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Abstract

The changing operating conditions for pumped storage plants to balance the electric grid
due to the rising amount of volatile wind and solar power causes an increased excitation
of the hydraulic machines in part-load. Francis turbines are particularly affected thereby
leading to a higher risk of fatigue damages and a reduced lifetime. Dynamic flow phenomena
in the best efficiency point like the rotor-stator interaction as well as unsteady pressure
fluctuations in off-design conditions like draft tube vortex ropes or interblade vortices are
responsible for high structural loads. In order to prevent fatigue cracks and as a consequence
expensive failure events, reliable prediction of critical operating points and the associated
impact on the runner structure is needed. As site measurements are not feasible in most
cases numerical computations have to be used instead.
In the scope of this thesis an approach consisting of fluid-structure interaction simulations
is proposed and assessed on a medium and high head prototype Francis turbine. Therefore,
unsteady CFD and different kinds of FEM computations are performed with the open-source
tools OpenFOAM and Code_Aster. The flow simulations are used to obtain the static and
dynamic pressure distributions in different load conditions. The influence of turbulence
modeling is further obtained by using the two-equation RANS model k-ω SST and the
hybrid RANS-LES model SST-SAS. The results of the CFD simulations are compared to
global parameters and pressure measurements on the according prototype machines.
The computed pressure distributions are applied as boundary conditions for the FEM simu-
lations to evaluate the mechanical response of both runners. Static structural computations
are performed in several operating points, ranging from full-load to low-load, using a cyclic
sector model to assess the overall load conditions. The dynamic behavior considering the
natural mode shapes and eigenfrequencies is obtained by a modal analysis. The impact
of the added-mass effect due to the surrounding water volume is evaluated as well. The
influence of the rotor-stator interaction on the high head Francis turbine is investigated
by a harmonic response analysis. In the critical low-load operating points of both runners
transient FEM simulations are performed to evaluate the impact of more stochastic and
broadband pressure fluctuations. The influence on the fatigue is assessed by the application
of the rainflow cycle counting algorithm to the obtained uniaxial and multiaxial stresses.
The applicability and accuracy of the numerical approach is validated by strain gauge
measurements on the according prototype Francis turbines.
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Kurzfassung

Die veränderlichen Betriebsbedingungen von Pumpspeicherkraftwerken zur Regelung des
elektrischen Netzes aufgrund des steigenden Anteils volatiler Wind- und Solarenergie, ver-
ursacht erhöhte Beanspruchungen der hydraulischen Maschinen im Teillastbetrieb. Speziell
Francis Turbinen sind davon betroffen, was zu einem höheren Risiko von Ermüdungsschäden
und einer geringeren Lebensdauer führt. Dynamische Strömungsphänomene im optimalen
Betriebspunkt, wie die Rotor-Stator Interaktion, sowie instationäre Druckschwankungen
im Off-Design Betrieb, wie Saugrohrwirbelzöpfe oder Kanalwirbel, sind verantwortlich für
diese Beanspruchungen. Um Ermüdungsrisse und damit verbundene Schadensfälle zu ver-
meiden, ist eine zuverlässige Vorhersage von kritischen Lastbereichen und deren Auswirkung
auf das Laufrad notwendig. Da Messungen an den Maschinen in den meisten Fällen nicht
durchführbar sind müssen vermehrt numerische Berechnungen herangezogen werden.
Im Zuge dieser Dissertation wird eine Vorgehensweise bestehend aus Fluid-Struktur In-
teraktionen vorgestellt und anhand einer Mittel- und einer Hochdruck Prototyp Francis
Turbine bewertet. Dazu werden instationäre CFD und verschiedene FEM Simulationen mit
den Open Source Programmen OpenFOAM und Code_Aster durchgeführt. Die Strömungs-
simulationen werden zur Berechnung der statischen und dynamischen Druckverteilungen in
verschieden Betriebsbedingungen verwendet. Der Einfluss der Turbulenzmodellierung wird
anhand des Zweigleichungsmodells k-ω SST und des hybriden RANS-LES Modells SST-
SAS evaluiert. Die Ergebnisse der CFD Simulationen werden mit globalen Größen sowie
mit Druckmessungen an den entsprechenden Prototypmaschinen verglichen.
Die berechneten Druckverteilungen werden anschließend als Randbedingungen für die FEM
Simulationen verwendet, um die mechanischen Belastungen beider Laufräder zu beurteilen.
Dabei werden statische Strukturberechnungen in verschiedenen Betriebspunkten, von Voll-
last bis tiefer Teillast, mittels eines zyklischen Sektormodells durchgeführt. Das dynamische
Verhalten bezüglich der Eigenschwingungen und Eigenfrequenzen wird anhand einer Mo-
dalanalyse beurteilt. Der Einfluss der umgebenden Wassermassen um das Laufrad wird
dabei ebenfalls berücksichtigt und bewertet. Die Auswirkung der Rotor-Stator Interakti-
on auf das Hochdrucklaufrad wird mittels einer Harmonic Response Analyse berechnet. In
den kritischen Teillastbetriebspunkten beider Maschinen werden transiente FEM Simula-
tionen durchgeführt, um den Einfluss stochastischer und breitbandiger Druckschwankungen
zu evaluieren. Die Auswirkung auf die Materialermüdung wird durch die Anwendung des
Rainflow Cycle Counting Algorithmus unter Berücksichtigung ein- und mehrachsiger Span-
nungszustände bewertet.
Anwendbarkeit und Genauigkeit der numerischen Simulationen werden anhand von Messun-
gen mittels Dehnmessstreifen an den entsprechenden Prototyp Francis Turbinen validiert.

iv



Contents

1 Introduction 1
1.1 Motivation and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Transition on the Energy Market . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Role of Pumped Hydro Energy Storage . . . . . . . . . . . . . . . . . 2
1.1.3 Impact of Volatile Energy Production on PHES . . . . . . . . . . . . 3

1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Research Objective and Scope of the Thesis . . . . . . . . . . . . . . . . . . 6

2 Hydraulic Turbomachines 8
2.1 Classification of Hydraulic Turbomachines . . . . . . . . . . . . . . . . . . . 8
2.2 The Francis Turbine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Energy Conversion in the Turbine . . . . . . . . . . . . . . . . . . . . 10
2.2.2 Velocity Triangles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Operating Range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.4 Unsteady Flow Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 CFD in Hydraulic Turbomachines 18
3.1 Introduction of OpenFOAM . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2 Basic Equations of CFD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3 Finite Volume Discretization . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.1 Spatial Discretization . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3.2 Interpolation Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3.3 Temporal Discretization . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3.4 Solving the Navier-Stokes Equations . . . . . . . . . . . . . . . . . . 25

3.4 Simulation of Turbulent Fluid Flow . . . . . . . . . . . . . . . . . . . . . . . 27
3.4.1 RANS Modeling Approach . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4.2 LES Modeling Approach . . . . . . . . . . . . . . . . . . . . . . . . . 30

v



CONTENTS

3.4.3 Scale-Adaptive Simulation Approach . . . . . . . . . . . . . . . . . . 31
3.4.4 Wall Treatment in Turbulent Flows . . . . . . . . . . . . . . . . . . . 32
3.4.5 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4 FEM in Hydraulic Turbomachines 35
4.1 Introduction of Code_Aster . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Basics of the Linear Elasticity Theory . . . . . . . . . . . . . . . . . . . . . . 36
4.3 Equation of Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.4 Finite Element Discretization . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.5 Element and Global Matrix Definitions . . . . . . . . . . . . . . . . . . . . . 39

4.5.1 Element Matrices for the Undamped System . . . . . . . . . . . . . . 39
4.5.2 Element Matrices Considering Damping . . . . . . . . . . . . . . . . 40
4.5.3 Assembly of the Global Matrices . . . . . . . . . . . . . . . . . . . . 40

4.6 Finite Element Analysis Types . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.6.1 Static Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.6.2 Modal Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.6.3 Harmonic Response Analysis . . . . . . . . . . . . . . . . . . . . . . . 42
4.6.4 Transient Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.7 Fluid-Structure Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.7.1 Bidirectional Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.7.2 Unidirectional Coupling . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.7.3 Fluid Added Mass Effect . . . . . . . . . . . . . . . . . . . . . . . . . 43

5 Fatigue of Structures 45
5.1 Influences on the Structural Fatigue . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Complex Load Histories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.3 Elasto-plastic Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.4 Multiaxial Load Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6 Numerical Approach 51
6.1 Paper 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

7 Static Structural Investigations 62
7.1 Paper 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

8 Dynamic Structural Investigations 73

vi



CONTENTS

8.1 Paper 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

9 Fatigue Analysis 84
9.1 Paper 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
9.2 Paper 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
9.3 Impact on the Structural Damage . . . . . . . . . . . . . . . . . . . . . . . . 104

10 Conclusion and Outlook 107
10.1 Summary of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
10.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Bibliography 110

A Uncertainty Assessment 118
A.1 Strain Gauge Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
A.2 Numerical Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

A.2.1 CFD Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
A.2.2 FEM Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Curriculum Vitae 124

vii



Nomenclature

Abbreviations

AMI Arbitrary Mesh Interface

ASM Algebraic Stress Models

BEP Best efficiency point

BP Best-point

CAES Compressed air energy storage

CDS Central Difference Scheme

CFD Computational Fluid Dynamics

CFL Courant-Friedrichs-Lewy

DES Detached Eddy Simulation

DNS Direct Numerical Simulations

DOF Degree of freedom

EDF Électricité de France

EVM Eddy Viscosity Models

FDM Finite Difference Method

FE Fatigue endurance

FEA Finite Element Analysis

FEM Finite Element Method

FL Full-load

FOAM Field Operation and Manipulation

FSI Fluid-structure interaction

FVM Finite Volume Method

viii



NOMENCLATURE

GCI Grid convergence index

GPL General Public License

HCF High cycle fatigue

HH High head

HRA Harmonic response analysis

LCF Low cycle fatigue

LES Large Eddy Simulation

LL Low-load

MH Medium head

MPI Message Passing Interface

PHES Pumped hydro energy storage

PL Part-load

PSP Pumped storage plant

RANS Reynolds Averaged Navier-Stokes

RSI Rotor-stator interaction

RSM Reynolds Stress Models

SAS Scale Adaptive Simulation

SG Strain gauge

SGS Subgrid-scale stress

SNL Speed-no-load

SST Shear Stress Transport

SU Start-up

UDS Upwind Difference Scheme

URANS Unsteady Reynolds Averaged Navier-Stokes

Dimensionless Numbers

b Fatigue strength exponent [-]

C Total fatigue damage factor [-]

ix



NOMENCLATURE

c Fatigue ductility exponent [-]

Cr Reduced fatigue damage factor [-]

Cµ Turbulence model constant [-]

Co Courant number [-]

D Fatigue damage for a certain stress amplitude and load number [-]

hn Normalized mesh size [-]

K ′ Cyclic strength coefficient [-]

Ks Stress concentration factor [-]

n′ Cyclic strain hardening exponent [-]

rg Grid refinement factor [-]

Re Reynolds number [-]

S Strain coefficient [-]

u+ Dimensionless velocity [-]

y+ Dimensionless wall distance [-]

Greek Letters

α Mass proportional Rayleigh damping coefficient [-]

αi Incidence angle of the absolute velocity component at the optimum [◦]

α′i Incidence angle of the absolute velocity component in part load [◦]

α′′i Incidence angle of the absolute velocity component in full load [◦]

αw Limiting function [-]

αΦ Under-relaxation factor [-]

β Stiffness proportional Rayleigh damping coefficient [-]

βi Incidence angle of the relative velocity component at the optimum [◦]

β′i Incidence angle of the relative velocity component in part load [◦]

β′′i Incidence angle of the relative velocity component in full load [◦]

βt Turbulence model constant [-]

δr Relaxation factor for the direct time integration method [-]

x



NOMENCLATURE

δij Kronecker delta [-]

ε Mechanical strain [-]

ε′f Fatigue ductility coefficient [-]

εa Strain amplitude [-]

εn Normal strain [-]

εa,e Strain amplitude due to elastic deformation [-]

εa,p Strain amplitude due to plastic deformation [-]

η Efficiency [%]

ηf Side chamber friction efficiency [%]

ηh Hydraulic efficiency [%]

ηm Mechanical efficiency [%]

ηT Total turbine efficiency [%]

ηv Volumetric efficiency [%]

Γ Diffusion coefficient [-]

γ Shear angle [-]

γe Equivalent shear strain for multiaxial loads [-]

γr Relaxation factor for the direct time integration method [-]

γmax Shear strain in the maximum shear strain plane [-]

κ Von Karman constant [-]

λ Linear interpolation factor [-]

µ Dynamic viscosity [Pa s]

µt Turbulent viscosity [Pa s]

ν Poisson ratio [-]

νk Kinematic viscosity [m2/s]

νp Plastic Poisson ratio [-]

νt Eddy viscosity [m2/s]

ω Turbulent dissipation frequency [s−1]

ωa Angular velocity [s−1]

xi



NOMENCLATURE

ωf Excitation frequency [s−1]

ωi Angular eigenfrequencies [s−1]

Φ Scalar variable [-]

φ Guide vane opening angle [◦]

ρ Density [kg/m3]

ρn Remaining iteration term [-]

σ Mechanical stress [N/m2]

σ′f Fatigue strength coefficient [-]

σa Stress amplitude [N/m2]

σe Equivalent von Mises stress [N/m2]

σl Fatigue limit [N/m2]

σm Mean stress [N/m2]

σn Normal stress [N/m2]

σT Thoma cavitation number [-]

σu Ultimate tensile strength [N/m2]

σy Yield strength [N/m2]

σmax Maximum stress [N/m2]

σmin Minimum stress [N/m2]

τe Equivalent shear stress for multiaxial loads [N/m2]

τw Wall shear stress [N/m2]

τmax Shear stress in the maximum shear stress plane [N/m2]

ε Turbulent dissipation rate [m2/s3]

ϕ Blade angle [◦]

ξ Damping ratio [-]

Superscripts

∗ Loss-free

c Convective term

xii



NOMENCLATURE

d Diffusive term

Subscripts

1 Runner pressure side

2 Runner suction side

i Index

in Inlet

j Index

m Meridional velocity amount

t Turbulent

u Circumferential velocity amount

w Wall

0 Initial condition

e Finite element

ext Extrapolated value

f Fluid

fs Fluid-structure

n Time step

opt Optimum operating point

s Structure

Tensors, Vectors, Matrices

ε Strain vector

φi Eigenvectors

φ Amplitude vector

σ Stress vector

Ü Global acceleration vector

U̇ Global velocity vector

c1,2 Absolute velocity vector at the runner inlet and outlet

xiii



NOMENCLATURE

C Damping matrix

D Strain-displacement matrix

d Differential operator matrix

E Elasticity matrix

Fe Force vector of all nodes of a finite element

fe Field force vector of all nodes of a finite element

K Stiffness matrix

L Load vector

M Mass matrix

N Shape function matrix

n Normal face vector

O Assembly operator

pe Surface load vector of all nodes of a finite element

P Pressure vector

ue
i Displacement vector of the ith node of a finite element

ue Displacement vector of a point of a finite element

Ue Displacement vector of all nodes of a finite element

u1,2 Circumferential velocity vector at the runner inlet and outlet

U Global displacement vector

u Displacement vector

w1,2 Relative velocity vector at the runner inlet and outlet

τij Viscous stress tensor

τSij Subgrid-scale stress tensor

A Coefficient matrix

Q Vector for the volume integrals

qΦ Source or sink term

S12 Strain-rate tensor

xiv



NOMENCLATURE

Tij Total stress tensor

Variables
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Chapter 1

Introduction

1.1 Motivation and Background

1.1.1 Transition on the Energy Market

The worldwide efforts to reduce greenhouse gas emissions have changed the energy policy
significantly in the last few decades, especially in the industrial countries. The total gross
electric energy production in the 28 member countries of the European Union (EU-28) has
increased from about 2.5 million GWh in 1990 to more than 3 million GWh in 2014 (see
Figure 1.1) . Although the largest amount is still produced by the combustion of coal, oil
and gas or by nuclear power plants, the significance of renewable energy sources is growing
rapidly.
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Figure 1.1: Total gross electric energy production in EU-28 (left) and share of renewables
(right) from 1990 to 2014 (data from Eurostat [24]).

In 2008, the European Union agreed on the 2020 Climate and Energy Package, which
defines three important climate and energy targets for the year 2020:

• 20 % cut in greenhouse gas emissions (from 1990 levels)

• 20 % of EU energy from renewables

• 20 % improvement in energy efficiency
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This agreement caused a rising investment in new renewable energy technologies like wind,
solar, geothermal, tidal and bio fuel sources. In 2014 the share of renewables on the total
electric energy production was nearly one million GWh or 30 %. Whereas the amount of
solar and wind power systems is especially rising rapidly, the role of hydropower plants
encompassing nearly 44 % of the 2014 market is still significant (see Fig. 1.2 left). In order
to fulfill the ambitious plans of the European Union to keep climate change below 2 ◦C
and to reduce greenhouse gas emissions by 80 % in 2050 compared to 1990 (see European
Commission [23]), the amount of renewables has to be increased continuously. One problem,
which arises thereof, is the volatility of wind and solar power systems due to the strong
dependence on meteorological conditions (see Fig. 1.2 right). To keep the electric power
grid in balance, the demand and the generated power must correspond at every moment in
time. The feed-in of the new renewables causes higher fluctuations in the load curve, leading
to an energy surplus in times of low demand and to a deficit in times of high demand. To
compensate these oscillations, conventional power sources like thermal or hydropower plants
have to be throttled or started-up, as described by Leonard et al [55]. The occurring large
energy gradients of wind and solar power require faster response times to compensate for
those load variations. This issue will be of major importance for the forthcoming decades.

Energy production 2014 (GWh) % von Gesamt % von Renewables
Total gross production 3,171,840

Renewables 930,647 29.3
Coal, oil and gas 1,364,900 43.0

Nuclear 876,293 27.6
Hydro 406,473 12.8 43.7
Wind 253,157 8.0 27.2
Solar 97,780 3.1 10.5

Bio fuels and gases 142,536 4.5 15.3
Others 30,701 1.0 3.3
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Figure 1.2: Left: Share of renewables in EU-28 in 2014 (data from Eurostat [24]). Right:
Electric energy generation by wind and solar power in Germany for July 2016 (data from
ENTSO-E [21]).

1.1.2 Role of Pumped Hydro Energy Storage

The most competitive and mature technology for grid control even in large-scales are
pumped hydro energy storage (PHES) power plants (see Guittet et al. [38]). Although
other systems like compressed-air energy storage (CAES), chemical storage or battery so-
lutions will become more advanced in the future (see Teller et al [91]), PHES combines a
couple of advantages: Fast response times (seconds to minutes), large storage capacities,
high round-cycle efficiencies (70 to 80 %, up to 87 %), low operation and maintenance
costs, ’black-start’ capability (to restart the electric grid after a blackout) and long asset
life (50 - 100 years), as described by Rehman et al. [82] and Zach et al. [107]. PHES power
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plants are converting the potential energy of water into mechanical energy to provide power
to the electric grid or to store an energy surplus by the conversion of mechanical energy
into potential energy. The first case is known as turbine operation mode. Therefore, the
stored water volume in the headwater reservoir flows through the turbine into the tailwater
reservoir. The mechanical torque at the runner shaft is transformed by the generator to
electric power (see Figure 1.3). In the other case, the pump operation mode, the water
in the tailwater basin is pumped in the reverse direction up to the headwater reservoir by
obtaining electric power from the grid.

Motivation and Background Pumped Hydro Energy Storage

1.2 Pumped Hydro Energy Storage

For the compensation of RES analyzed above, PHES is the most suitable storage technology
nowadays. It is the only storage technology that combines low specific costs with high
efficiency and can be applied on a large scale. This chapter describes the operating principle,
gives an overview of the historical development, reports actual application statistics and
investigates the future needs of PHES.

1.2.1 Operating Principle

Figure 1.3: Operating principle of PHES (adapted from [40]).

The operating principle of PHES is quite simple. If, in an electrical grid, the feed-in exceeds
the demand, the generators of conventional power plants accelerate because of the reduced
load on the network side. In consequence, the grid frequency increases and Pumped Storage
Plants (PSPs) have to be started for compensating the surplus of electrical energy. In this
way, electricity is consumed by the motor in order to drive the pump, which transports the
water from the tailwater to the headwater reservoir. Thereby, energy is transformed from
electrical to mainly potential.

In the reversed case, when the demand exceeds the feed-in, the generators of conventional
power plants are decelerated and the frequency decreases. Water is released from the head-
water to the tailwater reservoir over the turbine, which is driving the generator. The genera-
tor, thereby, generates electricity which is feed to the supply network. The potential energy
is converted back to mainly electrical. Figure 1.3 highlights the two operation modes.

1.2.2 Historical Development

The first known hydro-mechanical PSS was developed 1882 in Zurich (SUI) and used sepa-
rate pump and turbine units [180]. The first reversible units are reported from the Rocky-
River pumped storage hydroelectric station (USA). After the power plant was commissioned
in 1929, it was recognized, that the installed pumps could be operated as turbines to gen-
erate electricity at reduced efficiency [180]. At the same time in Europe, the first PSPs
were realized: Niederwartha (GER) and Köpchenwerk (GER), both in 1929 [6]. In the be-
ginning of pumped-storage history there were only horizontal units, first of all determined
by civil constructional techniques. The horizontal units used separate pumps and turbines,
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Figure 1.3: Scheme of pumped hydro energy storage technology in turbine operation (left)
and pump operation (right). Graphics from Unterberger [97].

For the hydraulic machinery of a pumped storage power plant two assemblies exist with dif-
ferent advantages and disadvantages. First, a ternary set can be used consisting of a turbine,
a pump and the motor-generator. The pump and the turbine are therefore usually coupled
by a hydraulic torque converter. The advantages of this assembly are higher efficiencies,
faster response and start-stop times, increased operating flexibility and the possibility of
hydraulic short circuit operation. The disadvantages are mainly higher investment costs
and the requirement of larger construction space. The second possible assembly consists
of a reversible pump-turbine and a motor-generator. To switch between both operation
modes the rotational direction has to be reversed, which leads to increased response times.
Although the efficiency of a pump-turbine is lower compared to a ternary set (especially in
turbine operation), the economical advantage can be beneficial in some cases.
The world-wide installed capacity of PHES in 2014 was more than 150 GW including ap-
proximately 400 power plants with more than 100 MW output power (see Guittet et al.
[38]). The countries with the most installed pumped storage power (PSP) capacities are
Japan (26.7 GW), China (24.8 GW) and the USA (22.8 GW). All European countries
together have a total installed PHES capacity of about 48 GW, with the highest concen-
trations in Italy (7.2 GW), Germany (6.7 GW), Spain (6.5 GW) and France (5.2 GW).
Although PSP represents only 2.5 % of the worldwide power generation, it has an amount
of nearly 99 % on the global electricity storage capacity, according to Zach et al. [107].

1.1.3 Impact of Volatile Energy Production on PHES

PHES power plants are still the best option for longtime energy storage due to high capac-
ities and also to balance the load curve of the electric grid. However, the high gradients
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1 Introduction 1.2 Literature Review

of wind and solar energy generation require more flexibility of existing and newly designed
hydraulic machinery to stay competitive on the energy market. An example of the fast
transition between operating modes of PHES power plants in Germany is displayed in Fig.
1.4 (left). As a result, the number of transient load conditions of the hydraulic machines are
increasing significantly (e.g. start-stop cycles and load variations) as well as the operating
amount in steady off-design points like part-load, low-load or speed-no-load regime. As the
fluid flow in transient and off-design conditions does not coincide with the runner geometry,
dynamic and unsteady effects occur in the hydraulic machine, affecting the structural re-
sponse of its components (see Dörfler et al. [16]). Especially Francis turbines are influenced
thereby, as reported by Trivedi et al. [95, 96]. An example of measured stresses on a medium
head prototype Francis runner from start-up to full-load operation is displayed in Fig. 1.4
(right). Advanced manufacturing technologies and the efforts to maximize the hydraulic
efficiency at reduced costs result in thinner and sophisticated blade geometries with more
lightweight structures. In consequence, higher stress amplitudes and stress concentration
may occur leading to fatigue cracks and further damages. Different examples have been
reported by Egusquiza et al. [20], Frunzǎverde et al. [28] or Dorji and Ghomashchi [17].
To prevent such failure and therefore high maintenance costs, reliable fatigue assessment
of existing and newly designed runners are needed.
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Figure 1.4: Left: Power generation and consumption by PHES in Germany for July 2016
(data from ENTSO-E [21]). Right: Measured stresses on a Francis runner during start-up
(SU), speed-no-load (SNL), low-load (LL), part-load (PL), best-point (BP) and full-load
(FL) operation.

1.2 Literature Review

Strain gauge measurements on a model or even prototype runner of hydraulic power plants,
as previously shown, can give detailed results about the static and dynamic excitations
of the structure. They are especially useful to obtain the impact of the flexible operation
of hydropower plants in transient and off-design conditions, as described by Coutu and
Chamberland-Lauzon [13]. Gagnon et al. [29] used strain gauge data for different start-up
schemes to investigate the influence on the runner life expectancy. Löfflad et al. [60] gives
a detailed description of the equipment and procedure using strain gauge measurements
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at various hydraulic turbines. Coutu et al. [14] carried out prototype measurements on
an old and a new high head Francis turbine in the course of runner replacement due to
fatigue cracking. The advantage of strain gauge measurements are detailed results of ap-
pearing stresses under realistic load conditions, which can be used for a fatigue analysis
and to determine critical operating conditions, as described by Löfflad and Eissner [59] and
Monette et al. [70]. The disadvantages are high efforts and costs (especially for prototype
machines) and a limited number of applicable sensors and therefore observable locations
of the structure. Hence, high-stressed areas must be evaluated in advance using Finite
Element Analysis (FEA) for a correct sensor application (see Löfflad et al. [60]). In the
design phase of new hydraulic runners prototype measurements are usually not available.
Although model tests can be conducted, uncertainties for the stress transfer from model to
prototype machine remain. Further, long-term measurements, to gain enough data for reli-
able fatigue evaluation, are not available in most cases and therefore extrapolation methods
have to be used like the extreme value theory proposed by Johannesson [47]. Gagnon et al.
[31] investigated further approaches to extrapolate the strain response of a single recorded
occurrence on a Francis runner during start-up procedures.
In case of fatigue damages a failure analysis has to be performed probably without any avail-
able measurement data. Metallurgic analysis can help to identify the influence of fatigue
as discussed by Frunzǎverde et al. [28] but cannot reveal the root cause of such damages.
Recent advances in the field of fluid-structure interactions (FSI) allow more detailed inves-
tigations to obtain the origin of dynamic excitations and to improve existing or new runner
structures (see Egusquiza et al. [20]). A current review of different studies and main topics
considering FSI for hydraulic turbines has been summarized by Trivedi and Cervantes [93].
The developments of numerical flow computations in the last decades increased the pos-
sibilities and the accuracy of predicting the pressure fluctuations induced by unsteady
phenomena like the rotor-stator interaction (RSI), draft tube vortex ropes or vortex shed-
ding in hydraulic turbomachines as discussed by Keck and Sick [48] or Sick et al. [88].
Measurements and CFD simulations by Magnoli and Maiwald [62] and Trivedi et al. [94]
proved the applicability of numerical flow simulations. Nennemann et al. [74] investigated
the influence of turbulence modeling on the dynamic pressure fluctuations and also stress
response in speed-no-load operation. Compared to the two-equation k-ε model the hybrid
RANS-LES model SAS (Scale Adaptive Simulation) revealed much better results, espe-
cially in the low frequency range. Seidel et al. [87] performed similar investigations with
comparisons between URANS and LES simulations.
Many studies deal with the usage of commercial software for CFD computations but ac-
cording to the advances of OpenFOAM (Open Source Field Operation and Manipulation)
in recent years, several studies have been published considering the application of the open-
source code for hydraulic turbomachines: Page et al. [77] investigated the steady-state
capabilities of OpenFOAM for a Francis turbine. Lenarcic et al. [54] and Lenarcic and
Bauer [53] compared the numerical results of steady and unsteady operating conditions of
the Francis99 machine using the FOAM-extend version with a commercial software and
different turbulence models. Erne [22] performed CFD simulations with OpenFOAM on
a pump-turbine using an extended k-ω SST turbulence model with the implementation of
the streamline curvature correction.
For the assessment of a hydraulic runner structure the knowledge of the natural frequencies
and mode shapes is significant to avoid any appearing resonance problems during operation.
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Hence, the modal analysis including the added mass effect of the surrounding water volume
of the runner has become a useful tool. Different investigations using measurements and
FEM simulations on model and prototype runners have been performed by Coutu et al. [15],
Flores et al. [27], Liang et al. [56] and Valentín et al. [98, 99]. Although the approach using
acoustic elements to model the surrounding water volume includes some simplifications, as
later discussed, the numerical studies reveal more precise results for the eigenmodes com-
pared to neglecting the added mass.
The main impact for the structural excitation of especially high head machines is the rotor-
stator interaction between the static guide vanes and the rotating runner blades. To obtain
the influence of the RSI on the dynamic behavior, harmonic response simulations are a com-
mon approach in industrial design processes. Several investigations have been published
by Huang et al. [43], Hübner et al. [44], Liang et al. [57] and Seidel et al. [86], proving the
applicability of this approach.
In addition to structural excitations affected by harmonic phenomena, stochastic or dy-
namic effects without a particular frequency may appear, which cannot be examined using
a harmonic analysis. Extended approaches using quasi-static FEM simulations, which ne-
glect the inertial effects of a dynamic motion, show good agreements compared to strain
gauge measurements, as discussed by Duparchy et al. [18] and Weber et al. [104]. On the
other hand, time-dependent FEM simulations can deliver more detailed and accurate re-
sults, although the computational effort is higher (see Morissette et al. [72]).
For the reliable assessment of the runner lifetime, further influences like crack growth have
to be considered by the Linear Elastic Fracture Mechanics theory, as discussed by Gagnon
et al. [30, 32], Thibault et al. [92] and Huth [45]. Therefore, data from strain gauge mea-
surements or obtained by numerical simulations can be used.

1.3 Research Objective and Scope of the Thesis

The future challenge for the manufacturers and also the operators of pumped storage power
plants will be the accurate prediction of fatigue for the hydraulic components, especially
the runner, to cope with the recent requirements of the energy market. Therefore, pro-
found investigations will be necessary even in the design phase of new power plants or in
the course of the refurbishment processes. As measurement data is not available in many
cases the reliability of numerical computations becomes more important. One state of the
art approach, which is usually used during the design process of Francis runners, is the
application of static FEM simulations to assess the static stresses on the structure (see
Fig. 1.5). Steady CFD computations are usually performed to obtain the pressure field
in the machine, which is used as boundary condition for the FEM simulations. Another
approach, which has been developed in recent years, is the application of harmonic re-
sponse FEM computations to evaluate appearing dynamic stress amplitudes. This method
is useful if the runner structure is excited at a significant frequency induced for example
by the rotor-stator interaction. In cases of more stochastic pressure fluctuations appearing
in low-load operation of Francis turbines, this procedure is not sufficient. Therefore, an
advanced numerical approach consisting of unsteady CFD and transient FEM simulations
is proposed, which is not state of the art for industrial design processes (see Fig. 1.5).
In the scope of this thesis the applicability and accuracy of this method is obtained on a
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Figure 1.5: Numerical approach for the fatigue analysis of Francis turbines - state of the
art and proposed approach.

high and a medium head prototype Francis turbine to examine the impact of stochastic
pressure fluctuations in low-load conditions on the runner response and on the fatigue. The
results of the numerical simulations are compared with measurements on the according
prototype machines, which have been performed in the course of a large research project.
Thereby, strain gauges have been applied to the Francis runners to obtain the static and
dynamic stresses in steady and transient operating conditions. Further, pressure measure-
ments should give a more detailed insight on the flow behavior.
Due to continuously increasing costs for commercial CFD and FEM tools, the main empha-
sis of this work lies on the application of open-source codes. Hence, the flow simulations are
performed with OpenFOAM and the structural investigations are done with Code_Aster.
Static and also harmonic FEM computations will be considered as well in this thesis, but
the main objective is the implementation and validation of the transient FEM simulations
for the usage in future industrial design processes.
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Chapter 2

Hydraulic Turbomachines

2.1 Classification of Hydraulic Turbomachines

Hydraulic turbomachines are used to convert the hydraulic energy of a flowing fluid - usually
water - into mechanical and electric energy by turbines or in the reverse direction by pumps.
The field of the hydraulic turbines can be mainly classified according to DIN 4320 by the
aspect of the operation mode into impulse turbines (Pelton and Ossberger turbines) and
reaction turbines (Francis and Kaplan turbines) as displayed in Fig. 2.1. Regarding impulse
turbines the pressure energy is converted into kinetic energy by a nozzle and the impulse of
the resulting jet is converted into mechanical energy by the runner. In contrast, the runner
of a reaction turbine is surrounded entirely by water and additionally to the kinetic energy
the pressure difference between the runner inlet and outlet is converted into mechanical
energy.

510 14 Funktionsweise von hydraulischen Maschinen  

höhe wird am Laufradeintritt vollständig in Geschwindigkeitshöhe umgesetzt. Des 
Weiteren wird das Laufrad nicht vollständig vom zugeleiteten Wasser erfasst, 
sondern lediglich nur ein Teil; bei Pelton-Turbinen sind es im Allgemeinen nur 
einzelne Becher des Laufrades. Bei diesem Maschinentyp ist darauf zu achten, dass 
das Laufrad nicht im Unterwasser „watet“, also in das Wasser eintaucht. 

a b dc

SH

 
Abb. 14.1: Hydraulischen Maschinen zur Energieerzeugung: Gleichdruckturbinen: a) 

Pelton-Turbine; b) Durchströmturbine; Überdruckturbinen: c) Francis-
Turbine; d) Kaplan-Turbine [nach 14.3] 

Überdruckturbinen hingegen werden vollständig von dem durchfließenden 
Wasser umströmt, an Stelle eines Frei- bzw. Überhanges über dem Unterwasser 
tauchen sie in dieses ein und erfahren dort einen Gegendruck; die Druckhöhe wird 
am Laufradeintritt nur teilweise in Geschwindigkeitshöhe umgesetzt. Bei diesen 
Turbinen kommt es zum Druckabfall innerhalb des Laufrades, welcher mit Hilfe 
eines sogenannten Saugrohres oder Saugschlauches zum großen Teil zurück-
gewonnen werden kann. 

14.1.1 Bauweise hinsichtlich Wellenausrichtung und Wasserzuführung 

Die Wellenlage wird meist horizontal oder vertikal eingerichtet. Bei Anlagen im 
Nieder- sowie Mitteldruckbereich wird die Welle im Falle von Rohrturbinen 
(Propeller-, Kaplan-Turbinen) oder Straflo-Turbinen zur Verbesserung der An-
strömung vielfach leicht gegen die Horizontale geneigt (s. Abb. 14.2d). 

Die Wasserzuführung geschieht entweder durch Einlaufspiralen aus Beton oder 
mittels in Beton eingebetteter, geschweißter Stahlbetonkonstruktionen (s. Abb. 
14.2b+c) oder direkt durch Zuleitung in einem Schacht (s. Abb. 14.2a) bzw. bei 
Freistrahlturbinen durch radial ausgerichtete Düsen. 

a b dc  
Abb. 14.2: Einteilung nach der Wasserzuführung: a) Schachtturbine; b) Turbine mit 

Betonspirale; c) Spiralturbine; d) Rohrturbine [nach 14.3] 

Figure 2.1: Common types of hydraulic turbines: a) Pelton turbine; b) Ossberger turbine;
c) Francis turbine; d) Kaplan turbine. Graphics from Giesecke and Mosonyi [34].

In addition to the distinction by the operation mode, hydraulic turbines can be further
classified by:

• the shaft direction (vertical or horizontal),

• the water intake type (spiral casing, duct, nozzle),

• the control mode (single or double regulation),

• the topographic conditions (head H and discharge Q).
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2 Hydraulic Turbomachines 2.2 The Francis Turbine

For usual hydropower plants (except small hydro concepts) mainly three different turbine
types are used: The Pelton turbine for a large head (up to 2000 m) and small discharge.
The Kaplan turbine, which is mostly used in run of river plants for small head and large
discharge. And the Francis turbine used for a wide range of head and discharge between
the before mentioned types. A characteristic number to classify the different turbine types
is the specific speed nq defined by

nq = n

√
Q

H0.75 (2.1)

depending on the rotational speed n, the head H and the discharge Q. In Fig. 2.2 the
operating ranges of the main turbine types are displayed considering the specific speed and
the head. The Pelton turbine is therefore located at the lower end of the specific speed up to
nq ≈ 30min−1. The Francis turbines are located at a range of 20min−1 ≤ nq ≤ 120min−1.
The Kaplan turbines are located above the Francis turbines with the highest specific speeds.
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Figure 2.2: Classification of hydraulic turbines depending on the specific speed nq and the
head H. Graphics adapted from Giesecke and Mosonyi [34].

2.2 The Francis Turbine

The most common turbine type is the Francis turbine, which is used for a head range
between 50 m and up to 700 m and a power range of more than 800 MW. It is the turbine
type with the highest hydraulic efficiency of more than 96 % (see Bauer [4]). Depending on
the specific speed the runner geometries vary from a more radial shape with narrow blade
channels (high head runner) to more axial shapes with large blade channels (medium and
low head runners), as displayed in Fig. 2.3. Francis turbines are mostly constructed with a
vertical shaft to achieve a more uniform flow behavior inside the runner. Horizontal designs
are only used for low pressure machines. The runner consists of several blades, which are
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Figure 2.3: Different types of Francis turbines depending on the specific speed nq. Graphics
adapted from Giesecke and Mosonyi [34].

rigidly coupled to the shroud on the bottom side and to the hub on the top. The water flows
in the radial direction into the turbine inlet and leaves the outlet in the axial direction at
the suction side of the runner. The appearing torque is converted to electric energy by the
generator, which is coupled by the shaft with the runner hub (see Fig. 2.4). The headwater
is distributed to the turbine by the spiral casing, the stay vanes and the adjustable guide
vane blades, which are used to control the operating conditions and the output power of the
hydraulic machine. At the suction side of the runner the water flows through the usually
bended elbow draft tube to the tailwater. The deceleration of the water in the draft tube
cone is used to increase the turbine efficiency.

6

Figure 2.4: Francis turbine components: 1) runner, 2) guide vanes, 3) stay vanes, 4) spiral
casing, 5) draft tube, 6) shaft. Graphics adapted from Wachauer [101], based on Raabe
[80].

2.2.1 Energy Conversion in the Turbine

According to the theorem of Bernoulli for an incompressible fluid with a constant density
ρ the specific energy along a streamline without any energy gradient remains constant.
Applied on a fluid particle flowing through the blade channel of a turbine runner (see Fig.
2.5) the loss-free specific energy in an absolute frame of reference Y ∗a can be defined by

Y ∗a = p1 − p2

ρ
+ c2

1 − c2
2

2 + (z1 − z2) g. (2.2)

10



2 Hydraulic Turbomachines 2.2 The Francis Turbine

a

Inlet

Outlet

Figure 2.5: Fluid flow through a radial turbine with the according velocity triangles. Graph-
ics adapted from Wachauer [101].

The fluid enters the turbine at the pressure side (radius r1) with the static pressure p1, the
absolute velocity c1 and the geodetic height z1 and leaves the runner at the suction side
(radius r2) with the static pressure p2, the velocity c2 and the geodetic height z2. With
the definition of the total pressure pt = p + c2 ρ/2 and the correlation H = Y/g the total
pressure difference can also be expressed by the water net head

H = ∆pt
ρ g

+ ∆z (2.3)

For the energy conversion in hydraulic turbines the angular momentum generated by the
flowing water through the blade chambers in the runner is relevant. Based on the fluid dy-
namics momentum equation with the discharge through the turbine Q and the assumption
of a constant fluid density ρ the angular momentum M transferred from the fluid to the
runner can be expressed by the equation of Euler

M = ρQ (r1c1cosα1 − r2c2cosα2) (2.4)

with the incidence angles α1,2 of the absolute velocities at the inlet and outlet. The available
hydraulic power Ph can be expressed in the rotating frame of reference with the angular
velocity ωa = u/r and the correlation Ph = M ωa by

Ph = ρQ (u1c1cosα1 − u2c2cosα2) = ρQ (u1cu1 − u2cu2). (2.5)

The maximum power can be therefore assumed for the case when the circumferential amount
of the absolute velocity at the turbine outlet becomes zero (cu2 = 0). For the best efficiency
point (BEP) the flow at the turbine outlet must be therefore free of rotation. The hydraulic
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2 Hydraulic Turbomachines 2.2 The Francis Turbine

power can also be defined using the loss-free specific energy in the rotating frame of reference
Y ∗r = u1cu1 − u2cu2 by

Ph = ρQY ∗r = ρQgH. (2.6)

Due to the specific energy losses induced by the friction and turbulence inside the blade
channels Yh (hydraulic losses) the available specific energy results in Yr = Y ∗r − Yh. The
hydraulic efficiency can be expressed by

ηh = Yr
Y ∗r

= Y ∗r − Yh
Y ∗r

(2.7)

or by the available mechanical turbine power at the shaft Pm, the hydraulic power Ph and
the turbine torque Tm

ηh = Pm
Ph

= Tm ωa
ρQgH

. (2.8)

The total efficiency of the hydraulic turbine ηT results from further influences besides the
hydraulic losses like the volumetric efficiency ηv due to gap leakage flows, the friction
efficiency in the runner side chambers ηf or the mechanical efficiency due to the friction in
bearings and seals ηm (see Fig. 2.6):

ηT = ηh · ηv · ηf · ηm (2.9)

Mechanical losses
in bearings and seals

Friction in the side
chamber of the runner hub

Gap losses at 
the guide vane

Friction in the side chamber
of the runner shroud

Gap losses at the runner 
hub and shroud

Figure 2.6: Losses in a Francis turbine. Graphics adapted from Bauer [4].
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2 Hydraulic Turbomachines 2.2 The Francis Turbine

For CFD simulations only the hydraulic losses are considered as gaps, bearing and seals
are usually not included in the simplified numerical models. The boundaries are in most
cases at the spiral casing inlet and at the draft tube outlet, so the hydraulic losses of each
component are considered.

2.2.2 Velocity Triangles

As shown in the previous section, the operating point and the flow conditions of a Francis
turbine can be described by the velocity components at the inlet and outlet of the runner
blades. Whereas the rotational velocity of the runner is resulting from the radius and the
angular velocity to u = r ωa the vectors for the absolute and relative velocity c and w are
resulting from the angles α and β in the absolute and rotating frame of reference. According
to Eq. 2.6 the desired output power is attained at a given head H by varying the discharge
through the runner Q. For Francis turbines this is realized by the adjustable guide vane
blades in front of the runner (see Fig. 2.7).
The vector of the absolute velocity c1 can be derived with the angle α1 and the correlation
between the discharge and the meridional component of the absolute velocity

cm1 = Q

A1
(2.10)

with the inlet area of the runner A1. For the flow conditions at the leading edge of the blade
the incidence angle β1 is significant. This can be derived further by the relative velocity
vector w1 and the circumferential velocity vector u1.

Adjustable guide
vane blade

Runner blade

Guide vane opening

Regulating ring

Stay vane blade

Figure 2.7: Adjustable guide vanes for a Francis turbine. Graphics adapted from Giesecke
and Mosonyi [34].
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At the runner outlet the flow direction in the rotating frame of reference β2 is equal to
the blade angle ϕ2, even deviations have been experimentally observed by Schilling et al.
[84]. With the meridional amount of the absolute velocity cm2 using Eq. 2.10 with the
outlet area A2 the relative velocity vector w2 can be calculated. As already mentioned, the
circumferential amount cu2 of the vector c2 becomes zero at the optimum operating point
and therefore α2 = 90 ◦. At part load conditions the angle gets smaller with α′2 < 90 ◦ and
therefore c′u2 6= 0. At overload conditions the direction of c′′u2 switches to the opposite of
the rotating direction with α′′2 > 90 ◦ (see Fig. 2.8).

Inlet

''

'''

''

''

'

''

''
'Outlet

Best efficiency point Part load Full load

''

'' ''
'''

''

'' ''

''

''
''

Figure 2.8: Velocity triangles for different operating points at the inlet and outlet of a
Francis runner.

2.2.3 Operating Range

The operating range of a Francis turbine is determined by the head between the upper
and the lower water level and the discharge. The characteristics of the hydraulic machine
are usually described using a hill chart including the guide vane opening angle φ, the
efficiency η and the resulting output power P . These values are normally measured using
homologous model tests in a laboratory as prototype measurements are expensive and
require a large effort. Those measurements are also used during the design phase to evaluate
the behavior of the machine in different operating conditions considering unsteady effects,
pressure fluctuations, instability limitations or cavitation. To transpose the characteristics
from the model tests to the prototype machine the unit speed n11 and the unit discharge
Q11, which correspond to a geometrically similar turbine with a runner diameter of D = 1m
at a head of H = 1m, are used:

n11 = nD√
H

Q11 = Q

D2
√
H

(2.11)
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2 Hydraulic Turbomachines 2.2 The Francis Turbine

A typical hill chart of a Francis turbine is displayed in Fig. 2.9 including the operating
range and iso-curves for the efficiency and the guide vane opening. Due to lower viscous
losses at the prototype machine resulting from different Reynolds numbers Re and a higher
ratio between the inertial and viscous forces the efficiency for the prototype turbine is higher
than for the model. Empirically based correlations allow a transposition for the efficiency
from model to prototype, as described by Giesecke and Mosonyi [34].

Q11

n11

P   , Hmin min

P   , Hmax min

Qmax

= const.= const.
max

P   , Hmax max

P   , Hmin max

min

max

Figure 2.9: Hill chart of a Francis turbine including the operating range and iso-curves for
the efficiency η and the guide vane opening φ. Graphics adapted from Magnoli [61].

2.2.4 Unsteady Flow Effects

Depending on the operating point of Francis turbines, different unsteady effects appear in-
side the machine causing dynamic pressure pulsations and structural excitations of affected
components.

Best efficiency point
In the range of the best efficiency point the rotor-stator interaction (RSI), induced at the
runner inlet by the pressure wakes of the guide vane blades, is mainly responsible for
dynamic excitations. Especially high head Francis turbines with a low specific speed nq are
affected by the RSI due to the higher pressure difference and the smaller gap size between
the runner and guide vane blades, as described by Seidel et al. [86]. The Francis turbine
is harmonically excited at the so-called blade passing frequency fBP induced by the RSI,
which can be derived using the correlation

fBP = zg
n

60 = zg f0 (2.12)
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with the rotational frequency of the runner f0 and the number of guide vane blades zg.
At the turbine outlet section the flow conditions are quite homogeneous in the BEP with
hardly any swirl appearing and therefore the dynamic pressure oscillations are relatively low.

Full load operation
In high and full load operation the meridional amount of the absolute outlet velocity c′′m2
increases due to a higher discharge. Hence, the circumferential component c′′u2 increases as
well with an absolute outflow angle of α′′2 > 90 ◦, resulting in a counter-rotating swirl. In
cases, where the static pressure drops below the vapor pressure of water due to local flow
acceleration, a cavitating vortex core becomes visible similar to a torch pattern (see Fig.
2.10). According to Seidel et al. [87], the pressure fluctuations are usually small due to
relatively stable flow conditions but in some cases oscillations may appear induced by the
interaction of the vortex rope with the hydraulic system, as described by Flemming et al.
[26]. As the guide vane blades reach their maximum opening position in full load operation
resulting in a minimum gap to the runner, the RSI usually still remains the effect with the
highest excitation at the turbine inlet section.

Part load operation
At part load operation the meridional component c′m2 decreases together with the outflow
angle α′2 < 90 ◦. Hence, the circumferential velocity at the runner suction side and in the
draft tube inlet section c′u2 increases. As a result, a part load vortex rope appears, which
rotates in the runner direction and may lead to cavitation as well. In the center of the
draft tube cone the velocity conditions induce a backflow leading to a spiral-like pattern of

BEP Full loadPart loadDeep part load

Figure 2.10: Dynamic flow effects at different operating conditions for a Francis turbine.
Graphics adapted from Magnoli [61].
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the vortex rope (see Fig. 2.10). Due to its rotating motion, periodic pressure fluctuations
occur below the runner rotational frequency f0, which excite the machine structures in a
harmonic way, as described by Seidel et al. [87]. Usually, the pressure oscillations are in
the range of 0.2 < f0 < 0.4 but for high specific speed Francis turbines and for low Thoma
cavitation numbers σT hydro-acoustic pressure waves in higher frequency ranges may ap-
pear, as discussed by Arpe et al. [1].

Deep part load operation
In deep part load operation the inlet velocity conditions are not consistent with the blade
angle ϕ1 and secondary flow effects may appear, especially for Francis turbines with high
specific speeds. As a result, channel vortices occur inducing broadband pressure fluctua-
tions and also cavitation due to the pressure drop inside the vortex core region. (see Fig.
2.10). With decreasing guide vane opening the draft tube vortex rope disappears and the
flow becomes more stochastic leading to high energy dissipation. The numerical study of
deep part load operation requires large computational efforts and the use of sophisticated
turbulence models. Relevant investigations have been performed by Conrad et al. [12] and
Yamamoto et al. [106].
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Chapter 3

CFD in Hydraulic Turbomachines

In the last decades the role of numerical simulations to solve the fluid flow in hydraulic
turbomachines has significantly increased. Experimental research in laboratory models can
deliver certain information about the flow conditions and its impact but they require a large
effort and do not yield detailed results for different flow parameters. Even though the basic
equations for the description of the fluid motion have been well known for centuries, their
analytical solution was limited to simple problems in most cases. The rapid rise of comput-
ing power together with its affordability enabled the numerical solution of the fluid dynamic
equations in the field of CFD (Computational Fluid Dynamics). The implementation of
the numerical formulations in the open-source CFD software OpenFOAM provides a broad
access to the application of flow simulations. Hence, a short overview about OpenFOAM,
which is used in the scope of this thesis, will be given at the beginning of this section, before
the fundamentals of CFD are further discussed.

3.1 Introduction of OpenFOAM

OpenFOAM is an open-source code written in C++ and published under the GNU General
Public License (GPL). It was invented in the late 1980s at the Imperial College of London
and initially released in 2004 by the OpenCFD Ltd. However, the source code remains ac-
cessible for free even today. This circumstance encouraged further development especially
in the field of academic and scientific research. In recent years, the growing capabilities of
OpenFOAM have been considered as well as in industrial applications in addition to the
usage of commercial software. The progress to exchange the technological knowledge in the
course of various communities, conferences and workshops emphasizes its future role in the
field of CFD. The extensibility for custom libraries and utilities is another advantage of
OpenFOAM: Existing objects like turbulence models, boundary conditions or solvers can
be modified and newly developed ones can be implemented without profound experience
in C++. The possibility of parallel computing using e.g. the OpenMPI application and
further third-party packages like the visualization tool ParaView enhance the significance
of OpenFOAM. Pre-processing and I/O-interfaces further enable the connectivity with ex-
ternal software. The basic structure and simulation process of OpenFOAM is described in
[76] and displayed in Fig. 3.1.
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Software OpenFOAM Structure and Basic Idea of OpenFOAM

3.2 Structure and Basic Idea of OpenFOAM

OpenFOAM provides a large number of C++ modules which can be combined with each
other and offers a great flexibility due to the modular software structure, see Fig. 3.4:

• Solvers → Calculation of the computational field

• Utilities → Functional tools for pre- and post processing

• Libraries → Accessible to solvers and utilities

A great feature of OpenFOAM is the capability of handling almost all mesh types and an
appropriate sophisticated dynamic mesh handling for nearly all kinds of mesh motion. The
mesh has a hierarchical structure (points → edges → faces → cells) and is split into an
internal field and boundary field respectively. Figure 3.2 shows a cube consisting of hexaeder
volume elements and polygonal boundary mesh elements. Meshing complex fluid volumes
with meshing tools supplied by OpenFOAM is often no longer possible, thus OpenFOAM
provides a bunch of properly working mesh converter tools to connect with external meshing
software of choice. OpenFOAM offers several kinds of discretization methods of the com-
putational field such as FVM (”Finite Volume Method”), FEM (”Finite Element Method”)

...

Figure 3.1: Flow chart and basic structure of OpenFOAM.

19

Figure 3.1: Basic structure and simulation process of OpenFOAM. Graphics from Erne
[22].

3.2 Basic Equations of CFD

The motion of a fluid can be fully described in respect of the conservation laws for its ex-
tensive characteristics, the mass, momentum and energy, applied to an infinitesimal control
volume. For the investigations performed in the course of this thesis the fluid is considered
to be incompressible and isothermal. Hence, the energy equation is not considered. The
knowledge of the pressure p and the velocity c together with the fluid characteristics are
sufficient to fully describe the flow. The equations for the conservation laws, also called the
transport equations, are usually expressed in a differential form using a Cartesian coordi-
nate system with the spatial coordinates xi (i = 1, 2, 3 or x, y, z), the components ci (cx,
cy, cz) of the velocity vector c and the time t. Considering a constant density ρ = ρ0 for in-
compressible fluids the mass conservation, also called continuity equation, can be therefore
described in its reduced form according to Ferziger and Peric [25] by

∂ci
∂xi

= ∂cx
∂x

+ ∂cy
∂y

+ ∂cz
∂z

= ∇ · c = 0. (3.1)

19
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The conservation law for the momentum without any external field forces (e.g. gravitation)
is described by

ρ0
∂ci
∂t

+ ρ0
∂(cjci)
∂xj

= ∂τij
∂xj
− ∂p

∂xi
(3.2)

with the viscous part τij of the total stress tensor Tij. Considering the assumption of a
Newtonian fluid, as it is valid for most fluids in the engineering area like water or air, and
a constant dynamic viscosity µ = µ0, the viscous stress tensor can be expressed by

τij = µ0

(
∂ci
∂xj

+ ∂cj
∂xi

)
. (3.3)

The first term in the momentum conservation equation is the variation with time (tempo-
ral term), followed by the convective term, the diffusive term, and the pressure gradient,
respectively. In the field of CFD the conservation laws for the mass and the momentum are
together commonly known as the Navier-Stokes equations1. They are sufficient to describe
the motion of a Newtonian, incompressible fluid but the analytical solution of the partial dif-
ferential equations is only possible in simple cases. To solve the equations for more complex
geometries and applications, numerical methods can be used to approximate the differential
equations by a system of algebraic equations. Therefore, a discretization method has to
be applied, which divides the system into smaller cells and allows to numerically solve the
differential equations at discrete points in space and time (see Fig. 3.2). In addition to the
Finite Difference Method (FDM) and the Finite Element Method (FEM) the most common
and advanced discretization method for CFD is the Finite Volume Method (FVM). The
related spatial and temporal discretization methods, interpolation schemes and solver are
implemented in OpenFOAM and subsequently described below.

3.3 Finite Volume Discretization

The above introduced transport equation for the momentum can be written in its general
vector form for a scalar variable Φ by

ρ0
∂Φ
∂t

+ ρ0∇ · (Φc)−∇ · (Γ∇Φ) = qΦ (3.4)

with the diffusion coefficient Γ and the source or sink term qΦ. The Finite Volume Method
uses the integral formulation of the transport equation by integrating Eq. 3.4 for a control
volume. By applying the Gauss theorem for the convective and diffusive terms the volume
integrals can be expressed by surface integrals with the according normal face vector n.
Thus, the transport equation is written by

ρ0
∂

∂t

∫
V

Φ dV + ρ0

∫
A

Φc · n dA =
∫
A

Γ∇Φ · n dA+
∫
V
qΦ dV. (3.5)

1In physics the Navier-Stokes equations usually represent only the conservation law of the momentum.
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3.3.1 Spatial Discretization

The Finite Volume Method divides the fluid domain into a finite number of small cells
(control volumes), where the transport equations are applied. The numerical mesh repre-
sents the boundaries for each control volume and the variable Φ must be solved at each cell
center. In the field of CFD usually structured meshes are used. The control volumes for
an orthogonal and a non-orthogonal Cartesian 2D mesh with the indices of the structured
grid i and j and the notation of the adjacent cell centers are displayed in Fig. 3.2.

4.2 Approximation von Flächenintegralen 85

∫

S

f dS =
∑

k

∫

Sk

f dS , (4.2)

wo f die Komponente des konvektiven (ρφv ·n) oder des diffusiven (Γ∇φ ·n)
Flussvektors in Richtung normal zur KV-Seite bezeichnet. Da das Geschwin-
digkeitsfeld und die Fluideigenschaften als bekannt angenommen werden, ist
φ die einzige Unbekannte. Ist das Geschwindigkeitsfeld nicht bekannt, hat
man es mit einem komplizierteren Problem, das nichtlineare gekoppelte Glei-
chungen involviert, zu tun; diese Situation wird in Kapitel 7 behandelt.
Um die Konservativität zu gewährleisten ist es wichtig, dass sich die KVs

nicht überlappen; jede KV-Seite gehört eindeutig den beiden KVs an, die sie
trennt.
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Abbildung 4.2. Ein typisches KV für ein kartesisches 2D-Gitter und die verwen-
dete Notation

Im Folgenden wird nur eine typische KV-Seite, die mit “e” in Abb. 4.2
gekennzeichnet wurde, betrachtet; analoge Ausdrücke können für alle Seiten
durch entsprechende Index-Substitution abgeleitet werden.
Um das Flächenintegral in Gl. (4.2) exakt zu berechnen, müsste man den

Integranden f überall auf der Oberfläche Se kennen. Diese Information steht
nicht zur Verfügung, da nur die Knotenwerte von φ (d. h. im KV-Zentrum) be-
rechnet werden, weshalb Approximationen notwendig sind. Zu diesem Zweck
werden üblicherweise Approximationen auf drei Ebenen eingeführt:

• Das Integral über eine KV-Seite wird als Funktion der Variablenwerte an
einer oder mehreren Stellen innerhalb der KV-Seite – den sog. Integrati-
onspunkten – approximiert (Quadraturformel);

• Die Variablenwerte in den Integrationspunkten an einer KV-Seite werden
als Funktion der Knotenwerte approximiert, d. h. durch Interpolation.

8.6 Finite-Volumen-Methoden 271

Geschwindigkeitskomponenten zum Massenfluss beitragen. Jede kartesische
Geschwindigkeitskomponente wird mit der entsprechenden Komponente des
Flächenvektors (Projektion der Seitenfläche auf eine kartesische Koordina-
tenebene) multipliziert, siehe Gl. (8.15).
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Abbildung 8.9. Ein typisches 2D
Kontrollvolumen und die verwendete
Notation

Bei der Berechnung des konvektiven Flusses einer beliebigen Größe φ
wird normalerweise angenommen, dass der Massenfluss bekannt ist; mit der
Mittelpunktregel führt dies zu:

F ce =

∫

Se

ρφv · n dS = φe

∫

Se

ρv · n dS ≈ φeṁe , (8.16)

wobei φe den Wert von φ im Mittelpunkt der KV-Seite darstellt.
Die einfachste Approximation 2. Ordnung für φe erhält man durch lineare

Interpolation zwischen den KV-Zentren auf beiden Seiten ihrer Trennfläche.
Andere Approximationen können ebenfalls angewendet werden; einige davon
wurden in Kapitel 4 für kartesische Gitter beschrieben.
Die Interpolation erfolgt entlang den stückweise geraden Linien, als ob

sie Geraden wären; falls die Linie, die die KV-Zentren mit der Mitte der ge-
meinsamen KV-Seite verbindet, an der Seite ihre Richtung ändert, wird ein
zusätzlicher Fehler eingeführt. Eine andere Möglichkeit ist, eine Formfunk-
tion durch die benachbarten KV-Zentren zu legen und diese als Interpolati-
onsgrundlage zu benutzen.
In den meisten Fällen verläuft die Linie, die die zwei benachbarten KV-

Zentren verbindet (z. B. P und E in Abb. 8.9), nicht unbedingt durch die
Mitte der KV-Seite. Ein solcher Fall ist in Abb. 8.10 dargestellt.
Um die 2. Ordnung der Flussapproximation zu erhalten, muss der Wert

von φe durch Interpolation von mindestens 2. Ordnung berechnet werden.
Die einfache lineare Interpolation zwischen den Variablenwerten in den bei-
den KV-Zentren liefert eigentlich die Approximation 2. Ordnung an der Stelle
e′, wo die Verbindungslinie von P zu E die Seite durchstößt. Der Wert in der

Figure 3.2: Control volume of an orthogonal (left) and a non-orthogonal structured 2D
mesh (right) including the notation and indices. Graphics from Ferziger and Peric [25].

The biggest advantage of the Finite Volume Method is the implementation of the physical
conservatism: For steady-state conditions the amount of a scalar variable, which enters and
exits a control volume must be equal if no source or sink terms exist. In the case of the
FVM the sum of the integral equation of each control volume is equal to the conservation
equation of the whole solution area, which requires non-overlapping boundaries between
the cells. As the interesting variable Φ is only available in the center of each control volume
but the knowledge of the surface and volume integrals are needed to solve Eq. 3.5, the
integral relations have to be approximated by algebraic expressions.

Numerical Approximations
For the surface integral Fe usually the so-called midpoint rule is applied with a second order
accuracy expressed by

Fe =
∫
Ae

f dA = feAe ≈ feAe. (3.6)

The variable value f in the point “e” must be approximated using an interpolation method
for the values in adjacent control volumes. To assure the second order accuracy of the
midpoint rule the used interpolation scheme must also be second order accurate.
The approximation for the volume integral QP is performed similar to the surface integral
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and expressed by

QP =
∫
V
q dV = q∆V ≈ qP∆V. (3.7)

For the calculation of value qP of q in the cell center no interpolation is necessary due to
the knowledge of all variables in the center.

Discretization of the Convective Term
The flux of the convective term through the boundaries of the control volume is equal to
the sum of the integrals for each cell face. Using Eq. 3.6 the convective flux through the
face e can be approximated by

Fe
c = ρ0

∫
Ae

Φc · n dA = ρ0Φe

∫
Ae

c · n dA ≈ Φeṁe (3.8)

with the mass flux ṁe through the cell face and the value Φe of Φ in the center of the
control volume, which has to be approximated using a second order interpolation scheme.

Discretization of the Diffusive Term
The diffusive term for the cell face e can be approximated using the midpoint rule by

Fe
d =

∫
Ae

Γ∇Φ · n dA ≈ (Γ∇Φ · n)eAe = Γe
(
∂Φ
∂xj

)
e

neAe. (3.9)

Related to the face normal direction the derivation can be written by

Fe
d = Γe

(
∂Φ
∂n

)
e

neAe. (3.10)

and it has to be approximated by a second order interpolation scheme as well.

3.3.2 Interpolation Schemes

Several interpolation schemes with different orders of accuracy exist and are further devel-
oped. The most common are the upwind difference scheme (UDS) and the central difference
scheme (CDS):

Upwind Difference Scheme
The easiest determination of the value Φe in the midpoint of the control volume surface is
the approximation using the value ΦP in the center of the upwind adjacent cell (or downwind
- depending on the flow direction). The Taylor series expansion around the point P for a
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Cartesian coordinate system is expressed by

Φe = ΦP + (xe − xP )
(
∂Φ
∂x

)
P

+ (xe − xP )2

2

(
∂2Φ
∂x2

)
P

+H (3.11)

with the terms of higher order H. The upwind difference scheme only consists of the first
term on the right side and is therefore a first order accurate flux approximation. The
leading truncation error resembles the diffusive flux

fe
d = Γe

(
∂Φ
∂x

)
e

(3.12)

with the numerical diffusion coefficient Γe = (ρc)e∆x/2. The upwind difference scheme
is therefore “numerically diffusive” and the accuracy of the solution depends on the mesh
density. The application of the UDS for most CFD simulations should be avoided as the
usually used meshes are too coarse to achieve sufficient accuracy. Due to the advantage of
the UDS regarding its stability it can be used for initial computations as it produces no
oscillating solutions.

Central Difference Scheme
In addition to the determination of the value Φe by the upwind cell center value, it can also
be obtained using an interpolation between two adjacent cells centers P and E. This inter-
polation method is called the central difference scheme (CDS). The Taylor series expansion
can be written by

Φe = ΦEλe + ΦP (1− λe)−
(xe − xP )(xE − xe)

2

(
∂2Φ
∂x2

)
P

+H (3.13)

with the linear interpolation factor

λe = xe − xP
xE − xP

. (3.14)

The leading truncation error is depending on the square of the mesh distance and is therefore
of second order accuracy. As the interpolation is done along a straight line between the
cell center points, its application on non-orthogonal meshes introduces an additional error
as the face center is not aligned on the connecting line. Especially, the interpolation of the
gradient for the diffusive flux ∇Φ can lead to convergence oscillations as the face normal
derivatives have to be interpolated from the cell center to the face center. The orthogonality
of the used meshes is therefore an important factor to ensure accurate numerical results.

3.3.3 Temporal Discretization

For unsteady fluid flows the temporal term in the transport equation has to be discretized
as well. The change of a variable Φ along the time t can be described by a first order
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differential equation

dΦ(t)
dt = f(t,Φ(t)) (3.15)

with the initial condition Φ(t0) = Φ0. The value Φn+1 = Φ(tn+1) at a time step tn+1 =
tn + ∆t can be determined by the integration of Eq. 3.15 from the interval tn to tn+1:

∫ tn+1

tn

dΦ(t)
dt dt = Φn+1 − Φn =

∫ tn+1

tn
f(t,Φ(t)) dt. (3.16)

The solution of Eq. 3.16 is not directly possible as the temporal progression of f is not
known. Therefore, an approximation of the temporal integral has to be used. The imple-
mented schemes in OpenFOAM are subsequently described below.

Implicit Euler Scheme
One approach is to approximate the integral with the integrand at the end of the interval:

Φn+1 = Φn + f(tn+1,Φn+1)∆t. (3.17)

The temporal derivative can be therefore expressed by

∂Φ
∂t

= Φn+1 − Φn

∆t (3.18)

The so called implicit Euler method is the simplest temporal discretization scheme imple-
mented in OpenFOAM. It has a high numerical stability but the accuracy is of first order
in time as the value Φn+1 has to be determined implicitly. It should only be used for initial
computations of unsteady problems.

Crank-Nicolson Scheme
Another temporal discretization approach is the approximation of the integral by the values
at the beginning and end of the interval:

Φn+1 = Φn + 1
2
[
f(tn,Φn) + f(tn+1,Φn+1)

]
∆t. (3.19)

The Crank-Nicolson scheme is unconditionally stable and is second order accurate in time
but it can lead to oscillating solutions. The advantage of this discretization method is the
higher accuracy for small time steps.

Backward Difference Scheme
The backward time discretization scheme is similar to the implicit Euler method but uses
three time steps instead. It is therefore of second order accuracy and unconditionally
stable. It can also produce oscillating solutions but only at larger time steps compared to
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the Crank-Nicolson scheme. According to Hairer and Wanner [41] the temporal derivative
can be written by

∂Φ
∂t

= 3Φn+1 − 4Φn + Φn−1

2∆t . (3.20)

Stability of the Temporal Discretization
For the stability of a temporal discretization scheme the so called CFL (Courant-Friedrichs-
Lewy) or Courant number Co can be used, which is the ratio between the propagation time
of a disturbance c/∆x and the time step size ∆t:

Co = c∆t
∆x ≤ Comax. (3.21)

The maximum Courant number depends on the used discretization scheme. For an explicit
method (e.g. explicit Euler) it is limited by Comax ≤ 1 but the previously mentioned
schemes are even stable at higher CFL numbers. The Courant number depends also on
the local mesh size and differs therefore along the fluid domain. For the CFD simulations
performed in this thesis, investigating the fluid flow in Francis turbines with OpenFOAM,
the time step size is adjusted according to maximum Courant numbers of Comax ≈ 50.

3.3.4 Solving the Navier-Stokes Equations

Iterative Solvers
The result of the spatial and temporal discretization using the Finite Volume Method is a
system of algebraic equations for the whole solution domain in matrix form, which consists
of the partial differential equations for each control volume. In the field of CFD the most
common approach is the application of iterative solution methods. Usually an accuracy in
the range of the discretization is sufficient and therefore a precise solution of the algebraic
equations, which needs a high amount of resources, is not necessary. Considering a matrix
problem

AΦ = Q (3.22)

with the coefficient matrix A, the vector Φ consisting of the exact variable values in the
control volumes and the vector Q consisting of the volume integrals QP , an iterative method
yields an approximate solution Φn after n iterations:

AΦn = Q− ρn. (3.23)

The remaining term ρn is therefore different from zero. With the iteration error enit = Φ−Φn
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the residuum is defined by

Aenit = ρn (3.24)

which should approach to zero for an infinite iteration number. It is therefore important
to define convergence criteria to minimize the number of iteration steps for a solution with
sufficient accuracy. Based on empirical knowledge the iterative process can be aborted if
the residuals have dropped by an order of three to five, as described by Ferziger and Peric
[25].

Pressure and Velocity Coupling
In the Navier-Stokes equations the pressure field p is only related to the momentum equation
but not to the continuity equation. The velocity field with the components cx, cy and cz
in the 3D case can be derived from the momentum equation but therefore the pressure
gradient must be known. The most common approach for stationary, incompressible fluid
flows considering the coupled behavior of the pressure and velocity field is the SIMPLE
algorithm by Caretto et al. [8]: To satisfy the mass conservation the velocity and the
pressure field are sequentially solved. The particular velocity components are solved with
presumed values of the pressure and the remaining velocities from the previous iteration
step. The continuity equation is usually not satisfied with the achieved velocity field and
therefore a pressure correction is used to compute a new velocity field. At the end the
continuity equation should be satisfied using the corrected velocity field within a certain
tolerance. Considering the convergence a drop of the residuals of one magnitude is sufficient
except the solution of the pressure correction. A method to improve the convergence for
the SIMPLE algorithm is the under-relaxation, which limits the change of a variable in the
Navier-Stokes equations between each iteration. For a variable Φ at the iteration step n it
can be expressed by

Φn = Φn−1 + αΦ(Φ− Φn−1) (3.25)

with the under-relaxation factor αΦ, which satisfies the condition 0 < αΦ < 1. The conver-
gence is therefore more stable using a smaller under-relaxation factor but the disadvantage
is a reduction of speed. For unsteady problems the PISO algorithm can be used proposed
by Issa [46], which can be coupled with the SIMPLE algorithm to the so called PIMPLE
method. It combines the advantage of relative large time steps with an improved conver-
gence and stability using inner iteration loops. It is implemented in OpenFOAM and is
used for the unsteady CFD simulations in this thesis.

Parallelisation
Presently due to the affordable computing power, the distribution of the algebraic system
defined in Eq. 3.22 to several computer cores helps to significantly improve the simulation
duration. Therefore, the computational mesh of the full domain is partitioned according
to the number of processors, which solve the equations separately. The information at the
interfaces is exchanged between the cores, which limits the increase of speed to a maximum
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number of processors, depending on the mesh size and the used communication tool (e.g.
OpenMPI).

3.4 Simulation of Turbulent Fluid Flow

The fluid flow in most practical cases, especially for hydraulic turbomachines, is deter-
mined by a turbulent behavior. The characteristic values like the velocity are unsteady and
intensely fluctuating in space and time scale. Several mathematical approaches exist to de-
scribe the physical behavior of turbulent fluid flows but an exact solution is hard to achieve.
One main characteristic of turbulence is the presence of eddies in different size, which are
responsible for the dissipation of energy. The kinetic energy is transferred from large scaled
eddies to smaller scales and is dissipated at the smallest eddies to internal energy due to
friction. The larger eddies contain the biggest energy amount, which is derived from the
small variations of the characteristic flow values around the mean flow. The most precise
description of turbulence is achieved using Direct Numerical Simulations (DNS) to exactly
solve the Navier-Stokes equations. However, the numerical effort using DNS is huge and its
application is limited to simple geometries. Hence, it is not appropriate to solve the flow in
hydraulic turbomachines and therefore different modeling approaches have been developed
with varying scope of application and accuracy. The most important apart from DNS are
categorized as follows:

• RANS (Reynolds Averaged Navier-Stokes): This approach is based on the statisti-
cal averaging of the transport equations. The achieved partial differential equations
(Reynolds averaged Navier-Stokes equations) do not form a closed system and there-
fore numerical approximations are necessary (turbulence modeling). RANS models
are the most common approach to determine turbulence but they are only able to
describe an averaged flow field.

• LES (Large Eddy Simulation): The above described approximations are applied only
to small scale eddies. The transport equations for large scale fluid motions are solved
directly. It is therefore a compromise between the RANS modeling approach and
DNS.

Further, hybrid turbulence models have been developed, which combine the advantages of
RANS and LES approaches. The most common hybrid models are DES (Detached Eddy
Simulation) or SAS (Scale-Adaptive Simulation).
It is important to mention that turbulence modeling is only an approximation of the physical
fluid behavior. In addition, no single turbulence model exists, which is capable of predicting
reliable results for all kinds of turbulent flows. In the following sections the RANS and LES
approaches together with the hybrid SST-SAS model are discussed, as they are used in
the scope of this thesis. Further, the wall treatment for turbulent CFD simulations is
mentioned.
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3.4.1 RANS Modeling Approach

The characteristic values Φ of a turbulent fluid flow can be described by the sum of its
average Φ and the according fluctuating term Φ′:

Φ(xi, t) = Φ(xi) + Φ′(xi, t). (3.26)

For statistical steady fluid flows a temporal averaging approach can be applied with a
preferably large averaging interval T (see Fig. 3.3, left). For an unsteady flow behavior the
Ensemble averaging approach can be used (see Fig. 3.3, right).

9.4 RANS-Modelle 345

Turbulenzmodelle eher als ingenieurmäßige Approximationen statt als wis-
senschaftliche Gesetze betrachtet werden.

9.4.1 Reynolds-gemittelte Navier-Stokes-Gleichungen

In einer statistisch stationären Strömung kann jede Variable als Summe aus
einem zeitgemittelten Wert und einer Schwankung um diesen Wert dargestellt
werden:

φ(xi, t) = φ(xi) + φ′(xi, t) , (9.18)

wobei

φ(xi) = lim
T→∞

1

T

∫ T

0

φ(xi, t) dt . (9.19)

Hier ist t die Zeit und T das Mittelungsintervall. Dieses Intervall muss im
Vergleich zur typischen Zeitskala der Schwankungen groß sein, weshalb man
am Grenzfall T →∞ interessiert ist, siehe Abb. 9.10. Ist T groß genug, dann
hängt φ nicht vom Zeitpunkt, zu dem die Mittelung beginnt, ab.

u

u

t

u

t

u

u

u

T

Abbildung 9.10. Zeitmittelung für eine statistisch stationäre Strömung (links)
und Ensemblemittelung für eine instationäre Strömung (rechts)

Ist die Strömung nicht statistisch stationär, kann keine Zeitmittelung ver-
wendet werden; sie muss durch Ensemblemittelung ersetzt werden. Dieses
Konzept wurde ebenfalls in Abb. 9.10 veranschaulicht und kann wie folgt
formuliert werden:

φ(xi, t) = lim
N→∞

1

N

N∑

n=1

φn(xi, t) , (9.20)

wobei N die Anzahl der Ensemblemitglieder ist, die groß genug sein muss,
um die Fluktuationseffekte zu beseitigen. Dieser Mittelungstyp kann auf je-
de Strömungsart angewendet werden. Hier wird die Bezeichnung Reynolds-

Figure 3.3: Temporal averaging of the velocity u for a statistical steady flow (left) and
Ensemble averaging of unsteady flows (right). Graphics from Ferziger and Peric [25].

The application of an averaging procedure (Reynolds averaging) to the Navier-Stokes equa-
tions leads subsequently to the averaged mass and momentum conservation equations:

∂ci
∂xi

= 0, (3.27)

ρ0
∂ci
∂t

+ ρ0
∂

∂xj

(
cicj + c′ic

′
j

)
= ∂τ ij
∂xj
− ∂p

∂xi
, (3.28)

with the averaged viscous stress tensor

τ ij = µ0

(
∂ci
∂xj

+ ∂cj
∂xi

)
. (3.29)

The additional term c′ic
′
j compared to the momentum equation is known as the Reynolds

stress tensor, although it is not a stress tensor in the common sense. The presence of these
further unknown variables exceeds the number of available equations, which is called the
closure problem. As it is not possible to derive a closed system of exact equations, numerical
approximations have to be used - the so-called turbulence models. Several approaches
exist with an increasing number of model equations and therefore related complexity. The
simplest way of turbulence modeling is represented by algebraic or zero equation models
with low required computational effort but limited applicability for fluid flow problems.
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The most common approach for CFD simulations is using first-order closureEddy-Viscosity
Models (EVM). They are based on the hypothesis by Boussinesq [6], who postulated that
the influence of turbulence on energy dissipation and the transport of mass and momentum
can be described by an increased viscosity, similar to laminar flows. Hence, the Reynolds
stresses can be derived by

−c′ic′j = νt

(
∂ci
∂xj

+ ∂cj
∂xi

)
− 2

3δijk (3.30)

with the kinetic energy of turbulence k = 1
2c
′
ic
′
j and the turbulent or eddy viscosity

νt = µt/ρ0. The latter is a function of the local flow conditions and not a characteris-
tic value of the fluid like the molecular viscosity µ. The determination of the eddy viscosity
is the purpose of the EVM to solve the closure problem. A large variety of first-order clo-
sure models exist ranging from simple algebraic or zero-equation models over one-equation
models as proposed by Spalart and Allmaras [90] to advanced multi-equation approaches.
The most common applied ones are two-equation turbulence models like the k-ε model, the
k-ω model developed by Wilcox [105] or the widespread Shear-Stress-Transport model k-ω
SST developed by Menter [65].
The disadvantage of the Eddy-Viscosity Models is the lack of capturing anisotropic non-
linear effects in 3D fluid flows caused for example by strong streamline curvature, vortex
flow effects or separated flows. Second-order closure models like the more sophisticated
Reynolds Stress Models (RSM) or Algebraic Stress Models (ASM) are able to
consider anisotropy but are quite complex in their application and therefore seldom used.
In the scope of this thesis only the EVM based k-ω SST model implemented in OpenFOAM
2.3 is used, which seeks to combine the advantages of both the k-ε and the k-ω model. They
are therefore briefly discussed below.

k-ε Turbulence Model
One approach for two-equation turbulence models is the expression of the eddy viscosity νt
as a function of the turbulent kinetic energy k and the turbulent dissipation rate ε. The
coupled partial differential equations lead to the correlation

νt = Cµ
k2

ε
(3.31)

with the turbulence model constant Cµ. This approach is used in a large range of k-ε mod-
els (e.g. the standard k-ε model by Launder and Spalding [52]). The advantages of the k-ε
models are the relatively simple implementation in CFD applications and the reasonable
prediction of the flow in free stream zones with fully developed turbulence. The disadvan-
tage is the lack of accuracy in the near-wall region, where high flow gradients appear. To
stay valid in the viscous sublayer close to the wall, low-Re versions are used including so-
called damping functions. However, to compute the flow explicitly in the near-wall region
very fine meshes are necessary, especially considering high Reynolds numbers. The wall
treatment of turbulent flows will be discussed in the following section.
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k-ω Turbulence Model
Another approach to obtain the eddy viscosity νt is the expression using a modified equation
for k from the k-ε model and a transport equation for the turbulent dissipation frequency

ω = 1
Cµ

ε

k
, (3.32)

which leads to the formulation νt = k/ω. The numerical behavior of the k-ω turbulence
model is similar to the k-ε model but it needs no damping functions and has therefore
an improved numerical stability in the near-wall region. On the other hand it exhibits an
increased sensitivity of the flow behavior due to free stream boundary conditions of ω.

k-ω SST Turbulence Model
The two-equation turbulence model k-ω SST combines both previously mentioned ap-
proaches by switching from the k-ε model in the free stream zone to the k-ω formulation in
the near-wall region with the use of blending functions Fn. The coefficients in the transport
equations for the SST model are blended linearly between a value Φ1 for k-ω and Φ2 for
k-ε by

Φ = F1 Φ1 + (1− F1)Φ2. (3.33)

The eddy viscosity is obtained by

νt = a1k

max(a1ω, |S|F2) (3.34)

with the first invariant |S| of the strain-rate tensor S12 and the constant a1 = 0.31. A
detailed formulation of the transport equations, coefficients and blending functions for the
SST model is described by Blazek [5] or Erne [22].

3.4.2 LES Modeling Approach

The general idea of the Large Eddy Simulation approach is to explicitly solve large scale
eddies, which contain the most energy in turbulent fluid flows, as originally proposed by
Smagorinsky [89]. The dynamics of small turbulent structures are modeled depending on
their influence on the large scale motions. Presently LES is commonly applied to engineering
problems with complex geometries, where standard RANS models lack accuracy or even
fail. This is additionally supported by the increased computing power at a low-cost level.
Although LES requires high-resolution grids with a large number of cells, it is in practice
far more applicable than DNS. It can be further combined with RANS turbulence models
(hybrid models) and wall function approximations to apply it at reasonable computational
costs.
To evaluate the influence of small scale eddies spatial filtering is used to decompose the
flow variables like the velocity ci into a filtered LES component ci, which is resolved, and a
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sub-filter component c′i, which is modeled:

ci = ci + c′i. (3.35)

The LES component is determined using a spatial filter function FLES(x,x′,∆) applied to
the complete fluid volume V by

ci(x, t) =
∫
V
ci(x′, t)FLES(x,x′,∆) dV ′ (3.36)

with the filter width ∆. Different filter functions are used like the Tophat filter, the sharp
Fourier cut-off filter, or the Gaussian filter. A detailed description of the filters would
exceed the scope of the thesis but can be found in Vasilyev et al. [100]. The application of
the filter function to the Navier-Stokes equations eliminates the small turbulent structures.
In the governing equations the so-called subgrid-scale stress (SGS) tensor τSij appears with
the correlation

τSij = cicj − cicj. (3.37)

It describes the effects of the small scales, which have to be modeled to solve the closure
problem. The subgrid-scale models have to determine the energy transfer between the
large and small scales. Different approaches exist like the Eddy-Viscosity Model or the
Smagorinsky [89] SGS Model.

3.4.3 Scale-Adaptive Simulation Approach

Pure LES simulation approaches still exceed reasonable computational efforts in most en-
gineering fluid dynamic problems but would reveal more precise information about the
flow behavior. In cases of distinct differences between dominant large eddies and the tur-
bulent fluid motion regarding their characteristic frequencies, a combination of URANS
(unsteady RANS) and LES methods can be used in hybrid models. One approach besides
the Detached-Eddy-Simulation is the so-called Scale-Adaptive Simulation method suggested
by Menter and Egorov [67]. The idea of SAS is to dynamically switch from standard RANS
in stable flow regions to LES behavior to resolve the turbulent spectrum in unsteady zones.
The information for the automatic adjustment is provided by the von Karman length-scale
LvK , which is based on the reformulation of the integral length-scale by Rotta [83]. The
SAS approach can be applied in conjunction with different two-equation turbulence mod-
els, but it is usually combined with the k-ω SST model as proposed by Menter and Egorov
[67], leading to the SST-SAS formulation. The difference in the governing equations to
the RANS-SST model is an additional source term QSAS in the transport equation for the
turbulent dissipation frequency ω, which reduces the turbulent viscosity, as described in the
latest version of the SST-SAS model by Egorov and Menter [19]. This formulation has been
implemented in OpenFOAM 2.3 and is used as well in the scope of this thesis to evaluate
the capabilities for hydraulic turbomachines compared to the RANS-SST model. Similar
investigations have been performed using commercial codes by Nennemann et al. [74]. The
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advantage of the SAS approach in comparison to DES is the ability to operate on coarser
meshes as well by switching to a RANS formulation. Although, fine mesh resolution is
required to resolve small scale turbulence, the eddy viscosity and therefore the damping of
flow structures can be reduced by one order compared to pure RANS-SST even on a coarse
mesh as shown by Krappel et al. [50].

3.4.4 Wall Treatment in Turbulent Flows

The wall treatment in turbulent fluid flows is of special interest as the boundary flow can
influence the behavior in the whole fluid domain and needs therefore proper assessment in
CFD. In hydraulic turbomachines with high Reynolds numbers the resolution of the narrow
viscous sublayer would require fine mesh densities in the wall-adjacent region leading to an
excessive computational effort. Hence, the introduction of mathematical approximations
(“wall functions”), to adequately describe the flow behavior close to no-slip walls, is desired,
especially if the flow in the laminar sublayer is not of primary interest. The investigation
of the viscous flow effects in the course of the boundary layer theory evolved a detailed
knowledge of the flow in the near-wall region. To describe this behavior the introduction
of non-dimensional variables like the dimensionless wall distance y+ and the dimensional
velocity u+ is a common approach. They are defined by

y+ = yuτ
νk

and u+ = u

uτ
(3.38)

with the velocity u parallel to the wall, the friction or shear velocity uτ , the kinematic
viscosity νk and the scalar wall distance y. According to Fig. 3.4 the description of the
velocity profile in the wall-normal direction can be divided into three main regions:

• Laminar sublayer (y+ < 5)

• Buffer layer (5 < y+ < 60)

• Log-law region (y+ > 60)

Laminar sublayer
The flow behavior in the near-wall region is mainly characterized by the wall shear stress
τw with the correlation

uτ =
√
τw
ρ
. (3.39)

As the turbulent fluctuations together with the Reynolds number are decreasing close to
the wall due to high velocity gradients the molecular viscosity of the fluid is dominant. The
velocity profile can be subsequently assumed with a linear relationship between u+ and y+:

u = yτw
µ

= yu2
τ

νk
→ u+ = y+. (3.40)
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Figure 3.4: Velocity profile in the near-wall region of a turbulent fluid flow defined by the
dimensionless velocity u+ as a function of the dimensionless wall distance y+.

Log-law layer
With an increasing distance y in the wall-normal direction the turbulent viscosity is mainly
influencing the flow behavior and the velocity profile can be approximated by the logarith-
mic law

u = uτ
κ
ln y+ + C uτ → u+ = 1

κ
ln y+ + C. (3.41)

In Eq. 3.41 κ is the von Karman constant (κ = 0.41) and C is an empirical constant in
relation to the thickness of the viscous sublayer and the surface roughness of the wall. For
smooth walls it can be derived by C = 5.2.
With the application of wall functions in a turbulent CFD simulation, the velocity profile
in the near-wall region can be adequately approximated using a sufficient mesh resolution
considering the wall-adjacent cell to be in the log-law layer region. It is important to
mention that wall functions are only valid in stable boundary regions without considerable
flow separation. Different wall function approaches have been developed with varying ad-
vantages and disadvantages. A detailed description would exceed the scope of this thesis.
Nevertheless, the standard wall functions implemented in OpenFOAM have been used here
in combination with the applied turbulence models for all CFD simulations.

3.4.5 Boundary Conditions

To solve the numerical system for turbulent flows, appropriate boundary conditions at the
borders of the fluid domain (inlet, outlet, wall) have to be defined. Further, if separate block
type fluid domains are used, according definitions at the non-conformal mesh interfaces have
to be applied to assure the mass conservation. The most common definitions, which have
been used in this thesis, are briefly described as follows.
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Inlet
At the inlet surface the flow velocity with its components ci or the discharge Q together
with the flow direction and an optional velocity profile can be set. The pressure gradient
for an incompressible fluid is assumed to be constant and the pressure values are therefore
extrapolated from the internal fluid domain. The turbulent kinetic energy is usually derived
by the inlet velocity Cin and the turbulent intensity I, which is typically in the range
between 1 % and 20 %:

kin = 3
2 I

2C2
in. (3.42)

For long enough inlet sections the influence of the turbulent intensity on observed flow
regions is negligible. The turbulent dissipation frequency at the inlet ωin can be assumed
with the turbulent mixing length lm = 0.07 din and the pipe diameter din by

ωin = C−0.25
µ

√
kin
lm

. (3.43)

Outlet
At the outlet surface the velocity gradient is set to be constant as well as the gradients for
the turbulence quantities. The pressure can be defined to a constant value for each face or
to a surface average, which usually improves the convergence for the simulation.

Wall
At the solid walls the mass flow in the normal direction n is zero and usually a no-slip
condition is applied with a smooth surface roughness. Therefore, the velocity components
are equal to the velocity for the wall itself. The turbulent kinetic energy and its derivative
at the wall are equal to zero (kw = 0, ∂kw/∂n = 0). For the dissipation frequency the value
close to the wall tends to ωw → 0, which requires a limiting function αw for the numerical
computation. The value for the limiter was proposed by Menter [66] to αw = 10 and the
dissipation frequency at the center of the wall adjacent cell can be described by

ωw = αw
6νk
βty2

w

(3.44)

with the distance of the cell center to the wall yw and the constant βt = 0.075.

Interfaces
As the fluid zones in the simulation of hydraulic turbomachines are usually discretized
using separate block domains, the non-conformal interfaces between each domain have
to be connected appropriately. Further, this approach is necessary to couple stationary
and rotating domains. At the interfaces the flux conservation has to be assured by an
interpolation between the adjacent surfaces. In the scope of this thesis the Arbitrary Mesh
Interface (AMI) approach implemented in OpenFOAM 2.3 is applied.
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Chapter 4

FEM in Hydraulic Turbomachines

To obtain the static and dynamic structural response of the investigated Francis runners
affected by the fluid flow behavior, numerical computations are performed using the Finite
Element Method (FEM). The concept is based on the formulations of the linear elasticity
theory and the equation of motion for elastic, solid bodies. The first applications of FEM
started in the 1950s in the field of aerospace engineering and were further extended to the
automotive engineering sector. Similarly to the development of numerical flow simulations
the significance of FEM increased steadily according to rising computing power. Hence,
it is presently the most common approach for the structural computation in a wide range
of engineering applications. Various commercial FEM programs exist but the usage of
open-source tools is gaining popularity due to their advanced capabilities. In the scope
of this thesis the freely available program Code_Aster is used for the structural investi-
gations, which is briefly described below. Further, the basic equations and the concept of
FEM including the discretization method are described according to Rammerstorfer [81].
The idea of fluid-structure interactions (FSI) to couple CFD and FEM for more detailed
investigations is outlined in addition.

4.1 Introduction of Code_Aster

Code_Aster is an open-source FEM code written in the program language Fortran. It
was developed by the French electricity company Électricité de France (EDF) primarily for
internal use only but had later been published in 1999 under GPL. Although its commu-
nication language is French, the program is increasingly used outside the French-speaking
community, also supported by the English documentation and the developed usability. Fur-
ther, the extensibility for custom utilities and the application of Python-based codes for
I/O-commands enhances the capabilities of Code_Aster. Different types of structural sim-
ulations are available like static, dynamic, thermal, non-linear or fatigue analysis. Pre- and
post-processing tools like the Salome platform can be used for the discretization and eval-
uation of mechanical problems. The advanced capabilities and possibilities of Code_Aster
have been considered as well for industrial applications in addition to the usage of commer-
cial software.
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4.2 Basics of the Linear Elasticity Theory

For the assessment of the static and dynamic structural behavior of an elastic body the
mechanical strains and stresses are significant. The linearized relation between the dis-
placements and the strains can be described by

εij = 1
2

(
∂ui
∂xj

+ ∂uj
∂xi

)
(4.1)

with the strain tensor εij and the local structural displacement ui = (u, v, w) at the point
xi = (x, y, z). The relation can be written in its general form by

ε = d u (4.2)

with the strain vector ε, the differential operator matrix d and the displacement vector
u = (u v w)T. In a Cartesian coordinate system the strain vector is defined by

ε =
(
εxx εyy εzz γxy γyz γxz

)T
(4.3)

with the shear angle γij = 2 εij. The differential operator matrix is defined by

d =

∂/∂x 0 0 ∂/∂y 0 ∂/∂z
0 ∂/∂y 0 ∂/∂x ∂/∂z 0
0 0 ∂/∂z 0 ∂/∂y ∂/∂x


T

(4.4)

The relation between the strain and stress for an isotropic, isothermal, linear elastic material
(as used in this thesis) can be written according to Hooke’s law by

σij = 2G
(
εij + νp

1− 2νp
e δij

)
with e = εii = εxx + εyy + εzz. (4.5)

In Eq. 4.5 G is the shear modulus, ν is the Poisson ratio and δij is the Kronecker delta:

G = E

2(1 + ν) δij =

0, if i 6= j

1, if i = j
(4.6)

The Young’s modulus E, the Poisson ratio ν and therefore the shear modulus G are charac-
teristic constants for isotropic, linear elastic materials. The formulation of the stress strain
relation can be written in its general form by

σ = E ε (4.7)

with the algebraic stress vector according to Voigt notation

σ =
(
σxx σyy σzz σxy σyz σxz

)T
(4.8)
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and the elasticity tensor

E = E

(1 + ν)(1− 2ν)



1− νp ν ν
ν 1− ν ν 0
ν ν 1− ν

1−2ν
2 0 0

0 0 1−2ν
2 0

0 0 1−2ν
2


(4.9)

4.3 Equation of Motion

The equation of motion for elastic bodies can be derived using the energy method consid-
ering the displacement ui = ui(xi, t) and the stresses σij = σij(xi, t). The total potential
energy VE of a linear elastic body can be defined as the sum of the internal potential elastic
energy UE (strain energy) and the potential of the external forces WE:

VE = UE +WE (4.10)

The strain energy for the elastic body can be derived by the integration of the strain energy
density ÛE over the body volume:

UE =
∫
V
ÛE dV = 1

2

∫
V
σij εij dV . (4.11)

The potential of the external forcesW is the sum of the punctual forces∑Fi, the integration
of the surface loads pi over the body surface and the integration of the field forces fi over
the body volume (see Fig. 4.1). According to the principle of d’Alembert the equilibrium
of a dynamic rigid body is reached by adding the inertial forces ρüidV for an infinitesimal
mass with the acceleration üi. The inertial forces act therefore as an external force and have
to be included in the potential WE. In dynamic structural problems dissipation appears in
most cases due to internal or external damping forces (e.g. viscous damping). For a correct

if
iF

ip

Figure 4.1: External forces acting on a solid body.

37



4 FEM in Hydraulic Turbomachines 4.4 Finite Element Discretization

description of the dynamic behavior of a solid body dissipation has to be considered in the
equation of motion. The dissipation is usually depending on the velocity of the structure u̇i.
Assuming a damping distribution c = c (x, y, z), the dissipation is included in the potential
of the external forces, which can be finally expressed by

WE = −
∑
i

Fi −
∫
A
piui dA−

∫
V
fiui dV +

∫
V
ρüiui dV +

∫
V
cu̇iui dV . (4.12)

A correct damping distribution is hard to determine for complex structural problems and
therefore approximation approaches are usually applied, which are discussed later.
For a body in its equilibrium state the sum of the virtual work for the internal forces δU and
the external forces δW at a virtual, infinitesimal variation of the displacement δui is equal
to zero (variation principle). Hence, the variation of the total energy potential becomes
zero and V gets a minimum:

δUE + δWE = 0 → δVE = 0 (4.13)

The equilibrium equation of motion for an elastic body can be finally written by

∫
V
ρüiδui dV +

∫
V
cu̇iδui dV +

∫
V
σijδεij dV =

∑
i

Fiδui +
∫
A
piδui dA+

∫
V
fiδui dV . (4.14)

4.4 Finite Element Discretization

As the exact analytical solution of the equation of motion (Eq. 4.14) is only possible for
simple geometries and load cases, approximation methods have to be used. The most com-
mon approach for structural computations is the Finite Element Method, which reduces
the continuous problem of a solid body to a finite number of discrete equations. Therefore,
different types of elements can be applied. In three-dimensional cases the most common
ones are hexahedral and tetrahedral elements as displayed in Fig. 4.2. Hexahedral elements
enable higher accuracies at low element numbers but need more discretization effort. Tetra-
hedral meshes have the advantage of flexible adaption even to complex geometries and can
therefore be easily implemented in automatic discretization processes. The disadvantage
of their lower accuracy can be compensated by using higher order interpolation functions.
This is achieved by additional nodes in the elements (see Fig. 4.2, right). To obtain the
displacements ue =

(
uex uey uez

)T
at any structure point (x, y, z) an approximation ap-

proach is used with the displacements of the element nodes ue
i =

(
ueix ueiy ueiz

)T
and

according shape functions Ni:

ue =
N∑
i=1

Ni(x, y, z) ue
i = N(x, y, z) Ue (4.15)

The vector Ue is the displacement vector containing the displacements of all nodes i of a
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i uix
e

uiy
euiz

e

y
z

x

Figure 4.2: FEM discretization: Hexahedral element (left), tetrahedral element (middle)
and quadratic tetrahedral element (right).

single element e and the matrix N contains the individual shape functions. The approxi-
mation of the displacements using shape functions in FEM is based on the method by Ritz
to describe the solution of a structural problem by analytical functions. The advantage
of the discretization process is that the shape functions do not have to correspond to the
overall kinematic boundary conditions, which is hard to realize, but only have to agree with
the continuity terms at the boundaries of each element. Hence, the interpolation functions,
which are usually of polynomial type, are more simple to achieve and similar element types
can be equipped with equal shape functions.
With the basics of the linear elasticity theory the strain at any point can be calculated
using the nodal displacements by

ε = d N(x, y, z) Ue = D Ue (4.16)

with the strain-displacement matrix D = d N(x, y, z). The stresses can be further derived
using the elasticity matrix E from Eq. 4.9:

σ = E ε = E D Ue (4.17)

4.5 Element and Global Matrix Definitions

4.5.1 Element Matrices for the Undamped System

The equation of motion for an equilibrium state of an elastic body described in Eq. 4.14
applied to a discretized system leads to a set of algebraic equations, which can be used
to numerically solve the nodal displacements Ue of an element e. The matrix form of the
equation of motion is at first expressed for an undamped system neglecting the influence of
dissipation by

∫
V
ρüeT

δue dV +
∫
V
σT δε dV =

∑
FT

e δue +
∫
A

pT
e δue dA+

∫
V

fT
e δue dV . (4.18)
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The Eq. 4.15 to 4.17 lead to the relations δue = N δUe and δε = D δUe. Thus, the matrix
form of the equation of motion can be further expressed by

(∫
V

NTN dV
)

Üe +
(∫

V
DTED dV

)
Ue =

∑
NTFe +

∫
A

NTpe dA+
∫
V

NTfe dV (4.19)

With the use of the mass matrix Me, the stiffness matrix Ke and the load vector Le the
time dependent, discretized equation of motion is defined by

MeÜe(t) + KeUe(t) = Le(t). (4.20)

4.5.2 Element Matrices Considering Damping

In dynamic structural problems usually a certain kind of dissipation due to damping forces
appears as previously described. It can be considered in the matrix form of the equation
of motion by the damping matrix Ce and the velocity vector U̇e:

MeÜe(t) + CeU̇e(t) + KeUe(t) = Le(t). (4.21)

As already mentioned, a precise damping behavior for complex structural problems is usu-
ally not known in advance and the damping matrix can only be determined by experimen-
tal investigations. A common approximation approach is the so-called Rayleigh damping,
which is based on the assumption that the damping can be described by the mass and
stiffness distribution:

Ce = αMe + βKe. (4.22)

The scalar values α and β are the mass and stiffness proportional Rayleigh damping coeffi-
cients, which are depending on the angular eigenfrequency ωi = 2πfi. According to Clough
and Penzien [10] the Rayleigh coefficients can be expressed using the damping ratio ξ by

2ξi = α

ωi
+ βωi. (4.23)

The advantage of the Rayleigh damping approach is the uncoupled treatment of the motion
equation and the simple implementation for numerical computations. On the other hand,
the approximation of the global damping behavior considering two parameters is only a
rough assumption.

4.5.3 Assembly of the Global Matrices

The previously described element matrices and vectors are used to define the discretized
structural problem of the global system. Therefore, the individual element matrices and
vectors are summed in an appropriate manner to fulfill the equilibrium conditions for each
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element and between shared nodes of adjacent elements. The global displacement vector
U = (Ue1 ...UeN)T contains the displacement vectors for the total number of elements
N . The certain element matrices are re-arranged considering the dimension of the global
matrices and the position of the according nodal displacements in U. Afterward, the
resulting matrices are assembled to the global matrices with the assembly operator O by

M = OiMi K = OiKi L = OiLi (4.24)

leading to the definition of the equation of motion for the complete structure:

MÜ(t) + CU̇(t) + KU(t) = L(t). (4.25)

4.6 Finite Element Analysis Types

4.6.1 Static Analysis

For static structural problems the time dependent derivatives of the displacement vector
Ü(t) and U̇(t) can be neglected and the equation of motion reduces to the simple formula-
tion

KU = L. (4.26)

The resulting set of linear algebraic equations with the unknown displacements can be
numerically computed.

4.6.2 Modal Analysis

To obtain the natural behavior considering the mode shapes and eigenfrequencies of an
undamped structure without any external forces, a modal analysis can be performed. The
equation of motion can be described therefore by

MÜ(t) + KU(t) = 0. (4.27)

Implementing the harmonic function U(t) = φ sin [ω(t− t0) ] with the amplitude vector φ
in the equation of motion leads to the linear eigenproblem

Mφ
(
−ω2 sin [ω(t− t0) ]

)
+ Kφ sin [ω(t− t0) ] = 0 (4.28)

and further to

(
−ω2 M + K

)
φ = 0. (4.29)

The solution of the eigenproblem results in the eigenvalues ω2
i and the according eigenvectors
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φi with i = 1, ... N . As N denotes to the degrees of freedom (DOF) for the discretized
structure, usually a limited number of mode shapes M < N is of interest and therefore
computed.

4.6.3 Harmonic Response Analysis

In the case of oscillating structures excited by harmonic loads (e.g. the rotor-stator in-
teraction in a Francis turbine), the dynamic response and amplitudes can be obtained
using a harmonic response analysis (HRA). Hence, the load vector is assumed by L (t) =
L0 sinωf (t− t0) with the exciting frequency ωf . The displacements are therefore also vary-
ing harmonically and can be described by U(t) = U0 sinωf (t− t0) with the complex valued
vector U0. The equation of motion for the harmonic excitation of a damped structure is
defined by

(
−ω2

f M + iωf C + K
)

U0 = L0, (4.30)

which can be solved similar to static problems.

4.6.4 Transient Analysis

In cases of complex structural excitations with varying loads in the time domain, a harmonic
response analysis is not sufficient to obtain the correct displacements, strains and stresses.
If the load vector L(t) is known, a transient FEM analysis can be performed. Therefore, it
is not only necessary to discretize the problem in space but also in time. According to the
equation of motion (Eq. 4.25) the displacement U, the velocity U̇ and the acceleration Ü are
unknown. To numerically solve this unsteady problem the direct time integration method
proposed by Newmark [75] can be used. Thereby, it is assumed that the displacement Un,
velocity U̇n and acceleration Ün at the time tn are known. By the introduction of the two
parameters δr and γr the following relations for the time tn+1 = tn + ∆t can be defined:

Un+1 = Un + ∆tUn + (∆t)2
(1

2 − δr
)

Ün + (∆t)2 δr Ün+1 (4.31)

U̇n+1 = U̇n + ∆t (1− γr) Ün + ∆t γr Ün+1 (4.32)

The numerical constants δr and γr are relaxation values to assure convergence and stability.
They were originally proposed by Newmark [75] to δr = 0.25 and γr = 0.5. By the explicit
expression of Ün+1 from Eq. 4.31 and its substitution in Eq. 4.32 the resulting functions
for Ün+1 and U̇n+1 can be implemented in the equation of motion (Eq. 4.25) for the time
tn+1 with the known load vector Ln+1. Hence, solely the unknown Un+1 remains in the
reduced matrix problem with the form Ax = b, which can be solved consequently.
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4.7 Fluid-Structure Interaction

In a large range of physical phenomena solid structures are influenced by the motion of fluids
as well as in the reverse direction (e.g. airfoils, valves, turbomachines). To investigate such
phenomena a so-called fluid-structure interaction (FSI) can be performed. Depending on
the intensity of the influence between the solid and fluid domain, different approaches exist
with varying computational effort, which are briefly described below.

4.7.1 Bidirectional Coupling

In the case of a strong influence of the fluid motion on the behavior of a solid body and in
the reverse direction, a two-way coupling approach has to be used. This is necessary for thin
and flexible structures with large deformations, which additionally modify the fluid flow.
For the bidirectional coupling approach the direct connection of both discretized domains
is necessary and the interaction between them has to be solved for each numerical time
step. Although it enables the most accurate results, an increased computational effort is
required. Two methods exist within the bidirectional coupling:

• Monolithic approach: The fluid and the structure fields are computed simultaneously
before updating the meshes and proceeding to the next time step. It requires matching
meshes at the domain interfaces, which is hard to achieve for complex geometries, and
is also less stable.

• Partitioned approach: The fluid and the structure fields are solved consecutively.
Hence, non-matching meshes can be applied but this requires according coupling
approaches for the exchange of data.

4.7.2 Unidirectional Coupling

If the influence of the solid motion on the fluid can be neglected or for a minor impact of
the fluid motion to a solid body, a one-way or unidirectional coupling is sufficient. This is
the case in the field of hydraulic turbomachines, where the pressure of the flow has a major
impact on the structural behavior of the runner but the small appearing displacements
hardly affect the fluid motion. Therefore, the flow field, which is dominant, can be sepa-
rately solved by CFD and the pressure distribution can be applied as boundary condition
to the FEM simulation. The advantage is a reduced numerical effort at a simultaneously
marginal loss of accuracy by neglecting the influence of the solid structure to the fluid mo-
tion. Hence, this approach is used in the scope of this thesis. According investigations on
Francis turbine runners have been done by Coutu et al. [15], Flores et al. [27], Guillaume
et al. [37] or Seidel et al. [86].

4.7.3 Fluid Added Mass Effect

As Francis turbine runners are surrounded by water during operation, not only the pressure
distribution has an influence on the structure but also the additional mass. Several investi-
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gations deal with this added mass effect and extended simulation approaches using acoustic
fluid finite elements have been introduced by Guillaume et al. [37], Hübner et al. [44] or
Liang et al. [56]. Graf and Chen [36] and Lais et al. [51] did experimental and numerical
research on the natural mode shapes and eigenfrequencies of Francis runners revealing a
considerable impact of the surrounding water volume. Although they obtained an accu-
rate agreement between measurements and simulations using acoustic fluid elements, the
numerical model includes several simplifications and assumptions, which do not correspond
to the physical behavior in hydraulic turbines:

• The viscosity of the fluid is neglected

• The fluid is slightly compressible - pressure variations lead to density changes

• There is no mean fluid flow

• Only small variations of the mean pressure and mean density appear

Considering those simplifications, the conservation law for the momentum can be reduced
to

∂(ρci)
∂t

= − ∂p

∂xi
. (4.33)

For small variations of the pressure and density the relation ∂p/∂ρ = a2 can be defined
with the fluid sound of speed a. Further, the acoustic wave equation is derived using the
simplified momentum equation and the mass conservation:

∂2p

∂x2
i

= 1
a2
∂2p

∂t2
. (4.34)

The acceleration of the solid structure and the normal pressure gradient of the fluid at the
interface are used to couple both domains. The discretized equations for the fluid-structure
interactions can be finally described by the following matricial system:

(
Ms 0
Mfs Mf

)(
Ü
P̈

)
+
(

Cs 0
0 Cf

)(
U̇
Ṗ

)
+
(

Ks Kfs
0 Kf

)(
U
P

)
=
(

Ls
0

)
(4.35)

Thereby, Ms, Cs and Ks are the structural mass, damping and stiffness matrix. Mf , Cf
and Kf are the equivalent acoustic fluid mass, dissipation and stiffness matrix. Mfs and Kfs
are the coupling mass and stiffness matrix at the interface. U is the displacement vector, P
the pressure vector and Ls is the load vector. A detailed derivation of Eq. 4.35 is described
by Magnoli [61] or Liang et al. [56].
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Chapter 5

Fatigue of Structures

The static and dynamic excitation of mechanical structures at a relevant number of load
cycles leads to crack initiation and propagation and further to fatigue damages. To prevent
such critical failure events appropriate prediction methods have to be used to obtain the
structural loads and critical locations of mechanical components. The basic concepts of
the fatigue theory for mechanical structures, which are used in the scope of this thesis, are
described in this chapter. For a more detailed description one is referred to Haibach [39].

5.1 Influences on the Structural Fatigue

The main influence on the fatigue of mechanical structures are varying stresses σ along the
time t. The characteristic values for a typical load cycle N like the mean stress σm, the
stress amplitude σa, the maximum stress σmax and the minimum stress σmin are displayed
in Fig. 5.1 left.
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Figure 5.1: Characteristic values of alternating stresses (left) and different load cases (right).
Graphics based on Haibach [39].

Depending on the stress ratio R = σmin/σmax different load cases can be distinguished
between the tensile and compressive area (see Fig. 5.1 right). For R = 1 the appearing stress
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is static along the time and the yield strength σy and the ultimate tensile strength σu are the
limiting values for linear elastic materials. The yield strength defines the transition from the
linear stress-strain behavior described by Eq. 4.7 to the plastic regime with a remaining
structural deformation (see Fig. 5.2 left). The ultimate tensile strength determines the
maximum stress of a material before fracture occurs. For cyclic loads with a ratio of R 6= 1
the failure of structures usually appears at stress amplitudes below the yield strength. To
obtain the relation between the number of load cycles N , which a material withstands
at a certain stress ratio and level, experimental investigations are performed with defined
specimens. The results lead to the so-called S-N or Wöhler curves (see Fig. 5.2 right).
Those experiments usually reveal a statistically distributed failure probability and the S-N
curves are therefore expected values with a defined uncertainty range. Three main areas
can be distinguished for the S-N curve according to the stress level and the number of load
cycles:

• The static or low cycle fatigue (LCF) range above the yield strength σy. In this
area the macroscopic elasto-plastic deformations are mainly influencing the fatigue.
According to the load cycles this area is usually defined by a number of N < 104.

• The high cycle fatigue (HCF) range below the yield strength and at N > 105. In this
area no macroscopic plasticity occurs and the elastic material behavior is crucial.

• The fatigue endurance (FE) range below a certain stress level defined as the fatigue
limit σl, where no failure appears even at very high load cycles.
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Figure 5.2: Stress-strain behavior (left) and typical S-N curve (right) of a linear-elastic
material. Graphics based on Haibach [39].

The S-N curve displayed in Fig. 5.2 is typical for steel alloys. For other materials like
aluminum alloys no evident fatigue limit exists and the S-N curve decreases further with
increasing load cycles N . This may also be the case for steel alloys influenced by corrosion.
In addition to the stress amplitude σa the mean stress σm and therefore the stress ratio R
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have an impact on the fatigue life as well. This relation can be described by the so-called
Haigh [40] diagram (see Fig. 5.3). It is obtained by different S-N curves at varying mean
stresses σm. For each combination of σm and σa the related number of load cycles until
failure can be assessed using the Haigh diagram. It is visible that the acceptable stress
amplitude at a certain number of load cycles N is decreasing with an increasing mean
stress.
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σl
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 0
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R = -∞ 
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Figure 5.3: Haigh diagram for a linear-elastic material. Graphics based on Haibach [39].

A simple approach to obtain the acceptable stress amplitude in the fatigue endurance
range for a mean stress in the tensile region is the approximation proposed by Goodman
[35]. Thereby, the allowable stress amplitude σa at a certain mean stress σm is assumed
using the fatigue limit σl and the ultimate tensile strength σu by the linear relation

σa = σl

(
1− σm

σu

)
. (5.1)

To evaluate the fatigue life with an S-N curve obtained at the stress ratio R = −1, the
stress amplitudes σa in the range of −1 < R < 1 with σm > 0 can be corrected to the
according value σ0 with σm = 0 by the Goodman approach:

σ0 = σa

(
1− σm

σu

)−1
. (5.2)

5.2 Complex Load Histories

In most mechanical applications, the structures are excited by complex load histories with
varying mean stresses σm and stress amplitudes σa at different number of cycles N . As
the S-N curves are obtained for certain values of σm and σa an appropriate method to
combine the multiple loads has to be used. One approach is the concept of fatigue damage
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accumulation proposed by Palmgren [78] and Miner [69]. The main idea is that a certain
mean stress σmi

and stress amplitude σai
cause a fatigue damage Di = ni/Ni with the

occurring load cycles ni and the fatigue limit Ni. The total fatigue damage factor C can
be therefore obtained by

C =
m∑
i=1

Di =
m∑
i=1

ni
Ni

. (5.3)

The acceptable value for C depends on the material and manufacturing process but in most
cases the criterion for a structure to resist fatigue failure is C ≤ 1.
To apply the fatigue damage accumulation defined in Eq. 5.3 the number of load cycles ni
at a certain stress amplitude σai

must be known. For complex dynamic loads the variation
of the stresses along the time do not follow simple analytical functions. In most cases the
load histories belong to a stochastic behavior, which cannot be assessed directly for a fatigue
analysis. In order to evaluate the impact of such complex load cycles, counting algorithms
have to be used. The most common approach, which is presently used in many structural
applications, is the so-called rainflow cycle counting method proposed by Matsuishi and
Endo [64]. The algorithm can be explained considering a stochastic stress-time signal as
displayed in Fig. 5.4: The cycles are counted using a fictitious raindrop, which flows down
the sides of the signal if it is rotated clockwise 90 ◦, like on a roof.
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Figure 5.4: Rainflow cycle counting algorithm.

Each raindrop starts either at a tensile peak or at a compressive valley. A half cycle is
counted if

• a raindrop reaches the end of the time history,

• a flow merges with an earlier flow from a bigger tensile peak or a smaller compressive
valley,

• a flow merges with a following flow from a bigger tensile peak or a smaller compressive
valley.
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The stress difference of each half cycle determines its range and half cycles with the same
range but opposite sense can be paired up to full cycles. The resulting load spectra can be
further used for the fatigue analysis.

5.3 Elasto-plastic Behavior

In normal operating conditions of hydraulic turbomachines the appearing strains and stresses
are in the linear elastic or HCF range and the previously described fatigue approaches are
valid. During start-stop operation or high pressure loads induced by a water hammer1 as
described by Huth [45], the stresses may exceed the yield strength σy and the elasto-plastic
or LCF behavior is essential. This may also occur for high residual stresses due to manu-
facturing processes (e.g. welding). In this regime even small stresses lead to large strains in
the structure. Hence, modified fatigue models have to be considered like the method based
on the investigations by Coffin [11], Manson [63] and Morrow [73]. Therefore, the strain
amplitude in the elasto-plastic range can be derived by

εa =
σ′f
E

(2Nf )b + ε′f (2Nf )c = εa,e + εa,p (5.4)

with the fatigue strength coefficient σ′f , the fatigue strength exponent b, the fatigue ductil-
ity coefficient ε′f and the fatigue ductility exponent c. Those parameters are experimentally
observed material data. The elasto-plastic model is therefore the sum of the elastic defor-
mation εa,e described by the first term in Eq. 5.4 and the plastic deformation εa,p described
by the second term. This correlation is displayed as well in Fig. 5.5 (left) in relation to the
fatigue life in the elasto-plastic regime Nf . During repeating deformation processes in the
plastic range the stress-strain relation is usually affected by hysteretic effects, with an in-
crease or decrease of the material strength (see Fig. 5.5 right). In order to obtain the correct
stresses considering this hysteresis the following stress-strain formulation is appropriate:

ε

2 = σ

2E +
(
σ

2K ′
) 1

n′
(5.5)

The cyclic strength coefficient K ′ and the cyclic strain hardening exponent n′ are material
properties.
The elasto-plastic fatigue approach can be applied even if only high cycle fatigue loads with
stress amplitudes below the yield strength appear. Thereby, the plastic deformations in Eq.
5.4 become negligible and the elastic term is significant.

5.4 Multiaxial Load Conditions

In most structural applications the mechanical loads do not belong to a uniform direction
but usually to a combination of shear and normal stresses. An approach to consider those

1Pressure surge induced for example by a suddenly closed valve.
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Figure 5.5: Fatigue life relation (left) and stress-strain hysteresis in the elasto-plastic regime
(right). Graphics based on Magnoli [61]

multiaxial conditions for a correct fatigue analysis is the method proposed by Brown and
Miller [7], [68]. Therefore, an equivalent shear strain γe can be derived by the cyclic shear
strain γmax on the maximum shear strain plane and the according normal strain εn:

γe
2 = γmax

2 + S εn (5.6)

The normal strain coefficient S is a material dependent parameter. In order to consider
multiaxial loads for fatigue damages the strain-based algorithm can be applied using Eq.
5.4 by

γe
2 = A

σ′f
E

(2Nf )b +B ε′f (2Nf )c (5.7)

with the coefficients A = (1+ν)+S (1−ν), B = (1+νp)+S (1−νp) and the plastic Poisson
ratio νp. The stress-based damage parameter can be further derived using an equivalent
shear stress τe, the maximum shear stress on the critical plane τmax and the normal stress
σn:

τe
2 = τmax

2 + S σn = E

(
A
σ′f
E

(2Nf )b +B ε′f (2Nf )c
)

(5.8)

An extended approach of the rainflow counting algorithm using the stress-based Brown-
Miller approach to consider multiaxial stress states for a fatigue analysis has been proposed
by Wang and Brown [102, 103].
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Chapter 6

Numerical Approach

6.1 Paper 1

In the first paper (see Tab. 6.1) the numerical approach for the lifetime investigations of a
high head Francis turbine is described. It deals with the overall method based on unsteady
CFD simulations and different FEM computations. The prototype site measurements per-
formed on the according Francis turbine are described and the results of the appearing
stresses are discussed. Further, the numerical setup for the CFD simulations is explained
considering the computational domains, the discretization and the setup for OpenFOAM.
A grid independence study, performed on three different mesh densities, is used to asses
the numerical error induced by the finite cell number. The setup for the static FEM sim-
ulations using Code_Aster is further described considering the cyclic sector model of the
high head runner. To evaluate the natural mode shapes and the according eigenfrequencies
of the turbine the modal analysis including the surrounding water volume is discussed. As
the rotor-stator interaction has a major impact on the dynamic excitations of high head
Francis runners, the approach for the harmonic response analysis is described. At the end,
the influencing factors for a fatigue assessment of hydraulic turbomachines are discussed.
The substantial contribution of this paper has been done by the co-author Markus Eichhorn,
which includes the evaluation of the measurement results as well as the implementation of
the numerical CFD and FEM simulations.

Table 6.1: Notes on Paper 1.

Title An Approach to Evaluate the Lifetime of a High Head Francis Runner
Authors E. Doujak, M. Eichhorn
Conference International Symposium on Transport Phenomena and Dynamics of

Rotating Machinery (ISROMAC 2016)
Location Honolulu, Hawai, USA
Date April 10-15, 2016
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Abstract
Nowadays, the electricity market is changing rapidly and the requirements for hydropower plant operators
vary between base load electricity production and ancillary services with a high share of transient
operational points. The institute for Energy Systems and Thermodynamics, together with partners from
the industry, initiated a research project to investigate the effects of these new operational modes on the
components of a hydraulic machine. Especially the runner is of high importance due to the long service
time and unfavorable flow phenomena when operated at off design points. A method to evaluate the
lifetime of a high head Francis runner should be developed to investigate the existing runner and to serve
later on a possible procedure for the design stage. Therefore, prototype measurements with applied strain
gauges have been carried out for validation purposes of the developed method. Unsteady Numerical flow
simulations using the open-source software OpenFOAM and static as well as dynamic Finite Element
calculations with Code Aster are performed to investigate the lifetime of the observed Francis runner.
The research project is still ongoing but first results regarding the procedure and the methods will be
shown in this paper.
Keywords
Francis Runner — Fluid-structure interaction — Strain gauge measurements — Lifetime investigation
1Institute for Energy Systems and Thermodynamics, Research Group Fluid-Flow Machinery, TU Wien, Vienna, Austria
*Corresponding author: eduard.doujak@tuwien.ac.at

INTRODUCTION

The history of the European electricity market shows over
the past twenty years a more and more changing behavior.
Drivers for this changing situation are manifold. At the
beginning opening and liberalization of the market caused a
lot of uncertainty and an investment stop into new hardware.
This change had more impact on the economical than on
the technical side. One of the next important key points
in the development was the implementation of the Kyoto
protocol by 2005 aiming to reduce CO2 emissions around the
world. At around that time all around Europe new incentives to
promote renewable energy sources like wind or solar have been
established. Many countries followed the fed-in tariff system to
encourage investors to build new electricity supplier by using
renewable energy sources. Additionally to these increasing
installations of small power production units, Germany decided
to shut down their nuclear power stations within the next twenty
years. These activities had a big impact on technical as well as
on economical aspects. Side effect of this electricity market
change was paradoxically an increased investment in Hydro
power as well, because load dispatchers needed storage and
grid control capabilities. And the consequences of these
market changes are even today remarkable.

Today we are dealing with faster response time at the
electro-mechanical units in our Hydro power plants as well
as some kind of standby operation, which means that the
units are running for hours at very low load conditions and
far away from the design point. Some resulting effects have
already been published [1], showing the general effect of

increased fluctuating sources of energy. The requirements of
Hydro power plants are nowadays more and more to deliver
regulating power and ancillary services to the electrical grid,
which results in higher dynamic loads and stresses on turbine
components. These dynamic stresses can be of the steady-state
or transient type, deterministic or stochastic.

The expected flexibility of turbine operation is charac-
terized by more unit start-stop cycles, part load operation
for power regulation and less steady state operation at the
nominal point. All different modes have a strong influence
on the flow conditions within the machine itself and cause
a known variation of flow phenomena. Francis runners at
part load operation are for example dominated by rotor-stator
interaction (RSI) and by draft tube instabilities (DTI) having
some harmonic excitation effects. Whereas vortex shedding
effects (VSE) at low load conditions show a more stochastic
pattern and non harmonic behavior. At start-stop cycles the
machine unit runs through all these phenomena with additional
effects of speed-no-load (SNL) condition. Sometimes, the
hydraulic unit also runs in synchronous condenser operational
mode in air, which means that the synchronized unit has to
be dewatered with compressed air causing high stochastic
stresses.

In the past, computational resources haven not been high
enough to investigate all these transient phenomena on the
total hydraulic unit. Singular parts have been numerically
computed by means of Computational Fluid Dynamics (CFD).
The numerical results have been evaluated with measurements
but there was still a lack of uncertainties at the boundaries.

6 Numerical Approach 6.1 Paper 1
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Most of the time the best information about the behavior of
Francis runners have been gained by interpreting prototype
measurements like published by [2]. Slowly, the computational
resources raised to a range to calculate dynamic stresses on
single parts of the hydraulic unit, mostly the Francis runner
as shown in [3]. At that point, fluid-structure interaction
(FSI) at the total hydraulic unit was big task. Major efforts
have been made over the past five years to close this gap and
to predict flow phenomena and pressure pulsations as basic
for dynamic stress calculations by means of CFD. The way
of investigating the impact of flexible operation on Francis
runners was published at [4] but still relies on measurement
basis. As prototype measurements are very expensive the
goal of today is to provide basic information for a lifetime
investigation of a runner by numerical simulations.

Lifetime investigation of hydraulic parts is not only domi-
nated by calculating static mean stresses but is more and more
a task of fatigue analysis. Especially dynamic loads seek for
this kind of analysis as shares of low-cycle fatigue (LCF) and
high-cycle fatigue (HCF) have to be managed. Some selected
publications about this topic show the state of the art and
problems in defining the life expectancy of a Francis runner.
In 2005 a fatigue design of hydraulic turbine runners has been
published by [5]. Five years later [6] determined the impact
of start-up scheme on Francis runner life expectancy. Recent
publications [7] or [8] show the importance of this approach
for turbine runners.

The following paper gives an overview about a method
to investigate the lifetime of a high head Francis runner by
discussing all necessary steps and numerical tools on the one
hand and processing of prototype measurements on the other
hand.

1. METHOD
The following method was developed within a large research
project to investigate a high head Francis turbine with a specific
speed of nq ≈ 24 min−1 under different operating conditions.
Goal of this study is the evaluation of the lifetime of the
turbine runner using numerical calculations as well as site
measurements. As mentioned above, the approach is nearly
similar to already known procedures unless the operating point
is far away from the nominal point and more or less at the
region of irregular flow pattern causing stochastic dynamic
stresses. Within the research project, prototype measurements
using strain gauges applied to the runner have been performed
to validate the numerical results.

Figure 1 shows the procedure for the runner lifetime
investigation, which consists of the following numerical tasks:

• Transient CFD calculations
• Static Finite Element (FE) calculations
• Modal analysis
• Harmonic response analysis

At the measurement path the following tasks have to be
considered:

• Prototype site measurements
• Stress extrapolation using FE-methods
• Rainflow counting analysis

Operating conditions

Transient CFD
calculations

Lifetime analysis

Modal
analysis

Static FE
calculations

Static displacements and strains

Harmonic
response
analysis

Dynamic excitation and loads

Fourier transformationTime averaging

Fatigue strength

Prototype site measurements

Stress extrapolation

Rainflow counting

Figure 1. Numerical and measurement procedure for Francis
runner lifetime investigation

As University resources are mostly limited, one additional
point of investigation is the usability of open source software.
In this case OpenFOAM 2.3 was selected for the transient CFD
calculations and Code Aster 11.7 for the subsequent tasks of
the structural Finite Element calculations.

2. PROTOTYPE SITE MEASUREMENTS

2.1 Measurement Setup
To evaluate the static and dynamic stresses appearing on the
Francis runner in different operating conditions, prototype
site measurements have been performed. Therefore, eight
strain gauges have been attached to the suction side (SS) and
pressure side (PS) of the trailing edge of one turbine blade
(see figure 2 left). Due to manufacturing tolerances, geometric
differences appeared among the 15 runner blades. To acquire
the maximum stresses, the blade with the thinnest trailing
edge has been chosen for the strain gauge measurements. The
exact geometry has been measured using a 3D measurement
arm to increase the accuracy of the results for the numerical
calculations. Thereby also the positions of the strain gauges
have been included in the Computer Aided Design (CAD)
model.
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The data of the strain gauges during turbine operation has
been recorded using a data logger, which has been mounted
to the shaft inside the draft tube of the machine (see figure 2
right).

SS1

SS2

SS3

SS4
PS4

PS3

PS2

PS1

SHROUD

HUB

DATA LOGGER

Figure 2. Positions of the strain gauges applied to one runner
blade (left) and data logger (right)

Additionally, to validate the CFD simulations, the operat-
ing parameters such as head, output power, guide vane opening,
pressure in the spiral casing and draft tube, have been recorded
during the measurements. The vibration of the shaft as well
as the acceleration of the shaft bearing in radial direction have
been recorded to further investigate the overall behavior of the
machine. The data of the strain gauges have been measured
using a sampling rate of 1 kHz, the other parameters with a
sampling rate of 2.4 kHz.

2.2 Results
The measurements were performed in different operating
points from the start-up in steps of 10 MW respectively 20
MW to the maximum output power of 180MW and back again.
At the end of the normal turbine operation, the water was
drained from the machine to measure the strains on the runner
due to the centrifugal forces without any hydraulic pressure
(Rotation). These conditions are used for an evaluation of the
Finite Element calculations. The results of the strain gauge
measurements on the suction side are displayed in figure 3.
The strains for SS1 are nearly constant with varying operating
conditions, whereas the strains for SS2 and SS3 are changing
from compression in low and part load to tension in high and
full load conditions. The results for the strain gauge SS4,
which was located close to the radius between the blade and
the hub of the runner, show an opposing behavior.

The Fourier transformation of the time signal for the strain
gauge SS2 reveals a dynamic excitation of the runner at the first
and second harmonic of the blade passing frequency fBP in
each operating point (see figure 4). This excitation is induced
by the rotor-stator interaction (RSI) between the runner (RN)
and the guide vane (GV) domain and is the main impact to
runner fatigue for high head Francis turbines (see [9] and [10]).
The blade passing frequency is described by

fBP = Zg · f0 (1)

with the number of guide vanes Zg = 20 and the rotating
frequency f0 of the machine. In low load conditions the strains
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Figure 3. Results for the strain gauges applied to the suction
side of one runner blade

and therefore the pressure pulsations show a more stochastic
behavior, although the RSI remains the dominant dynamic
influence. At the operating point with an output power of one
third of the maximum power, a high peak appears in the low
frequency regime which could be an indicator for different
flow phenomena like draft tube vortex or trailing edge vortex
shedding. The amplitudes at the rest of the signal are also
even higher. This operating area will therefore be of special
interest for future simulations but for the current presentation
of the method of runner lifetime investigation the RSI will be
discussed further.
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Figure 4. Frequency spectrum of strain gauge SS2 in
different operating conditions

The next steps towards the runner lifetime analysis would
be the stress extrapolation for the strain gauge measurement
points to the location with the highest stresses and the rainflow
counting analysis. These two points will not be discussed
further here due to limited paper length and as they are general
steps of a fatigue analysis and not specially associated with
hydraulic runner fatigue assessment. The complementary
parts of runner lifetime analysis will be discussed at chapter 4.
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3. NUMERICAL INVESTIGATIONS
3.1 CFD calculations
3.1.1 Numerical model
To calculate the fluctuating pressure field induced by the rotor
stator interaction, unsteady numerical flow simulations using
the Reynolds averaged Navier-Stokes (URANS) equations are
performed with OpenFOAM 2.3. This is a suitable approach
for steady operating conditions with a slight amount of tur-
bulence and vorticity (see [11]). In part load and especially
no load conditions, stochastic flow phenomena like vortex
shedding or draft tube instabilities are increasing (as shown in
figure 4) and turbulence modeling has a large influence on the
dynamic behavior (see [12] or [13]). Therefore, the applica-
tion of the SAS turbulence model with OpenFOAM will be
investigated in future publications for the CFD calculations in
part load conditions.

The model for the CFD simulation consists of the spiral
casing, 10 stay vanes, 20 guide vanes, the runner with 15
blades and the draft tube (see figure 5).

Inlet

Outlet

Drafttube

Spiral casing

Stay vanes

Wicket gate

Runner

Figure 5. Computational domains for CFD simulations (left:
entire machine; right: guide vanes and runner)

Table 1. Setup for the CFD calculations

Parameters Description
Software OpenFOAM 2.3
Analysis type Transient rotor-stator
Time step 0.36 degrees (1.0e−4 s)
Simulation time 10 runner rotations (1.0 s)
Inlet BC Mass flow rate
Outlet BC Average static pressure
Reference pressure 0 kPa
Interfaces Arbitrary mesh interface
Turbulence model k-ω SST
Advection scheme Second order
Transient scheme Second order backward Euler
Max. Courant number ≤ 15

The calculations are performed in different operating
points from the maximum output power of 180 MW to low
load conditions, according to the prototype site measurements
described in section 2. The parameters of the hydraulic

machine (e.g. head H, runner torque T, efficiency η) are
compared to evaluate the accuracy of the used setup. The
simulations for full and high load conditions are done using
the two-equation turbulence model k-ω SST. The time step for
the CFD simulations at the different operating conditions is
choosen to 0.36 degrees, which yields a maximum Courant
number of Comax ≤ 15. To gain enough data for the Fourier
transformation of the unsteady pressure field, at least ten
runner rotations are simulated. The setup and the boundary
conditions for the numerical flow simulations are summarized
in table 1.

3.1.2 Discretization
The computational model is spatially discretized in a multi-
block hexahedral grid using Ansys ICEM 15.0. The particular
domains are meshed separately and the interfaces are con-
nected using the arbitrary mesh interface (AMI) implemented
in OpenFOAM 2.3 (see figure 6). The number of nodes and
the quality of the mesh with a total number of about 5.9 million
nodes are displayed in table 2.

Interface GV-RN

Interface SV-GV

Interface SP-SV

Interface RN-DT

Figure 6. Discretization and interfaces between CFD
domains

3.1.3 Grid independence study
In order to estimate the uncertainties due to the discretization
of the CFD model, a grid independence study is performed
according to the approach of [14]. Therefore, the fluid domains
of the Francis turbine, including the spiral casing, the stay
vanes, the wicket gate, the runner and the draft tube are
considered. The mesh is refined in three different stages
(coarse - G3, medium - G2, fine - G1) regarding the grid size
h, which is calculated by

h =


1
N

N∑

i=1
(∆Vi )


1/3

(2)

with the total number of cells N and the volume of the ith
cell ∆Vi . The refinement factor r21 = hmedium/h f ine for the
fine grid respectively r32 = hcoar se/hmedium for the medium
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Table 2. Parameters for the discretization

Parameters Spiral casing Stay vanes Guide vanes Runner Draft tube Full mesh
Number of cells N 599,556 723,444 1,688,000 2,568,360 298,128 5,877,488
Min. determinant 0.28 0.36 0.69 0.21 0.33 -
Min. angle 11 16.1 22.5 18.6 18.9 -
Min. aspect ratio 0.001 0.001 0.002 0.002 0.015 -
y+mean 95 50 65 70 60 -

grid is therefore considered to be greater than 1.3. The mesh
refinement of the structured grid is done consistent in all three
directions with a constant resolution of the wall boundary
layer according to 30 ≤ y+mean ≤ 100. The convergence of
the grid independence study is verified by computing different
parameters Φ of the Francis turbine at the operating point
with maximum output power for all three meshes. These
values are the head H, the runner torque T and the efficiency
η. Therefore, the SIMPLE-algorithm of OpenFOAM, which
calculates the steady-state pressure-velocity coupling, is used.
The extrapolated values for the head, the torque and the
efficiency for a mesh with grid size hn = 0 are calculated by

Φ21
ext =

r p
21Φ1 − Φ2

r p
21 − 1

(3)

with the order of accuracy p computed according to [14].
The numerical uncertainty is considered by calculating the
relative error e21

a for the fine grid by

e21
a =

�����
Φ1 − Φ2
Φ1

����� (4)

and the grid convergence index GCI by

GCI21 =
1.25 · e21

a

r p
21 − 1

(5)

These are similarly calculated for the medium and the
extrapolated grid. The description and results for the grid
independence study are displayed in table 3 and figure 7.

The results of the grid independence study reveal a mono-
tonic convergence for all three parameters with a decreasing
grid size hi and small deviations for the GCI from the asymp-
totic value. Considering the computational costs and the
accuracy for the unsteady CFD simulations, the medium grid
with a normalised size of h2,n = 1.32 (as described in 3.1.2
and table 2) is used for further investigations.

3.1.4 CFD Results
The following results are performed for the operating point
with a maximum output power of 180 MW. The deviations

Table 3. Mesh refinement and discretization uncertainties

Parameters Head H Torque T Efficiency η
r21 1.32 1.32 1.32
r32 1.34 1.34 1.34
p 2.56 3.62 13.96
e21
a [%] 1.26 1.28 0.02

e21
ext [%] 1.19 0.72 0.01

GCI21 [%] 1.50 0.91 0.01
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Figure 7. Grid convergence

of the mean values for the head H, the runner torque T and
the efficiency η calculated with CFD from the measured
values are less than 1% and are therefore in the range of
the measurement uncertainties. Figure 8 shows the unsteady
pressure distribution for the converged calculation.

The evaluation of the pressure signal of themonitor point in
the rotating domain between the runner and guide vane blades
reveals the blade passing frequency fBP as the dominant
excitation (see figure 9). This corresponds to the frequency
analysis of the strain gauge measurements, although the sen-
sors therefore have been attached to the trailing edge of the
runner. Thus, the impact of the rotor-stator interaction on the
dynamic pressure field is acquired sufficiently with the used
CFD methods. Two further amplitude peaks are revealed at
frequency ratios of f / f0 = 10 and f / f0 = 30 which could
be indicated by the pressure wakes of the stay vanes with a
number of 10 blades. The time depending fluctuation of the
pressure distribution is further transformed into the frequency
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Monitor point

Figure 8. Unsteady pressure distribution at maximum output
power

domain using the Fast Fourier method (see 3.2.3).
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Figure 9. Frequency spectrum of the pressure signal at
monitor point

3.2 Structural analysis
3.2.1 Steady calculations
To evaluate the overall load and the points with the highest
stresses on the Francis runner, steady Finite Element analysis
are performed using the open-source program Code Aster.
Therefore, a cyclic sector consisting of one runner blade and
the appropriate hub and shroud regions is considered in order to
reduce simulation time and costs. The unstructured tetrahedral
mesh with quadratic elements consists of about 200,000 nodes
(see figure 10). The results from the unsteady CFD simulations
are averaged over time and the pressure distribution is then
applied to the FE model by an interpolation between the
meshes of the fluid and the structural domain. Cyclic symmetry
boundary conditions are used for the connection between the
sectors of the runner, which is fixed at the bolt circle. The
centrifugal forces induced by the rotation and the influence of
gravitation are also considered. The pressure distributions in
the side chambers of the runner are calculated and applied by
an analytically approach using the pressure values at the inlet

and outlet of the runner or by an axial thrust calculation. The
material for the Francis runner is a steel of type X5CrNi13-4
with an E-modulus of E = 216 k N/mm2, a Poisson ratio of
ν = 0.30 and a density of ρR = 7.700 kg/m3.

Cyclic symmetry

Fixed support

Pressure distribution in side chambers

Pressure distribution from CFD

Figure 10. Mesh and boundary conditions for steady
structural analysis

Figure 11 shows the Mises stress results of the static FE
analysis for the operating point at 180 MW output power. The
hot spot with the maximum load is at the trailing edge close
to the hub of the runner. The method for the static structural
investigation is validated in future publications by comparing
the mean stresses at the positions of the strain gauges applied
on the prototype Francis runner.

max

min

Max

Figure 11. Mises stress at maximum power output

3.2.2 Modal analysis
At the whole procedure of runner lifetime prediction the ques-
tion about the natural frequencies and mode shapes of the
structure is evident. The following chapter will describe in
brief the basics and challenges by performing these calcula-
tions.

It is common sense that the dynamic structure could be
described by the following equation:

[MS] {ü} + [CS] {u̇} + [KS] {u} = {FS } (6)

where [MS] is the structural mass matrix, [CS] the struc-
tural damping matrix, [KS] the structural stiffness matrix, {FS }
the applied load vector and {u} the nodal displacement vector.
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As Francis runners operate in surrounding water the fluid-
structure interaction has to be taken into account. The mathe-
matical description of this problem including a comparison of
some results between calculation and measurements is well
described by [7]. It gets clear, that the natural frequencies
differ between investigations in air and water, which were
also described by [15] and [16]. Still unsolved is the question
about the influence of the attached fluid part to the numerical
model. Francis runners will never run in this big amount of
surrounded water like shown at several publications. This
question is part of our research project and will be published
later on.

As a first step, the natural frequencies and mode shapes
are investigated following the description mentioned above
by using the model shown in figure 12. For the runner
itself a mesh with about 1.2 million nodes consisting of
tetrahedral quadratic solid elements is used. The added mass
of the water around the runner for the coupled investigation
is simulated by using acoustic fluid elements sharing the
same node group at the interface with the structural elements.
As Code Aster 11.7 provides no cyclic symmetry option
regarding acoustic elements for sectoral investigations the
total runner has to be modeled. The water properties under
environmental temperature and atmospheric pressure are:
Density ρW = 1000 kg/m3 and speed of sound in water
c = 1483 m/s. The complete runner model is fixed at the bolt
circle, whereas the outside of the surrounding water is fixed
by a wall definition.

Water volume

Runner

Figure 12. Boundary conditions for modal analysis

The results of the numerical simulation for the coupled
system are shown in figure 13 with a mode shape of two nodal
diameters (ND) at f / f0 = 19.8 and a mode shape with three
ND at f / f0 = 37.6 for the investigated runner. Simulations
have been performed up to f / f0 = 40, which is twice the
frequency of the rotor-stator interaction (compare figure 9)
and therefore sufficient to evaluate, if there are natural modes
in the range of the RSI frequency. Although the mode shape
with two nodal diameters is very close to the blade passing
frequency at fBP = 20.0, the runner can only be excited by the
rotor-stator interaction, if the nodal diameter of the pressure
field k matches the natural mode shape (see equation 7).

Figure 13. Mode with ND 2 f / f0 = 19.8 (left) and ND 3 at
f / f0 = 37.6 (right)

3.2.3 Harmonic response analysis
The dynamic pressure field excited by the rotor-stator interac-
tion can be described by

m · Zr − n · Zg = k (7)

with the number of runner blades Zr and the associated
harmonic index m, the number of guide vanes Zg with its
harmonic index n and the corresponding nodal diameter of
the pressure field k (see [11]). The temporal pressure field
observed in the rotor frame for any point M in a meridian
section and any azimuth θ can be described in the Fourier
domain by

pm,n (M, θ, t) = pm,n (M, θ)e−2iπ ·n ·Zg · f0 ·t (8)

The Fourier transformation at the blade passing frequency
fBP of all discrete points in the runner domain is sufficient
to describe the dynamic behavior due to the rotor stator
interaction.

The critical nodal diameter of the pressure field for the
investigated Francis turbine is k = 5 as described in table 4.

Table 4. Nodal diameter k of the dynamic pressure field

Harmonic index n of the guide vanes
0 1 2

Harmonic 0 0 -20 -40
index m of 1 15 -5 -25
the runner 2 30 10 -10

The Fourier transformation of the pressure field obtained
by the CFD simulations is displayed in figure 14. The nodal
diameter k = 5 is clearly visible. The results for the different
operating conditions are then applied to the entire runner
structure for the harmonic response analysis using Code Aster,
to evaluate the dynamic loads and further the lifetime of the
turbine. The boundary conditions for the harmonic response
analysis are the same as for the modal analysis described in
the previous section.

6 Numerical Approach 6.1 Paper 1

58



An Approach to Evaluate the Lifetime of a High Head Francis Runner — 8/10

max

min

Figure 14. Phase (left) and amplitude (right) of the pressure
field in the Fourier domain

4. RUNNER FATIGUE ANALYSIS AND LIFETIME
EXPECTATIONS

The last section of this paper is devoted to the big part of
runner fatigue analysis. The aim today is the determination
of an exact lifetime of a hydraulic runner at the design stage.
At the present the hydropower community deals with either
numerical or experimental investigations. Some single flow
phenomena, like for example RSI behavior (see [10], [9], [17]),
machine startup (see [6]) or off design operation (see [12]),
are already researched and the impact onto the structure is
extrapolated to the runner life time. Common to all of these
investigations is the numerical background and starting point,
whereas structural belongings, like for example pre-stressed
material or residual stresses at the runner itself, are again
investigated separately, see [18]. To include all phenomena
into one bigger method is the challenge of today and the future.
An interdisciplinary approach is therefore of high importance
and suppliers, operators and universities are invited to work
together on this exciting topic. And one of the biggest question
at this stage is still the portability to other Francis runners as
each prototype layout of a turbine is more or less unique.

4.1 Operating conditions - Load spectrum
An important role to estimate the lifetime of a runner is the
load spectrum as it should give some kind of real usage over
a given time history of the component. Questions about the
operational conditions, operation duration at off design point,
start-up and shut down of the machine, load rejection and so
on have to be taken into account. Each of these questions have
to be investigated afterward in terms of load samples either
by numerical investigation or better by measurement setup.
Separating this huge amount of data into single segments will
deliver a data pool for the operating profile. Subsequently, the
combination of this data pool with the sequence of operational
conditions should deliver a load spectrum or load-time history
of the hydraulic runner. Figure 15 shows a general approach
for the generation of a load spectrum and was adapted from
[19]. The importance and correct prediction of this load-time
history was also recognized by [20]. Therefore, it is mandatory
that operators are involved in these tasks as they can provide
the appropriate basic data.

Figure 15. General approach for the generation of
standardized load–time histories (adapted from [19])

4.2 Runner fatigue analysis
The most important part of this method is dedicated to the
runner fatigue analysis itself as the output of this investigation
should be the expected or, in terms of already operating
runners, the residual lifetime.

Normally the points with the highest stresses in Francis
turbines are at the trailing edge near the band and crown, which
is the result of the FSI calculations before. The subsequent
runner fatigue calculations rely on the based fatigue model (see
for example [21] or [5]) due to the appearance of multi-axial
stress state or not. This would impose that more sophisticated
fatigue models should be used like for example the critical
plane principle or the micro-crack approach. And as hydraulic
runners are designed for a long service life the excitations from
different flow phenomena result in a high number of fatigue
cycles. Therefore, a high-cycle fatigue (HCF) approach is
recommended. Material properties, manufacturing processes
(welding) and stress state have to be combined together to
resolve this part of the described method.

The applied method revealed for the investigated runner at
the worst case a residual life time of about 60 years.

5. CONCLUSION AND OUTLOOK
At the presented paper we have described a method to evaluate
the lifetime of a high head Francis runner. Single steps
have been discussed and two approaches, numerical and
experimental, have been shown. Goal of this research project
is a lifetime calculation at the design process of a Francis
runner prototype. Therefore, strain gauge measurements at
an existing runner have been performed to gain validation
parameters for the numerical methods.

Nevertheless, some special tasks still have to be discussed
as an outlook for the future of this method and the research
project. These are:

1. Comparison of open-source and commercial software
for this kind of investigation regarding resources and
calculation time.
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2. Check the applicability of recently given turbulence
models for special stochastic flow phenomena. Are
the turbulence models able to solve these problems
realistically?

3. Suitability of the harmonic response analysis approach
for non-harmonic flow phenomena. Some of them can
be considered like the rotor-stator interaction as shown
but stochastic ones need a transient response analysis as
shown for example by [22]. How can we perform any
kind of signal decomposition?

4. Sensitivity analysis of the influence of modeling the
added mass of water at the calculation of the natural
frequencies. How much surrounding water is neces-
sary and what is a realistic approach. This task could
be combined with the question of appropriate system
modeling and fixation of the runner.

5. Generation of the load-time history for the investigated
runner to obtain a realistic load spectrum. What is
the correct prediction and validation of the necessary
assumptions?
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Chapter 7

Static Structural Investigations

7.1 Paper 2

In the second paper (see Tab. 7.1) the results of the fluid-structure simulations of the
investigated high head Francis turbine are discussed. Therefore, unsteady CFD simula-
tions are performed with OpenFOAM in several operating points from full-load to low-load
operation. The global parameters like the head, the runner torque and the efficiency are
compared to the prototype site measurements to validate the numerical flow simulations.
Two different models for the CFD computations are used to investigate the influence of
the inlet boundary condition on the flow behavior and the structural loads: A full model
considering the spiral casing, the stay vanes and guide vanes, the runner and the draft tube.
And a reduced model without the spiral casing and a cyclic inlet boundary condition. The
averaged pressure distributions of the unsteady CFD simulations are further used to com-
pute the mean stresses of the high head runner in different operating points. Hence, static
FEM simulations are performed with Code_Aster using the cyclic sector model described
previously.

Table 7.1: Notes on Paper 2.

Title Investigation of the Fluid-Structure Interaction of a High Head Francis
Turbine Using OpenFOAM and Code_Aster

Authors M. Eichhorn, E. Doujak, L. Waldner
Conference 28th IAHR Symposium on Hydraulic Machinery and Systems (IAHR

2016)
Location Grenoble, France
Date July 4-8, 2016
Published in IOP Conference Series: Earth and Environmental Science, Volume

49/7: 072005, 2016
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Investigation of the fluid-structure interaction of a

high head Francis turbine using OpenFOAM and

Code Aster

M. Eichhorn, E. Doujak, L. Waldner

TU Wien, Institute for Energy Systems and Thermodynamics, Getreidemarkt 9/302, 1060
Vienna, Austria

E-mail: markus.eichhorn@tuwien.ac.at

Abstract. The increasing energy consumption and highly stressed power grids influence the
operating conditions of turbines and pump turbines in the present situation. To provide or
use energy as quick as possible, hydraulic turbines are operated more frequent and over longer
periods of time in lower part load at off-design conditions. This leads to a more turbulent
behavior and to higher requirements of the strength of stressed components (e.g. runner,
guide or stay vanes). The modern advantages of computational capabilities regarding numerical
investigations allow a precise prediction of appearing flow conditions and thereby induced strains
in hydraulic machines. This paper focuses on the calculation of the unsteady pressure field of a
high head Francis turbine with a specific speed of nq ≈ 24min−1 and its impact on the structure
at different operating conditions. In the first step, unsteady numerical flow simulations are
performed with the open-source CFD software OpenFOAM. To obtain the appearing dynamic
flow phenomena, the entire machine, consisting of the spiral casing, the stay vanes, the wicket
gate, the runner and the draft tube, is taken into account. Additionally, a reduced model
without the spiral casing and with a simplified inlet boundary is used. To evaluate the accuracy
of the CFD simulations, operating parameters such as head and torque are compared with the
results of site measurements carried out on the corresponding prototype machine. In the second
part, the obtained pressure fields are used for a fluid-structure analysis with the open-source
Finite Element software Code Aster, to predict the static loads on the runner.

1. Introduction
The transition of the energy system all over Europe of nation states has broken up an old
history of electricity supply and grid control. New suppliers based on renewable energy sources
have appeared and made the electricity production more flexible. Forecasts about the gap
between supply and demand became even more uncertain and future trends about energy storage
technologies and their role in the energy system are under investigation and research. Different
studies with various approaches cannot deliver satisfying answers to the needs of our energy
system within the next 20 years and beyond. The crucial topic of energy storage is common to
all studies: without short-term and long-term storage possibilities as well as decentralized storage
capabilities no transition of the energy system is possible. Short-term storage possibilities are
characterized by their short charging and discharging characteristic and are therefore ideal for
a quick demand response and grid stabilization. In 2008 the study of the Energy Storage Task
Force [1] predicted a new era of increased importance and usage for the battery technology.
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Today we see that these predictions are behind the expectations of 2008. Reality showed that
especially the new storage technologies could not be successful due to the deterioration of the
market sales price after 2009. In 2013 the roadmap of the EASE/EERA Core Working Group [2]
assumed that the short term electricity balancing market will be there, where energy storage
is based on commercial business cases. This means more research and development activities
for recent technologies but also new challenges for the established ones. The need for research
and adaption of existing hydropower plants as well as the development of decentralized pumped
storage technologies are summarized in the Hydro Equipment Association roadmap [3]. The
increasing amount of volatile energy sources (e.g. wind and solar) forces the operators of large
pumped storage plants to deliver more regulating power to the electric grid and to decrease the
response time of the hydraulic machines. Francis turbines, which can be used within a wide
range of discharge and head, are therefore operated over longer periods of time at off-design
conditions. This involves the appearance of unstable flow phenomena, depending on the specific
speed and the operating point of the machine (see Magnoli et al. [4]). The dynamic flow effects
have an important influence on the expected lifetime of the Francis turbine. In full load and
higher part load operation, the rotor-stator interaction is mainly important, especially for high
head machines. In lower part load, draft tube vortex ropes and interblade vortices appear, which
leads to pressure pulsations in the turbine. Start-stop cycles and speed-no-load operations have
a more stochastic influence on the runner and a significant impact on the life expectancy, as
Coutu et al. [5] or Gagnon et al. [6] showed. Several studies have been published to examine
the influence of the static and dynamic pressure effects on the structural behavior of the Francis
runner by using fluid-structure interaction (FSI) (see [7–11]). In order to investigate the lifetime
of a high head Francis turbine, an approach has been applied by Doujak et al. [12] within a large
research project, using numerical flow simulations and Finite Element computations compared
with prototype site measurements (see figure 1).

Operating conditions

Transient CFD
simulations

Lifetime analysis

Modal
analysis

Static FEM
simulations

Static displacements and strains

Harmonic
response
analysis

Dynamic excitation and loads

Fourier transformationTime averaging

Fatigue strength

Prototype site measurements

Stress extrapolation

Rainflow counting

Figure 1: Approach for the lifetime investigation of a Francis runner

Within the numerical path static and dynamic computations are performed to evaluate the
appearing stresses at the investigated Francis runner. This paper focuses on the CFD and

7 Static Structural Investigations 7.1 Paper 2

64



static FEM simulations with particular emphasis on the usage of open-source software and its
capabilities.

2. Prototype site measurements
In order to evaluate the accuracy of the numerical approach used for the fluid-structure
interaction, measurements on a prototype Francis turbine with a specific speed of nq ≈ 24min−1

were performed. They were done in different operating points at nearly constant head in steps
of 10 MW or 20 MW from the machine start-up to the maximum power of 180 MW and back
again. The Francis machine consists of the spiral casing, 10 stay vanes, the wicket gate with
20 guide vanes, the runner with 15 blades and the draft tube. The operating parameters such
as head, output power, guide vane opening, the pressure in front of the spiral casing and at
the draft tube outlet were recorded during the measurements. The stresses on the runner were
obtained by eight strain gauges attached to the suction and pressure side of one runner blade
(see figure 2 left). This blade’s trailing edge region was measured with a 3D measurement arm
and the geometry of the original CAD model has been adapted to increase the accuracy of the
FEM simulations. The data of the strain gauge measurements were recorded with a sampling
rate of 1 kHz using a data logger, which was mounted in a casing on the rotating shaft inside
the draft tube (see figure 2 right).

SS1

SS2

SS3

SS4
PS4

PS3

PS2

PS1

SHROUD

HUB

DATA LOGGER

Figure 2: Positions of the strain gauges applied to the runner blade (left) and data logger casing (right)

3. CFD simulations
3.1. Numerical setup and discretization
The numerical flow simulations are performed with the open-source CFD software OpenFOAM
2.3 using unsteady Reynolds averaged Navier-Stokes equations (URANS). The capabilities
of OpenFOAM regarding unsteady simulations for a high head Francis turbine at off-design
conditions have been shown by Aakti et al. [13] and Lenarcic et al. [14]. Two different types
of physical models are used for the CFD calculations: A full model adjusted according to the
prototype machine, including the spiral casing (SC), the stay vanes (SV) and guide vanes (GV),
the runner (RN) and the draft tube (DT). In comparison, a reduced model with a cyclic domain
for the stay vanes excluding the spiral casing is used. The inlet region is therefore extended
in radial direction to avoid impacts from these boundary conditions. A similar approach has
been performed by Lenarcic et al. [15]. The particular domains of both models are spatially
discretized in multiblock hexahedral grids using Ansys ICEM 15.0. The non-conformal domains
are connected at the interfaces (IF) using the arbitrary mesh interface (AMI) implemented in
OpenFOAM (see figure 3). The whole mesh consists of about 5.9 million cells for the full model
and 5.6 million cells for the reduced model. The quality of the meshes are evaluated regarding
the minimum determinant, angle and aspect ratio. The number of cells and the quality of the
meshes are summarized in table 1.
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IF RN-DT

IF GV-RN

IF SV-GV

IF SP-SV

Figure 3: CFD models and discretization for the full model (left) and the reduced model (middle);
Interfaces between the CFD domains (right)

Table 1: Mesh size and quality for the CFD discretization

Parameters SC SV GV RN DT
full reduced

Number of cells (Mio.) 0.60 0.72 1.05 1.69 2.57 0.30
Minimum determinant (-) 0.28 0.36 0.42 0.69 0.21 0.33

Minimum angle (◦) 11.0 16.1 26.0 22.5 18.6 18.9
Minimum aspect ratio (-) 0.001 0.001 0.001 0.002 0.002 0.015

y+mean (-) 95 50 50 65 70 60

In order to estimate the uncertainties due to the discretization of the CFD model, a grid
independence study has been performed with the full model according to the approach of Celik
et al. [16]. The procedure for the mesh refinement and the evaluation of the results have been
already published by Doujak et al. [12]. The results reveal a monotonic convergence for the
three global parameters head, runner torque and efficiency with a decreasing grid size hi (see
figure 4). Considering the computational costs and the accuracy of the CFD simulations, the
medium grid (as described in table 1) with a normalized size of h2,n = 1.32 is used for the further
investigations.

The unsteady CFD simulations are performed in seven operating points with varying output
power P , guide vane angles Φ and discharge Q from full load at 180 MW to low load at 20
MW. The meshes for the wicket gate domain are adjusted to the according positions of the
site measurements. The operating parameters for the CFD simulations are listed in table 2.
Due to unsteady flow conditions at off-design points, a transient rotor-stator analysis with a
rotating runner domain is used. To improve the convergence, the unsteady simulations are ini-
tialized using the results of steady-state calculations. These are performed with the multiple
frame of reference (MRF) solver, which couples the rotating and stationary interfaces with the
frozen-rotor approach. The pressure-velocity coupling is done with the SIMPLE algorithm using
moderate under-relaxation factors. The unsteady simulations are performed with the PIMPLE
algorithm, which couples the SIMPLE and PISO procedure. Therefore, a stable solution can be
reached even at increased physical time steps and higher Courant numbers due to the advantage
of inner iteration loops together with under-relaxation. The time step is chosen according to a
runner rotation of 0.36 ◦ per time step, which yields a maximum Courant number of Comax = 15.
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Figure 4: Grid convergence

For the low load operating points from 60 MW to 20 MW power, the time step is decreased to
0.18 ◦ runner rotations and the number of inner iteration loops is increased to ensure accurate
results. The convective term is discretized by a second-order scheme and the single-phase fluid
is considered to be incompressible. A constant discharge is set at the spiral casing inlet for the
full model. For the reduced model a corresponding velocity distribution with an incidence angle
of α = 14.5 ◦ is defined at the stay vane inlet. The simulations are done using the two-equation
turbulence model k-ω SST. The turbulent quantities k and ω correspond to a turbulent mixing
length lt = 0.125m and a turbulent intensity I = 0.1 at the inlet. At the outlet an averaged
pressure condition is defined. After the simulation is converged, at least ten runner rotations
are performed. To evaluate the accuracy of the used setup the parameters of the hydraulic ma-
chine such as the head, the runner torque and the efficiency are averaged over multiple runner
rotations and compared with the site measurements. The setup and the boundary conditions
for the numerical flow simulations are summarized in table 3.

Power Rel. GV angle Rel. discharge
P (MW) φ/φmax (-) Q/Qmax (-)

180 1.000 1.000
140 0.772 0.783
100 0.576 0.582
80 0.479 0.481
60 0.382 0.378
40 0.282 0.273
20 0.173 0.164

Table 2: Operating parameters for the
CFD simulations

Parameters Description

Software OpenFOAM 2.3
Analysis type Transient rotor-stator
Time step 0.36 ◦/ 0.18 ◦

Simulation time 10 runner rotations
Inlet BC Discharge / Velocity
Outlet BC Static pressure
Interface coupling AMI
Turbulence model k-ω SST
Advection scheme Second order
Max. Courant number 15

Table 3: Setup for the CFD simulations

3.2. CFD Results
The results of the relative efficiency, compared to the best measured efficiency, at the different
operating points for the two physical models are displayed in figure 5 on the left side. The
characteristics show a good agreement between the site measurements and the CFD simulations.
At full load operation the relative values for the efficiency are slightly lower than the measured
ones, even the full model reveals more accurate results. At part load operation, the values are
also in a good agreement to the site measurements due to the adjusted CFD setup. The relative
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deviations for the head and the runner torque show a good agreement as well (see figure 5 right).
The values differ by less than 5% for all operating points and both physical models, only the
deviations for the runner torque at 20 MW are bigger with approximately 9%. The influence of
the spiral casing to the global parameters is very low and therefore a reduced model would be
sufficient.
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Figure 5: Normalized efficiencies (left) and deviations for the head and runner torque (right)

In figure 6 the streamlines in the runner and draft tube domain for the operating points at
180 MW and at 60 MW are illustrated. The displayed velocity is calculated in the relative
frame of reference. At full load there are hardly any vortices visible in the runner and draft
tube. In part load operation flow separation appears at the inlet of the runner due to the smaller
discharge and the inadequate incident flow. The circumferential velocity at the draft tube inlet
is also higher than at full load, which decreases the efficiency of the turbine.

Rel. velocity (m/s)

Figure 6: Streamlines at 180 MW (left) and 60 MW (right)

For the structural analysis the pressure distribution on the runner surfaces is necessary to
define the boundary conditions in the different operating points. Therefore, the static pressure on
one runner blade and the according hub and shroud region is recorded during the unsteady CFD
simulations and averaged afterwards over ten runner rotations, to obtain a steady distribution.
The normalized pressure regimes on the blade for two operating points at full load (180 MW)
and part load (60 MW) are displayed in figure 7.
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Figure 7: Pressure distribution at the blade pressure side at 180 MW (left) and 60 MW (right)

4. Structural analysis
4.1. Numerical setup and discretization
Another purpose beside the flow simulations is the investigation of the structural behavior of the
high head Francis runner at different operating conditions. The results from the CFD analysis
are used to examine the overall loads and stresses with static FEM simulations. Similar to the
numerical flow investigation, the focus lies on the usage of open-source software for the structural
analysis. Thus, the FEM calculations are performed with Code Aster 11.7. The strain gauge
measurements, mentioned in section 2, are used to evaluate the accuracy of the setup considering
the appearing strains and stresses on the prototype runner. The structural model consists of
a cyclic sector with one runner blade and the appropriate hub and shroud regions in order to
reduce simulation time and costs. The discretization is done with the pre-and post-processing
platform SALOME. Due to the complex geometry including the hub and shroud of the runner,
an unstructured tetrahedral mesh with about 230,000 nodes is used (see figure 8).

Cyclic symmetry

Fixed support

Pressure distribution in side chambers

Pressure distribution from CFD

Figure 8: Mesh and boundary conditions for the static FEM simulations

In order to increase the accuracy of the numerical simulations, second order elements with a
quadratic interpolation function are used. The mesh is refined in critical regions like the fillet
between the blade an the hub respectively shroud or at the trailing edge of the blade, where the
strain gauges have been applied. The sector model is connected at the interfaces using cyclic
symmetry conditions. The runner is fixed at the bolt circle, centrifugal and gravitational forces
are considered too. The flow in the side chambers of the runner has not been considered in
the CFD simulations, but the pressure distribution is calculated analytically and applied to the
appropriate FE surfaces, in order to increase the accuracy of the model. On the blade, hub and
shroud surfaces, the pressure distribution from the CFD simulations is interpolated between the
fluid and structural meshes and applied to the FEM model. The material of the runner is a
stainless steel with an E-modulus of E = 216 kN/mm2, a Poisson ratio of ν = 0.30 and a density
of ρR = 7.700 kg/m3. The setup for the FEM simulations is summarized in table 4.
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Table 4: Setup for the FEM simulations

Parameters Description

Software Code Aster 11.7
Analysis type Static FEM
Model Sector with 1 runner blade
Mesh size 230,000 nodes
Mesh type Quadratic tetrahedral
Material Stainless steel

4.2. FEM Results
Figure 9 shows the mean stresses σm from the site measurements and the FEM simulations for
the strain gauge positions PS4 (left) and SS4 (right). The values are normalized to the yield
strength σy of the runner material. According to the CFD analysis, there is hardly any difference
visible for the two physical models (full and cyclic). The stress curve at the strain gauge location
PS4 reveals a larger gradient along the power curve compared to the measurements. At full load
conditions, the stresses are higher, whereas at part and low load operation the values are below
the measured ones. For the strain gauge location SS4 the results for the simulations are uniformly
higher along the load conditions but the tendencies are in a good agreement.
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Figure 9: Comparison of the measured and computed mean stresses at the strain gauge positions PS4
(left) and SS4 (right)

In figure 10 a linear regression analysis is used to determine the accuracy between the
measurements and the simulations. The comparison for all operating points and strain gauges
(left) shows a good agreement, even if the slope of about 1.27 is higher than 1. At 180 MW
power (middle) there is a shift in the vertical direction but the gradient is close to 1. At 60 MW
part load (right) there is also an accurate agreement. The equivalent von Mises stresses σe on
the Francis runner in two operating points for 180 MW and 60 MW are displayed in figure 11.
The maximum values at 180 MW (left picture) appear with about 20 % of the yield strength
σy at the trailing edge close to the hub of the runner. At 60 MW (right picture) the maximum
stresses are lower than at full load and occur in the middle of the blade at the fillet to the hub.
However, the yield strength for the runner material is not reached in any operating point and
the appearing stresses are all in the elastic regime of the stress-strain curve.
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Figure 10: Linear regression analysis for the measured and computed mean stresses at all strain gauge
positions for different operating points
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Figure 11: Equivalent von Mises stress at 180 MW (left) and 60 MW (right)

5. Conclusion
Unsteady CFD simulations and static FEM simulations have been performed for a high head
prototype Francis turbine in different operating points from full load to part load conditions
according to site measurements. The numerical flow analysis have been carried out using a full
model including the spiral casing and a reduced model with a cyclic inlet boundary condition.
Further, a grid convergence study has been performed to estimate the numerical uncertainties
due to the discretization and to reduce the computational costs. The CFD results reveal a good
agreement for the global parameters and small deviations from the measured head, torque and
efficiency with the used OpenFOAM setup and both physical models. In order to determine the
strains on the Francis runner at different operating conditions, static FEM simulations have been
performed with the open-source software Code Aster using a cyclic sector model. The results
reveal a varying behavior regarding the magnitude and location of the maximum stresses due
to different pressure distributions in the corresponding operating points. The accuracy of the
static FEM simulations has been determined by a comparison with strain gauge measurements
performed on the related prototype machine, revealing an appropriate agreement. The achieved
results of the numerical investigation are further used to assess the lifetime of the Francis runner
due to unsteady pressure effects like the rotor-stator interaction or draft tube instabilities, which
will be discussed in future publications.
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Chapter 8

Dynamic Structural Investigations

8.1 Paper 3

In the third paper (see Tab. 8.1) the impact of different operating conditions on the dynamic
excitation of a high head Francis turbine is discussed. The approach for the lifetime analysis
of a Francis runner described in Chap. 6 is extended by transient FEM simulations to obtain
the dynamic response induced by stochastic loads in low-load operation. The natural mode
shapes and eigenfrequencies of the turbine are computed using a modal analysis. Therefore,
the influence of the added mass effect of the surrounding water volume is considered and
discussed. Further, a harmonic response simulation is performed in different operating
points to evaluate the impact of the rotor-stator interaction on the runner. The influence
of damping on the frequency response is investigated additionally. In the critical low-load
operating point a transient FEM simulation is used to assess the impact of appearing draft
tube vortex ropes on the dynamic excitation of the high head runner. Therefore, a simplified
damping approach is considered based on the method proposed by Rayleigh. The results
of the dynamic FEM simulations are compared to the prototype site measurements.
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ABSTRACT
Fatigue analysis becomes more important in the design

phase of Francis turbine runners due to the changing require-
ments on hydropower plants, affected by the increasing amount
of volatile energy sources. Francis turbines are operated more
often and over longer periods of time at off-design conditions
to provide regulating power to the electric grid. The lifetime
of a Francis runner depends mainly on the dynamic excitation
induced by unsteady pressure pulsations like the rotor-stator in-
teraction or draft tube vortex ropes. An approach using one-way
coupled fluid-structure interactions has been developed and is
now extended using unsteady CFD simulations as well as har-
monic and transient FEM computations. The results are com-
pared to strain gauge measurements on the according high head
Francis turbine to validate the overall procedure. The investiga-
tions should be further used to perform a fatigue analysis and to
examine the applicability for lifetime investigations on Francis
machines with different specific speeds.

NOMENCLATURE
c Speed of sound for water.
fBP Blade passing frequency.
f0 Rotating frequency.
f i Eigenfrequencies.
H Head.
k Nodal diameter.

∗Address all correspondence to this author.

p Static pressure.
pa Pressure amplitude.
P Power.
PS Pressure side.
Q Discharge.
SS Suction side.
zg Number of guide vane blades.
zr Number of runner blades.
[C] Damping matrix.
[K] Stiffness matrix.
[M] Mass matrix.
α Mass proportional Rayleigh damping coefficient.
β Stiffness proportional Rayleigh damping coefficient.
ξ Damping ratio.
φ Guide vane angle.
ρ Density.
σ Stress.
σa Stress amplitude.
σe Equivalent von Mises stress.
σm Mean stress.
σy Yield strength.
ωi Angular eigenfrequencies.

INTRODUCTION
Fatigue analysis becomes more important even in the design

phase of Francis runners due to different influences. On the one

1 Copyright c© 2016 by ASME
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hand, the turbine efficiency has been gradually increased in re-
cent years, resulting in high-end designs with a decreasing blade
thickness and therefore a higher risk of crack initiation. On the
other hand, the increasing amount of volatile energy sources (e.g.
solar and wind) are causing significant changes in the electric-
ity market, especially in Europe. The ability of energy storage
and the provision of regulating power in a faster way becomes
more important for the operators of hydropower plants. As Fran-
cis turbines can be used in a wide range of power and head, the
duration and rate at off-design operation are gradually increas-
ing. The dynamic excitation of Francis runners depends on the
flow conditions inside the machine, which vary with the specific
speed but also with the operating point. The stationary wicket
gate causes pressure wakes, that excite the rotating runner in a
harmonic way, depending on the number of guide vanes and run-
ner blades. The so-called rotor-stator interaction (RSI) is more
significant for high head Francis turbines with a lower specific
speed due to the smaller gap between guide vane and turbine
blades and also at full and higher part load operation (see Guil-
lame et al. [1] and Seidel et al. [2]). In lower part load more
unstable and stochastic effects like vortex ropes or flow separa-
tion occur and increase the dynamic excitation and the influence
on the lifetime of the machine. To determine the impact of the
operating conditions on the runner fatigue an approach for a high
head Francis turbine has been published by Doujak et al. [3].
Therefore, one-way coupled fluid-structure interactions are per-
formed with the open-source CFD software OpenFOAM and the
open-source FEM tool Code Aster. The results are compared
with strain gauge data from prototype site measurements to val-
idate the overall procedure. According to this method the mean
stresses are calculated by static FEM simulations using the time-
averaged pressure from the unsteady CFD simulations. The dy-
namic excitations are computed using a harmonic response anal-
ysis (HRA), which is an adequate procedure to estimate the effect
of the RSI, but not to consider stochastic effects. Therefore, this
approach is now extended by transient FEM simulations, using
the time-dependent pressure signal from the flow simulations for
several runner rotations. The enhanced approach is displayed in
Fig. 1. The results of the CFD analysis and the static FEM sim-
ulations have been already mentioned by Eichhorn et al. [4] but
will be discussed in this paper as well. The prototype site mea-
surements, the investigations of the harmonic response analysis
and the transient structural simulations are shown in the further
sections. The results of the fatigue analysis using the strain gauge
data will be discussed in future publications.

PROTOTYPE SITE MEASUREMENTS
In order to evaluate the static and dynamic impact of dif-

ferent operating conditions on a Francis turbine, prototype site
measurements have been performed using eight strain gauges on
different runner positions. The investigated machine is a high

LIFETIME ANALYSIS

Static FEM
simulations

Transient FEM
simulations

Harmonic FEM
simulations

Fourier transformationTime averaging Time signal

Unsteady CFD
simulations

NUMERICAL
SIMULATIONS

SITE
MEASUREMENTS

Unsteady pressure field

Dynamic stressesStatic stresses Stress signal

Rainflow countingLoad spectrum

Stress extrapolation

Strain gauge data

Fatigue strength

FIGURE 1: APPROACH FOR THE LIFETIME ANALYSIS OF
FRANCIS RUNNERS.

head Francis turbine with a specific speed of nq ≈ 24rpm, con-
sisting of the spiral casing, 10 stay vanes, 20 guide vanes, 15
runner blades and the draft tube. The strain gauges have been
attached to one runner blade on the suction and pressure side
close to the trailing edge (see Fig. 2 left). One characteristic of
the hydraulic machine is the continuous shaft going through the
draft tube cone, so the strain gauge data had to be stored in a cas-
ing inside the machine, which has been mounted to the rotating
shaft (see Fig. 2 right). The measurements have been performed
in several operating points in steps of 10 MW respectively 20
MW from the start of the machine to the maximum power of 180
MW and back again. The according operating parameters, such
as the head and the output power, have been recorded as well.
Additionally, the machine has been dewatered at the end of the
measurements, to evaluate the stresses for the runner just rotating
in air and to validate the fluid-structure investigations.

In Fig. 3 the dynamic stresses for the strain gauges SS1 and
PS4 close to the shroud respectively the hub of the runner are dis-
played versus the power, normalized by the yield strength σy . To
evaluate the overall dynamic excitation of the runner, the RMS
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FIGURE 2: STRAIN GAUGES APPLIED TO THE FRANCIS RUN-
NER (LEFT) AND DATA LOGGER CASING MOUNTED ON THE
SHAFT (RIGHT).

values for the stress signals are calculated over the full frequency
range from f / f0 = 0 to f / f0 = 42, with the rotating frequency
of the runner f0. To determine the influence of the rotor-stator
interaction the RMS values at the blade passing frequency

fBP = zg · f0 (1)

with the number of guide vanes zg are calculated. Even
the dynamic stresses are in a low range compared to the yield
strength, there is a significant peak appearing at 60 MW for the
strain gauge PS4, indicating higher dynamic excitations at the
hub of the runner due to inconvenient flow conditions. The strain
gauge SS1 reveals also higher peaks but these are lower com-
pared to strain gauge PS4. The influence of the RSI is approxi-
mately equal in all operating points and smaller than the overall
dynamic stresses. The values of the machine rotating in air are
displayed at -5 MW power, which are quite low as expected.

The Fourier transformation of the stresses for the strain
gauge PS4 reveals a nearly constant dynamic excitation of the
first and the second harmonic of the blade passing frequency at
f / f0 = 20 and f / f0 = 40 in each operating condition (see Fig.
4). At 60 MW a more stochastic behavior with higher amplitudes
along the low frequency range can be observed. This operating
point is therefore of special interest and will be discussed in the
results of the numerical CFD and FEM simulations.

CFD SIMULATIONS
The numerical flow simulations are performed with the

open-source CFD tool OpenFOAM 2.3 using the unsteady
Reynolds averaged Navier-Stokes (URANS) equations. The ap-
proach and the discretization, including the grid convergence
study, have been already published by Eichhorn et al. [4]. The
dynamic FEM simulations described in the further sections are
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FIGURE 4: FREQUENCY SPECTRUM OF THE STRAIN GAUGE
PS4 IN DIFFERENT OPERATING POINTS.

performed using the unsteady pressure field computed on the en-
tire Francis machine. The full model consists of the spiral casing,
the stay and guide vanes, the runner and the draft tube (see Fig.
5 left). The block-structured hexahedral mesh, discretized with
ANSYS ICEM CFD, consists of about 5.9 million cells. The
mesh for the runner and the wicket gate is displayed in Fig. 5
right. The CFD simulations are separately performed in different
operating points from the maximum power output at 180 MW to
low load operation at 20 MW. The parameters for the discharge
Q and the guide vane angles φ are adjusted according to the site
measurements and the mesh of the wicket gate is adapted for
each operating point as well (see Tab. 1). The simulations are
performed with the two-equation turbulence model k-ω SST us-
ing standard wall functions. Hence, the distance of the first wall
cells in each domain is adjusted to a corresponding averaged di-
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mensionless wall distance of y+mean ≤ 100. The time step for the
transient rotor-stator analysis is adjusted to a maximum Courant
number of Comax = 15. In low load operating points from 60
MW to 20 MW the time step is reduced to increase the accu-
racy of the results due to a more stochastic behavior of the flow
conditions.

Inlet

Outlet

Drafttube

Spiral casing

Stay vanes

Wicket gate

Runner

FIGURE 5: MODEL FOR THE CFD SIMULATIONS (LEFT) AND
MESH FOR THE GUIDE VANES AND THE RUNNER (RIGHT).

TABLE 1: PARAMETERS FOR THE SIMULATED OPERATING
POINTS WITH CFD.

Power Rel. GV angle Rel. discharge

P (MW) φ/φmax (-) Q/Qmax (-)

180 1.000 1.000

140 0.772 0.783

100 0.576 0.582

80 0.479 0.481

60 0.382 0.378

40 0.282 0.273

20 0.173 0.164

As in the previous section discussed, the operating point at
60 MW is of special interest due to higher appearing stress ampli-
tudes in the low frequency range. As already mentioned, the shaft
of this Francis machine is going through the draft tube and there-
fore the behavior is slightly different compared to usual Francis
machines. The analysis of the flow conditions revealed three oc-
curring draft tube vortex ropes starting from the hub surface close
to the trailing edge of the runner blades. In Fig. 6 these vortices
are displayed by iso-pressure surfaces normalized by the pres-

sure of the head ρgH . The vortex ropes are rotating in the run-
ner direction with a lower rotational speed at f / f0 ≈ 0.6 and are
fluctuating with time. The measurements revealed higher stress
amplitudes especially in the hub region at lower frequencies. The
slice through the draft tube cone shows an uneven pressure dis-
tribution caused by the draft tube vortices, which are the main
reason for the dynamic excitation of the runner.

p/ρgH (-)

FIGURE 6: DRAFT TUBE VORTEX ROPES AT 60 MW.

The Fourier analysis of the pressure signal at a monitor point
close to the strain gauge position PS4 reveals high amplitudes
in the low frequency range as well (see Fig. 7). To evaluate
the dynamic pressure excitation on the runner surfaces caused by
different flow phenomena, the RMS values are calculated on the
one hand at the blade passing frequency and on the other hand
in the low frequency range from f / f0 = 0 to f / f0 = 5 (see Fig.
8). At the blade passing frequency the highest amplitudes are
occurring at the runner inlet due to the interaction of the guide
vanes and the runner blades. In the low frequency range higher
excitations appear at the hub region of the runner outlet due to
the draft tube vortex ropes. The impact on the dynamic stresses
of the structure will be discussed in the further sections.

STRUCTURAL ANALYSIS
Static FEM simulations

To validate the approach for the fluid-structure interaction a
static FEM analysis is performed with Code Aster 11.7 to eval-
uate the mean stresses and the points with the highest loads. To
reduce simulation time and costs, only one runner blade is con-
sidered with a cyclic boundary condition. The structure is dis-
cretized using an unstructured tetrahedral mesh with quadratic
elements and about 230.000 nodes (see Fig. 9). The pressure dis-
tribution on the blade, hub and shroud surfaces from the unsteady
CFD simulation is averaged over several runner rotations and ap-
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FIGURE 8: RMS VALUES OF THE PRESSURE FLUCTUA-
TIONS ON THE RUNNER SURFACES AT THE BLADE PASSING
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(RIGHT) AT 60 MW.

plied to the FEM surfaces. The pressure in the side chambers is
computed analytically using the results from the CFD simula-
tions according to the approach applied by Wachauer [5]. The
runner is fixed at the upper and lower bolt circle. The E-modulus
of E = 216 k N/mm2, the Poisson ratio of ν = 0.3 and the density
of ρR = 7.700 kg/m3 are used for the runner material.

The comparison of the mean stresses for the measurements
and the static FEM simulations at the strain gauge positions SS1
and PS4 is displayed in Fig. 10. The stress tensors from the
simulations are extracted at the nearest node for the strain gauge
points and transformed in their local coordinate system according
to the measurements. The values for the rotation of the runner
in air are displayed at -5 MW. Therefore, only the centrifugal
and gravitational forces are applied on the structural model of
the FEM simulations. The deviations to the measured stresses
are very low and the model and the discretization are therefore
accurate enough. The simulations including the CFD pressure
distribution from 180 MW to 20 MW show higher stresses for

Cyclic symmetry

Fixed support

Pressure distribution in side chambers

Pressure distribution from CFD

FIGURE 9: MESH AND BOUNDARY CONDITIONS FOR THE
STATIC FEM SIMULATIONS.

the strain gauge SS1 in all operating points. The curve for the
PS4 sensor shows higher values in full load and lower stresses in
low load conditions. The deviations may result from differences
in the pressure distribution computed by CFD compared to the
real ones. Another possibility might be based on the analytical
approach of the side chamber pressure calculation, which reveals
a major influence on the mean stress values as well. The pressure
distribution on the runner surfaces can only be validated by direct
measurements on the prototype machine, but those are hardly
realizable.
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FIGURE 10: COMPARISON OF THE MEASURED AND COM-
PUTED MEAN STRESSES.

Figure 11 shows the equivalent von Mises stress for the oper-
ating point at 180 MW. The spot with the maximum load appears
at the trailing edge close to the hub of the runner. Due to the
relatively thick blade of this high head machine the values are in
a low range compared to the yield strength of the material.
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FIGURE 11: EQIVALENT VON MISES STRESS AT 180 MW.

Natural frequencies and mode shapes
To obtain a dynamic analysis of a structure the knowledge

of the natural frequencies and mode shapes is of major impor-
tance. Therefore, a modal analysis is performed using the full
geometry of the Francis runner. One main impact on the mode
natural frequencies is the added mass effect due to the surround-
ing water volume. The modes are shifted to lower frequencies
compared to the runner surrounded by air as Rodriguez et al. [6]
described. The shape of the considered water volume has also
an influence on the natural frequencies. Comparisons between
simplified rectangular or cylindrical geometries to the exact gap
sizes in the runner side chambers during operation revealed only
significant influences for lower modes. For high order modes
with their more complex deformation shapes the impact is neg-
ligible (see Graf et al. [7]). For the harmonic response analysis
only higher modes are relevant for the investigated runner, as
described in the next section. Therefore, a simplified cylinder
geometry is chosen for the water volume for both the modal and
harmonic analysis. The mesh consists of about 500.000 nodes
for the runner structure and about 300.000 for the fluid, which is
modeled by acoustic elements with only one degree of freedom
(DOF). At the interface between the fluid and the solid geome-
try the mesh is consistent. The upper and lower bolt circle and
the outer surfaces of the fluid are fixed (see Fig. 12). The water
properties are defined with the density ρW = 1000 kg/m3 and the
speed of sound in water c = 1483m/s. The influence of damping
is not considered for the modal analysis. Additionally, to evalu-
ate the difference to the natural frequencies of the runner in air, a
modal analysis is performed without any surrounding water vol-
ume. The modal analysis is performed up to f / f0 = 100, which
is five times the frequency of the RSI.

The mode shapes of the runner in water and air with the
number of nodal diameters k and the according natural frequen-
cies are displayed in the diagram in Fig. 13. It is obvious, that the
water volume shifts the frequencies to lower values, especially

Water volume

Runner

Fixed support

FIGURE 12: DISCRETIZATION AND BOUNDARY CONDITIONS
FOR THE MODAL ANALYSIS WITH THE WATER VOLUME.

for higher order modes. The mode shapes with nodal diameters
of k = 1 and k = 2 are in the range of the RSI but the critical
nodal diameter of k = 5 is much higher at f / f0 ≈ 80, as it will
be discussed in the next section. The modal displacements of the
natural mode shapes with k = 3 and k = 5 are displayed in Fig.
13 bottom.
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FIGURE 13: NATURAL FREQUENCIES WITH NODAL DIAME-
TERS k OF THE FRANCIS RUNNER IN WATER AND AIR (TOP);
MODE SHAPES OF k = 3 (BOTTOM LEFT) AND k = 5 (BOTTOM
RIGHT).
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Harmonic response analysis
Guillaume et al. [8] showed, that the dynamic pressure field

excited by the rotor-stator interaction can be described by

m · zr − n · zg = k (2)

with the number of runner blades zr and the associated har-
monic index m, the number of guide vanes zg with its harmonic
index n and the corresponding nodal diameter of the pressure
field k. The temporal pressure field observed in the rotor frame
for any point M in a meridian section and any azimuth θ can be
described in the Fourier domain by

pm,n (M, θ, t) = pm,n (M, θ)e−2iπ ·n ·zg · f0 ·t . (3)

The Fourier transformation at the blade passing frequency
fBP of all discrete points on the runner surfaces is therefore suf-
ficient to describe the dynamic behavior excited by the RSI. The
critical nodal diameter of the pressure field for the investigated
Francis turbine obtained by Eqn. 2 is k = 5 as described in Tab.
2. The modal analysis revealed, that this natural mode shape is
not in the range of the blade passing frequency and there should
be no critical excitation.

TABLE 2: NODAL DIAMETER k OF THE DYNAMIC PRESSURE
FIELD.

Harmonic index n of the guide vanes

0 1 2

Harmonic 0 0 -20 -40

index m of 1 15 -5 -25

the runner 2 30 10 -10

The time-dependent pressure distribution on the runner sur-
faces obtained by the CFD simulations is transformed for each
discrete point to the frequency domain using a Fourier transfor-
mation (see Fig. 14). The highest amplitudes appearing at the
runner inlet and the phase shift with a nodal diameter k = 5 are
visible.

The damping for the harmonic response analysis cannot be
neglected in advance because it could have a major influence on
the results of the stresses. Therefore, a frequency response anal-
ysis with the Fourier transformed pressure distribution of the RSI
at 180 MW is performed. The response curves without damping

and for the low damped system, with a realistic damping ratio for
Francis runners of ξ = 0.01 are displayed in Fig. 15. There are
differences visible at two natural modes but at the blade passing
frequency f / f0 = 20 only marginal deviations appear. The har-
monic response analysis for different operating points are further
performed with the damping ratio of ξ = 0.01.

pa/ρgH (-) Phase (deg)

FIGURE 14: AMPLITUDE (LEFT) AND PHASE (RIGHT) OF THE
FOURIER TRANSFORMED PRESSURE SIGNAL AT 180 MW.
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FIGURE 15: FREQUENCY RESPONSE CURVES FOR THE
DAMPED AND UNDAMPED SYSTEM AT 180 MW.

The model and the boundary conditions of the harmonic re-
sponse analysis are the same as for the modal simulations. Addi-
tionally, the real and imaginary part of the pressure distribution
from the Fourier transformation are applied to the blade, hub and
shroud surfaces. One runner blade is refined similar to the static
analysis to accurately evaluate the appearing stresses. The com-
parison of the dynamic stresses for the strain gauges SS1 and PS4
in Fig. 16 shows higher dynamic amplitudes for both sensors for
each operating point, but regarding the yield strength the ampli-
tudes are quite low. The maximum stresses are appearing with
σa/σy ≈ 0.01 at the notch between the blade and the shroud at

7 Copyright c© 2016 by ASME

8 Dynamic Structural Investigations 8.1 Paper 3

80



the leading edge of the runner, as expected for the RSI (see Fig.
17).
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FIGURE 16: COMPARISON OF THE MEASURED AND COM-
PUTED DYNAMIC STRESSES AT THE STRAIN GAUGES SS1
AND PS4.

σa/σy (-)

FIGURE 17: STRESS AMPLITUDES COMPUTED BY THE HRA
AT 180 MW (LEFT) AND 60 MW (RIGHT).

Transient FEM simulations
To investigate the dynamic behavior of the Francis runner

not only regarding the impact of the rotor-stator interaction but
also in the full frequency range, a transient FEM analysis is per-
formed for the critical operating point at 60 MW. Due to the
appearing draft tube vortex ropes, the pressure distribution in
the circumferential direction cannot be assumed to be uniform.
Therefore, the full model of the runner has to be considered. In
order to decrease the size of the mesh, only one runner blade is
refined in the notches and at the trailing edge, similar to the HRA
analysis. The mesh with a number of approximately 500.000

nodes and the boundary conditions are displayed in Fig. 18. The
water volume around the runner is not regarded for the transient
analysis to simplify the model. Similar to the static FEM analy-
sis, the pressure distribution in the side chambers is considered
instead. The runner is fixed at the nodes for the upper and lower
bolt circle. At the blade, hub and shroud region, the pressure
from the CFD analysis is mapped for each time step to the struc-
tural mesh.

Fixed support

Pressure distribution in side chambers

Pressure distribution from CFD

FIGURE 18: MESH AND BOUNDARY CONDITIONS FOR THE
TRANSIENT FEM ANALYSIS.

The time step is chosen to 3.6 ◦ of runner rotations and the
simulation is performed for 10 rotations, which yields a total
number of 1000 time steps. The direct time integration method
proposed by Newmark [9] together with an iterative solver is
used for the transient simulations, yielding a moderate required
amount of time and memory. The advantage of the transient
FEM simulations is, that the time-dependent pressure distribu-
tion of any operating point can be used without any simplifica-
tions. Even speed-no-load or start-up calculations could be per-
formed. In contrast to the harmonic response analysis the con-
sideration of an accurate damping is of major importance for the
transient calculations due to the complex behavior of the struc-
ture depending on the frequency range. As the knowledge about
the damping of Francis runners in water is still limited a simpli-
fied approach using an equivalent Rayleigh damping in the form
of

[C] = α [M]+ β [K] (4)

is used, with the damping matrix [C], the mass matrix [M],
the stiffness matrix [K] and the Rayleigh coefficients α and β.
Considering the damping ratio ξ the Rayleigh coefficients can be
also described by
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2ξi =
α

ωi
+ βωi (5)

for each value of the angular eigenfrequency ωi = 2π f i .
Clough et al. [10] proposed an approach to calculate the Rayleigh
coefficients between two frequencies by


α

β

 = 2
ω1ω2

ω2
2 −ω2

1


ω2 −ω1

− 1
ω2

1
ω1



ξ1

ξ2

 . (6)

Chowdhury et al. [11] suggested to determine the funda-
mental frequencies ω1 and ω2 by considering the mass partic-
ipation of the low frequency modes. According to this, the
Rayleigh coefficients are calculated regarding the eigenfrequen-
cies and the cumulative mass participation from the modal anal-
ysis to α = 0.625 and β = 0.8e−5. This yields a damping ratio
of ξ ≤ 0.02 in a frequency range of 2 ≤ f / f0 ≤ 40 and higher
damping ratios outside this range.
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FIGURE 19: COMPARISON OF THE MEASURED AND COM-
PUTED STRESSES AT THE STRAIN GAUGE POSITIONS SS1 AND
PS4 AT 60 MW.

In Fig. 19 the stresses at the strain gauge positions SS1 and
PS4 at 60 MW are displayed for the site measurements and the
transient FEM simulation for two runner rotations. Similar to
the static FEM analysis a shift of the signals is visible but the
characteristics of the calculated stress-time curves are well pre-
dicted. The stress amplitudes at the strain gauge PS4 are higher
than for the strain gauge SS1 (as already mentioned in the previ-
ous sections) due to the draft tube vortices appearing at the hub

of the runner. The FFT analysis of the stress signals (see Fig. 20)
reveals the first and the second harmonic of the blade passing fre-
quency for both strain gauges. Higher amplitudes are appearing
as well in the low frequency regime, especially at the sensor po-
sition PS4, excited by the pressure oscillations in the draft tube
cone. It is obvious that the FEM simulations are overestimating
the stresses compared to the measurements. One reason could be
the influence of the water volume around the runner, which has
been neglected for the transient computations in order to reduce
the amount of required resources. Additional investigations will
be performed in the future to evaluate this impact. The results of
the transient FEM simulations are further used for a fatigue anal-
ysis to determine the influence of different operating conditions
on the lifetime of this high head Francis runner and to evaluate
the applicability of the developed approach for other Francis tur-
bines.
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FIGURE 20: FFT ANALYSIS OF THE COMPUTED AND MEA-
SURED STRESSES AT THE STRAIN GAUGES SS1 (TOP) AND PS4
(BOTTOM) AT 60 MW.
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CONCLUSION
An approach for the lifetime analysis of Francis runners has

been developed and extended. Therefore, prototype site mea-
surements on a high head Francis turbine using strain gauges on
different blade positions have been performed. The results reveal
a noticeable operating point with higher dynamic excitations at
about 30 % of the full power output. Unsteady CFD simulations
at this low-load operation show vortex ropes appearing in the
draft tube cone inducing pressure pulsations on the runner sur-
faces. Static FEM simulations in several operating points have
been used to validate the method for the applied fluid-structure
interaction showing accurate results according to the measure-
ments. The natural frequencies and mode shapes of the runner
have been obtained by a modal analysis considering the influ-
ence of the added mass effect due to the surrounding water vol-
ume. The results reveal a shift to lower frequencies compared for
the runner surrounded by air, especially for higher order modes.
The influence of the rotor-stator interaction has been investigated
by a harmonic response analysis using the Fourier transformed
pressure distribution from the CFD simulations. The FEM com-
putations show accurate results with a similar behavior for dif-
ferent operating conditions. The appearing stress amplitudes are
at about 1 % of the yield strength of the runner material and are
therefore in a non-critical range. To investigate the lifetime of
the Francis turbine considering not only the RSI but also more
stochastic effects, a transient FEM analysis in the low-load op-
erating point has been performed using the direct time integra-
tion method. The influence of damping has been regarded us-
ing Rayleigh coefficients calculated by the results of the modal
analysis. The comparison of the computed and measured stress
signals at the strain gauge positions shows an accurate accor-
dance. Further investigations will deal with the fatigue analysis
using the results of the transient FEM simulations, to evaluate the
applicability for the lifetime calculations of this and other Fran-
cis turbines. The impact of more advanced turbulence models in
low-load operation and the sensitivity of the whole approach con-
sidering further influences (e.g. geometrical deviations or model
simplifications) will be discussed in future publications as well.
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Chapter 9

Fatigue Analysis

9.1 Paper 4

In the fourth paper (see Tab. 9.1) the influence of low-load operation on the structural
impact of a medium head prototype Francis turbine is investigated. Therefore, unsteady
CFD simulations are performed with OpenFOAM using two different turbulence models:
The k-ω SST model and the hybrid RANS-LES turbulence model SAS. The influence on
the global parameters but also on the mean pressure distribution and the dynamic pressure
fluctuations at the runner are obtained. The results are used for static FEM simulations in
different operating conditions performed with Code_Aster and compared to strain gauge
measurements on the according prototype machine. Further, the dynamic excitations of the
Francis runner in low-load operation are assessed using transient FEM simulations with the
CFD results of both turbulence models. To investigate the fatigue impact on the structure a
rainflow counting analysis is performed for the measured and computed stresses to evaluate
the accuracy of the fluid-structure simulations.

Table 9.1: Notes on Paper 4.

Title Fatigue Analysis of a Medium Head Francis Runner at Low-Load Op-
eration Using Numerical Investigations

Authors M. Eichhorn, L. Waldner, C. Bauer
Conference 19th International Seminar on Hydropower Plants (Vienna Hydro

2016)
Location Vienna, Austria
Date November 9-11, 2016
Published in Proceedings of the 19th International Seminar on Hydropower Plants
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FATIGUE ANALYSIS OF A MEDIUM HEAD FRANCIS 

RUNNER AT LOW-LOAD OPERATION USING 

NUMERICAL INVESTIGATIONS 

 

M. Eichhorn, L. Waldner, C. Bauer 

 

Abstract: The changing requirements on hydropower plants due 
to an increasing amount of volatile energy sources are forcing 
the operators to deliver regulating power in a faster way. Hence, 
especially Francis turbines are operated more often at off-
design conditions, which involve the appearance of unsteady 
flow phenomena. This leads to an increasing excitation of the 
runner structure and to a distinct impact on the lifetime of the 
turbine. Therefore, a fatigue analysis on a medium head Francis 
runner, using CFD and FEM simulations, is performed and 
compared to prototype site measurements, to investigate the 
capabilities of the numerical computations. 

 

1 Introduction 

The lifetime assumption of Francis turbine runners is becoming more important, even 
in the design phase of the hydraulic machine. Power plant operators are forced to 
deliver an increasing amount of regulating power in a faster way, to compensate the 
volatility of solar and wind power. Hence, the requirements on the machine 
components, especially for the runner, are getting more complex due to varying 
dynamic excitations of the structure at off-design conditions. To estimate the 
influence of different operating conditions on the lifetime of a turbine runner, an 
approach has already been published using numerical fluid-structure investigations 
combined with site measurements on a high head Francis machine (see [1]). This 
approach is now used for a medium head Francis runner with a specific speed of 
         , to determine the overall applicability. The results of the numerical 

simulations presented in this paper are compared to prototype site measurements, 
which have been published in [2]. The unidirectional fluid-structure interaction 
consists of unsteady CFD simulations, to compute the pressure distribution and 
oscillation in the Francis turbine and of static and transient FEM simulations, to 
evaluate the stresses appearing on the runner. 
 

2 CFD Simulations 

2.1 Numerical setup and discretization 

The CFD simulations are performed using the URANS (unsteady Reynolds averaged 
Navier-Stokes) equations with the open-source code OpenFOAM. The turbulence is 
modelled with the  -  SST model for all investigated operating points, ranging from 
low-load at 6 MW to full load at 20 MW. Additionally, to determine the influence of the 

turbulence model on the unsteady pressure fluctuations, the  -  SST based Scale 
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Adaptive Simulation (SAS) approach is used for the best efficiency operating point 
(BEP) at 16 MW and at low-load operation at 6 MW. Several authors like Magnoli [3] 
or Nennemann et al. [4] showed the applicability of the SAS approach in the field of 
the simulation of Francis turbines. The computational domain, a full Francis turbine 
geometry containing the spiral casing (SC), the stay vanes (SV) and guide vanes 
(GV), the runner (RN) and the draft tube (DT), is discretized using ANSYS ICEM CFD 
and TurboGrid (see Fig. 1 left). To keep the mesh size in a low range, standard wall 
functions are used. Therefore, the first wall cell distance is set to a corresponding 
averaged dimensionless wall distance of   

    
    . Table 1 shows an overview 

about the mesh size and the quality of each CFD domain (the required values are 
stated as well). The full mesh consists of about 9 Mio. cells. The domains are 
coupled at the non-conformal interfaces (IF) using the arbitrary mesh interface (AMI) 
approach implemented in OpenFOAM (see Fig. 1 right). 
 

Table 1: CFD mesh size and quality 

 

 
SC SV GV RN DT required 

Number of cells (Mio.) 0.74 0.96 3.19 3.32 0.51 - 

Minimum determinant (-) 0.22 0.40 0.44 0.46 0.55 ≥ 0.2 

Minimum angle (°) 11.2 21.0 17.2 21.6 30.5 ≥ 10 

Minimum aspect ratio (-) 0.001 0.005 0.002 0.001 0.001 ≥ 0.001 

 
 

 

Fig. 1: Discretization of the CFD model (left) and interfaces between the mesh domains (right) 

 
 
The simulations are performed in several operating points using the PIMPLE solver 

in combination with a second order Euler temporal discretization. The discharge   at 
the inlet and the guide vane blade angle   are adapted for each operating point (see 
Table 2). The time step size is chosen to a corresponding runner rotation of 0.6° 

resulting in a maximum Courant number of          for all operating points. A 
fixed number of 12 inner iteration loops per time step is used to reach a sufficient 
convergence rate. The advection scheme is chosen to be of second order accuracy. 
A converged stationary solution is used as an initial condition for each operating 
point. The simulations are performed for at least ten runner rotations to guarantee 
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convergence of the mean values of interest and to obtain reliable results for the 
further structural analysis. The fluid is considered to be incompressible and of single 
phase type. 
 

Table 2: Boundary conditions for the CFD simulations 

 

Nominal Power  

  (MW) 

Rel. GV angle 

       (-) 

Rel. discharge   

       (-) 

6 0.48 0.47 

8 0.56 0.56 

12 0.79 0.79 

16 1.00 1.00 

20 1.31 1.23 

 
 

To define the inlet turbulence, values for   and   according to a turbulent intensity of 
       and a turbulent mixing length of            are set at the spiral inlet. An 
averaged static pressure condition is defined at the outlet. The setup and the 
boundary conditions for the CFD simulations are summarized in Table 3. 
 

Table 3: Numerical setup for the CFD simulations 

 

Parameters Description 

Software OpenFOAM 2.3 

Analysis type Transient rotor-stator 

Turbulence models  -  SST / SAS 

Mesh Size    Mio. cells 

Wall treatment Standard wall functions 

Time step      runner rotations 

Max. Courant number          

Advection scheme Second order 

Simulation time     runner rotations 

Inlet BC Discharge, turbulence quantities 

Outlet BC Averaged static pressure 

 
 

2.2 Results of the CFD simulations 

In order to evaluate the accuracy of the CFD model and setup, the integral quantities 
head, power and efficiency are compared to the measured results at the BEP (see 

Fig. 2 left). The deviations from the measured values are below      for both 
turbulence models. Fig. 2 right shows the computed efficiencies normalized to the 

measured efficiency at the BEP obtained by the  -  SST model in all operating 
points and by the SAS model at 16 MW and 6 MW. All quantities are averaged over a 
period of several runner rotations. 
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Fig. 2: Deviations of the computed quantities head, power and efficiency from the measured values at 
the BEP (left) and normalized efficiency curve of the CFD simulations (right) 

 
 
To assess the capability of the two mentioned turbulence models, the unsteady 
behaviour of the pressure field on the runner blade surface, which is essentially for 
the stress integrity study in the following section, is evaluated. Therefore, the mean 

pressure distribution       and the pressure fluctuation    defined by 
 

                                                      

 
are obtained along the blade profile at 6 MW low-load operation. The results indicate 

that the distribution of the mean pressure       is almost similar for both, the  -  
SST and the SAS turbulence model, from the leading edge at the normalized chord 

length        to the trailing edge at        (see Fig. 3 left). In contrast, the 
distribution of the pressure fluctuation    behaves very different for the two 
turbulence models (see Fig. 3 right). The SAS model reveals higher amplitudes 
especially at the suction side of the runner blade, with values of nearly 30 times of 
the amplitudes computed with the SST model.  
 

 

Fig. 3: Normalized mean pressure distribution pmean (left) and pressure fluctuations Δp (right) along the 

normalized runner blade chord length cx/s computed with the SST and SAS turbulence model at 6 MW 

 
 
Both simulations show a peak of the pressure fluctuation at the mid range of the 
profile, which is caused by the presence of a runner channel vortex at this operating 
point. Very high peaks of the pressure fluctuation are also located near the leading 
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edge due to the rotor-stator interaction and at the trailing edge region generated by 
draft tube vortices. The impact of the CFD results of both turbulence models on the 
runner structure is investigated in the following sections. 
 

3 Structural analysis 

To investigate the influence of the fluid flow on the runner structure in different 
operating conditions, static and transient FEM simulations are performed. The results 
of the mean stresses and the stress amplitudes are further used for a fatigue analysis 
in the critical operating point at 6 MW, which has been determined by the prototype 
site measurements (see [2]). 
 

3.1 Static FEM Simulations 

3.1.1 Numerical setup and discretization 

To evaluate the overall load and the mean stresses on the runner, static FEM 
computations are performed with the open-source tool Code_Aster. Therefore, a 
cyclic sector model consisting of one runner blade and the hub and shroud regions is 
used, to reduce the simulation time (see Fig. 4). 
 

 

Fig. 4: Mesh and boundary conditions for the static FEM simulations and position of the strain gauges 

 
The unstructured tetrahedral mesh consists of about 160 thousand nodes with 
second order elements and a quadratic interpolation function, to increase the 
accuracy. The pressure distribution from the CFD simulations is averaged over 
several runner rotations and applied to the nodes of the blade, hub and shroud 
surfaces. The pressure in the side chambers is analytically calculated. The runner is 
fixed at the upper and lower bolt circles and a cyclic symmetry boundary condition is 
applied at the sector interfaces. The centrifugal forces are considered as well. To 
validate the results of the FEM simulations, the stress values at several nodes close 
to the strain gauge positions are averaged and compared to the measurements. 
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3.1.2 Results 

The results of the static FEM simulations using the mean pressure distribution of the 
SST and SAS turbulence model and the measurements at the two strain gauge 

positions PS4 and SS4 are displayed in Fig. 5. The computed mean stresses    
normalized to the yield strength of the runner material    show an accurate 

correlation compared to the measured values. Only at full-load operation the stress 
values of the FEM analysis reveal slightly higher deviations for both turbulence 
models. 
  
 

 

Fig. 5: Comparison of measured and computed mean stresses at strain gauge positions PS4 (left) and 
SS4 (right) 
 

3.2 Transient FEM Simulations 

3.2.1 Numerical setup and discretization 

To evaluate the dynamic stress amplitudes and the highest excitations of the runner, 
transient FEM simulations are performed at the critical low-load operating point at 6 
MW. Therefore, the full runner geometry is used (see Fig. 6) as the pressure 
distribution cannot be assumed to be uniform in the circumferential direction.  

 

 

Fig. 6: Mesh and boundary conditions for the transient FEM simulations  
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To reduce the simulation time and the needed resources, only one runner blade is 
refined at the notches and the leading and trailing edge regions. The mesh consists 
of about 0.6 million nodes. The pressure distribution from the unsteady CFD 
simulations is applied for each timestep to the blade, hub and shroud surfaces. The 
computation is performed for five rotations and the time step is chosen to a 
corresponding runner rotation of 3.0°. Similar to the static simulations, the runner is 
fixed at the bolt circles. The pressure distribution in the side chambers is analytically 
calculated and the centrifugal forces are considered as well. To validate the results of 
the computations the stress values at the strain gauge positions are compared to the 
measurements.  

 

3.2.2 Results 

As the CFD simulations revealed significant differences regarding the pressure 
fluctuations due to the turbulence modelling, the transient FEM simulations are 
performed using the results of the SST and the SAS model as well. The comparison 
of the measured and computed stress amplitudes, obtained by the RMS values of the 
stress signals, at 6 MW at all strain gauge positions is displayed in Fig. 7 left. The 
pressure distribution from the SAS model delivers much more accurate results than 
the one from the SST model, which is underpredicting each measured value. The 
FFT analysis of the most critical position PS4 (see Fig. 7 right) shows, that the signal 
obtained by the SST model only contains an excitation at the rotating 

frequency       . The measurements and also the results of the SAS model 
indicate a high peak at          due to pressure fluctuations induced by draft tube 
vortices. 
 
 

 

Fig. 7: Comparison of measured and computed dynamic stress amplitudes (left) and FFT analysis at 
strain gauge position PS4 (right) at 6 MW 
 
 

4 Fatigue analysis 

The dynamic stress amplitudes at one runner blade normalized to the yield strength 
are displayed in Fig. 8 left. The highest values are appearing at the notch to the hub 
at the trailing edge region with            . To determine the impact on the lifetime 

of the runner a fatigue analysis using the rainflow counting algorithm is performed. 
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Therefore, the measured and computed stresses at the strain gauge position PS4 
and the multiaxial stress signal at the critical notch are used. As the time scale length 
of the computed signals is much lower than the measured ones and to obtain more 
reliable results, an extrapolation method based on the extreme value theory 
described in [5] is used. This approach has been successfully applied for a fatigue 
analysis on a Francis runner at no-load operation (see [6]). The signals of the 
measurements and the simulations are therefore extrapolated to a time duration of 
1000 s. For the fatigue analysis of the multiaxial stress state in the notch, the stress-
based Brown Miller algorithm is used, which considers the damage by a combination 
of the shear and normal stresses (see [7]). The influence of the mean stress on the 
fatigue lifetime is regarded by the Goodman model. The results of the fatigue 
analysis are displayed in Fig. 8 right. The stress-cycle curve for the computed 
stresses at the strain gauge location PS4 is underestimating the measured results, 
but the tendency shows an accurate correlation. The results at the critical location in 
the notch reveal higher values than the measured curve, as expected. In comparison 
to the S-N curve of the runner material, the measured and computed stresses are 
below the fatigue limit. 
 

 

Fig. 8: Stress amplitudes at one runner blade at 6 MW computed with the SAS model (left) and stress-
life curves of the measured and computed signals at 6 MW (right) 

 
 

5 Conclusions 

To investigate the fatigue lifetime of a medium head Francis runner, fluid-structure 
investigations have been performed using unsteady CFD simulations on the entire 
hydraulic machine as well as static and transient FEM simulations. To evaluate the 

influence of the turbulence models, the  -  SST and the SAS model have been used 
for the flow simulations. The results show marginal influence on the mean pressure 
distribution along the runner blade profile, but distinct impact on the pressure 
fluctuation due to channel and draft tube vortices. The comparison with strain gauge 
measurements on the according prototype machine reveal an accurate agreement 
with the computed mean stresses at different runner locations in several operating 
points for both turbulence models. Considering the transient FEM simulations at the 
critical operating point at 6 MW, the SAS model shows a much more precise 
prediction of the stress amplitudes and the FFT analysis. The computed and 
measured stress signals were further applied for a fatigue analysis using the rainflow 
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counting algorithm together with an extrapolation method based on the extreme 
value theory. Further, the multiaxial stresses at the critical runner location have been 
obtained for the lifetime analysis. The results show an accurate agreement with the 
measurements delivering stress-life curves below the fatigue limit of the runner 
material. Although the investigations proof the applicability of the used approach for a 
fatigue analysis, the remaining uncertainties (e.g. material inhomogeneity, numerical 
simplifications and limitations, turbulence modelling, geometrical discrepancies,...) 
must be considered for a reliable lifetime assessment.  
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9.2 Paper 5

In the fifth paper (see Tab. 9.2) the expected load spectra of the two prototype Francis
turbines in the critical low-load operating points are investigated. Therefore, the unsteady
CFD simulations using the SAS turbulence model are applied as well to the high head
machine to evaluate the differences to the previously used standard k-ω SST model. The
pressure fluctuations in the draft tube diffuser of both Francis turbines, induced by appear-
ing draft tube vortex ropes, are compared to measurements on the according prototype
machines to obtain the influence and accuracy of the turbulence models. Further, the re-
sults of the transient FEM simulations are discussed related to the amplitudes and the
power spectral densities of the computed and measured stresses at the strain gauge posi-
tions. The influence on the fatigue of both Francis runners is obtained by the rainflow cycle
counting algorithm. Therefore, the uniaxial stress signals at the strain gauge positions and
the multiaxial stress states at the highest excited notches are used. For a more convinc-
ing comparison between the long measurement signals and the relative short simulation
duration, a stress extrapolation approach is applied.

Table 9.2: Notes on Paper 5.

Title Expected Load Spectra of Prototype Francis Turbines in Low-Load
Operation Using Numerical Simulations and Site Measurements

Authors M. Eichhorn, A. Taruffi, C. Bauer
Conference 7th IAHR Meeting of the Working Group on Cavitation and Dynamic

Problems (IAHRWG 2017)
Location Porto, Portugal
Date February 1-3, 2017
Published in Journal of Physics: Conference Series, Volume 813/1: 012052, 2017
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Expected load spectra of prototype Francis turbines

in low-load operation using numerical simulations

and site measurements

M Eichhorn1, A Taruffi2 and C Bauer1

1 TU Wien, Institute for Energy Systems and Thermodynamics, Getreidemarkt 9/302, 1060
Vienna, Austria
2 Andritz Hydro, Rue des Deux Gares 6, 1800 Vevey, Switzerland

E-mail: markus.eichhorn@tuwien.ac.at

Abstract.
The operators of hydropower plants are forced to extend the existing operating ranges of

their hydraulic machines to remain competitive on the energy market due to the rising amount of
wind and solar power. Faster response times and a higher flexibility towards part- and low-load
conditions enable a better electric grid control and assure therefore an economic operation of
the power plant. The occurring disadvantage is a higher dynamic excitation of affected machine
components, especially Francis turbine runners, due to pressure pulsations induced by unsteady
flow phenomena (e.g. draft tube vortex ropes). Therefore, fatigue analysis becomes more
important even in the design phase of the hydraulic machines to evaluate the static and dynamic
load in different operating conditions and to reduce maintenance costs. An approach including
a one-way coupled fluid-structure interaction has been already developed using unsteady CFD
simulations and transient FEM computations. This is now applied on two Francis turbines with
different specific speeds and power ranges, to obtain the load spectra of both machines. The
results are compared to strain gauge measurements on the according Francis turbines to validate
the overall procedure.

1. Introduction
As solar and wind power generation is growing steadily, their volatility rises the necessity of large
and also flexible energy storage. Even other systems like compressed-air or battery solutions
will become more advanced in the future [1], pumped hydro energy storage will remain the
most competitive technology in the next years [2]. The pending challenge for manufacturer
and operators of pumped storage power plants (PSP) will be an increase of operating flexibility
towards off-design operation with a simultaneously prevention of lifetime reduction. Due to
unsteady flow phenomena in part-load, low-load and overload conditions of especially Francis
and pump turbines, higher pressure fluctuations may appear inducing an increasing dynamic
excitation of affected structures like the runner [3]. Therefore, the prediction of critical operating
conditions and the fatigue analysis in the design phase of Francis and pump turbines is becoming
more significant. The increasing capabilities of numerical computations enable their application
for such investigations. To evaluate their accuracy as well, unsteady CFD and transient FEM
simulations are performed on two prototype Francis turbines in low-load operating conditions:
a high head runner with a specific speed of nq ≈ 24min−1 (PSP-HH) and a medium head
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runner with a specific speed of nq ≈ 52min−1 (PSP-MH). The results are used to compute
the expected load spectra with the rainflow counting algorithm. Prototype site measurements
should help to validate the whole approach, which has been partially published already (see [4]
and [5]). Therefore, several single strain gauges (SG) have been applied on one runner blade at
the pressure side (PS) and suction side (SS) close to the trailing edge (see figure 1). The position
and orientation of the sensors have been recorded for the comparison with the numerical results.
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Figure 1: Schematic contour of the meridional section including the positions of the strain gauges on the
runner blades and the pressure measurements in the draft tube for PSP-HH (left) and PSP-MH (right).

Further, pressure measurements have been done in the draft tube cone (pDT ) of both machines
to validate the appearing pressure oscillations in the CFD simulations. One main difference
between the two investigated Francis turbines, beside the specific speed, is the shaft going
through the draft tube cone at PSP-HH, which has also a major impact on the flow behavior.
The measured stress amplitudes σa, normalized by the yield strength of the runner material σy
are displayed in figure 2.
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Figure 2: Measured dynamic stress amplitudes at different strain gauge positions and operating points
for PSP-HH (left) and PSP-MH (right).

At PSP-HH a relative high stress amplitude level can be observed in all operating points due
to the influence of the rotor-stator interaction (RSI). At low-load operation, with a normalized
power of P/Popt ≈ 0.34, the stress amplitudes are obviously increasing with the highest values
appearing close to the hub of the runner (SG PS4 and SS4). A similar behavior can be observed
for the medium head Francis runner. Due to the higher gap size between the wicket gate and
the runner and therefore a lower impact of the RSI, the dynamic stresses are lower in high-
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and full-load operation. In part- and low-load operation, the stress amplitudes are dramatically
increasing, especially at the runner hub region (SG PS4 and SS4), with the highest values
appearing also at P/Popt ≈ 0.37. Hence, these two low-load operating points are of special
interest and will be therefore used for the numerical simulations described in the following
sections.

2. Unsteady CFD simulations
As the dynamic excitation of the Francis runners is mainly depending on the pressure oscillation
inside the machine, unsteady CFD simulations are performed with OpenFOAM, to investigate
the flow phenomena in the critical operating points. Therefore, the relevant components of the
two hydraulic machines are considered, including the spiral casing, the stay vanes, the guide
vanes the runner and the draft tube. The different domains are discretized separately with
hexahedral meshes using ANSYS ICEM CFD and ANSYS Turbogrid (see figure 3). The mesh
of PSP-HH consists of about 6 million cells and the one for PSP-MH of about 9 million cells.
To accurately predict the pressure fluctuations inside the runner, the discretization is refined in
this domain with about 2.6 million cells for PSP-HH and about 3.3 million cells for PSP-MH.
The guide vane opening position is adjusted according to the measurements. The unsteady CFD
simulations are performed for several runner rotations using a transient rotor-stator analysis. A
frozen-rotor simulation is used as initial solution to improve and speed-up the convergence. The
discharge is defined as boundary condition at the spiral inlet according to the measurements.
At the draft tube outlet the static pressure is set to an averaged value. The time step size is
fixed to an according runner rotation of 0.36 ◦ for PSP-HH and 0.6 ◦ for PSP-MH resulting in a
maximum Courant number of Comax = 25. The CFD simulations are performed using the two-
equation turbulence model k-ω SST as well as the Scale Adaptive Simulation (SAS) approach,
to evaluate the influence of the turbulence modeling.

Figure 3: Discretization of the hydraulic components for the CFD simulations of PSP-HH (left) and
PSP-MH (right).

In figure 4 the spectral power density of the measured and computed pressure signals in
the draft tube cone pDT at low-load operation for PSP-HH (P/Popt ≈ 0.34) and PSP-MH
(P/Popt ≈ 0.37) are displayed. The pressure fluctuations ∆p are normalized by the energy
corresponding to the rotational speed pE = ρu22/2 with the circumferential velocity at the
runner outlet u2 = D2f0π and the rotational frequency of the runner f0, as proposed in [6].
For a more convincing comparison between the long measurement duration (120 s) and the
short CFD simulations, the measured pressure signal is split into several windows according to
the computations. Afterward, the mean values (EXP mean) and the standard deviations (EXP
range) are evaluated to express the range of the measurements. The measured results of PSP-HH
reveal higher dynamic pressure fluctuations in the normalized frequency range of 0 ≤ f/f0 ≤ 5.
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Figure 4: Comparison of the spectral power density between the measured and computed pressure
fluctuations in the draft tube cone pDT at low-load conditions for PSP-HH (left) and PSP-MH (right).

The CFD simulations of both turbulence models show also higher values in this range with
a slightly underestimation of the SST model. At PSP-MH a more distinct peak is appearing
at f/f0 ≈ 0.8. The k-ω SST model reveals only a small peak at the rotational frequency
f/f0 = 1. The SAS model on the other hand shows more accurate results even the amplitude is
underestimated. In figure 5 the numerically computed pressure amplitudes with the SAS model
at the runner surfaces of both machines are shown together with appearing draft tube vortices,
which are displayed by iso-pressure surfaces.

Figure 5: Pressure amplitudes on the Francis runner surfaces computed with the SAS turbulence model
and appearing draft tube vortices at PSP-HH (left) and PSP-MH (right).

At PSP-HH high pressure fluctuations are appearing at the runner inlet due to the RSI. At
the outlet the rotating draft tube vortices are inducing pressure oscillations as well, especially in
the hub region of the runner. One characteristic of PSP-HH is the shaft going through the draft
tube. Hence, multiple smaller and bigger vortices are appearing and collapsing again along the
time, inducing a broadband excitation as visible in figure 4. At PSP-MH one bigger draft tube
vortex rope is appearing and rotating more stable in the runner direction. Therefore, the highest
pressure amplitudes are appearing at the runner outlet. Only small excitations are visible at
the leading edges due to a less impact of the RSI at PSP-MH.

3. Transient FEM simulations
The results of the unsteady CFD simulations are used to evaluate the structural behavior and
the dynamic stresses of the Francis runners by transient FEM simulations with the open-source
tool Code Aster. The model and the discretization of the investigated turbines are displayed
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in figure 6. The tetrahedral mesh of each runner geometry consists of about 0.5 million nodes.
This relative small size is achieved by refining only one runner blade in the critical zones, which
is also used for the stress evaluation. A grid convergence study has been performed as well to
assure reliable results.

Fixed support
at bolt circle

Pressure distribution in side chambers

Pressure distribution from
CFD for each timestep

Figure 6: Discretization and boundary conditions for the transient FEM simulations for PSP-HH (left)
and PSP-MH (right).

The time-dependent pressure distributions from the CFD computations are applied to the
surfaces of the blade channels for each time step. The pressure distributions in the runner side
chambers are assumed to be static and are computed by an analytical model as described in [7].
The Francis turbines are fixed at the bolt circles and the circumferential and gravitational forces
are considered as well. The transient FEM simulations are performed for several runner rotations
with an according time step size of 3.6 ◦ for PSP-HH and 3.0 ◦ for PSP-MH. The damping of
the structure is considered by an equivalent Rayleigh damping as described in [5]. Monitoring
points at the refined runner blade are used to compare the stresses with the measured data at
the strain gauge positions. The overall dynamic stress amplitudes of the FEM simulations and
the measurements at the strain gauge positions for PSP-HH and PSP-MH at the investigated
low-load operation points are displayed in figure 7.
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Figure 7: Comparison of the dynamic stress amplitudes calculated by the RMS values between the
measured data and the transient FEM simulations at low-load operation for PSP-HH (left) and PSP-MH
(right).

The measured stress signal, with a length of 120 s, is separated in smaller windows according
to the FEM simulations to calculate the mean values (EXP mean) and the measurement range.
To determine the influence of the turbulence model on the structural response, the pressure
distributions of the SST and the SAS model are used. The results show an accurate agreement
with the measurement tendencies, even the computed values underestimate the measured peaks.
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Due to the higher accuracy of the SAS model regarding the pressure fluctuations in the draft
tube, the overall stress amplitudes are predicted more precise as well, with the highest values
appearing close to the hub of the runner. According to the numerical flow simulations, the
results for PSP-MH reveal much bigger differences between the turbulence models, with a total
underestimation of the stress amplitudes by the SST model. The SAS model shows the highest
amplitudes also close to the hub at SG PS4 and SS4. The spectral power densities of the
measured and simulated stress signals at the strain gauge PS4 for PSP-HH reveal higher stress
amplitudes in the low frequency range due to the pressure fluctuations in the draft tube (see
figure 8). At the first and second harmonic of the blade passing frequency ( f/f0 = 20 and
f/f0 = 40) higher stress amplitudes are visible, even the SAS turbulence model overestimates
the measured values. For PSP-MH a high peak is visible at the normalized frequency f/f0 ≈ 0.8
induced by the appearing vortex rope according to figure 4. In contrast to the SST model, the
curve of the SAS model is in a good agreement with the measurements.
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Figure 8: Comparison of the spectral power density between the measurements and the computed
stresses at low-load operation for PSP-HH (left) and PSP-MH (right).

4. Expected load spectra
The results of the transient FEM simulations performed with the SAS turbulence model are
used for a rainflow counting analysis at the strain gauge positions and at the critical locations
of both Francis runners. In figure 9 the dynamic stress amplitudes, calculated by the standard
deviation of the time signals, in low-load operation at the refined runner blades are displayed.
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Figure 9: Stress amplitudes at the Francis runner blades at low-load operation for PSP-HH (left) and
PSP-MH (right) computed with the SAS turbulence model.

At PSP-HH the highest values are appearing in the notch at the leading edge (LE) of the
runner due to the rotor-stator interaction but also at the trailing edge (TE) due to the pressure
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fluctuations in the draft tube. For PSP-MH the dynamic stresses at the leading edge are lower
due to the less impact of the RSI. The critical location with the maximum excitation, induced
by the draft tube vortex rope, is appearing at the trailing edge close to the hub of the runner.
To determine the impact of the dynamic excitation of the high and medium head runner in low-
load operation a rainflow counting analysis is performed. Therefore, the measured and computed
uni-axial stress signals at the strain gauge positions and the multi-axial stresses at the critical
runner locations, obtained by the FEM simulations, are used. To evaluate the measurement
range the signals are again divided into several windows according to the computations. To
gain a more convincing comparison between the measurements and the simulations a stress
extrapolation, based on the extreme value theory described in [8], is performed. This approach
has been already applied for a fatigue analysis of a Francis runner at speed-no-load operation
(see [9]). For the evaluation of the damage by the three-dimensional stress state in the notches,
the algorithm of Brown and Miller [10] is used, considering the influence of the shear and
normal strains. The obtained load spectra of both Francis turbines are displayed in figure 10
including the corresponding stress-cycle (S-N) curve of the runner material for a 99 % survival
probability. The measured and computed stress signals are extrapolated up to a time length of
1000 s. The rainflow counting analysis reveals an accurate agreement between the results of the
measurements and the FEM simulations at the strain gauge positions for both turbines. The
evaluation of the multi-axial stresses at the critical locations shows slightly higher amplitudes
compared to the strain gauges as expected. The rainflow curves of both Francis turbines are
below the fatigue limit of the runner material, even considering the measurement range.
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Figure 10: Load spectra of the measured and computed stresses with the SAS turbulence model at
low-load operation for PSP-HH (left) and PSP-MH (right).

5. Conclusion
The strain gauge measurements on a high head and a medium head prototype Francis runner
revealed increased dynamic excitations in low-load operating conditions at about one third of
the rated output power. Additional pressure measurements in the draft tube cone showed
higher amplitudes in the lower frequency range for both machines at the same operation
points. To investigate the reason for the high stress peaks and to obtain the load spectra
of the turbines, numerical computations consisting of unsteady CFD and FEM simulations
were performed. Therefore, two different turbulence models - the k-ω SST and the Scale
Adaptive Simulation (SAS) model - were used. The flow simulations revealed increased pressure
fluctuations at the leading edge of the high head runner due to the major impact of the rotor-
stator interaction. At the turbine outlet higher pressure amplitudes occurred as well for both
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hydraulic machines due to the influence of appearing draft tube vortex ropes. Compared to the
pressure measurements, the SAS turbulence model seems to better predict the impact of the
vortices on the pressure oscillations. The transient FEM simulations in the low-load operating
points revealed an accurate determination of the overall stress amplitudes. The application of
the time dependent pressure distributions computed by the SAS turbulence model lead to more
precise results, especially for the medium head turbine. The transient FEM simulations exposed
different locations with higher dynamic excitations for both turbines: At the leading edge for
the high head runner induced by the rotor-stator interaction and at the trailing edge due to the
draft tube vortex ropes for both machines. The measured and computed stresses at the strain
gauge positions and at the critical notches were further used for a rainflow counting analysis
together with a stress extrapolation approach. The results revealed an appropriate agreement
between the simulations and the site measurements with stress-cycle curves below the fatigue
limit of the runner material. For a valuable lifetime prediction of the Francis runners, additional
investigations should be performed considering geometrical deviations, numerical simplifications
and further uncertainties.

Acknowledgments
The K-Project GSG-GreenStorageGrid is funded in the framework of COMET - Competence Centers
for Excellent Technologies by the Federal Ministry of Transport, Innovation and Technology, the Federal
Ministry of Science, Research and Economy, the Vienna Business Agency, the Federal Province of Lower
Austria and by the Federal Province of Upper Austria. The program line COMET is administered by
the Austrian Research Promotion Agency (FFG). The authors would like to thank the project partners
Andritz Hydro, Verbund Hydro Power, ZT Hirtenlehner, TIWAG Tiroler Wasserkraft AG and Vorarl-
berger Illwerke AG for their contribution in the course of the sub-project PSP-LowLoad. Special thanks
goes to Andritz Hydro for their support regarding the application of Code Aster. The computational
results presented have been achieved in part using the Vienna Scientific Cluster (VSC).

References
[1] Teller, O et al 2013 European Energy Storage Technology Development Roadmap towards 2030. (Brussels:

EASE/EERA Core Working Group)
[2] Guittet M, Capezzali M, Gaudard L, Romerio F, Vuille F and Avellan F 2016 Study of the drivers and asset

management of pumped-storage power plants historical and geographical perspective. Energy 111 560–579
ISSN 03605442

[3] Magnoli M V 2014 Numerical simulation of pressure oscillations in large Francis turbines at partial and full
load operating conditions and their effects on the runner structural behaviour and fatigue life. Ph.D. thesis
Technische Universität München

[4] Eichhorn M, Doujak E and Waldner L 2016 Investigation of the fluid-structure interaction of a high head
Francis turbine using OpenFOAM and Code Aster. 28th IAHR symposium on Hydraulic Machinery and
Systems

[5] Eichhorn M and Doujak E 2016 Impact of different operating conditions on the dynamic excitation of a high
head francis turbine. Proceedings of the ASME 2016 International Mechanical Engineering Congress &
Exposition

[6] Dörfler P, Sick M and Coutu A 2013 Flow-Induced Pulsation and Vibration in Hydroelectric Machinery.
(London, New York: Springer)

[7] Maly A, Eichhorn M and Bauer C 2016 Experimental investigation of transient pressure effects in the side
chambers of a reversible pump turbine model. Proceedings of the 19th International Seminar on Hydropower
Plants

[8] Johannesson P 2006 Extrapolation of load histories and spectra. Fatigue & Fracture of Engineering Materials
Structures 29 209–217

[9] Morissette J F, Chamberland-Lauzon J, Nennemann B, Monette C, Giroux A M, Coutu A and Nicolle J 2016
Stress predictions in a francis turbine at no-load operating regime. 28th IAHR Symposium on Hydraulic
Machinery and Systems

[10] Brown M W and Miller K J 1973 A theory of fatigue under multiaxial strain conditions. Proceedings of the
Institution of Mechanical Engineers 187 745–755

9 Fatigue Analysis 9.2 Paper 5

103



9 Fatigue Analysis 9.3 Impact on the Structural Damage

9.3 Impact on the Structural Damage

The results of the rainflow counting analysis described previously are used to assess the
impact on the structural damage and the expected lifetime of the Francis runners in the
critical low-load operation points. Therefore, the fatigue damage accumulation by Palmgren
and Miner (see Chap. 5) is applied to the resulting load spectra of the numerical simulations
and the strain gauge measurements.
In the original form of the Miner rule the influence of stress amplitudes below the fatigue
limit σl is neglected, which can be described by a slope s∗o = ∞ of the S-N curve (see
Fig. 9.1). This assumption is usually valid for most steel and iron casting materials. For
aluminum and also for steel in corrosive media, as it is the case for Francis turbines in water,
a further decrease of the S-N curve below the fatigue limit appears. According to fatigue
tests performed at the Fraunhofer LBF Institute for Structural Durability and System
Reliability considering the runner material of the Francis turbines in water (see Gaßner
et al. [33]), a slope s∗ is observed below σl. However, the assumption of the original Miner
rule can yield large discrepancies between calculated and experimentally observed lifetimes
as investigations by Schütz and Zenner [85] revealed. They proposed that stress amplitudes
above the fatigue limit induce defects, which further influence the damage impact of smaller
dynamic stress values. To avoid unreliable fatigue assessment different modifications of the
original Miner rule have been suggested as described by Köhler et al. [49]. The first approach
is the elementary Miner rule, which assumes that no certain fatigue limit exists and the
slope in the endurance range is s∗e = s. A second procedure is the modified Miner rule
proposed by Haibach [39]. Thereby, the S-N curve is extended in the endurance range with
a slope s∗m = 2s− 1. Both approaches are recommended in the FKM guideline (see Hänel
et al. [42]) for fatigue assessment. Hence, the modified and the elementary Miner rule as
well as the experimentally observed S-N curve are applied to the measured and computed
load spectra of the medium and the high head Francis turbine to assess the impact on the
total fatigue damage C and the expected lifetime L.
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Figure 9.1: S-N curves for different damage models in the fatigue endurance range.
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For the simulations the load spectra obtained with the CFD results of the SAS turbulence
model are used. To assess the uncertainties of the strain gauge measurements the standard
deviations of the obtained stresses and the measuring error discussed in Appendix A.1 are
considered. For the results of the FSI simulations the numerical uncertainties described in
Appendix A.2 are used. Due to the application of single strain gauges at the prototype site
measurements the multiaxial stress state in the notches could not be obtained directly. The
fatigue damage is therefore approximated using the load spectra of the closest strain gauge
(SS4 for the high head runner and PS4 for the medium head runner), which is multiplied
with the stress concentration factor Ks obtained from the FEM simulations:

Ks = σa,max,notch
σa,max,SG

. (9.1)

Thereby, σa,max,notch is the maximum appearing stress amplitude in the notch and σa,max,SG
is the maximum stress amplitude at the strain gauge. The respective stress concentration
factor for the high head runner is Ks = 1.70 and for the medium head runner Ks = 1.83.
The resulting total fatigue damage factors C for both Francis machines at the strain gauges
and at the critical notches at the trailing edge are displayed in Fig. 9.2. The results
reveal low fatigue damages of the measured and computed load spectra for the according
extrapolation time of 1000 s and a good agreement between the values at the respective
strain gauges and in the notch.
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Figure 9.2: Total fatigue damage factors C for the high head runner (left) and the medium
head runner (right) for different S-N curves in the endurance range.

The typical failure criteria for components considering the cumulative damage factor is
C = 1. The mechanical fracture caused by oscillating stresses appears in fatigue tests
usually at C 6= 1 and in most cases at C < 1. As the fatigue damage accumulation is
subject to a distinct scattering Haibach [39] and the FKM guideline [42] recommend a
reduced factor of Cr = 0.3. Hence, the durability of the hydraulic turbines are obtained at
first for C = 1 and the influence of a reduced damage factor is subsequently discussed below.
The expected lifetimes L of the medium and the high head Francis runner at the strain
gauges and at the critical notches at the trailing edge are displayed in Fig. 9.3. The results
are mainly influenced by the applied S-N curve in the endurance range as the load spectra of
both machines in low-load operation are below the fatigue limit σl. The minimum lifetimes
are therefore obtained by the elementary Miner rule as expected due to the same slope of
the S-N curve in the endurance range as in the HCF area. Nevertheless, the comparison of
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Figure 9.3: Expected lifetimes L for a total fatigue damage factor C = 1 for the high head
runner (left) and the medium head runner (right) for different S-N curves in the endurance
range.

the measured and the computed values for the different fatigue approaches reveals a good
correlation.
The maximum load cycles N for reduced damage factors Cr < 1 and further the lifetime L
can be calculated according to Haibach [39] by N = Cr ·N(C=1). In Tab. 9.3 the expected
lifetimes for both Francis turbines using the elementary Miner rule and damage factors
C = 1 and Cr = 0.3 are displayed. The minimum estimated lifetimes for the high head
runner are at least 8 years obtained from the measurements and 27 years computed by the
simulations. For the medium head runner the measured durability is approximately 44 years
and more than 166 years according to the computations. It is important to mention that
the expected lifetimes correspond to a continuous operation of the machines in the critical
low-load point. In fact, the related operating hours per year are far less. For a reliable
fatigue assessment realistic load assumptions have to be considered for the according steady
but also transient events with the respective static and dynamic stresses. The application
of the linear damage accumulation is only an estimation if failure of components occurs or
not at a certain amount of time. To obtain more detailed information about the damage
extent more advanced approaches like crack growth models have to be applied as discussed
by Liu et al. [58], but this would exceed the scope of this thesis.

Table 9.3: Expected lifetimes L of the medium and the high head Francis turbine in low-load
operation using the load spectra at the critical notch and the elementary Miner rule.

PSP-HH PSP-MH
Expected lifetime L (years) Expected lifetime L (years)

Lmin Lavg Lmax Lmin Lavg Lmax

C = 1 SIM 118.65 185.45 303.84 554.99 867.44 1421.16
EXP 27.31 45.87 82.20 148.58 316.32 779.07

Cr = 0.3 SIM 35.60 55.64 91.15 166.50 260.23 426.35
EXP 8.19 13.76 24.66 44.57 94.90 233.72
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Chapter 10

Conclusion and Outlook

10.1 Summary of the Thesis

In the scope of this thesis a numerical approach to evaluate the impact of different oper-
ating conditions on the mechanical loads and the fatigue of prototype Francis turbines is
proposed and assessed on a medium and a high head machine. Therefore, fluid-structure
interactions are performed with the open-source tools OpenFOAM for the CFD simulations
and Code_Aster for the FEM computations. Strain gauge measurements on the according
hydraulic turbines are used to validate the numerical approach. The measured stresses
reveal the highest mean values at full output power for both machines. For the high head
runner significant dynamic excitations are appearing along all load conditions in the range
of the blade passing frequency induced by the rotor-stator interaction. Further, the highest
dynamic stress amplitudes are observed in low-load operation for both Francis turbines.
To obtain the fluid flow in different operating conditions unsteady CFD simulations are
performed as the static and dynamic pressure distribution is of main importance for the
mechanical response. A grid convergence study is performed for the high head runner to
assess the numerical error induced by the spatial discretization and to ensure reasonable
computational costs at sufficient accuracy. The boundary layer close to the solid walls is
approximated using standard wall functions implemented in OpenFOAM with respect to an
appropriate mesh density evaluated by the dimensionless distance y+. Second order inter-
polation schemes for the temporal and spatial discretization approaches are further applied
to enable accurate numerical results. To obtain the impact of the inlet boundary condition
on the global parameters and the mechanical loads, two physical models are used for the
high head runner: A full model including the spiral casing, the stay vanes, the wicket gate,
the runner and the draft tube and a reduced model with a cyclic inlet boundary condition
without the spiral casing. The investigations reveal only marginal differences between both
models regarding the head, efficiency, runner torque and also the static stresses. For the
CFD simulations of the medium head runner the full model including the spiral casing is
used. The numerical flow computations of both machines are validated by a comparison
of the global parameters with the measured values on the according machines revealing a
sufficient agreement.
As turbulence modeling can have a major impact on the fluid flow behavior the standard
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two-equation RANS turbulence model k-ω SST as well as the hybrid URANS-LES model
SAS is used for the unsteady CFD simulations of both Francis turbines. The comparison
with pressure measurements in the draft tube cone and with the measured stress amplitudes
reveals more accurate results for the SAS turbulence model in low-load operation. Espe-
cially for the medium head Francis turbine the difference between both models is significant
as the k-ω SST model underestimates the appearing draft tube vortex rope. However, devi-
ations from the measured pressure fluctuations are observed even using the SAS turbulence
model. The reason could be based on the applied single-phase fluid neglecting any influence
of cavitation. In the case of an appearing two-phase flow at low Thoma numbers the appli-
cation of multiphase models may deliver much better results for the pressure fluctuations.
Another influence could originate from the mesh density in the draft tube domain. A mesh
convergence study with special focus on the pressure fluctuations could reveal further de-
tails. However, this requires high computational costs as unsteady CFD simulations with
large mesh sizes have to be performed.
The averaged pressure distributions computed with the flow simulations are used to asses
the static stresses on both Francis runners in different operating conditions ranging from
the full-load to the low-load regime. Therefore, FEM simulations using a reduced cyclic
sector model consisting of a single turbine blade are performed. The results are compared
to the strain gauge measurements applied on the prototype Francis machines. For the
medium head runner, the computed and measured stresses show a good agreement with
only noticeable deviations between both used turbulence models at maximum power out-
put. For the high head runner, more significant differences between the numerical results
and the measurements appear. To obtain the error based on the spatial discretization of
the FEM model, a grid convergence study similar to the CFD simulations is performed
for the high head turbine. The results reveal reasonable values and a good agreement for
the comparison with the measured stresses in the condenser operating mode, where the
runner is only running in air. Further investigations considering the influence of boundary
conditions for the static FEM model could help to obtain the reason for the deviations of
the mean stresses at the high head Francis turbine. Nevertheless, the observed mean and
equivalent von Mises stresses for both runners are much lower than the yield strength of
the used material.
The influence of dynamic strains and stresses induced by the fluid flow causes varying ex-
citations on the turbine, which can lead to fatigue cracks and expensive failure events in
some cases. For high head Francis machines the rotor-stator interaction between the guide
vanes and the runner blades is mainly responsible for alternating load conditions, which is
proved by the site measurements. Although the flow behavior in the best efficiency point
corresponds to the turbine geometry the structural loads may be significant, especially in
cases of appearing resonance. Therefore, the natural mode shapes and the according eigen-
frequencies of the high head runner are obtained using a modal analysis. As the surrounding
water volume may affect the structural behavior, the influence of the added-mass effect is
assessed by acoustic elements in the FEM model. The results reveal a major impact on the
observed eigenfrequencies for higher order modes but not in the range of the blade passing
frequency. Hence, appearing resonance is not expected during operation. To investigate
the impact of the RSI, harmonic response simulations are performed in different operating
points using the Fourier transformed pressure fluctuations at the blade passing frequency.
The comparison with the measured stress amplitudes at the strain gauge positions show a
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good agreement with the numerical results. The highest excitations appear at the turbine
inlet as expected but the dynamic stresses are in a non-critical range.
In off-design operation inappropriate flow phenomena appear like draft tube vortex ropes
or interblade vortices, which induce harmonic but also stochastic pressure fluctuations.
To evaluate the impact of the critical low-load conditions measured at the medium and
the high head Francis turbine, transient FEM simulations are performed using the time
dependent pressure distribution obtained from the CFD computations. As the structural
damping may have a significant impact on the mechanical response the approach proposed
by Rayleigh is used. The related damping coefficients are calculated considering the mass
participation of the low order modes. The comparison of the dynamic stress amplitudes
between the numerical investigations and the strain gauge measurements reveals a good
correlation. Regarding the impact of the turbulence models on the runner structure, the
same behavior as for the pressure fluctuations in the CFD simulations can be observed for
both hydraulic machines. Hence, the correct computation of the time dependent fluid flow
is of major importance and should be evaluated accurately for future investigations.
The applicability of the numerical approach for a fatigue assessment is validated by the us-
age of the rainflow cycle counting algorithm to the measured and computed stress signals.
Therefore, the uniaxial stresses at the strain gauge positions as well as the multiaxial stress
state at the critical notches are considered. The impact on the structural impairment is
further assessed by the fatigue damage accumulation of Palmgren and Miner using different
models for the S-N curves in the endurance range. The expected lifetimes reveal a good
agreement between the numerical investigations and the prototype site measurements.

10.2 Future Work

For a reliable assessment of the lifetime of Francis turbine runners, the appearing static
and dynamic stresses at each steady but also at transient load conditions like start-stop
processes or load rejection must be considered with the according operating duration. The
initiation and propagation of fatigue cracks is not only influenced by high cycle events with
stress amplitudes below the yield strength but also by low cycle excitations in the elasto-
plastic regime during transient events. To avoid major damages on the hydraulic machines
resulting in expensive repairs and downtime but also to better estimate necessary mainte-
nance intervals, realistic load assumptions together with accurate prediction methods are
needed. Although the numerical approach proposed in this thesis could be used not only
for steady but also for transient operating conditions, the computational effort would still
exceed the acceptable range. Prototype site measurements require also a large demand but
can be used to obtain the static and dynamic stresses during start-stop operation or load
rejection. Hence, a combined approach consisting of numerical fluid-structure simulations
in steady load conditions and site measurements in transient events would be the best op-
portunity for a detailed fatigue assessment of Francis turbines.
For the application of the proposed numerical method in industrial design processes, fur-
ther investigations should be done considering the added mass effect of the water volume
around the runner for the transient FEM simulations. Additionally, more detailed CFD
computations regarding two-phase flows could deliver more accurate results for the pressure
fluctuations and the impact on the fatigue in low-load operation.
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Appendix A

Uncertainty Assessment

To achieve a proper assessment of the static and dynamic stresses measured with strain
gauges and to validate the numerical simulations, the possible uncertainties resulting from
measurement and modeling approaches have to be discussed. This will be done in the
following sections by means of the high head Francis turbine.

A.1 Strain Gauge Measurements

According to Arpin-Pont et al. [2, 3] measurements using strain gauges are subject to biases
(systematic errors) and uncertainties (random errors), which influence the estimated or true
value. Pople [79] observed more than 70 sources for uncertainties, which are displayed in
groups in Fig. A.1. According to Montero et al. [71] the most important influences are the
measurement device, the positioning of the strain gauge, the temperature, the sensitivity
due to transverse strains and the non-linearity of the Wheatstone bridge. Arpin-Pont et al.
[2, 3] developed a methodology to estimate the biases and uncertainties due to the location

                  

 

     

       

        

     
      
       
        
        
       

 

  

      


    

     


    

     


   

          
       
     

      
  

     
 

  

       


     

      
         


   

       
        
  

   

            

      

    

  

     
 







    


     

 




 

 

       
      


     
  

  
   

 
 

    

    
 

          
  


  

   
         

    
        


 

   

     



Figure A.1: Strain gauge measurement uncertainties. Graphics from Arpin-Pont et al. [3].
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and misalignment error, the integration effect and the transverse sensitivity error. This
approach is based on statistical Monte Carlo simulations using virtual strain gauges in a
Finite Element Analysis. This is especially useful for welded gauges with a non-negligible
impact of positioning errors but requires also a large effort. For bonded strain gauges,
which have been used for the measurement procedures described in the scope of this thesis,
those influences may be less. However, if high strain gradients appear in the area around
the intended target location (e.g. close to notches) the uncertainties can be significant
too. The stress variation at the strain gauge positions will be discussed on the basis of the
FEM simulations in the following section. Due to complicated installation conditions of the
sensors at the hydraulic turbine blades a total measurement error of Em = 5 % is considered.
Temperature fluctuations as well as an eventual slip of the bonded strain gauges between
the beginning and the end of the measurement procedure have been already considered by
a drift correction. In Fig. A.2 the static and dynamic stresses of the high head Francis
turbine are displayed including the measurement error Em and the standard deviation of
the temporal fluctuations.
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Figure A.2: Measured static (left) and dynamic stresses (right) for PSP-HH including the
measurement uncertainties.

A.2 Numerical Simulations

A.2.1 CFD Simulations

Similar to measurement approaches a non-negligible amount of uncertainties remain as well
for the results of numerical flow simulations. Different kind of error types are responsible
for those uncertainties, which can be categorized according to Fig. A.3. One error source
is the numerical approximation of the Navier-Stokes equations to solve the complex flow
in hydraulic turbomachines. Further, physical parameters and model definitions like an
incompressible fluid are based on simplifications introducing additional errors. Multiphase
simulation approaches may increase the accuracy but also the computational effort. As
previously discussed, turbulence modeling has a major impact on the numerical results of a
fluid flow. To obtain its influence different models have been used in the scope of this the-
sis. Another possible source for deviations belongs to the discretization and the according
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interpolation schemes. To keep the introduced errors at an appropriate low level second
order approaches have been applied for both spatial and temporal discretization methods.
To obtain the numerical uncertainty due to the spatial discretization regarding the mesh
density a grid convergence study has been performed using the Richardson extrapolation
technique. The procedure and results have been described already in Chap. 6. As the
quality of the used meshes considering the orthogonality and cell ratio has also a significant
impact on the accuracy of the results, appropriate limits have been observed. The usage of
a finite number of iteration steps introduces a truncation error, which has been minimized
by an according convergence criteria. The stability and accuracy of the CFD simulations
have been ensured by an appropriate physical time step size and a limited Courant number.

CFD in Hydraulic Machinery Fluid-Flow Machinery Simulation

Another definition of the dimensionless factors is specified by [54] with

Discharge Factor QnD =
Q

nD3
ref

, (2.17)

Energy Factor EnD =
∆Y

n2D2
ref

, (2.18)

Torque Factor TnD =
Tm

ρn2D5
ref

. (2.19)

In order to evaluate the characteristic of the gate torque on the guide vanes the dimensionless
torque coefficient Kg is introduced, defined as

Kg =
|TGV|
ρ∆Y bot2o

, (2.20)

where to is the arc length between the gates and bo the gate height. The arc length is
computed from

to = πDz/zo, (2.21)

with the number of guide vanes zo and the gate pin circle Dz.

2.2 Error in Fluid-Flow Machinery Simulations

When choosing CFD simulation to predict the flow behavior inside hydraulic machinery, the
most important question is if the results obtained from the computed are sufficiently reliable.
Potential error sources can arise from scientific knowledge, CFD software, hardware, user etc.
Next to typical usage errors, the use of models describing specific physical mechanisms, like
turbulent flow of flow, bears the risk of physical uncertainty. There are basically two types
of errors, local and global errors, occurring in the computational field during computation.
On the one hand, local errors arise directly at the affected cell or node and is convected or dif-
fused through the flow field. On the other hand global errors occur in the entire flow domain
and thus have an influence on the global flow behavior. An CFD error can be subdivided

Figure 2.4: Categorization of error types in CFD.

16

Figure A.3: Different types of error sources for CFD simulations. Graphics from Erne [22].

A.2.2 FEM Simulations

The error sources for the FEM simulations can be considered similar to the CFD compu-
tations. Simplifications of physical parameters and models but also geometrical deviations
can lead to significant uncertainties. Therefore, the existing geometry of the investigated
runner blade for the high head Francis turbine has been surveyed and the material data has
been observed from technical reports. The discretization process has also a major impact
on the numerical error. To assure reliable and accurate results, a second order interpolation
approach has been used for the tetrahedral structural grids. To obtain the influence of the
mesh density on the FEM simulations due to the spatial discretization, a grid convergence
study according to Celik et al. [9], similar to the CFD computations, is performed and
discussed as follows.
At first, the results for the static FEM analysis are assessed using three different mesh den-
sities for the cyclic model of the high head runner. The grid densities and the refinement
factor for the coarse (G3), medium (G2) and fine grid (G1) are summarized in Tab. A.1.
For the evaluation of the grid convergence study static FEM simulations are performed
using the centrifugal forces induced by the runner rotation at the nominal rotational speed.
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Table A.1: Mesh densities of the cyclic runner model for PSP-HH.

Coarse grid Medium grid Fine grid
Number of cells Nc 40,627 103,277 230,835

Number of nodes nn 83,551 217,876 495,194
Normalized mesh size hn 1.78 1.31 1.00
Grid refinement factor rg - 1.36 1.31

The resulting stresses at the strain gauge positions PS1, PS4, SS1 and SS4 are used to assess
the numerical error. The results are displayed in Fig. A.4 (left) revealing a monotonic
convergence for each sensor position. The maximum relative error e2

ext for the medium grid
with the normalized mesh size h2

n = 1.31 compared to the extrapolated value appears at
PS4 with e2

ext ≈ 2.4%. The medium sized mesh has been used as well for the static FEM
simulations of PSP-HH. In Fig. A.4 (right) the computed stresses with the medium grid are
compared to the stresses measured at the synchronous condenser mode, where the turbine
was running in air and therefore only the centrifugal forces were acting on the structure.
For the strain gauge positions PS1 and PS3 no results are available due to sensor damages.
The measurement uncertainty, consisting of the standard deviation of the stress variation
along the time and the measurement error Em, is figured as well. The stresses for the
FEM simulations are obtained from all nodes at the strain gauge positions. To obtain the
influence of the spatial discretization the stress variation for the different nodes are assessed
using the standard deviation and displayed as well. As the sensors PS1, PS4, SS1 and SS4
have been attached close to the notches of the runner, the spatial difference is bigger than
for the other strain gauges. The comparison reveals a proper agreement for the numerical
simulations. Only for the sensors SS2 and SS3 the deviations from the measurements are
more significant.
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Figure A.4: Grid convergence (left) and comparison of the medium mesh with the measured
stresses (right) for the static FEM analysis using the cyclic runner model of PSP-HH.

To assess the numerical error of the dynamic structural investigations a grid convergence
study is performed for the full runner geometry of the high head Francis turbine. Therefore,
static FEM simulations are performed similar to the previously described investigation as
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Table A.2: Mesh densities of the full runner model for PSP-HH.

Coarse grid Medium grid Fine grid
Number of cells Nc 105,790 228,113 611,531

Number of nodes nn 208,557 458,981 1,214,028
Normalized mesh size hn 1.80 1.39 1.00
Grid refinement factor rg - 1.30 1.39

well as a modal analysis for three different mesh sizes to obtain the influence on the natural
eigenfrequencies of the structure. The grid densities and the refinement factor for the
coarse (G3), medium (G2) and fine grid (G1) of the full runner geometry are summarized
in Tab. A.2. The stresses at the four strain gauge positions computed by the static FEM
simulations using the full runner model are displayed in Fig. A.5 (left) revealing a monotonic
convergence. The maximum relative error e2

ext for the medium grid with the normalized
mesh size h2

n = 1.39 compared to the extrapolated value appears at PS4 with e2
ext ≈ 1.8%.

The medium sized mesh has been used as well for the dynamic FEM simulations of PSP-
HH. In Fig. A.5 (right) the computed stresses with the medium grid are compared to the
stresses measured at the synchronous condenser mode. The comparison reveals a proper
agreement for the numerical simulations similar to the grid convergence study for the cyclic
model.
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Figure A.5: Grid convergence (left) and comparison of the medium mesh with the measured
stresses (right) for the static FEM analysis using the full runner model of PSP-HH.

In Fig. A.6 the influence of the mesh density on the eigenfrequencies f of the first five
natural modes is displayed. The results reveal a monotonic convergence for all observed
eigenmodes. The maximum relative error e2

ext appears at mode five for the medium grid
compared to the extrapolated value with e2

ext ≈ 3.5%.
For the total numerical error of the FSI simulations the uncertainties of the CFD and FEM
computations from the different sources have to be considered.
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Figure A.6: Grid convergence for the first five eigenmodes of the full runner model of
PSP-HH
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