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Abstract: The present study deals with an accident analysis of the “Chaira”- Bulgaria high pressure Pumped
Hydroelectric Energy Storage (PHES), especially the failures of the Francis large scale Hydraulic Unit No. 4
(HU4). The causes of overloading and cracking of the stay vanes and their functionality are investigated. Despite
many studies on the behavior of the runner and its safe operation the complete destruction of the system because
of the stay vanes failure has not been sufficiently studied and published in the scientific literature. The aim is to
assess the reasons that have led to this unprecedented accident of the “Chaira” PHES of total destructions of the
stay vanes. Based on the historical data and the operating modes, as well as of the identification of the critical
elements an objective assessment of the risks of damage of the stay vanes and of entire unit is proposed. A virtual
prototype is built for simulation of the system behavior in working and emergency conditions. The loads,
stresses and deformations are precisely calculated. The critical elements of the highly loaded blocks are
evaluated. Low cycle material fatigue is with a high degree of confidence the dominated reason for the stay vane
complete destruction. The results of the research are used to propose measures for possible rehabilitation and/or
replacement of the unit.

Keywords: PHES “Chaira” accident; Francis’ turbine reliability; spiral case destruction; low cycle fatigue
prediction; stay vanes cracks; Virtual Prototyping

1. Introduction

The needs for electric energy storage continuously growing because the share of the renewable
sources as the solar and wind generating facilities grows rapidly, producing energy that in many
cases should be stored because not matched current energy consumption. The most widespread and
cost-effective storage technology is the Pumped Hydroelectric Energy Storage (PHES). The PHESs
comprises about 96% of global energy storage capacity and 98% of global energy storage volume [1].

In [2] an assessment of the renewable electricity generation by PHESs in European Union
member states was presented and the conclusion was that they provide the balance of the electricity
storage market. The use of the reversible units in PHESs allows part of the excess energy in the system
to be accumulated and returned it during the highest electricity consumption periods.

Other very important characteristics of hydro units are their great maneuverability and a very
wide range of regulation, with high energy conversion efficiency. An example of good practice in the
producing and use of electric energy is the Valhalla project in Chile, where in parallel with the
construction of a photovoltaic plant with a capacity of 600 MW a PHES with a capacity of 300 MW is
also being built [3].

Francis turbines are mainly applied in PHESs because their high effectiveness (more than 94%).
They are used either as turbines or as pumps and could operate for short period of time withstanding
many damaging transient conditions, such as pressure fluctuation, starting and stopping modes.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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During operation under adverse conditions, large pressure fluctuations are expected causing high
static and dynamic stresses in the spiral casing, which can lead to fatigue failures. This type of
damages has been reported more frequently in the recent years, as shown in numerous scientific
articles and case studies [4-9].

Improving the reliability and operational capabilities of the power system can be achieved with
the construction of new hydroelectric power plants and PHES and modernization of the existing ones.
Trivedi and Cervantes investigated the methods for simulation and design process of PHES. They
revealed the main reasons for severe incidents in the conventional hydropower plants and made
recommendations how to avoid them [10].

Yasuda and Watanabe [11] studied and analyzed severe incidents of conventional hydropower
plants in many countries in the period of 1990 — 2010. Incidents were reported for power plants in
Canada, Romania and Serbia. In Russia the head cover of a 640MW Francis turbine broke away and
the powerhouse was totally destroyed [12]. Many cracks were found at the trailing edges of the
turbine blade for three Francis turbines of 200MW in Iran. The cause was vibration excited by Von
Karman Vortex Street. The same severe vibrations where the reasons for the cracks found in two
runners of a Francis turbine of 330MW in China. In Australia the spiral casing of Francis turbine of
150 MW failed by the excessive pressure rise due to the instant shut-down of all guide vanes [13].

Leading investigations have been conducted by Chinese scientists that more than two decades
studied the reliability of different methods for embedment of the spiral casing. Very important role
for the safety and accident-free work of Francis large PHES is the embedment of the spiral casing
over the fundament. In [14] the structural deformations after the accident of the concrete in the
Xiluodu hydro power plant located on the Jinsha River, Southwest China, were investigated. In [15]
the effect of concrete cracks on dynamic characteristics of the Francis turbine and of the spiral casing
was investigated. The Three-Gorge Dam on the Yangtze River near Sandouping, China was taken as
an example to evaluate hydraulic forces including water pressure pulsation, the effect of the cracks
on natural frequencies and the vibration responses of the powerhouse under hydraulic and
earthquake forces. Yu et al [16] applied the finite element theory to calculate a spiral casing embedded
with a cushion layer in order to study the influence of the reinforcement. They analyzed the concrete
frame simplification, basement simplification and contact friction between spiral casing and the
concrete. In [17] a constant internal pressure spiral case with non-uniform gap of hydropower
stations, using ABAQUS FEM computation was simulated. Todorov et al. [18] analyzed the low
frequency fatigue of the stay vanes. In [19] the spiral casing embedment and the influence of the gap
between the chamber and the reinforced concrete was discussed.

In the papers [14 — 17] the topics related to the reliability of Francis turbines are discussed. Due
to their wide operating pressure range (from a few meters to 700 m [20]), Francis turbines are the
most used turbines for PHES. The analysis presented by the world-famous company GE Vernova,
Cambridge, Massachusetts [21] shows that for about 60% of the global hydropower capacity in the
world, Francis turbines are the most widely used type of hydro turbine.

There are many studies that have been focused on the main excitation types of dynamic loads in
Francis turbines. Some of them are induced by the rotor-stator interaction (RSI) and are produced by
Von-Karman vortices and stochastic excitations at very low loads [22 — 24]. RSI is the main excitation
type for highly loaded rotating vanes. Von-Karman vortex shedding can be particularly dangerous if
the frequency of the vortices coincides with an Eigen frequency of the impeller, creating resonance.

The cavitating vortex field and its effects on the turbine wheel have also been investigated in
many studies. This phenomenon occurs when the machine is operating under partial load [25, 26]
and under overload conditions [27]. In [27] the consequences of an increased number of transient
cycles, such as load variation, start-stop and total load rejection, on the turbines and the fatigue
loading were discussed.

In addition to these excitations stochastic excitations must also be considered. They are
particularly important at very low loads or during transient events. In [28] a one-dimensional hydro
acoustic model was set up to perform the numerical simulation of the rotor-stator interaction of a
Francis pump-turbine scaled model. Lyutov et al. [29] used stress pulsations amplitude to estimate
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the number of cycles until the moment of fatigue failure. The number of loading cycles and oscillation
frequency are also used to calculate runner service time.

Fatigue analysis of the Francis turbine and casing is the major subject of the investigations of the
present article. In Figure 1 the principal scheme of the Francis turbine is presented. With arrows the
main parts of the turbine are denoted. Special attentions of the scientific literature survey are paid on
the investigations regarding this subject and especially on the fatigue caused by the low frequencies.
Several papers analyzed the hydraulic turbines and damages of Francis turbines caused by fatigue of
the material [32, 33]. Xin et al. [32] reviewed loading features and some key issues, e.g., different loads
of operation, start-up, emergency shut-down, load rejections, and runaway, on the fatigue damage,
and provides the latest information about different prediction approaches. They also analyzed other
types of failures caused by cavitation, erosion and ingested bodies.

Spiral-case _U_pEIC_DV;:

...........

Stay-vanes .
Drafttube  OUTLET

Figure 1. Principle design structure of the Francis turbine.

Under variable loading conditions, the use of the correct factor of safety in structural strength
calculations is of particular importance. In [34] it is recommended for the fatigue safety factors to be
more than 1.5 and guidelines are proposed for determination of fatigue cycles and crack propagation
calculations. Flores et al. [35] have calculated the static and dynamic stresses in Francis turbines for
assessment of the residual life. As a result, they have evaluated the life of the hydraulic unit and the
formation of fatigue cracks. Birtarescu et al. [36} determined the loads and allowable stresses in the
spiral chamber of the Francis turbine of the PHES unit. They considered additional loads and,
accordingly, stresses on the spiral casing of a hydraulic turbine and on the stay vanes

In this article the reliability problems related to the stresses and deflections in the spiral chamber
and stay vanes in case of Francis type systems are analyzed. Main attention is paid to the functionality
and reliability of the stay vanes, which in the case of HU4 of PHES “Chaira” are the crucial elements
and the main reason for the unit destruction. An assessment of the reliability is proposed, which in
the case the fatigue phenomenon leads to a total failure of the system. These processes are not
sufficiently studied and are the reason for the unprecedented accident of PHES “Chaira” and
especially of HU4.

The reasons for the formation of cracks and the destruction of the stay vanes are studied in detail.
The aim is to determine the critical elements based on the historical data on the exploitation and
operation modes of HU4, as well as to carry out an objective assessment of the risks of failures and/or
accidents. A virtual prototype for simulating of the behavior in working and emergency conditions,
and precisely computation of the loads, stresses and deformations is developed. The critical elements
and the causes of the cracks and destruction of the stay vanes are analyzed and evaluated. The results
of the research prove that the cause of the destruction is low-frequency fatigue of the material of the
stay vanes, as well as the influence of some technological processes on the load capacity and qualities
of the steel used.

The present paper is a continuation of the authors' previous research [19] on the spiral casing
embedment and the influence of the gap between the chamber and the reinforced concrete.
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2. Materials and Methods
2.1. Fatigue models for destruction analysis

Theories of elastoplasticity are generally based on the decomposition of the total strains into
elastic and plastic components and to define the elastic and plastic deformation zones, see the Figure
2. The scheme shown includes: Monotonic Fracture (MF), Extremely Low-Cycle Fatigue (ELCF), Low-
Cycle Fatigue (LCF), and High-Cycle Fatigue (HCF). The number of cycles N is plotted on the abscissa

“"__rr

in a logarithmic scale, and the stress “o” is plotted on the ordinate, also in a logarithmic scale.

log o

Fatigue limit

MF ELCF LCF HCF

logN

Figure 2. Scheme of the fatigue modes.

Normally the distinction is made between HCF and LCF, ELCF and LCF modes. The HCF
regime is determined by the level of working stresses and is associated with relatively low stress
levels which are mainly in the elastic region of deformation. For this mode the fatigue life is greater
than >105 cycles.

In contrast to the HCF, the LCF mode is determined by large strain amplitudes and is associated
with high stress values that cause both elastic and irreversible micro-plastic deformations at each
cycle. In this case the fatigue life is less than <10* cycles [37].

The ELCF mode is between the MF and LCF modes. It is defined by the yield strength and cyclic
stress. Initial initiation of micro fracture under yield strength conditions is followed by plasticity
exhaustion during cyclic loading until crack propagation occurs. Life in ELCF type fatigue
mechanism is very short (<< 100 cycles).

Fatigue stresses that occur, for example, in a hydroelectric plant, can be divided into two parts,
low-cycle and high-cycle [38]. LCF is in the range of up to about 100,000 cycles, while HCF refers to
a higher number of cycles, typically over 10,000,000 cycles.

LCF is associated with micro plastic deformation in each cycle and subsequent build-up with
hardening, while no such effects are reached in HCF.

A typical stress history for Francis turbine components or any type of machine that is subjected
to various dynamic loads is shown in Figure 3, where Ao., and 0. are the stress amplitudes, and om is
the mean stress (see detailed explanations in [38]).
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Figure 3. Low and high cycle loads in hydraulic power plants [39].
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A start-stop cycle can be explained by several the LCF cycles shown in Figure 2. Stresses and
strains (relative) change from a low value to a maximum and vice versa. In the LCF type of fatigue
[38] two types of crack initiation are observed. Type A striations are visible as light and dark stripes.
Type B (brittle) striations consist of river-like patterns with limited ductility and are as a result of
micro plasticity. Fatigue fracture characteristics from fractographic images are good indicators to
identify the fracture type.

The large number of studies on reliability, load modeling and the ability to evaluate fatigue
failures in hydro-turbines are directed to the fatigue phenomena and failures mainly in the turbine
runners. The stay vanes are important elements for the turbine functionality. The stay vanes reliability
assessment is not sufficiently studied. They are of crucial importance since their fatigue destruction
could lead to a total collapse of the system.

2.2. Subject of the Investigations

The object of research is the identification of the reasons for the destruction of the stay vanes of
a single-stage reversible hydropower unit HU4) in the pumped-storage hydroelectric power plant
PHES “Chaira”, Bulgaria. During the accident the average pressure has been 710 meters water height.

The first hydro unit HU1 of the PHES “Chaira” began operation in 1992 and at that time it was
the one with the largest head in the world. A total of four hydro units are connected to the network
consecutively. In the last few years, the rehabilitation of HU4 with over 12,000 hours of operation has
been carried out. During commissioning tests of HU4 in a shedding test at 75% load generator mode
and generating power of 176 MW, on March 22, 2022, an accident occurred. Increased noise and
vibrations were detected, as well as ingress of water in the turbine bearing. For this reason, the block
was stopped from the acceptance procedure. During a subsequent inspection a complete transversal
failure of the integrity of 8 out of 10 stay vanes was detected and complete inoperability of HU4 was
found.

In Figure 4 the destruction of the stay vane No. 1 of HU4 is presented. The cracks 1 and 2 are
along the welding part of the stay vane. The inscriptions of the figure were made by the control
officers before the photo was taken. The presence of such cracks indicates that the yield stresses were
exceeded which led to local failure without visible plastic deformation in these areas. The analysis
indicates that such destruction can be caused by static, dynamic or cyclic loads [18]. Specimens (test
bodies) were taken from the defective elements (stay vanes) and research was conducted on the
material characteristics after more than 20 years of operation. With particular relevance and
importance, this accident poses the question of the causes that led to these avalanche-like cracks and
the reliability of the remaining HUs.
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Figure 4. The destruction of the stay vane No. 1 and the cracks.

The research is aimed at an analysis of the possible working and emergency loads and impacts,
which led to the occurrence and propagation of cracks in the stay vanes of HU4. The study also
includes a specific section in the frontal areas of the Stay Vanes (on the side of the runner) with
evidence of previous repair of eroded sections as a result of operational cavitation. The repair was
carried out before the general rehabilitation, carried out by conventional and proper way provided
welding processes, during periodical minor repairs of the unit.

2.3. Methods of the investigations

ANSYS nCode DesignLife [39] and ANSYS Mechanical were used for creation of the virtual
prototype of HU4. This study and for reliable evaluation of the fatigue life. For the purposes of the
simulation the working and emergency loads are estimated using the records of the operation history
files and these for emergency events. Welding part of the stay vanes and base and upper rings, as
well as the welding of the front surfaces of the stay vanes filling the cavities are investigated using
simulation procedures.

The main hypothesis of the study is based on the established as shape, size and nature cracks.
The aim is to study through simulations with the virtual prototype the behavior of the structure
material and the loads that cause the cumulative fatigue. This includes identification of the critical
components of the loads and determining the possibility of failure free operation through simulations
of the behavior under different loads.

To determine the pressures on all working surfaces of the spiral chamber and the runner a fluid
functional model of the unit was built using reference pressures from historical measurements and
data in different operating modes. The research methodology uses the data from the tests of the
material characteristics of the defective elements carried out by an accredited international laboratory
at the request of the authors.

The virtual prototyping includes simulation of the Computational Fluid Dynamics (CFD) of the
system for the different operating modes, the operating loads and their consequences for
determination of the stresses and the strains. This methodology provides a quantitative and
objectively accurate assessment, within the statistical inaccuracy, for the causes of the accident as a
result of the geometric, material, technological, operational and other specifics of the PHES , Chaira”
HUs, and also as a function of the history of the operation. Figure 5 shows a block diagram of the
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actions of the research methodology. Each action (A1l — A5) includes specific activities shown in the

blocks of the figure below.
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Figure 5. Block diagram of the simulation procedure

stages, the analysis and the conclusions.

e Al - analysis of the operational history from the records of the monitoring and control system of the
PHES “Chaira” and especially of the damaged HU4.

e A2 —creation of a Virtual Prototype based on a Computational Fluid Dynamic (CFD) model and the
Finite Elements Method (FEM) model for structural-plastic simulations of transient, operating and
emergency modes in order to identify the most loaded elements of the system.
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e A3 -analysis of the working dynamic pressures through integrated CFD simulations of the transient,
working, emergency and compensatory modes of the HU4, as well as the load rejection in the
generator and pump modes.

e A4 -asaresult of elasto-plastic simulations with the virtual prototype using the operational history
of HU4, the most stressed elements of the system are determined and analyzed, with a focus on the
defective stay vanes. The critical values of the strains and stresses in the failure elements are
calculated.

e A5 — the final analysis is performed making the conclusions of material and low-cycle fatigue. It is
estimated the probability of occurrence and avalanche-like growth of cracks, as well as the possibility
of complete transverse destruction of eight out of ten stay vanes and a complete loss of unit
operability.

The research described in this paper was carried out by the Technical University — Sofia, Center
for Excellence of "Mechatronics and Clean Technologies", Bulgaria.

2.4. Historical records of the loads and the working conditions for HU4

In this section the historical records for the HU4 of PHES “Chaira” on the cycles and operation
time have been studied In Table 1 the numbers of cycles for the different operating modes are
presented for the entire period of exploitation. Data on the cycles into emergency operating modes
(compensatory modes) are also provided in Table 1. It is important to note that the manufacturer
recommend up to 12 on/off or reversal (pump/turbine) mode cycles of a hydro unit in total per day.

Table 1. Number of work cycles of hydraulic unit 4 for entire exploitation period.

Generator mode Pump mode Compensatory mode Total
3754 5021 3081 11 856
The data from the existing monitoring and control system were used to determine the pressure

values at the inlet of the spiral casing in the generator mode and the pump mode. They are
characterized by small peak loads in the transient modes. This is evident from the load diagram
shown in Figure 6 which shows the pressure inside the penstock and the turbine spiral casing as well
as the opening of the wicket gate at 75% load. Analysis of the data highlights five main modes:

e Sl -nominal generator mode;
e 52— generator mode at peak in transient mode, pressures exceed by approximately 12%;
e S3 - pump nominal mode;

e 5S4 — pumped mode at peak in transient mode, the pressures exceed approximately 7% the
nominal pressures for the pump mode;

e S5-load rejection in generator mode.

147.1 bar

N
73.55 bar /\/\——\J Initial

|
Peak {
|

Pressure, [bar]

Nominal Load

== T T 7
0 bar 15:20:45 15:21:00 15:21:45
20220322

Time, [s]

. Penstock Pressure, bar . Spiral casing pressure, ba

Figure 6. Nominal and peak loads (a sample of the PHES sensors records).
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An analysis of the charts provided by the Supervisory Control and Data Acquisition (SCADA)
system was performed, and no significant "hydraulic shock” was detected as a result of the rapid
closing of the wicket gate apparatus. All the parameters changes of the charts are within the
permissible limits for cases of power load failure.

From the history records of the HU4 in the period of 2001 — 2003 increased frequency of
start/stop/reverse cycles were registered. For the whole period of HU4 operation about 40,000 hours
of work and 11,856 total numbers of cycles in the various modes are registered. By comparing the
historical data with the manufacturer's recommendations, it can be concluded that the prescriptions
for the number of cycles and working hours per day, as well as for these values accumulated over
time, have not been violated.

The analysis of the pressures during emergency situations in the electric network caused by the
loss of the electrical load in generator mode or the loss of power in pump mode (no more than a few
for the entire period of operation) showed significant transient processes associated with the change
in the direction and magnitude of the load. Short-term large overshoot of established operating
pressures in various power modes was observed. The largest pressure peaks were found when the
load is rejected in generator mode. Then they exceed the nominal values by up to 15%.

2.5. Design of the virtual prototype of HU4
2.5.1. Geometrical model of the spiral casing and the concrete

The created virtual prototype is based on a 3D geometric model according to the features of the
modeled structures of the spiral casing, the stay and guided vanes, the runner and the enclosing
concrete structure.

The model was created based on the provided design documentation of the spiral casing and
the concrete structure. The created geometric model is shown in Figure 7 (concrete and metal
structure only).

The virtual prototype includes also data of the samples from the defective columns, welded
cavities and the micro cracks of the welded area of the stay vanes. These data are obtained from a
report provided by TECHNISCHE UNIVERSITAT DARMSTADT - FI - 182/2024 "Investigations on
damaged stay vanes of the PSHPP ,,Chaira”", H. Th. Beier, M. Vormwald, P. Yadegari.

(c)

Figure 7. Geometry model of (a) the concrete embedment; (b) metal structure of the turbine; (c) cross
section of the lower part of the spiral casing and the stay vanes.

In the same report, the presence of incompletely cleaned cracks was also found and a hypothesis
was raised about residual uncleaned micro-cracks and subsequent initiation of cracks. The hypothesis
was based on the conclusion that the failure of the stay vanes was due to inadequate mechanical
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properties of the material used for welding and that after cleaning, a small part of the cracks was not
completely repaired and covered by welding. This was probably made before the rehabilitation
carried out in a traditional manual way for similar cases of welding used by National Electric
Company (NEK) EAD [https://www.nek.bg/index.php/en/]. The inclusion of these specific areas in
the virtual prototype aims to analyze the possibility that the cracking process started and grew in this
way. The micro-cracks, the cavities, from the front side of the defective stay vanes are shown in Figure
8.

In Figure 9 the geometry model of a stay vane edge, including the welded cavity zone is shown.

-
(a) (b)

Figure 8. Specimens of the micro-cracks from the welded zones at the stay vanes edge: (a) used
specimen; (b) specimen with marked zones.

2.5.2. Finite element model of the turbine, spiral casing and the concrete

The three-dimensional finite element model was generated using hexahedral elements, Figure
9. It also includes the concrete structure components as well as the spiral casing and the stay vanes.
Special attention was paid to the welded sections of the stay vanes and their zones, which were
repaired of cavities.

Welded zone of cavities

Figure 9. Geometry model of a stay vane edge, including the welded cavity zone.
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(a) (h)

Figure 10. Generated hexahedral mesh of: (a) the concrete embedment; (b) the turbine, the spiral
casing and the concrete enforcement.

2.6. Materials used for the concrete and the metal structure of the HUs of PHES “Chaira”

The material used for the spiral casing is identified as HT60 high strength structural steel. The
steel for the stay vanes and stator rings is steel JIS G 3106 SM 50. The materials used for welding has
properties according to the welded units. In Table 2 the specifications of the steels and the concrete
are presented.

Table 2. Material properties of concrete and steel structures.

Parameter Steel HT60  Steel JIS G 3106 SM50 A Concrete B25
Elasticity modulus, E, GPa 209 200 30
Poisson ratio, u 0.29 0.28 0.18
Density, o, kg/m? 7850 7700 2400
Yield strength Rpo2, MPa 461 334 Not used
Tensile strength, Rm, MPa 620 520 Not used
Tangential modulus, MPa 3300 3640 Not used

Additional data is needed on the fatigue properties of the materials, as the estimation of the
fatigue and low-cycle fatigue requires the use of a dependence of the number of cycles on the
deformation. The fatigue data of the materials (Figure 11, a) used in the construction of the virtual
prototype was determined according to the information provided in the Materials Testing Institute
University of Stuttgart, Report-No.: 904 2634 004 “Chaira” - Damage Case Unit 4, WP4: Strain-
Controlled Fatigue Tests (LCF). The resulting fatigue curve is shown in Figure 11 (b). This curve is
approximated by mathematical methods to the following function:

£ = 85,82858123 — 85, 61469798 % e(~0,561110427:N~06%812753) (1)

Thus, it becomes possible to determine the number of cycles N at different relative deformations
of the structure. The plot of the approximating function is shown in Figure 10 b.
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Figure 11. Fatigue data for the materials of the stay vanes: (a) measured fatigue data; (b) approximated
curve.

2.7. Boundary conditions for the fluid model

Total of 5 load cases were investigated (Table 3). The applied boundary conditions are of the
following types: Full pressure at the inlet of a volute chamber;
e  Full pressure at the system outlet — 7 bar;
e  Turbine RPM.

Table 3. Applied boundary conditions in CFD analyses.

Analysis Loading mode Pressure at the inlet of Turbine speed,
the turbine, pin, MPa nt, min-!
S1 Nominal generator mode 6.96 600
52 Peak at generator mode 7.795 600
S3 Nominal pump mode 7.1 600
54 Peak in pump mode 7.597 600
S5 Load rejection mode 8.04 800

3. CFD analysis for detailed determination of loads.

A series of analyzes of the Computational Fluid Dynamics (CFD analyses) were planned. The
designed virtual prototype of the system and the creation of a computational structural model were
used. The computational fluid model is shown in Figure 12.

3.1. Computational fluid model

In Figure 12 the geometry and mesh model for CFD simulations is presented.
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Figure 12. Geometry and mesh model for CFD simulations: (a) full geometrical mode; (b) zoomed

mesh model.

3.1. Results in generator mode (S1)

Figure 13 shows the vector distribution of the fluid particle velocities, showing the general
appearance of the studied fluid flow. The trajectories of particles passing through the turbine spiral
casing (Figure 13 a) and outlet (Figure 13 b) are also shown, colored according to their velocity.

Velocity Magnitude
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Figure 13. S1 — fluid velocity vectors: (a) radial cross section of the spiral casing; (b) fluid tracks along
the turbine outlet.

Additionally, in Figure 14 the distribution of turbulent kinetic energy in axial (Figure 14 a) and
radial (Figure 14 b) turbine cross sections are shown. High turbulence can be seen at the outlet of the
turbine as well as near the static guides.

The main result of this analysis is the determination of the pressure ratios in the different parts
of the studied area. The distribution of the total pressure in the zone of the static parts in the axial
cross section of turbine is shown in Figure 15.
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Figure 14. S1 - total pressure distribution in two cross sections of the turbine: (a) axial cross section;

(b) radial cross section.
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Figure 15. S1 — axial cross section of the spiral casing and the outlet tube with the total pressure
distribution.

3.2. Results at pump nominal mode (53)

In Figure 16 the vector distribution of the fluid velocity in the radial cross section of the spiral
casing is shown. The determination of the pressure ratios in the spiral casing and along the outlet
tube was made on the basis of the distribution of the total pressure in an axial cross section. The
numerical values of the total pressure in the axial cross section of the spiral casing and the outlet tube
are shown in Figure 17.

3.3. Results at the Load rejection mode (S5)

The numerical results for the total pressure for S5 mode, similarly to the S3 mode, the numerical
values of the total pressure in the axial cross section of the spiral casing and the outlet tube are shown
in Figure 18.
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Figure 16. S3 — the vector distribution of the fluid velocity in the radial cross section of the spiral
casing.
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Figure 17. S3 — the numerical values of the total pressure in the axial cross section of the spiral casing
and the outlet tube.
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Figure 18. S5 — the numerical values of the total pressure in the axial cross section of the spiral casing
and the outlet tube.

4. Results

Using state-of-the-art engineering solutions, it is possible to make an accurate assessment of the
probability that material fatigue is the cause of the accident. For this purpose, a virtual model was
built for engineering analysis and simulation of the spiral casing of the unit as well as its” associated
elements. The goal is an analysis of the strength-deformation behavior of the defective elements.

Five simulations of the structure were carried out under the loads and operating modes defined
above —51, 52, S3, 54 and an assessment of the construction parameters regarding stresses and strains,
including in the non-linear area of the material behavior, was made. The second and sixth stay vanes
are selected analyzed in detail

4.1. Structural mechanical and elasto-plastic simulations

The results of the engineering analyzes for the sixth stay vane at load rejection (mode S5) are
presented. In the Figures 19 (a) and in the Figure 20 (a) the values of the equivalent stresses and the
equivalent strains, respectively, are shown using colors. In the Figures 19 (b) and 20 (b) these values
are directly shown on a front edge of the sixth stay
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Figure 19. S5 - the engineering analyzes for the stay vanes: (a) maximal values of the equivalent stresses of the
vanes; (b) the equivalent stresses on the front edge of the sixth stay vane
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Figure 20. S5 - the engineering analyzes for the stay vanes: (a) maximal values of the equivalent strains
of the vanes; (b) the equivalent strains on the front edge of the sixth stay vane.

vane. It can be seen that for this load mode the highest values of the stresses and strains are on
the front edges of the stay vanes and reach values between 380 and 500 MPa.

The results, taking into account the plasticity of the materials, indicate that the maximum
stresses of the materials are not exceeded the material limits during the initial testing of the hydraulic
units. However, zones of plastic strengthening were noticed, which lead to this drop of the stresses
and, accordingly, to the appearance of micro-plastics and the opportunities of initiation of cracks in
the hydraulic unit HU4. The transient processes starting, stopping and reversing of the hydroelectric
plant can be the reason for reaching of high levels of the work loads. The resulting stresses at the
limits of transition to micro-plastics can definitely be the cause of LCF.

These results indicate that the most probable cause of the crack is the low-cycle fatigue in the
zones of maximum load of the stay vanes.

4.2. Analysis of the possibility of sudden failure and material fatigue

The analysis of the values of the maximal deformations for the five modes of hydraulic units
operations are presented in Table 4.

Table 4. Maximal values of total deformation for examined load cases and number of cicles.

Loading mode € - total deformations N — number of cycles

S1 Nominal generator mode 6.96 600
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Generator mode at peak

S2 , ) 7.795 600
in transient mode

S3 Nominal pump mode 7.1 600

Sa Pump mode at peak in 7 597 600

transient mode
S5 Emergency modes 8.04 800
The computational results indicate unequivocally that low-cycle fatigue of the material is
expected to occur. This will lead to failure under cyclic loading at about 10,000 - 14,000 number of
cycles that include: on Pump/Generator; off Pump/Generator; emergency stops. The fatigue curves
of the materials in Figure 11 compared to the computational results confirms this conclusion.

5. Discussion

e  The results of the fluid simulations of the loads during operation in the Start/Stop/Reversal modes
and during Emergency Stops of HU4 in Generator/Pump modes have been used to the structural-
mechanical model of behavior of the virtual prototype.

e  The results of the elasto-plastic simulations of the stresses and strains for the different modes show
with high reliability that the maximum stresses in the specific zones of stay vanes exceeded the
allowable limit stresses for steel JIS G 3106 SM 50 A and for the concrete B25 in terms of yield strength.

e  The above arguments confirm the hypothesis of the occurrence of low-cycle fatigue as a result of the
occurrence of local stresses (cyclic, with the frequency of start/stop/reversal) above the permissible
linear values for the corresponding material steel JIS G 3106 SM 50 A. This leads to the accumulation
of micro-plastic irreversible deformations and to the appearance of low-cycle fatigue cracks.

¢ In the moments of emergency modes the intensive spread of micro-plastic deformations occurs. This
is accompanied by even higher stresses due to the weakening of the load-bearing capacity of the stay
vanes specific areas. The cracks that have appeared after a certain limits lead to an avalanche-like
cracking of most of the stay vanes.

To prove the conclusions from the simulation of the force-deflection behavior of HU4 under
working and emergency loading, the following was carried out:
e taking physical samples of the damaged areas (cracks) from the front faces of the stay vanes;
e Study of the residual strength of the sample materials by experimental standard test in a certified
laboratory.

6. Conclusions

Thorough analysis of the load history under normal operation and under the specifics of various
emergency stops has been carried out on the base of Virtual Prototype and real data usage. The pre-
commissioning test trials have been carried out. In the transient modes of operation in the structure
and in particular in the stator columns, overloads and accumulation of micro-plastic deformations
are observed.

It can be affirmed with a high degree of confidence that the cracks in eight of the ten stay vanes
of HU4, obtained during the pre-commissioning test trials, are in the result of low cycle material
fatigue. The reason is high working loads in certain stay vane’s zones leading to accumulated micro-
plastic deformations caused by the cyclic load during starting, stopping and especially when load
rejection events have occurred. This is followed by a rapid growth of the micro-cracks and an
additional concentration of stresses until an avalanche-like destruction process is reached in these
areas.

Erosion defects and micro-cracks were found on the front surfaces of the stay vanes on the side
of the runner. These places were cleaned and welded to the nominal shape before the rehabilitation
activities were carried out. However, the impact zones are much smaller than the regions of overload
stay vanes and micro-plastic strains accumulation leading to low-cycle fatigue. It is possible that these
interventions are related to the cracking process, but they are definitely not the main reason for the
occurrence of fatigue failure. This is also proven by the fact that complete cracking of two stator
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columns is also observed at HU1 at PHES “Chaira”, which was not subjected to welding and
restoration/resurfacing.

In order to prove the simulation results the authors requested the operating staff to take samples
from the damaged areas (cracks) in the regions around the front surfaces of the stay vanes.
Experimental tests were carried out in a certified laboratory to measure the residual strength and
fatigue properties of the sample materials.

The results reported in the research laboratory (Report Damage Case Unit 4 — Root Cause
Analysis N 29970000_525-001 29 November 2023, AF-Consult Switzerland AG c/o AFRY Swiss AG)
categorically prove the raised in this article hypothesis about the root cause of the failure, i.e. the
reason is the low-cycle fatigue of the material as a result of high load modes in certain areas leading
to micro-plastic deformations with accumulation during cyclic loading.
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