiffness given from the bearing clearance and the
bearing oil film temperature analyses as function of share of maximum
measured displacement.

From figure 5.1 it can be observed that the stiffness relations are affected by the
analysed parameters, i.e. bearing clearance and bearing oil film temperature. The
differences are greatest at high shaft displacements. One reason that the stiffness is
great for a low oil film temperature is due the increased viscosity in the oil, which
increases the oil film stiffness. The reason that the oil film stiffness increases for a
decreased bearing clearance is due the relationship between the total bearing stiffness
and the shaft displacement, which alter due the changed oil film stiffness.

Another analysed bearing property parameter is the bearing structure stiffness,
which uncertainty index are close to zero. The bearing structure stiffness is as the
bearing oil film stiffness, input to the numerical model. The difference between the
bearing oil film stiffness obtained from RAPPID and the bearing structure stiffness
obtained from the manufacture of the bearing is illustrated in figure 2.14. From the
figure, it can be observed that for low shaft displacements, the governing stiffness is
the bearing oil film stiffness and for high displacements, the governing stiffness is the
bearing structure stiffness. By analysing the measured shaft displacement, it is observed
that the displacements reach values where the total stiffness is governed by the oil film
stiffness and not the bearing structure stiffness. Hence, as the total bearing stiffness
is governed by the oil film stiffness, the ELRF is insensitive of the bearing structure
stiffness and therefore, the uncertainty index becomes close to zero.
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5.2.2. Offset of signal - shaft displacement

The uncertainty in the offset of the shaft displacement signal corresponds to an uncer-
tainty in the measured displacement. In figure 2.14, it can be observed that the stiffness
varies for the different shaft displacements. When the shaft displacement increases,
the stiffness increases due the slope of the stiffness-curve. Therefore, as the stiffness
increases, the supported load increases. This is the reason that the uncertainty in the
offset of the shaft displacement signal represent one of the governing uncertainties.

Therefore, as both the uncertainty in the offset of signal of the shaft displacement,
as well as the uncertainties from the parameters dependent on the bearing properties
are due the stiffness relations, this would be the main focus for decreasing the combined
standard uncertainty.

5.3. Effect from fatigue load uncertainty on the fatigue damage

When analysing the fatigue damage ratio, see equation 3.10, it can be observed that it is
dependent on the index of S-N-curve, mfc. The ratio between the standard uncertainty
in the fatigue damage and the expected fatigue damage is in this study a factor five
greater than the ratio between the standard uncertainty in the ELRF and the expected
ELRF, due the value of the index of S-N-curve.

The index of S-N-curve is dependent on material, load level, type of loads, environ-
ment, etc. and therefore it varies. Therefore, an analysis on the effect from the index of
S-N-curve is conducted in order to illustrate its effect on the fatigue damage ratio. In
figure 5.2, the fatigue damage ratio is illustrated for a varying index of S-N-curve, mfc

between three and nine.
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Figure 5.2. The ratio of fatigue damage for varying indexes of S-N-curve.
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In the results, it can be observed that for a probability of exceedance of 0.0032 %,
the fatigue damage ratio differs generously, which is listed in table 5.1.

Table 5.1. The fatigue damage ratio for different indexes of S-N-curve,
for a probability of exceendance of 0.0032 %.

Index of S-N-curve Fatigue damage ratio
3 2
5 4
7 7
9 12

Hence, the ratio is three times greater for a index of S-N-curve of nine in comparison
to the index of S-N-curve for the unit analysed in this study of five. This implies the
importance to accurate analyse the index of S-N-curve for the machine analysed, as it
generous affect the fatigue damage.

Moreover, fatigue damage is related to fatigue life. As can be read in chapter 2.2,
when fatigue damage becomes one, the total life is consumed. Therefore, having a
underestimated fatigue damage, there is lack of knowledge in the consumption of life
which may lead to an unexpected fatigue failure propagation. In industrial applications,
industrial components are normally dimensioned with a failure probability from 1 ·10−5

to 1 ·10−3 and therefore, presenting the results from the analysis conducted in this study
with a probability of exceedance of 0.0032% is well-reasoned.

Therefore, this study is valuable in order to be able to analyse the uncertainties in
the input parameters and thereafter evaluate the combined uncertainty in fatigue load.
Consequently, the fatigue damage can be analysed, and margins of safety can be assessed
in order to not underestimate the fatigue damage, which may happen when not taking
account of uncertainties in the fatigue load assessment.
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5.4. Future recommendations

In this chapter some suggestions are listed, which can be done in order to immerse this
study.

• Data from several start operations should be analysed in order to evaluate the
random uncertainty in the lateral turbine force, which should be added to the
combined standard uncertainty.

• In order to decrease the combined standard uncertainty in the fatigue load, the
governing uncertainty indexes from bearing properties should be analysed with
aim to decrease or if it is possible, eliminate the errors.

• In order to validate the fatigue damage assessed in Vattenfall’s methodology,
strain measurement on the runner should be conducted during operation.

• The possible correlations between the uncertainty parameters should be analysed.
This in order to not underestimate the combined standard uncertainty if there
are correlations.

• In order to immerse the uncertainty analysis, the following input parameter
should be analysed in order to not underestimate the combined standard un-
certainty;

– The location of the reflex tape, which is used to obtain a reference on the
rotating measurand. Which in turn is used to correlate the measurands
with the stationary coordinate system.

– The uncertainty in the bearing clearance measurement.
– Uncertainties in the numerical model.
– Uncertainties in (eventual) filtering data.
– Uncertainties in calibration of measurement sensors.

• The standard uncertainty in each parameter should experimental be analysed
in order to quantity the standard uncertainty and thereafter, compare it to the
standard uncertainties used in this study. By performing experimental measure-
ments several times, the standard uncertainty can be determined. This should
be conducted as the standard uncertainties in this study may be greater than
the actual standard uncertainties. For example, the strain gauge setup should be
analysed by performing experiments on the setup several times.

• An analysis of the point of action of the external loads, i.e. the location of the
pressure center should be conducted in order to evaluate how the supported load
act inside the bearings.

• The time signal delay in the Bluetooth system should be analysed in order to
evaluate if the delay is constant during the operation.
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CHAPTER 6

Conclusion

Of the nine identified input parameters which uncertainty is quantified, the governing
uncertainty parameter is the offset of shaft displacement signal which amount to 40
% of the combined standard uncertainty in the fatigue force. Of the nine analysed
uncertainty parameters, three parameters are bearing properties parameters, i.e. the
bearing clearance, the oil film temperature and the point of action of bearing forces,
which amount of 47.5 % of the combined standard uncertainty. The uncertainty in the
bearing clearance as well as the uncertainty in the oil film temperature is related to
the relationship between the bearing stiffness and the shaft displacement. Therefore, in
order to decrease the uncertainties, focus should be kept on the bearing properties and
especially on the relationship between the stiffness and the shaft displacement.

Given each parameters uncertainty, the ratio between the standard uncertainty in the
fatigue force and the expected fatigue force amount to 7 %. This corresponds to a
ratio between the standard uncertainty in the fatigue damage and the expected fatigue
damage of 35 %, given an index of S-N curve of five. This, as the ratio between the
standard uncertainty in the fatigue load and the expected fatigue load is affecting the
ratio between the standard uncertainty in the fatigue damage and the expected fatigue
damage with a factor equal to the index of S-N-curve.

Given the standard uncertainty in the fatigue force together with the index of S-N-curve,
the ratio between the fatigue force associated with a probability of exceedance and the
expected fatigue force can be assessed, i.e. the fatigue force ratio. Consequently, the
fatigue force ratio amount to 1.32 for a probability of 0.0032 %, 1.09 for a probability
of 10 % and 1.04 for a probability of 30 %. These probabilities correspond to the
fatigue damage ratios, i.e. the ratios between the fatigue damage associated with a
probability of exceedance and the expected fatigue damage of 4, 1.56 and 1.20. Thereby,
the uncertainty in the fatigue force can greatly affect the uncertainty in the fatigue
damage, dependent on the value of the index of S-N-curve.

The results from this study imply the importance of considering the uncertainties in
fatigue load assessments. These results provide support for assessing load levels for
runner dimensioning in order to derive a correct margin of safety. This in order to
not underestimate fatigue damage and thereby decrease the risk for unexpected fatigue
failure.
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