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Abstract

Nowadays, our answer to the challenges of climate change is one of the most press-
ing concerns facing the public and governments worldwide. In order to reduce the
carbon dioxide (C'O2) emissions, the integration of new renewables in the electric-
ity system is a key element.

The use of these volatile sources of energy leads to higher requirements of grid
stabilization services. Based on their advantages and possibilities, hydraulic ma-
chines are an ideal choice to provide the required balancing energy to the electrical
grid. However, Francis turbines are subjected to the dynamic flow phenomena, re-
sulting in unsteady pressure fluctuations in off-design conditions, which may lead
to higher risk of fatigue damages and a reduced lifetime. In order to reduce the
operating costs and prevent expensive failure events, detailed information of the
flow behavior, ensuring a reliable lifetime assessment is required.

The present work targets the further development of numerical fatigue analysis,
as site measurements are not feasible and too expensive in most cases. Moreover,
to validate the simulations, detailed site measurements on a prototype Francis
turbine, including strain gauges on the trailing edge, were performed. Thereby,
information about the behavior of the machine set during most of the possible op-
erating regions were gathered. Later on, critical operating regions were examined
and a lifetime assignment based on the experimental data is presented.
Furthermore, steady and unsteady computational fluid dynamic (CFD) analyses
with the commercial code ANSYS-CFX and finite element method (FEM) com-
putations were performed using ANSYS-Mechanical. The most critical low-load
operating point was analyzed by means of hybrid, RANS-LES turbulence models.
Thereby, a tube vortex structure leading to high pressure pulsations was revealed.
Moreover, it was also possible to detect vortex shedding in this operating region by
the use of higher resolution grids and high performance computing (HPC). Con-
sequently, a transient CFD approach was developed and tested on load rejection
and two start up cases. The applicability and accuracy of the numerical approach
is validated by the measurement data.
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Kurzfassung

In den néchsten Jahren ist es eine der grofiten Herausforderungen der Menschheit,
Antworten auf die Auswirkungen des Klimawandels zu finden. Um den CO,-
Ausstof entscheidend zu vermindern, ist eine Integration von neuen erneuerbaren
Energietragern in das bestehende Stromnetz von Noten. Das Problem dabei ist,
dass Energiequellen wie Wind und Sonne vom Wetter abhingen und damit eine
volatile Energiemenge in das bestehende Stromnetz einspeisen. Dies fithrt wiederum
zu einem erhohten Regelaufwand um das Stromnetz innerhalb seiner Frequenzlim-
its stabil zu halten. Basierend auf den Vorteilen und Moglichkeiten von hydraulis-
chen Maschinen kénnen diverse Netzdienstleistungen zeitunabhéangig zu Verfiigung
gestellt werden. Bezogen auf Francis Turbinen fithrt dies allerdings zu einer er-
hohten Belastung infolge von Druckpulsationen, welche im Teillastbetrieb und bei
transienten Vorgédngen vermehrt auftreten.

Um die Betriebszeit zu verlangern und damit auch die Instandhaltungskosten zu
senken sowie die Schadensrisiken besser einschatzen zu kénnen, wird eine Lebens-
dauer Analyse benotigt.

Die gegenstéandliche Arbeit zielt auf eine Weiterentwicklung der numerischen Lebens-
daueranalyse ab, da detaillierte Prototyp Messungen nicht fiir alle Maschinensétze
durchfithrbar und meist mit erhéhten Kosten verbunden sind. Um die numerische
Methodik zu validieren wurden umfangreiche Druck- und Schwingungsmessungen
an eine Prototypanlage durchgefiihrt. Dartiber hinaus wurden die Laufradspan-
nungen mittels Dehnmessstreifen bestimmt, um eine umfangreiche Beurteilung des
Verhaltens in tiefer Teillast zu ermoglichen. Weiters sind stationdre und insta-
tiondare CFD Analysen mittels der Software ANSYS-CFX und FEM Simulationen
mit ANSYS-Mechanical durchgefithrt worden. Die Strémung im kritischen sta-
tiondren Lastpunkt wurde unter der Verwendung von hybriden RANS-LES Turbu-
lenzmodellen analysiert. Die Untersuchungen ergaben, dass ein Teillastwirbelzopf
der Grund fir die erhohten Druckpulsationen und damit Schadigungsraten ist.
AuBerdem war es moglich durch Anwendung von rechenintensiven CFD-Modellen
und High Performance Computing (HPC), Vortex Shedding ausgehend von der
Schaufel Hinterkante, welches zu einer Systemanregung fithrte, zu detektieren.
Zusatzlich zu den instationaren Betrachtungen wurde auch ein transienter CFD-
Ansatz, welcher am Beispiel des Lastabwurf Szenarios und des Startprozesses
getestet und validiert wurde, entwickelt. Die Anwendung und Genauigkeit des
numerischen Ansatzes wurde in allen betrachteten Féllen durch die Messdaten va-
lidiert.
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Nomenclature

Acronyms
Symbol  Description
BEP Best-efficiency-point
CFD Computational fluid dynamics
CEL CFX expression language
DES Detached eddy simulation
FEM Finite element method
GSG GreenStorageGrid
DES Detached eddy simulation
HPC high performance computing
LES Large eddy simulation
RANS Reynolds averaged Navier-Stokes equation
RST Rotor-stator interaction
SAS Scale adaptive stimulation
SBES Stress blended eddy stimulation
SNL Speed-no-load
URANS  Unsteady RANS

WMLES Wall-Modelled LES

Greek characters

Symbol Description Unit
Qo Guide vane opening angle rad
Q) Guide vane displacement angle rad
r Vortex strength m?/s
v Kinematic viscosity m?/s
vy Turbulent eddy viscosity m?/s
p Density kg/m®
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Latin characters

Symbol Description Unit
a Vortex core radius m
ao Guide vane opening m
c Absolute velocity component m/s
Cm, Meridional component of c m/s
Cu Circumferential component of c m/s
Dy Reference diameter of the runner m
E Specific energy m?/s?
fo Rotational frequency of the runner Hz
[P Blade passing frequency Hz
fevp Guide vane passing frequency Hz
fs SBES shielding function —
L Position vector m
M, Rotation matrix rad
n Rotational speed 1/min
Ng Specific speed 1/min
NED Speed factor —
D Static pressure Pa
Doo Reference static pressure Pa
Dinin Minimum static pressure Pa
Do Vapor pressure Pa
Q Discharge m3/s
QEp Discharge factor —
r Radius m
u Circumferential velocity m/s
u Velocity field in 3D m/s
w Relative velocity m/s
T Position vector in 3D m
yt+ Non-dimensional wall distance —
Zav Number of guide vanes —
ZRN Number of runner blades —

Additional subscripts

Symbol Description

1 Runner inlet

2 Runner outlet

1 First index of the Einstein summation convention

J Second index of the Einstein summation convention
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Introduction

1.1 Research context

Today, the worlds primary energy usage is still based on 81% fossil fuels and 5%
nuclear power. With biofuels and waste not taken into account, only 3% of the
worlds primary energy is corresponding to renewable sources [1]. Considering the
negative side effects such as climate change, air pollution and radioactive waste, it is
a worldwide concern to facilitate renewable energies. Considering the negative side
effects such as climate change, air pollution and radioactive waste, it is a worldwide
concern to facilitate renewable energies. To cover the increasing electricity demand
new renewable sources of energies, such as solar and wind, are highly supported
and promoted. Therefore, the expansion rate of these new renewables is increasing
continuously, as it can be seen in Figure 1.1.

40 I T T T T
B Biomass

35 - Solar power
| Wind power
B Hydropower

30

25

20
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Share of renewable energy (%)

1990 1995 2000 2005 2010 2015 2018
Timeline

Figure 1.1: Share of renewables in Germany |2]
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Chapter 1: Introduction

However, one of the greatest downsides of the generation of electrical energy by
solar and wind is their dependency on the weather and therefore unreliability. As a
result, this leads to challenges of balancing electricity generation and consumption,
which is essential for a stable power grid [3]. The allowed frequency deviations
within the continental European power system are really small with a quasi-steady-
state frequency limit of £200mH z and maximum dynamic limit of 800mH z [4]
[5]. Therefore, besides long-term contracts and day-ahead as well as intra-day
transactions, there is also the balancing energy market, which is concerned with
that issue. Figure 1.2 shows the classification of balancing energy based on the
response time. For the inertia there is currently no market, but may be in the
future [4].

A

100%

Power

0 30s 5 min 15 min 1h

Figure 1.2: Specifications of balancing energy

Figure 1.3 (a) shows the monthly averaged prices of the EPEX-Spot market com-
pared to the positive secondary control energy. One can see that in times of low
spot market prices it is still economical beneficial to participate on the balancing
energy market for operators of for example gas or hydro-power plants. Besides the
existing market for primary, secondary and tertiary control power there are also
the costs of congestion management better known as Redispatch costs. These costs
are corresponding to a request issue by the transmission system operator to power
plants, to adjust the real power output. This method to avoid congestion can be
applied within or between control areas. Due to Germany’s "Energiewende" and the
trend of facilitating new renewables in Europe these costs have rised significantly,
as is it can be seen in Figure 1.3 (b).
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[\
W

150

—EPEX-Spot market (day-ahead) ‘—Costs of congestions management

125 t—Positive secondary control energy

\®}
[e)

100 |

p—
()}

Total Costs (.m€)
S

(9]

Monthly Average Price (€ MWh)
~
()]

O e 0D e
N ™ ™ b N\ % (&) A A S
N 090 NGRS q,Q\% S \%Q\ \q/@" @Q\ 09\" \’\9\ \%Q\" 09\ @Q\ 09\
& NEVRIENUEIN SHPNEN SHENCISIING
Timeline Timeline
(a) (b)

Figure 1.3: Prices on the spot market [6] as well as balancing energy [7] and
Redispatch costs of the transmission grid operator APG [§]

Conventional Hydro-power, a technology which has been used for more than a
century to generate electricity is nowadays sometimes left "out in the cold" by higher
level political discussions. The geographical restrictions, the widely spread opinion
that the potential is fully expanded and associated environmental impacts, were
leading to a downward trend for this technology. However, with high efficiency, high
reliability and a good regulating capacity hydro-power is superior for producing
sustainable balancing power. Due to fast switching times of modern hydraulic
power plants, they are capable of delivering tertiary and secondary as well as
even primary control energy. Admittedly, older hydraulic turbines are designed to
operate at their best-efficiency-point (BEP) and are not used to deal with high
numbers of transient operations [9].

1.2 Francis turbines

The Francis turbine (see Figure 1.4) is the most common hydro-power turbine
type, which is used for a head range between 50m up to approximately 700m and
a power range of more than 800MW corresponding to a specific speed n, in a
range of 20min' < n, < 120min' [10]. The runner geometries vary from a more
radial shape with narrow blade channels (lower n,) to nearly axial shapes with
large more complex blade channels (higher n,). The turbine itself consists of spiral
casing (1), stay vanes (2), guide vanes (3), runner (4), draft tube (5) and shaft (6).
Based on the headwater pressure, an angular momentum is created by the spiral
case, stay vanes and guide vanes and afterwards recovered by the runner. The
stay vanes are responsible for mechanical strength of the spiral casing and equal
distribution of water to the guide vanes. The adjustable guide vanes are the key
part to control the flow rate and therefore the angular momentum recovered by the
runner blades. The produced runner momentum is then converted into electrical
power by a generator, which is connected to the turbine by the shaft. After leaving
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Chapter 1: Introduction

the turbine the water enters the elbow draft tube, where the cone decelerates the
fluid to minimize the loss of kinetic energy.

5

Figure 1.4: Meridional sketch of a typical Francis turbine

1.3 Operation regions

The operating conditions of Francis turbines are determined by discharge and ro-
tational speed, which are defined according to IEC60193 [11] as non-dimensional

parameters.
Q nDref

D AVE T VE 4
In Equation 1.1, @) represents the discharge, D,.s the reference diameter of the
runner, n the runner rotational speed, and E the specific energy. The variation of
these parameters causes a change of runner inlet and outlet velocity triangles and
therefore of the flow behavior (see Figure 1.5). The appearance of a circumferential
component of the absolute velocity c¢,» at the runner outlet leads to a secondary
flow region. Based on the tangential velocity profile a Rankine Vortex distribution
[12], as a combination of a free vortex and solid body rotation, is assumed [13].
The superposition of those models prevents the velocity from becoming infinite at
the center of rotation. In its core, the vortex is characterized by constant vorticity
and dominant viscous effects. However, in the outer region the flow is considered
as inviscid and the model allows the velocity to decay at large distances. Based on
the angular velocity w = I'/2ma?, the circumferential component of the absolute
velocity of the runner outlet, is given by

QED =

I
27m2'r r<a
Cun(T) = . (1.2)
— r>a
2rr
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Chapter 1: Introduction

By definition, r is the distance from the vortex axis and I' vortex strength. The
vortex core radius a is defined as the distance, where the circumferential velocity
reaches its maximum. Figure 1.6 (a) shows the velocity distribution of the Rankine
vortex.

Guide vanes

Part load Best efficency point Full load

Figure 1.5: Velocity triangle and resulting flow patterns (adapted from [14]) at the
runner outlet for operating at part load, the best efficiency point and full load

The radial equilibrium derived from the Navier-Stokes equations in cylindrical
coordinates (Figure 1.5)
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Op _ Cy2 (T)Z

ar Py
allows the computation of the radial pressure distribution dp/dr. Consequently,
the radial pressure distribution

a e’ F 2 a r oo 1
d / dp=p|— /ﬂz / ~d 1.4
/o Pt a P p<27r> 0o at T a T3 " (1.4)

can be expressed by superposition. Therefore, p(0) is the pressure minimum and
can be expressed as

(1.3)

r\?
Pmin = Poo — P (2#@) (1.5)
with ps being the reference pressure, which in this case corresponds to the static
wall pressure. The pressure distribution of the Rankine vortex is shown in Figure
1.6 (b). When the the pressure minimum in the vortex center drops below the
vapor pressure p,, cavitation occurs.

A A

Rigid core /N ] Freevortex | 7 o

> : |

S~ 1 - !

! < |

g ! & !
& ; el R A

a r (m) a r (m)

() (b)

Figure 1.6: Schematic illustration of (a) the circumferential velocity ¢, and (b)
the pressure distribution of the Rankine vortex

1.3.1 Part-load

At the part load region the ¢,o, which points in the direction of the circumferential
velocity us leads to the appearance of a rotational secondary flow region in the
draft tube. This phenomenon was first identified by Rheingans who determined
the characteristic frequency of this effect normalized by the rotational frequency
between 0.25- fo and 0.35- fo [15]. Later on, the part load vortex was the subject of
many research projects, regarding hydraulic turbines, and the frequency range was
extended to 0.2- fo and 0.4- fo [16]. The appearance of this rotating vortex structure
leads to pressure pulsations, which are often noticed at the whole machine set. In
2010, Brekke [17] confirmed that the pressure amplitudes are being higher with
higher n, values.
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1.3.2 Best efficiency point

At the BEP the swirl at the turbine outlet is close to zero with a homogeneous
velocity profile at the draft tube inlet. Under these conditions, there is hardly
any secondary flow region occurring in the runner or draft tube. However, rotor-
stator interaction (RSI) between guide vanes and runner as well as vice versa is
still present. Especially, in case of high head Francis turbines with small gaps
between guide vanes and runner, the harmonic excitation can induce high pressure
pulsations. The kinetics of this phenomenon are explained by Tanaka [18], who
discussed the interference of the blade cascade between runner and guide vanes. In
the rotating system, the guide vane passing frequency, depending on the rotational
frequency fy, is determined by

fev ="Zav - fo (1.6)

with Zgy the number of guide vanes. Moreover, a blade passing frequency

Jep = ZgnN - fo (1.7)

using Zgry the number of runner blades, can be calculated in the stationary sys-
tem. As this phenomenon mostly effects the runner inlet, the dynamic pressure
oscillations at the outlet are relatively low [16].

1.3.3 Full Load

Above the BEP the full load or overload region is located, which is characterized
by a ¢, pointing in the reversed direction of usy leading to the set-in of a counter
rotating torch vortex (see Figure 1.5). The vortex oscillating frequency is found
between 0.1- fy and 0.25- fy and the discharge is approximately 30% above the BEP
[19] [14]. As reported by Flemming et. al [20] the synchronous pressure pulsations
might propagate and interact with the hydraulic system. Moreover, as the guide
vane blades are close to their maximum opening, the gap between guide vane and
runner blades reaches its minimum, resulting in significant RSI effects.

1.3.4 Low load

Many publications dealing with the part load region suggest a separation between
higher part load or simply called part load and deep part load, which is sometimes
called low-load operation. Thereby the discharge value is further decreased and the
swirling flow is expected to intensify due to the decrease of the meridional velocity
component ¢,,2, while the circumferential velocity c,o is increasing. This corre-
sponds to the observations that besides the draft tube vortex, there are channel
vortices (Figure 1.7) caused by a raising incident angle at the runner inlet and the
resulting separation in the runner. As the guide vane opening ay becomes smaller,
the flow tends to be more chaotic leading to back-flow regions and different vor-
tices close or within the runner channels. Therefore, it is challenging to clearly
identify their characteristic frequency. Yamamoto [21] has determined a frequency
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around 0.5 fy by means of on-board pressure measurements. However, the numer-
ical investigations of Conrad [22] showing a frequency range of 0.2 — 2 - f;, which
has to be considered if one aims to investigate this phenomenon. Yexiang et. al
[23] mentioned the dependency on the actual operation conditions and defines a
higher limit of 3 - fy based on the investigations on a model machine. Therefore,
the difficulties to determine an actual frequency or even a frequency range are
undeniable.

» Inter-blade vortex inception

Blade trailing edge

(a) (b)

Figure 1.7: (a) Interblade cavitation vortices at low-load [24] and (b) structure
highlighted by the flow streamline [25]

Besides draft tube swirl and inter-blade vortices there is also bubble cavitation.
The phase change occurs when the local pressure of the water is below the vapor
pressure depending on height of the tail-water level to the turbine setting level. As
a result traveling bubbles (see Figure 1.8 (a)) or attached bubbles (see Figure 1.8
(b)) can be developed at off-design regions.

Another flow phenomenon which is typically occurring in Francis turbines at far
off-design operating conditions, is the vortex shedding. These also called Karman
vortices are two counter-rotating rows of swirls, which alternately fall off at the tail
of the nonlinear object when fluid flows past [26]. Thereby, each vortex is initiated
at the separation point between the attached flow and the stalled downstream
region. In hydraulic machines, this phenomenon can occur at the stay vanes, guide
vanes or sometimes at the runner blades. In most cases, the effect can be controlled
or at least weakened by modifying the trailing edge shape [27].
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(b) 0)

Figure 1.8: (a) Traveling bubble cavitation and (b) sheet cavitation on the suc-
tion surface of a NACA 4412 hydrofoil [28] as well as (c) cavitation vortex street
resulting of a blunt trailing edge NACA 0009 hydrofoil in free stream [27]

1.3.5 Speed-no-load

The region where the turbine operates at synchronous speed without electricity
production is called Speed-no-load (SNL). At this state the guide vanes are al-
most closed and the flow behavior is similar to low-load operation and more or less
stochastic [29]. The turbine requires just enough torque to equilibrate the mechan-
ical losses. The machine set is sometimes in standby mode for several hours, with
the intention to provide immediate power reserve to the electrical grid. Based on
the turbine design, high pressure pulsation can occur during this operation [29].

1.3.6 Synchronous condenser mode

The condenser-mode-operation (COM) allows the hydro-power plant to either gen-
erate or absorb reactive power. The hydraulic machine is connected to the electrical
grid, while the turbine is rotating in dewatered condition. This state of operation
is maintained by pressurized air injection in the draft tube to keep the water level
below the runner. The operation in this dewatered condition is known to be chal-
lenging regarding torque and related power swings as well as complex 2-phase flow
conditions like free-surface sloshing motion in the draft tube. The sloshing motion
is qualitatively described as a rotating wave with a frequency mainly depending on
the rotational speed [30]. Moreover, due to the interaction of the cooling water of
the labyrinth seal and the water droplets based on the oscillation of the air-water
interface entrained by the runner, a rotating air-water ring in the vaneless space is
developed [31].

1.3.7 Transient operation

Besides operation in stationary load points (ngp and Qgp remain constant) there
are also transient events like

e Startup

e Shutdown
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e Load rejection

which are assigned to off-design operation. They are a key element to continuously
maintain a certain level of voltage and frequency of the electrical grid. In However,
during transient operation, the runner speed, head, discharge and torque can vary
with time. In general, these events are the most severe operating conditions of a
Francis turbine. When the machine starts, the guide vane is opening until the point
where the torque is enough to accelerate the shaft to the synchronous speed and
to overcome the mechanical losses. At this point in time, the machine can be syn-
chronized with the electrical circuit and the turbine is operating at speed-no-load
without electrical power-output. The startup procedure and the control parame-
ters are described in the IEC 61362 [32]. The IEC recommends a synchronization
speed within a 99.5% — 101% range of the nominal speed (Figure 1.9).

A .~ ) % Detail A
011 R
1) S AN

Q ! |

< | :

] !
| E Time (s)

fos for >
Time (s)
(@) (b)

Figure 1.9: (a) General overview of the Startup process and (b) detailed view of
the syncronisation boundaries as defined in the IEC 61362 [32]

The opposite of the startup procedure is obviously the shutdown of the power
plant. Thereby, the load is smoothly removed by closing the guide vanes until the
turbine can be disconnected from the electrical grid. Than the mechanical brakes
of the generator decelerate the rotating parts of the machine. An exceptional case
is the load rejection, where the turbine is suddenly disconnected from the electrical
grid. Therefore, the turbine torque is no longer equilibrated by the generator and
the runner starts to accelerate rapidly. Without an emergency closing procedure,
the machine would be accelerated to approximately 1.5 up to 3 times the nominal
rotational speed, depending on the design. However, normally the guide vanes and
the throttle valve are rapidly closing so that only values between 1.15 up to 1.4
are reached. The closing speed is limited by pressure oscillations, induced by the
resulting water hammer in the hydraulic circuit. Again, the runner has to deal with
a rapidly decreasing inflow angle, which causes massive flow separation. During
this transient process, flow blockage can lead to an increase in the incidence angle
for the follower blade and a decrease in the incidence angle for the forerunner blade.
This so called rotating stall effect is rarely occurring in Francis turbines, but often
observed in a pump-turbine [33] [34].

10


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

w 3ibliothek,
Your knowledge hu

Chapter 1: Introduction

1.4 Fatigue strength and risk of off-design
operation

The occurrence of unsteady high fluctuating pressure fields in hydraulic machines
can lead to high dynamic mechanical stresses and excitation of the entire ma-
chine set. This leads to a safety risk due to high vibrations and material fatigue,
which cause structural cracks. Over time several cases corresponding to different
flow phenomena have been reported. One of the first accidents was described by
Goldwag and Berry [35] in 1968. The paper revealed that vortex-shedding led to
numerous and serious fatigue cracks of the stay vanes. Furthermore, Bhave et. al
[36] reported blade failures of Francis turbines in 1987 while later on Coutu et al.
[37] showed the risk of long-term operation under low-load conditions. The famous
Sayano—Shushenskaya power station accident occurred on the 17th August 2009
in Siberia (Russia). An older Francis turbine was used for demanding plant op-
eration and suffered under continuously increasing vibrations [38]. Consequently,
the weakest link, in this case the head cover bolts, broke [17]. Although poor
management and service may be responsible for failure, this case punctuates the
risk of low-load operation. Figure 1.10 shows the effects of operation at off design
conditions on a prototype Francis turbine runner.

(a) (b)

Figure 1.10: (a) Typical fatigue crack at the runner blade trailing edge near to the
shroud [14] and (b) erosion at the wall of the blade suction side due to inlet edge
cavitation [39]

1.5 State-of-the-art

1.5.1 Prototype site measurements

Nowadays, it is well-known that e.g. different Froude-numbers, deviations regard-
ing the runner side clearance and the impact of the surface roughness are causing
differences between prototypes and their models [40]. Therefore, detailed proto-
type measurements are a key element to precisely evaluate the impact of the flexible

11


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Chapter 1: Introduction

operation on a hydro-power plant operating at off-design conditions [41]. In 1966,
Oftebro et. al [42] published investigations on pressure oscillations corresponding
to the interaction of the runner and stationary parts of Francis turbines. Later
on, Dorfler et. al [43] presented detailed prototype site measurements by the use
of wall pressure transducers in the draft tube and vibration sensors. Based on the
changed operation requirements of Francis turbines, dynamical stress predictions
are significantly more important than in the past. Therefore, Fischer et al. [44],
Bjorndal et al. [45] and Gagné [46] were using strain-gauges to indirectly measure
the mechanical stresses on a prototype runner. Since the hydraulic and mechanical
designs of prototype machines differ significantly, it is difficult to extrapolate the
measurement, data for similar machines.

Although in some cases the draft tube vortex may not have a significant effect
on the runner, it can also affect or damage other components such as the draft
tube. As a result, further prototype site measurements such as those published by
Gagnon et. al [47], Seidel et. al [48] and Huang et. al [49] were necessary to de-
velop a better understanding of dynamical runner stresses in order to access fatigue
life. However, in 1982 Pople [50] observed more than 70 sources for uncertainties,
regarding strain gauge measurements. Moreover, Montero et. al [51] pointed out
that the operating temperature, the measurement device including the non-linear
Wheatstone bridge and the proper positioning of the strain gauge are the most
important parameters. This was picked up again by Arpin-Pont et al. [52], who
was concerned with the problems of a misalignment error regarding strain gauge
measurements at Francis turbines. Recent research has aimed to improve some of
these parameters, as for example Lofflad et. al [53], who published a more complex
approach using telemetry for data acquisition and special protraction layers for the
strain gauges.

1.5.2 CFD in hydraulic machines

Due the complexity of 3D flow in hydraulic turbines, the first publications on nu-
merical investigations were published in the later half of the 1980’s. Over the
past decades, the increase in computational capacity and advancements in numer-
ical techniques have allowed to simulate hydraulic turbines at different operating
conditions. Nevertheless, the simulation at off-design conditions and above all tran-
sient events are challenging due to the complex flow physics and high simulation
times.

Since it is well known that unsteady Reynolds-Averaged Navier-Stokes equation
models (URANS) are not adequate for solving all dynamic fluid flow problems,
the complex way of using a higher resolving large eddy simulation (LES) model
have became more and more established. For instance, Spalart [54] mentioned
that URANS models clearly fail to reproduce vortex shedding around a cylin-
der. Considering the complex flow conditions during transient events and low-load
operation, Magnoli [14] and Eichhorn [55] recommend the use of hybrid models.
Thereby, the model switches between the faster URANS formulation, where the
turbulent eddies are not resolved to the level of the smallest eddies, and the LES
behavior. The most common hybrid models which are used in the field of numeri-
cal simulations of hydro-power plants are the detached eddy simulation (DES) first

12
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introduced by Spalart [54] and the Scale adaptive simulation (SAS) by Menter et.
al [56]. A comparison on two benchmark flow cases leading to similar results is
published by Zheng et. al [57]. Moreover, Wunderer [58] mentioned that the SAS
model produced similar results in a turbine blade cascade. JoSt et. al [59] and
Krappel et. al [60] concluded that the application of the SAS improved the results,
in particular with regard to pressure amplitudes and frequency.

In contrast to steady or unsteady simulations in stationary load points, transient
simulations include varying boundary conditions like for instance discharge, runner
speed. Additionally, to model transient events it is required to consider moving
walls like runner or guide vane blades. One of the first attempts of a transient CFD
analysis was published by Kolsek et. al [61], who simulated the shutdown process
of a bulb turbine. Later on, different studies dealing with load rejection conditions
[62] [63] [64] [65] were published. In 2012 Nicolle et. al [66] [67] published a first
approach to simulate the startup of a Francis turbine. Moreover, Casartelli et. al
[68] published a study dealing with the transient turbine startup process based on
1D hydraulic system simulation. Most of these studies used a standard k—e model
and reduced domains to increase numerical stability and decrease simulation time.
However, this leads to a worse resolve of especially smaller scaled flow phenomena.
Therefore, some recent studies by Trivedi et. al [69] or Melot et. al [70] recommend
the SAS hybrid turbulence model to achieve a better accuracy.

1.5.3 Fatigue analysis

The recent requirements of the energy market are resulting in the future challenge
of a accurate prediction of fatigue for the hydraulic components of hydro-power
plants. Therefore, detailed investigations targeting the turbine runner as one of the
most critical component, driven by manufacturers and operators will be necessary
as an proper response. Especially in the design phase no expensive measurement
data is available. As a result, numerical computations become more and more
important. The state of the art industrial design processes is shown in Figure
1.11. The process of obtaining the mean stress by using numerical methods is well
established [71]. A steady CFD analysis is performed and the obtained pressure
field is used as boundary condition for the FEM simulations as it is presented by
Sick et al. [72]. In addition, in some cases the application of harmonic response
FEM computations is preferred to evaluate appearing dynamic stress amplitudes
at a determined frequency.

In recent years, many studies dealing with the possibility of obtaining time-dependent
stress signals by using a unsteady CFD analysis combined with a transient FEM
calculation, are published. Compared to the harmonic response analysis, this ap-
proach considers a fully resolved signal, which does not depend on deterministic
behavior and therefore also considers stochastic peaks. For example, Morissette
et al. [73] mentioned that a time-dependent FEM approach would provide more
detailed and accurate results, although the computational effort is increasing by
far. Some approaches are already published by Doujak and Eichhorn [74] [55] and
Nennemann et al. [29] and efforts to validate numerical calculations with measured
data are taken (e.g. [75] [76]).
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Figure 1.11: Numerical approach for the fatigue analysis of Francis turbines state-
of-the-art (line 1 and 2) and approach proposed by Eichhorn and Doujak [55] [74]
(line 3)

To assess fatigue life, most of the studies are using a simplified approach according
to the Miner rule [77]. As recommended in the FKM guideline [78], the experimen-
tal determined S-N curve serves as the limit for failure. However, Huth [79] and
later on Gagnon et al. [80][81] [82] were proposing a more complex approach con-
sidering crack growth by the Linear Elastic Fracture Mechanics theory. Thibault
et al. [83] [84] mentioned the complexity and influence of the the metallurgical
aspects and microstructural features.

1.5.4 Structural response

Dynamic load can also lead to altered vibration behavior of the machine if the ex-
tinction frequency corresponds to a natural frequency of a component. Therefore,
a numerical modal analysis is included in a comprehensive life cycle analysis, as it
is depicted in Figure 1.11. In 1987, Dubas and Schuch [85] presented a numerical
approach using isoparametric shell elements to determine the natural frequencies
and mode shapes of a Francis turbine runner. More recently, Tanaka [18] men-
tioned that natural frequencies are reduced by the water volume and suggested to
take the added mass effect into account. Consequently, Flores et. al [86], Liang et.
al [87] and Sick et. al [72] published investigations dealing with the influence of the
added mass effect on the natural frequency. Most recent investigations of stby
et. al [88] determine a frequency reduction of around 35% up to 45% for the main
blade modes increasing with the nodal diameter. Moreover, experimental valida-
tion under operating conditions as the one published by Valentin [89], confirmed
reduction values around 50%. Nowadays, it is a key element of the design pro-
cess to compare the numerical calculated natural frequencies to the results of the
harmonic analysis to determine whether or not mechanical resonance is occurring

87).

1.6 Thesis objective

Based on the results of the GreenStorageGrid (GSG) project (FFG project number
836636) a further improvement of fatigue analysis of prototype Francis turbines is

14


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Chapter 1: Introduction

suggested [55]. During the course of the GSG project, the author was already
working on the evaluation of measured data and published the experimental ap-
proach for the lifetime assessment of two Francis turbines with different n, [90].
The follow-up project MDREST (FFG project number 11364358) is meant to fur-
ther develop the lifetime determination method. A key target of this project is
the integration of vibration sensors to assess the behavior of prototype machines
operating at off-design conditions. The schema for lifetime assessment, with the
state-of-the-art process colored in black, is depicted in Figure 1.12. The modal
analysis of the runner including a consideration of the added mass effect, is carried
out by a diploma thesis [91].

As part of the research project, the main objective of this thesis work is to con-
tribute an improvement of the numerical lifetime analysis. Therefore, a new ap-
proach to model transient events (colored in red), is developed. In contrast to
unsteady simulations of Francis turbines, this approach takes into account vary-
ing boundary conditions and the integration of a guide vane movement procedure.
Moreover, parts of the scheme that have been improved according to the state-
of-the-art process are represented by blue color.

In order to validate the numerical simulations detailed prototype site measurements
are also a key part of the investigations. In contrast to previous investigations one
goal of this thesis is to improve the strain gauge placement and consider different
sensor positions by preliminary simulations. Pressure transducers and vibration
sensors are mounted to determine damaging operating regions and gather data for
the validation of the numerical method. Most of the measurement data evaluation
and cross-correlation is still subject to ongoing diploma and bachelor theses and is
not part of this work.
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Figure 1.12: Improved schema for the lifetime assessment of prototype Francis
turbine runner

To improve the accuracy of the obtained pressure fields two-phase flow and higher
resolved meshes are considered. Moreover, the stress blended eddy simulation
(SBES) turbulence concept (see Appendix A) is tested. The SBES model decou-
ples the turbulence modeling from the detection of RANS and LES zones [92] and
therefore offers advances to detect flow phenomena by means of CFD simulations.
Due to the novelty of the model an assessment of applicability and comprehen-
sive validation, especially regarding the simulation of hydraulic turbomachines is
currently not existent. Therefore, it is an objective of this thesis to compare the
SBES to the SAS model to evaluate advantages when assessing unsteady pressure
pulsations.

Furthermore, the research seeks to compare results of the modal analysis with the
CFD analysis and the transient FEM to discover excitation mechanisms. In this
context, the effect of air injection on runner lifetime and machine vibrations is eval-
uated by means of experiments and simulations. The discussed research challenge
is addressed with four different but coherent contributions to relevant conferences
and international journals.
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1.7 Thesis structure

The present thesis work is a collection of peer-reviewed manuscripts published or
submitted to international journals.

In Chapter 1, a brief introduction about the topic of the thesis is given. The
roll of the Francis turbine in Europe’s modern energy system is discussed and the-
oretical background as well as the thesis objective is explained.

In Chapter 2, the prototype hydro-power plant and the operating conditions
at which the tests are performed are illustrated. Moreover, Paper I includes a brief
description about the strain gauge measurement as well as preliminary simulations
and a discussion of the experimental results. The runner stresses are converted to
a load spectrum by means of a rainflow cycle count and used for a lifetime assess-
ment based on experimental data. Therefore, this paper evaluates and compares
all stationary operation points and transient events. In addition, Paper I points
out that operation around 44% - Prp as well as transient operation and in partic-
ular the startup contribute most to the overall damage. At the end of the paper,
a comparison between typical base load and demanding plant operation for grid
stabilization is presented. Thus, this paper provides a good basis for the follow-
ing numerical investigations, highlighting critical operation zones and events. The
presented experimental data are further used to validate the numerical simulations.

In Chapter 3, the numerical path to the runner lifetime is presented. The mesh
of the domains is described in detail and a grid independence study is performed.
Moreover, the obtained global parameters like machine head, efficiency and torque
are compared to experimental results. The main part of Paper II deals with the
critical operation region and discovers damaging flow phenomena by means of a
CFD analysis referred to Paper I. Besides steady and unsteady CFD simulations
a new transient approach is presented and tested by means of a load rejection
scenario. Finally, the numerical results for both cases are compared to the experi-
mental data. In both cases, the dynamic stress and the pressure pulsations in the
draft tube cone are below the amplitudes obtained in the experiment. Therefore,
article suggests a improvement of CFD-method by considering two-phase flow as
well as a further improvement and testing of the transient approach. Moreover, a
more detailed investigation of the critical operating point is recommended.

In Chapter 4, a detailed investigation of the critical operating point by means of
vibration sensors and advanced CFD technologies is presented. The experiments
show high vibrations, which are not corresponding to the draft tube vortex dis-
cussed in Paper I1. Moreover, those vibrations are damped and omitted by the use
of an air admission system. Therefore, Paper III deals with the influence of air
admission to damp vibrations by the use of numerical simulation and experimental
tests. Due to the application of advanced turbulence modeling with higher amount
of cells and considering a multiphase model, the use of HPC is required. Besides
the higher resolution of the draft tube vortex, which is discussed in Paper II, Paper
IIT also discovers the occurrence of trailing edge vortex-shedding by means of the
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new SBES turbulence model. A simplified modal analysis confirmed the assump-
tion that the vortex-shedding leads to excitation of the draft tube. Furthermore
the FSI mapping algorithm and the addition of the normal projection vector is
explained in detail. Finally, it can be concluded that the air injection reduces the
dynamical stresses and can successfully impede the development or at least shift
the detachment frequency of the vortex-shedding.

In Chapter 5, the transient approach which is presented in Paper II is improved
and used to simulate the startup procedure, since it is the overall most damag-
ing operating mode referred to Paper I. Paper IV compares two different startup
schemes to each other and discusses unsteady flow phenomena by means of ex-
perimental and numerical methods. Moreover, the transient approach which is
presented in Paper II is slightly improved and further validated. The experimen-
tal study shows that different startup schemes lead to different damage factors
for the whole event. Therefore, a CFD analysis is performed to shed light on the
damaging flow phenomena occurring during startup. The CFD analysis reveals a
counter rotating draft vortex structure, which induces high pressure pulsations on
the runner blade.

In Chapter 6 a summary of the perspectives, scientific challenges and sugges-
tions for further work based on Paper I — 1V is given.

Finally, Chapter 7 contains a summary of the whole work.
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The author performed the preliminary simulations in order to evaluate the strain
gauge positions. He was in charge of the installation process and did the data
post-processing as well as the fatigue analysis. Therefore, he is the first author of
this publication.
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The author’s contribution:
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Remark:

The paper is selected to apply for the further reviewing process of the Elsevier-
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accepted, only the abstract will be included in the conference proceedings in order
to prevent duplicate copies of the paper.

71



https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Perspectives and Outlook

The developments achieved in this thesis can serve as base for additional advances
in the lifetime assessment of Francis turbine runners. However, the presented work
leaves room for further investigations and ongoing work:

First of all, the presented transient approach needs to be further tested. The
validation is done on a prototype machine with limitations in terms of mea-
surement quantities due to inaccessibility. Therefore, it would certainly be
advantageous to take a step back and use a model machine with significantly
more possibilities to validate the flow field during the process. For exam-
ple, high frequency pressure measurements in the vaneless space would be an
excellent validation parameter.

Although the numerical approach was successfully validated in this study,
further prototype measurements for different hydro power plants are sug-
gested. Especially, the application on pump-turbines or even Pelton runners
are possible. This would also include to simulate the changeover process
between pump- and turbine-mode.

Moreover, to decouple the boundary conditions from the prototype measure-
ment the implementation of a 1D approach representing the waterway is
suggested. Thereby, based on the transient CFD approach a virtual power
plant, which can be operated by the user is created. An integration of the
damage factors and operation behavior would definitely be beneficial for an
optimization with regard to economic targets.

In this work, a combination of mesh displacement and remeshing was used to
simulate the guide vane movement. It is suggested, to compare different mesh
deformations strategies based on the quality the produce for small guide vane
openings.

One of the greatest weaknesses of the lifetime assessment approach discussed
in this thesis, which uses S-N curves combined with the Miner’s damage accu-
mulation rule, is that the model has only two states: undamaged or damaged.
However, to define inspection intervals, a damage tolerance approach is often
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Chapter 6: Perspectives and outlook

more appropriate. Therefore, the development of a crack and the variable
grow rate with a limiting size, above which repairs are needed, has to be
taken into account.

In order to optimize the startup procedure towards fatigue life, further re-
search is needed. Paper IV discussed to different startup procedures and
reveals a counter rotating vortex structure, as main source of the high dy-
namical stresses. Further research by means of different prototype and model
machines are suggested to investigate this phenomenon. Moreover, different
solutions to decrease the dynamical stresses during startup, like for instance
particular air injection, is suggested.

Finally, to cover all transient events of a prototype Francis turbine one has
to analyze the condenser-mode-operation (CMO) including the dewatering
process. However, to evaluate the complex dynamic characteristics of the
free-surface and flow phenomena occurring during CMO, bridging the gap
between mathematical modeling and applied fluid mechanics will be required.
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Conclusion

The main focus of this work has been to further develop a numerical approach for
the fatigue assignment of prototype Francis turbines. Therefore, the behavior at
different operating regions of a specific prototype machine is analyzed by detailed
site measurements and numerical methods. Besides pressure and vibration mea-
surements, strain gauges are used to indirectly determine runner stress. In order to
guarantee a proper placement at the stress hotspots, preliminary CFD and FEM
simulations are performed. The results revealed the highest mean values at full
load operation. However, the highest dynamical values are observed at the low load
region (44% - Prp) and overall transient events. Moreover, the measurement reveal
extraordinary high vibrations at the most damaging low load operating point. To
asses impact on the structural impairment and fatigue strength the accumulation
rule of Palmgren and Miner, considering the S-N curve of the runner material, is
used.

The numerical CFD approach is validated by global parameters, such as head power
and efficiency as well as static pressure measurements. Furthermore, a grid conver-
gence study is performed to calculate the numerical error and ensure reasonable a
sufficient accuracy. The obtained pressure fields are used as boundary conditions
for the FEM calculations, which are validated by the strain gauge measurement.
The numerical investigation of the critical low-load operating point discovered a
draft tube vortex with a rotating frequency of 0.2 - fo. This flow phenomenon cor-
responds to the high dynamical stresses in the runner blade, but is not the reason
for the excitation of the machine set, which is discussed later on. Moreover, the
first approach showed that the wall pressure pulsations in the draft tube cone and
thus also the induced runner stresses are underestimated, even if the SAS hybrid
turbulence model is used. Therefore, further simulations with higher amounts of
grid cells and considering two-phase flow are performed.

As turbulence modeling can have a major impact on the flow behavior besides the
SAS model the newer SBES model was tested. The compartment showed simi-
lar results and the pressure pulsations in the draft tube are now over predicted
related to the two-phase approach. However, a refined runner mesh and the use
of the SBES turbulence model revealed the occurrence of a trailing edge vortex
shedding, corresponding to a natural frequency of the draft tube determined by
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Chapter 7: Conclusion

a modal analysis. Therefore, as already mentioned above, the whole machine set
is suffering under high vibrations. The operator deals with this issue by injecting
air in the vaneless space between guide vanes and runner, leading to a sufficient
reduction of the vibration.

Consequently, the numerical simulations reveals that the air gathers around the
hub and shroud of the blade and thus impedes the formation of the vortex shedding.
Additionally, the emergence of the draft tube vortex is not particular influenced,
but the induced dynamical runner stresses are reduced by damping effects of the
air. Therefore, a further development of the numerical approach for stationary
operating points is archived by improving the CFD setup.

Furthermore, besides the consideration of operating points a transient approach
was developed and validated. This approach is sufficiently capable to simulate
the flow behavior during transient events and is used to study load rejection and
startup of the prototype Francis turbine. The CFD simulation of two different
startup processes revealed the appearance of a counter rotating vortex formation,
corresponding to extraordinary high dynamical runner stress. Therefore, this work
contributes an improvement of the existing methodology for numerical lifetime
assessment of Francis turbine, including transient events.
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APPENDIX

A.1 SBES Turbulence Model

In recent years, many versions of the original DES formulation targeting on the
weakness in terms of the impact of LES components on the boundary layer, have
been published. Therefore, Wall-Modelled LES (WMLES) [93] is developed to
ensure that the energetic scales of turbulence in the innermost 10 — 20% of the
boundary layer are averaged and treated like standard RANS regions. One of the
newest formulation is the SBES [92], an approach which combines strong shield-
ing and protection against the LES application in the boundary layer as well as
WMLES. The model provides rapid and distinctive RANS-LES transition. The
model can be explained based on the Navier-Stokes equations for continuity and
momentum written in Einstein notation

ou;
! Al
9, (A1)
ouw; _ Ou; 10p 0 ow;
. S A2
ot T ox; poxz; * ox; l@ * Vt)@wj] (A.2)

where @; and p are velocity and pressure fields, p the density, v the kinematic
viscosity, v; the turbulent eddy viscosity and x; the length scale vector. Accord-
ing to the Boussinesq hypothesis [94], v, approximates the LES or RANS stress
tensor 7;;, which represents the non-resolved turbulent momentum transfer [95].
Consequently, the blending or shielding function f, of the SBES model based on
the stress-level

PP — Ti?ANS fo+riP5(1—f)  0<fo<1 (A.3)
determines regions where RANS or LES turbulence models are applied. If both
models are eddy-viscosity models, the equation can be written in its incompressible

form

v —yfANSF LS (- f) 0 f < (A4)

The blending function f, is given by
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Appendix A.1: SBES Turbulence Model

fo=[en W =9 4 1]7% (A.5)

and depends on the non-dimensional wall distance y*. The remaining parameters
were determined empirically based on a pipe flow test case with cyclic boundary
conditions. Figure A.1 shows f, and the relation to the RANS, LES and SBES
eddy viscosities. It can be seen that in the wall boundary layer v5555 = pRANS,
while at y* &~ 30, f, is decreasing exponentially.

A A fg RANS

f-)

boundary layer

v (m?/s)

0 50 100 150 200 250 300 350
Yy ()

Figure A.1: Near wall treatment of a pipe wall with the SBES model (adapted
from [95])
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APPENDIX

B.1 Guide vane movement

Figure B.1: Guide vane movement of a Francis turbine

As described in Chapter 1, an important part of most transient events is the guide
vane movement. In Figure B.1 the opening angle ag, which depends on the largest
circle that fits through the opening between the guide vanes, is depicted. In the
simulation, the rotation of a vector L in the Euclidean space is determined by

L' = M, (a)L (B.1)

The rotation matrix M, is defined for active rotations of vectors counterclockwise
in a right-handed coordinate system. Moreover, the rotation angle « is depending
on the time t. The remaining angle displacement from the horizontal axis to the
positions until the guide vanes are entirely closed, is referred to as «f. However,
the movement of the guide vane blade requires mesh deformation modeling. The
"Displacement Diffusion" approach, which diffuses the motion of the boundaries
to other mesh points is used. The model is explained in Chapter 3 and Chapter
5. Consequently, the vector L includes a relative displacement to the initial mesh.
Equation B.1 is modeled in the ANSYS-CFX expression language (CEL) to specify
the motion of the grid points depending on the boundaries.
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