THESIS FOR THE DEGREE OF LICENTIATE OF ENGINEERING

Flow-induced loads in a Kaplan turbine —
towards fatigue damage lifetime analysis

MARTINA NOBILO

Department of Mechanics and Maritime Sciences
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2025



Flow-induced loads in a Kaplan turbine — towards fatigue
damage lifetime analysis

MARTINA NOBILO

© MARTINA NOBILO, 2025.

Department of Mechanics and Maritime Sciences
Division of Fluid Dynamics

Chalmers University of Technology

SE-412 96 Goteborg, Sweden

Phone + 46 (0)31 772 1000

Printed by Chalmers Digitaltryck,
Gothenburg, Sweden 2025.



Mojima.






Abstract

With the increase of electricity production from renewable energy sources, a problem
of imbalance of the electric grid due to their intermittency has emerged. New
solutions for grid stabilization need to be developed and implemented to address
this issue. One well-established renewable source stood out as a potential solution to
the problem. Hydropower can operate with variable loads and, therefore, mitigate
the intermittency of other sources, which would require flexible and fast-responsive
operation of the hydropower plant and its turbines. However, hydro turbines have
been designed to operate most of their lifetime at their best efficiency point (BEP).
At the same time, the flexible operation requires spending more time in transients
and off-design operating conditions. This can cause the shortening of the lifetime of
hydro turbines and introduce economic and safety issues in powerplant operations.
In this thesis, numerical simulations on a Kaplan turbine model are used to perform
analyses of flow during BEP and part load (PL) operating conditions, and a load
reduction sequence. The focus is on the flow-induced forces and moments on the
turbine runner and its blades, which can be used in the lifetime analysis of the
turbine. The extracted loads on the runner showed different oscillation patterns
during the load reduction sequence, which were attributed to rotor-stator interactions
during BEP and, additionally, the rotation of the rotating vortex rope (RVR) at PL.
The non-axisymmetry of the horizontal forces was discovered and investigated in
later analyses. The loads were also extracted on a runner blade with respect to the
local rotating coordinate system using a developed function object. It was shown
that RVR effect varies between the forces in different directions. Pressure in the
runner’s and guide vane’s domain was analyzed to gain a more detailed insight into
the flow behavior during load reduction sequence. It was concluded that the influence
of runner blades on pressure pulsations at the probes is reduced with increasing
distance from the runner, but that the impact of RVR on pressure pulsations remains
strong throughout the entire domain. Furthermore, the flow structures in the draft
tube during the load reduction sequence were analyzed using both A, iso-surfaces and
the evolution of velocity components. The extracted loads and performed analyses
of the flow contribute to the future fatigue lifetime analysis, which is the primary
objective of this project’s continuation.

Keywords: Hydro turbines, Kaplan turbine, CFD, OpenFOAM, Transient and
off-design operating conditions, Lifetime analysis, Fatigue damage.
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Nomenclature

Acronyms
BEP — Best Efficiency Point
CD — Central Difference
CFD — Computational Fluid Dynamics
FEM — Finite Element Analysis
GV — Guide Vanes
LU — Linear-Upwind
LUST — Linear-Upwind Stabilised Transport
PISO —  Pressure-Implicit with Splitting of Operators
PL — Part Load
RANS — Reynolds-averaged Navier-Stokes
RU —  Runner
RVR — Rotating Vortex Rope
SAS — Scale Adaptive Simulation
SIMPLE — Semi-Implicit Method for Pressure-Linked Equations
SST — Shear Stress Transport
STFT —  Short-Time Fourier Transform

English symbols

A Area m?

D Diameter m

H Head m

k Turbulent kinetic energy m?/s?
L Length or length scale m

n  Normal vector -

p  Pressure kg/(m - s?)
Q  Volumetric flow rate m? /s
S; Face area normal vector m?

t Time S

u  Velocity m/s
V' Volume m?

T

Spatial direction m

pal



Greek symbols

Blending factor

Diffusion coefficient

Fluid kinematic viscosity
Fluid density

Arbitrary quantity
Specific rate of dissipation

E o ] H=

Subscripts

d - Downwind
f — Cell face

t — Turbulent
u — Upwind
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Chapter 1

Introduction

With the world’s growing energy demand in recent decades, electricity production
from conventional sources of energy has increased. This led to an increase in
atmospheric emissions and set the world on a path toward achieving fossil-free energy
production in the near future. The Net Zero by 2050 plan, described in the IEA [1]
report, has been accepted and implemented by many countries around the world
to achieve zero-carbon emissions by 2050. Consequently, energy production from
renewable sources has grown steadily in the last few decades. This growth has been
achieved mainly through installation of wind turbines and solar systems due to
dramatically decreasing costs [2]. However, these sources are inherently intermittent,
which causes an imbalance in the electric grid. New solutions must be developed
and implemented to stabilize the grid.

Hydropower emerged as an option with high potential to solve the instability
issues. Even though hydropower is one of the oldest renewable sources of energy,
and its position is well-established within the electric grid, covering the base load,
it has an unexploited possibility to operate with variable loads to compensate for
the intermittency of other sources. This can be achieved by more flexible and fast-
responsive operation of hydro power generating units [3]. Flexibility is defined as
the ability of a power system to manage the demand and supply of electricity at
any time [4], but hydropower plants have historically been operated in a very stiff
manner. They were intended to cover the base load of the power system, so hydro
turbines were designed to be operated at their best efficiency point (BEP) for most
of their lifetime.

To facilitate flexible operation, hydro turbines must operate in off-design and
transient conditions for longer periods than initially predicted during the design
stage. This means that the lifetime of hydro turbines and their components can
be shortened, which represents an economic and safety issue for hydropower plant
owners and a threat to a stable energy supply. The effect of transients and off-
design operating conditions on hydro turbines needs to be studied in more detail
to prevent such repercussions. Computational Fluid Dynamics (CFD) offers an
option to simulate the flow in turbines and investigate the aforementioned effects,
thereby avoiding costly and time-consuming experimental campaigns. A number of
research studies in recent years have been reported on using CFD to identify the



flow structures developing during transient operation of Francis turbines [5]-[14]
and pump-turbines [15]-[17]. However, there is still room for detailed studies of
transients in Kaplan turbines.

The work presented in this thesis was carried out as a part of the “Swedish Centre
for Sustainable Hydropower - SVC”. It aims to investigate the effects of transients
and off-design operating conditions on the loads on a Kaplan turbine model, by
performing numerical CFD simulations. The numerical simulations presented in
this work were carried out using the OpenFOAM open-source CFD code [18]. This
part of the work provided deeper understanding of flow-induced loads on a Kaplan
turbine, produced the necessary data, and created a base for future investigations.

Following a detailed analysis of flow-induced loads on a Kaplan turbine model,
this project extends to fatigue damage lifetime analysis of hydro turbines. This part
of the work aimed to collect and analyze the available literature to date on fatigue
lifetime calculation methods. This work identified research gaps in the published
procedures and methodologies for lifetime estimations of hydro turbines, creating a
path for future development of this project.

The thesis is organized in two parts. Part I presents an extended summary of the
project and research done thus far. The background and motivation for the project
are described in Chapter 1. Chapter 2 presents the general theory of Kaplan turbines,
geometry and model specifications, the CFD methodology used in this work, details
on operating conditions, numerical domains, and the load extraction function object.
Chapter 3 presents an overview of the results included in published and/or submitted
papers. Chapter 4 contains additional analyses and discussions on the flow-induced
loads, recorded pressure signals, and flow structures that are not included in the
papers presented in this thesis. Finally, Chapter 5 concludes the project’s outcomes
to date and introduces the goals of future work. Part II contains the two published
conference papers on flow-induced loads on a Kaplan turbine model, as well as a
literature review paper on the lifetime analysis of hydro turbines, which is currently
under review.



Chapter 2

Theory and methodology

The flow in the Kaplan turbine model is simulated using CFD during BEP and
PL operating conditions, as well as the load reduction sequence. To explain the
methodology, the geometry of the Kaplan turbine model used in this work is intro-
duced, together with an explanation of the working principle of a Kaplan turbine in
Section 2.1. Then, the governing equations and numerical framework are presented in
Section 2.2. This is followed by description of operating conditions and mesh motion
approach in Section 2.3. The numerical domains used in this work are introduced
in Section 2.4, and the rotating coordinate system function object is described in
Section 2.5.

2.1 Geometry and working principle of a Kaplan
turbine

Kaplan turbine is an axial-flow reaction turbine. Axial means that the flow enters
and exits the runner in axial direction, i.e., parallel to the rotational axis of the
runner. A reaction turbine is a type of turbine that extracts the energy from the
working fluid using both pressure and velocity of the fluid. As fluid enters the runner,
the pressure acts on the runner blades, producing a reaction force that causes the
runner to rotate. This results in a pressure drop over the runner blades, changing
the velocity and direction of the fluid. The torque generated from the rotation of
the runner is transferred to the generator through the shaft.

An example of a Kaplan turbine is shown in Fig. 2.1. It is a 1:3.875 scaled model
of the U9 prototype located at the hydropower plant Porjus in Sweden. It is the
U9-400 Kaplan turbine model with a spiral casing, 18 stay vanes, 20 guide vanes, 6
runner blades, and a draft tube. The diameter of the runner is D = 400 mm.

Spiral casing is used to distribute the flow to the guide vanes. The cross-sectional
area of the spiral casing decreases to ensure the most even distribution of the flow
possible. Stay vanes hold the spiral casing structure in place, allowing it to withstand
high pressures. Guide vanes are used to steer and regulate the flow towards the
runner section. The flow through the turbine is regulated by adjusting the angle of
the guide vanes, thereby controlling the turbine’s operating range. A special feature
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Spiral casing

\ Stay vanes

Guide vanes

Runner

Draft tube
Figure 2.1: Kaplan turbine geometry

of a Kaplan turbine is its adjustable runner blades that enable efficient operation
of the turbine across a wide range of flow rates. Adjusting the angle of the runner
blades enables optimal alignment of the blade with the incoming flow. The runner
blades can also be kept at a fixed angle throughout the operation, a mode known as
propeller mode. The simulations in this work were conducted in propeller mode, i.e.,
keeping the runner blades fixed while varying the operating conditions by opening or
closing the guide vanes. With a given velocity at the exit of the runner, the draft
tube is used to reduce the velocity at the exit of the draft tube. It transforms the
kinetic energy of the flow into pressure energy, thereby increasing the pressure before
connecting to the tail race. This decreases the pressure in the region downstream of
the runner. Hence, the turbine head is increased, and consequently, the turbine’s
efficiency is improved.

The runner blade adjustment mechanism consists of many parts located (mostly)
inside the turbine runner. An example of a blade adjustment mechanism inside a
model Kaplan turbine runner is shown in Fig. 2.2. The parts of the mechanisms
belonging to other blades and additional components, such as screws, seals, and
others, were removed for the sake of visibility. The piston rod is a central component
of the blade adjustment mechanism, connecting the runner blades through a crosshead.
A vertical movement of the piston rod causes a vertical movement of the crosshead.
The blades are connected to the crosshead through blade links, so when the crosshead
moves, the angle of all the runner blades changes simultaneously. The blade lever
is connected to the blade trunnion, acting as a torque transmitter that transmits
torque from the blade to the crosshead through the blade link.
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Piston rod

Blade lever

.
IV

Blade pivot (trunnion)

Blade link

Blade

Crosshead

Figure 2.2: Example of model Kaplan turbine runner with illustrative blade ad-
justment mechanism, designed by Vattenfall Research and Development (Sweden),
from Paper 3

2.2 Computational fluid dynamics modelling

The CFD simulations performed within this work are made using OpenFOAM
open-source CFD code [18]. OpenFOAM version v2112 [19] is used in this project.
Section 2.2.1 presents the governing equations used to perform numerical simula-
tions. Section 2.2.2 introduces the discretization schemes applied to different terms
of the governing equations. Pressure-velocity coupling algorithm is described in
Section 2.2.3.

2.2.1 Governing equations

To perform the numerical simulations of a transient incompressible turbulent flow,
unsteady Reynolds-averaged Navier-Stokes (URANS) equations are used. The
URANS continuity equation for incompressible flows reads

0,
51’1

—0, (2.1)

where u is velocity, and x is a spatial coordinate. The URANS equation for momentum
reads

o, ;T 1é6p ou [ ou; —r
= —— + v —uu; |, 2.2
ot + dx; pdx; dx; \ Oz, v (2:2)
~~ —— ———
temporal — conyection source dif fusion

where v and x have the same meaning as in continuity equation, p is the pressure, p
is the density of the fluid, v is the diffusion coefficient, i.e., fluid kinematic viscosity,
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and overlined terms denote time-averaging. The term u;u; is the Reynolds stress
tensor that is modelled using Boussinesq’s hypothesis

— ou;  uy 2
uU; = —V (5%_ + 51‘Z> + §5ijl€, (2.3)

where v is turbulent kinematic viscosity, £ is the turbulent kinetic energy, and d;; is
the Kronecker delta.

In order to complete the URANS equations Eq. (2.1) and Eq. (2.2) with calculation
of turbulent kinematic viscosity, a turbulence model needs to be used. Here, the
k —w SST-SAS turbulence model is chosen where £ is the turbulent kinetic energy,
and w is the specific rate of dissipation. SST-SAS denotes “shear stress transport
- scale adaptive simulation”. The SAS model is a modification of the SST model,
commonly used for simulating practical transient flows. The k — w equations are
divided by the density of the fluid p, as per OpenFOAM standard. The k-equation
is defined as

ok ok ) ok
g = P, — B* — 4
5; T 5z, e — B kw + 52, [(V—FO‘kl/t) 5%] (2.4)
and the w-equation as
ow  _ w ) ow 1 0k dw
E + Ujgj = Pw Bw + E l(l/ + O'th) (51&1 + S(l F1)0w2w 5:E] 51:] (25)

All model coefficients and functions can be found in Menter [20]. The SST-SAS
model differs from the SST model by introduction of an additional source term,
(Qsas, into the w-equation [21]. That term in OpenFOAM-v2112 is divided by the
density of the fluid p, and it reads

L \2 Vw2 |VE?
_ 2 _
Qous = max [@Hs (LUK) (JU@ ( SL ) ol e

The L in the SAS source term is the length scale of the modelled turbulence
1
VEk/ (c[i : w) and L, is the von Karman length scale defined as x|U’/U”|. The first

velocity derivative U’ is represented by S = /2S;;S;;, with S being a scalar invariant
of the strain rate tensor S;; = 0.5 (6w;/dx; + 0%, /0x;). The second velocity derivative
U” is represented by the magnitude of the velocity Laplacian [V2u|. Consequentially,
L,x = £S/|V?ul. A complete implementation of L,x, from [21], in OpenFOAM

reads
L,x = max ( wS , O KCQ_ aA) , (2.7)

[V2ul (B/cu)

where A is the grid cell size, calculated as a cubic root of the cell volume. More
details about the SAS-SST model can be found in literature [20]-[22].
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2.2.2 Discretization schemes

The general transport equation of a scalar ¢ for a control volume, after applying
Gauss divergence theorem [23] is

o
9 ndA = [ (T'Ve). / . .
- /V oV + /A (¢u) - ndA /A (TV6)-ndA+ [ S,av (2.8)
N——
temporal convection dif fusion source

In Eq. (2.8), V is the volume of the cell (i.e. control volume), A is the area of the
cell, n is the area normal, I' is the diffusion coefficient, and S, is the source term.

All terms in Eq. (2.8) are discretized using different discretization schemes which
need to be chosen depending on the individual problem that the user is solving. The
discretization schemes convert continuous functions into their discrete counterparts.
The solution values are then defined at the cell centers of the computational mesh
at the specific time steps. The choice of discretization schemes has a great impact
on stability and accuracy of the simulation, and there is often a trade-off between
the two. In this work, the selection of discretization schemes is based on experience
within the research group. No further studies were conducted in the present work to
determine the most suitable schemes. The discretization schemes used in this work
for these terms are described below.

Temporal schemes

The discretization of the time term is done in unsteady simulations. In this work,
the second-order backward scheme is used [24]. It is an implicit second-order
accurate discretization scheme that uses the following approximation for the temporal
derivative term
Y0) 1 /3 |
— =—|z¢" =2 —¢°°). 2.9
51 At(2¢ ¢+2¢> (2.9)
The scheme uses three time levels of the term ¢, i.e. ¢" = ¢(t + At), ¢" = ¢(t),
and ¢°° = ¢(t — At).
A fixed time step of At = 10~* is employed in all the simulations done in this
work. The runner is rotating at a constant angular speed of w = 870 rpm. The length

of the time step, therefore, corresponds to approximately 1° of runner rotation.

Gradient schemes

In OpenFOAM, the gradient terms, such as pressure gradient source term, are
generally discretized using the second-order central-differencing scheme. Large
gradients can decrease the boundness and stability of the gradient terms in the
case of low-quality cells in the domain. Because of this, a limiter approach called
cellLimited is used to ensure that interpolated face values remain within the range
of surrounding cell center values.
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Divergence schemes

The convection term from equation (2.8) can be reformulated into a sum of the fluxes
through all the faces of the cell, using Gauss’ theorem as

/A(gzbu) - ndA = ;@u)f Sy, (2.10)

where Sy is the face area normal vector. In OpenFOAM, the volumetric face fluxes
(u-S)y are updated and stored as a variable ®. However, the interpolation is needed
to determine the face value of the transported variable ¢; [25]. To achieve this, the
Linear-Upwind Stabilised Transport (LUST) convection scheme [26] is used in this
work. This scheme is a blend between the central differencing (CD) and second-
order linear upwind scheme (LU). However, neither of the two schemes guarantees
boundedness.

Face-centered values ¢y are interpolated using the central differencing scheme as

|xq — Xl

¢rep = Ay + (1 = N)da, A = (2.11)

|xq — Xu|’

and second-order upwind schemes as

OrLv = du+ (X5 —xu) - Voo (2.12)

In the equations above, subscripts v and d denote upwind and downwind cells, while
f refers to the current face. V, ¢ is the cell-centered gradient of the upwind cell. The
blending of these two schemes in the LUST scheme is performed using a weighted
averaging

OrLust =¢pep + (1 —7)ds v (2.13)

In the present study, the blending factor « is set to 0.75, which means that the
dependent variable face values ¢ are calculated using 75% of the central differencing
and 25% of the upwind scheme. By using these weighted factors, a good balance
between accuracy and numerical stability is achieved. In this work, the LUST scheme
is applied for the three velocity components, while other convection terms (such as k
and w) are handled using either second-order upwind scheme, Eq. (2.12), or central
differencing scheme, Eq. (2.11).

Laplacian schemes

In OpenFOAM, numerical schemes for diffusion terms are referred to as Laplacian
schemes. Similar to convection terms, they can be reformulated using Gauss’ theorem
to obtain

/ (IV¢) - ndA = S (T'Vo); - S;. (2.14)
A

f
The second-order central differencing scheme is applied to discretize this term, but
with explicit non-orthogonal correction limiter, due to instabilities caused by mesh
quality.
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2.2.3 Pressure-velocity coupling

For the unsteady and transient simulations performed in this work, the solver pim-
pleFoam is used in OpenFOAM v2112. The pimpleFoam solver is an incompressible
solver that uses the PIMPLE algorithm [27] to couple the pressure and velocity fields.
The PIMPLE algorithm is a combination of the SIMPLE algorithm [28] for outer
correction loops and the PISO algorithm [29] for inner correction loops. If no outer
correction loops are used, PIMPLE directly reduces to the PISO algorithm. The
main steps of PIMPLE solution algorithm used in OpenFOAM are shown in the flow

chart in Fig. 2.3.
[ icsine
t=1t+ At Start

Move mesh

7

Momentum predictor:
solve momentum equation
based on previous
pressure field

?

Pressure correction:
solve pressure equation
based on updated
velocity field

!

Velocity correction:
update velocity field based
on the new pressure field

Next time step

PISO loop

SIMPLE loop

Correction end?

No

Finish

Final time step reached?

Figure 2.3: PIMPLE algorithm flow chart
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2.3 Operating conditions

In this work, all simulations are performed on the U9-400 Kaplan turbine model
presented in Section 2.1. The turbine model is shown in Fig. 2.1. The runner diameter
is D = 400 mm with the rotational speed of w = 870 rpm. The head is H = 6.97 m.
The turbine is operated in the propeller mode, meaning that the guide vane angles
are changing to control the operating conditions, while the runner blade angles stay
fixed at 0.8°. The turbine model is operated at steady operating conditions, including
the best efficiency point (BEP) and part load (PL), and transient (load reduction)
sequence. During the BEP, the opening angle of the guide vanes is 26.5°. This gives
the flow rate of Qpgp = 0.451m3/s. To perform the load reduction sequence, the
guide vane opening angle is reduced by 6.5° during 4 seconds. This causes the flow
rate reduction of around 12%, from the value at BEP to Qpr, = 0.398 m3 /s at part
load (PL). The flow rate response to the change in guide vane angle is visible in
Fig. 2.4. An automatic adjustment of the flow rate due to the guide vane closure
is enabled by a fixed total pressure boundary condition at the inlet and a static
pressure at the outlet. The total pressure boundary condition was calculated by
running a BEP simulation with a fixed flow rate. The value of the flow rate at BEP
was obtained from experimental campaigns performed on the model. After the BEP
operating condition stabilized, the total pressure was determined. The PL operating
condition in Paper 2 was extended for 5s to obtain sufficient data for RVR frequency
analysis. In the rest of this thesis, the length of the whole load reduction sequence is
15s.

0.45
0.44
=
~
0.43
z
<
0.42 =
8
(&
0.41
0.40
20

Figure 2.4: Flow rate response to change in guide vane angle, from Paper 2
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2.3.1 Mesh motion

To control the operating conditions, guide vanes must change their angles continuously.
This implies rotation of the guide vanes around their individual axes, as well as
rotation with respect to the highly curved upper and lower guide vane surfaces.
Because of that movement, the guide vanes’ boundary mesh points positions change
in time, which results in deformation of the first cell layer attached to the guide vanes’
boundary. To avoid this, the moving mesh points must slip on the guide vane’s upper
and lower surfaces, while still preserving the geometrical shape of these surfaces.
This complex mesh motion at the curved surfaces below the guide vanes is enabled
using the open-source semi-implicit slip mesh deformation algorithm developed by
Salehi and Nilsson [30]. The mesh deformation on upper guide vane surface during
load reduction sequence is shown in Fig. 2.5, where the left figure shows guide vane
mesh at BEP (before deformation), and the right figure shows guide vane mesh at PL
(after deformation). There is also a small clearance present near the lower surface of
the guide vane. The mentioned algorithm is adapted to deal with mesh deformation
at this clearance. The guide vane clearance and the mesh deformation near it are
shown in Fig. 2.6.

(a) Guide vane mesh at agy = 26.5° (b) Guide vane mesh at agy = 20°

Figure 2.5: Initial GV mesh at BEP (left) and deformed GV mesh at PL (right),
where agvy is the angle of the guide vanes.

(a) Guide vane clearance at agy = 26.5° (b) Guide vane clearance at agy = 20°

Figure 2.6: Initial GV clearance mesh at BEP (left) and deformed GV clearance
mesh at PL (right), where agyv is the angle of the guide vanes.
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2.4 Numerical domains

This work employs three distinct numerical domains. The results presented in Papers
1 and 2 are obtained using the original turbine model geometry, as shown in Fig. 2.1.
The computational mesh consisted of 15 x 10° cells, as shown in Papers 1 and 2.
The density of the mesh is chosen based on the research group’s previous experience.
No further mesh sensitivity studies have been performed.

Due to the discovery of non-axisymmetry of the forces on the runner, two other
numerical domains were created to investigate the influence on the forces. The first
variation was done by removing the spiral casing and stay vanes from the model
geometry. The original bent draft tube is included in this case. The close-up of the
computational mesh is shown in Fig. 2.7, which contains approximately 10.5 x 10°
cells. The boundary condition at the inlet of the guide vanes is set to a constant
cylindrical velocity, approximating the condition in which the flow arrives at the
guide vanes after leaving the spiral casing. The influence of spiral casing on the
results on the runner is discussed in Chapter 4.

Figure 2.7: Computational mesh for the case without the spiral casing

The second variation was achieved by keeping the spiral casing and all other
parts of the model in place, while adjusting the draft tube geometry. The typical
bend in the draft tube at the runner’s outlet was replaced by a straight axial tube
long enough to exclude the effect of the outlet boundary on the flow inside the
domain. The computational mesh with the axial draft tube is shown in Fig. 2.8. It
contains around 14 x 10° cells. The results obtained using this mesh are discussed
and compared with the other two cases in Chapter 4.
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Figure 2.8: Computational mesh for the case with axial draft tube

2.5 Runner blade load extraction function object

In turbomachinery cases, it is of high importance to record the flow-induced loads on
different parts of the turbine. Extraction of loads on the whole runner in OpenFOAM
is performed by using the forces function object. This function object calculates
forces, torque, and bending moments with respect to the coordinate system which
is fixed in space. However, within this work, it was important to extract the loads
on individual blades. The problem is that the blades are rotating together with the
runner (with the runner’s rotation speed) and, therefore, changing their position
with every time step of the simulation. If a fixed coordinate system were to be used
for loads calculation, it would not be possible to extract loads which are meaningful
for individual blades. In order to extract the flow-induced forces, torques, and
bending moments acting on a single runner blade, a new implementation for the
OpenFOAM open-source CFD code had to be developed. The implementation is the
function object named rotatingCoordSystemForces. To support the explanations
of the developments, a schematic illustration of the runner and one runner blade is
presented in Fig. 2.9.

There are two coordinate systems shown in Fig. 2.9, a global and a local coordinate
system. The global coordinate system has its origin at the runner rotational axis. It
is fixed in space and it is denoted by marks z, y, and z. The local coordinate system
follows the rotation of the blade, with its origin located at the blade trunnion axis.
For blade 1, the local coordinate system is denoted by marks with subscript 1, where
x1 is the runner blade trunnion rotation axis, y; is the tangential direction of the
blade, and z; is the axis parallel to the global z-axis.

The user sets the initial orientation and position of the local coordinate system.
It is essential that both the local coordinate system’s origin and axes align with the
initial position and orientation of the blade. The position of the origin should be set
according to the desired point for calculating bending moments. One of the axes
position and orientation should match the runner blade trunnion rotation axis in
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Figure 2.9: Schematic illustration of a Kaplan runner with one blade and coordi-
nate systems used, from Paper 2

order to extract the torque on the blade. The other two axes are perpendicular to the
trunnion axis and have orientations in accordance with the trunnion axis orientation.
The position of the origin in this work is chosen to be at an approximate position of
the outer trunnion bearing. The blade trunnion, together with other parts of the
blade adjustment mechanism, is shown in Fig. 2.2.

Due to the blade rotation, the bending moments and blade torque have to be
calculated with respect to the local coordinate system that follows the rotation of the
blade. At every time step, the current origin of the local coordinate system is being
calculated using the rotational speed of the runner and applying the trigonometric
angle addition theorem. After calculation of the new position of the origin, the
coordinate system axes need to be rotated. This is done using the angle of the origin
rotation, i.e., the angle between the current and the initial position of the origin.
Then, a rotational matrix is formed and applied to the initial orientation of the axes.
The new rotated coordinate system is then used to recalculate forces and moments
on the blade at the current time step.

More details on the rotatingCoordSystemForces function object, together with
the source code and tutorial cases, can be found in [31].
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Summary of papers

3.1 Paper1

M. Nobilo, S. Salehi, H. Nilsson, On the flow-induced pulsating forces during load re-
duction of a Kaplan turbine model, IOP Conference Series: FEarth and Environmental
Science 1483 (1) (2025) p. 012022. DOI: 10.1088/1755-1315/1483/1/012022

Division of work

Original draft was written by Nobilo. The numerical simulations were performed
by Salehi. The data post-processing and creation of plots was done by Nobilo. All
authors were responsible for reviewing the manuscript.

Summary and discussion

The load reduction sequence was performed on U9-400 Kaplan turbine model. Open-
FOAM open-source CFD code was used to run the simulation. Forces and moments
on the runner were recorded and analyzed in the paper. The results showed fluctua-
tions in both forces and moments attributed to rotor-stator interactions during the
BEP operating condition. The change in fluctuations and mean values of both forces
and moments is noticed during the transient period. This is due to the changes in the
flow caused by closing the guide vanes. Once the turbine reaches the PL operating
condition, Rotating Vortex Rope (RVR) starts to form, causing high-amplitude
stochastic fluctuations. When the RVR is fully formed, more stable frequency and
amplitude are observed in the results. Furthermore, a non-axisymmetry was observed
in the horizontal forces on the runner, which have positive mean values instead of
oscillating around the value of 0. This was attributed to the imperfect distribution
of the flow through the spiral casing and the flow direction inside the draft tube.
Lastly, flow structures at BEP and PL conditions were shown and briefly discussed.
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3.2 Paper 2

M. Nobilo, S. Salehi, H. Nilsson, Effects of load reduction on forces and mo-
ments on the runner blades of a Kaplan turbine model, IOP Conference Series:
Earth and Environmental Science 1411 (1) (2024) p. 012001. DOI: 10.1088/1755-
1315/1411/1/012001

Division of work

Original draft was written by Nobilo. The numerical simulations, data post-
processing, creation of illustrations, and plots were done by Nobilo. All authors were
responsible for reviewing the manuscript.

Summary and discussion

A numerical simulation of flow through the U9-400 Kaplan during a load reduction
sequence was performed. Forces, bending moments, and torque on a runner blade
were extracted and analyzed. Due to the rotation of the runner blade, it was
not possible to extract this data in a global (fixed) coordinate system. A new
implementation in the OpenFOAM open-source CFD code has been developed to
enable the extraction of forces, torque, and bending moments on individual blades
with respect to a local coordinate system that follows the rotation of the blade. The
origins of recorded forces oscillations were established using both time evolution
and FF'T of the signals. Oscillations have different origins and are superimposed on
each other. It was concluded that the oscillations at BEP come from rotor-stator
interactions. Low-amplitude oscillations come from interaction of the runner blade
with the guide vanes, while the high-amplitude oscillations match the rotational
frequency of the runner. The low-frequency oscillations at PL showed a match
with visually observed rotational frequency of the RVR. Using FF'T analysis, it was
demonstrated that RVR has distinct effects on the oscillations of forces in different
directions.

3.3 Paper 3

M. Nobilo, S. Salehi, H. Nilsson, Lifetime analysis of hydro turbines with focus on
fatigue damage in a renewable energy system — A review, Submitted for journal
publication, under review

Division of work

Original draft was written by Nobilo. The search for literature, analyses, creation
of illustrations and figures were done by Nobilo. All authors were responsible for
reviewing the manuscript.
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Summary and discussion

A comprehensive review of the available research on hydropower lifetime analysis to
date was written. The aim was to draw attention to the importance of studying the
effects of the intermittent renewable energy system on hydro turbines. The main
lifetime reduction mechanisms of hydro turbines were introduced. While erosion,
cavitation, and material defects were briefly discussed, the primary focus was on
fatigue damage, as this is the lifetime reduction mechanism most affected by the
intermittency of the renewable energy system. Both experimental and numerical
methods for obtaining stress/strain data in fatigue damage calculations were included.
Although the review was initially focused on complete residual lifetime calculation
studies, due to the lack of published works, it was extended to include studies on
only one or a few steps of the lifetime calculation procedure. Furthermore, both
journal and conference papers were included in this review due to the low number
of works on the topic published in scientific journals. This review identified and
summarized the procedures for hydro turbine lifetime estimation and revealed a lack
of complete residual lifetime calculations in the literature. Ultimately, the directions
for future research in hydro turbine lifetime analysis were outlined, and the need to
publish existing methodologies and procedures was emphasized.






Chapter 4

Extended analyses and discussions

4.1 BEP operating condition

During previous investigations of BEP operating condition, it was noticed that
horizontal forces on the runner, i.e., forces in the x and y global directions, oscillate
around a non-zero mean value. It was assumed that this comes from the uneven
distribution of the flow through the spiral casing, which is directed into the runner’s
domain and the downstream flow direction inside the draft tube. This was now
investigated using three different cases, namely full-geometry turbine model shown
in Fig. 2.1, domain without the spiral casing shown in Fig. 2.7, and domain with the
spiral casing, but with axial draft tube shown in Fig. 2.8. The boundary conditions
for all three cases were almost identical. The only exception was the case without the
spiral casing, where a new boundary condition was set at the inlet of the guide vanes
to simulate the flow conditions that would otherwise come from the spiral casing.
In this case, it was assumed that the flow at the guide vanes inlet was perfectly
axisymmetrical, coming towards the guide vanes with an angle aligned with the guide
vane passage. A boundary condition for velocity called cylindricalInletVelocity
was used for this purpose. The velocity boundary condition at the inlet of the spiral
casing for the other two cases was pressureInletVelocity, which enables obtaining
the inflow velocity from the flux with a direction normal to the patch faces. The
case results are presented in the sections that follow.

It is to be noted that there is a difference in values of the forces on the runner
for a full geometry case shown in Paper 1 and the ones shown here. This is due to
the runner patch being reduced to only rotational part of the runner, i.e., removing
the stationary conical surface from the patch. The new runner patch is used in all
the cases discussed in this section.
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4.1.1 Case without the spiral casing

The preliminary assumption was that the uneven distribution of flow inside the
spiral casing is responsible for the non-zero mean value of forces. Therefore, by
removing the spiral casing and enforcing constant axisymmetrical boundary condition
(simulating the perfect flow distribution at the GV inlet), the mean value should
decrease to a near-zero value. This decrease can be observed in Fig. 4.1. When
comparing the mean value of force in global x-direction, there is a definite decrease
in the case when spiral casing is removed. The amplitudes of oscillations due to
rotor-stator interactions, discussed in Paper 1, are also reduced. However, there
is a high-amplitude low-frequency oscillation pattern observed in the case without
the spiral casing in Fig 4.1b. This pattern is observed after fully stabilized BEP
condition for this case. The cause remains unknown, as it could be due to boundary
conditions or the removal of the spiral casing. This is something to be investigated
in the continuation of the project. The mean values of the forces did not decrease
completely to zero, indicating that the spiral casing is not the sole origin of the issue.

Fx (N)

0 i ) 3 ) 5 0 i 3 3 3 5
Time (s) Time (s)

(a) Full geometry case (b) Removed spiral casing case

Figure 4.1: Comparison of time evolution of forces in global z-direction in full
geometry case and case without the spiral casing

The situation with forces in the global y-direction is very similar to that in the
x-direction, and the results are shown in Fig. 4.2. The mean values of forces in this
direction are generally lower in comparison to z-direction for the full geometry case,
so the removal of the spiral casing decreases them to near-zero values. However,
the low-amplitude oscillation pattern noticed in 4.1b is visible here in Fig. 4.2b as
well. The source, as mentioned, remains unknown. These results suggest that the
imperfect distribution in the spiral casing has more effect on the non-axisymmetry of
the forces in global z-direction than y-direction, but also that other geometry/flow
specifics influence forces in z-direction.

Figure 4.3 shows the flow structures present at the GV domain in the full-geometry
case and the case without the spiral casing, visualized using A, iso-surface. It is
visible that in the case when the spiral case is present, Fig. 4.3a, the flow is not
evenly distributed around the rotational axis of the runner. The flow structures are
more intensively distributed at the beginning of the spiral, while they are more sparse
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(a) Full geometry case (b) Removed spiral casing case

Figure 4.2: Comparison of time evolution of forces in global y-direction in full
geometry case and case without the spiral casing

as the flow approaches the part of the casing with the smallest radius. This confirms
the reason behind the non-axisymmetric behavior observed in the time evolution
of forces. In the case without the spiral casing, Fig. 4.3b, it is visible that the flow
structures are distributed evenly as the flow exits the guide vanes and approaches the
runner. This is due to the enforced boundary condition at the GV inlet explained in
Section 4.1.
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(a) Full geometry case

(b) Case without the spiral casing

Figure 4.3: Comparison of flow structures present in the GV domain, visualized
using Ao = 50002 iso-surfaces
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4.1.2 Case with spiral casing and axial draft tube

Simulations were conducted during BEP operating conditions on the third case,
where the spiral casing was left as in the original turbine model, but the bend was
removed from the draft tube and replaced with a completely axial configuration.
The comparison of the results on full geometry and axial draft tube case is shown
in Fig. 4.4. The results show no low-amplitude oscillation pattern, unlike the case
without the spiral casing, and the mean values of the forces are slightly decreased
compared to those obtained with the full geometry case. The amplitude of the
oscillations remained relatively unchanged. This indicates that the bend in the draft
tube is not the primary cause of the non-axisymmetry observed in the full geometry
case.
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(a) Full geometry case (b) Axial draft tube case

Figure 4.4: Comparison of time evolution of forces in global z-direction in full
geometry case and case with axial draft tube

Very similar results are obtained for forces in global y-direction, shown in Fig. 4.5.
The decrease in mean values is around 2 N, which is not unnoticeable considering
that the mean value at BEP for full geometry case is around 5N. As for forces in
x-direction, the amplitude of the oscillations did not change noticeably by removing
the bend in the draft tube. These results indicate that the shape of the draft tube,
specifically the bend, has an impact on the horizontal forces acting on the runner.
Unlike the spiral casing, which has a different effect in the x and y-directions of the
forces, the draft tube geometry affects both equally.
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(a) Full geometry case (b) Axial draft tube case

Figure 4.5: Comparison of time evolution of forces in global y-direction in full
geometry case and case with axial draft tube

4.2 Load reduction sequence

Until now, discussions in the papers have been more focused on flow-induced forces,
i.e., the reactions on the runner and blades caused by changes in the flow. Now,
the flow itself is investigated to obtain a more comprehensive picture of the flow in
the turbine during the load reduction sequence. For this purpose, several probes
were inserted into the numerical domain to record pressures and velocities during
the sequence. The chosen probes for the discussion are shown in Fig. 4.6. Probe
P1 and P2 are located near the wall right before and after the runner blades at the
same distance from the blades (the runner is shown from the upper perspective in
the figure). Probe P3 is located in the middle of the guide vane passage. A time

evolution of pressure and the short-time Fourier transform (STFT) were used to
analyze the signals.

«P3

Figure 4.6: Location of probes in the domain
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4.2.1 Pressure analysis in runner’s domain

The results in this section show the time evolution of pressure and the STFT of
the fluctuating component of the pressure for two different probes, P1 and P2. The
pressures shown are relative to the static pressure set at the outlet of the domain.
The results for probe P1 are shown in Fig. 4.7. The time evolution of pressure in
Fig. 4.7a shows that pressure is oscillating around a stable mean value (shown in red)
that changes during the load reduction sequence. At BEP, high-frequency pressure
oscillations are visible. If the STF'T is observed at that period, it can be noticed that
the frequency f, has the highest power. f, is the blade passing frequency that equals
fo =6 x f,. The highest power indicates that this frequency dominates at BEP, and
therefore, the high-frequency oscillations of pressure at probe P1 can be attributed
to the passing blades. In the STFT, Fig. 4.7b, other higher power frequencies can be
noticed. At BEP, these are the harmonics of blade passing frequency, i.e., the first
harmonic f3,, the second harmonic f,,, the third harmonic f,, etc.

p (kPa)

lb 1‘2 1‘4

02 4 %

8
Time (s)
(a) Time evolution of pressure at probe P1 (b) STET of p° at probe P1

Figure 4.7: Time evolution of pressure and spectogram of the STFT of the
fluctuating component of pressure at probe P1. The fluctuating component p’ is
calculated from pressure p and the instantaneous mean p, shown in the left figure.

Observing the transient period in Fig. 4.7a, between ¢t = 2s and t = 65, no
main changes in pressure oscillations can be noticed, which can be confirmed by
looking at the STFT during the same period. The blade passing frequency f;, remains
dominant. Some intermediate frequencies are appearing during the initial phase of
the transient that are not related to the blade passing frequency. The origin of these
frequencies is currently unknown. During the developed PL operating condition,
from t = 9s onward, the lower frequencies are showing higher power. This is a
visually observed frequency of the rotating vortex rope (RVR), discussed in both
Paper 1 and Paper 2, and its harmonics. The RVR frequency is fryr = 0.138f,
and it can be observed in the PL high-amplitude low-frequency pressure oscillations
in Fig. 4.7a. The higher-frequency oscillations caused by the passing blades are
superimposed on them.

An interesting comparison can be made between the flow conditions before and
after the runner blades by observing the results at probe P2, located near the shroud










































