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Abstract: It is not uncommon for pump-turbine units in pumped storage power plants to experience
load rejections due to the sudden disconnection of the generator from the power grid. Load rejection
can suddenly increase the rotating speed of the pump-turbine and cause strong pressure fluctuations
in the flow passage of the pump-turbine unit. During load rejection, the strong pressure fluctuations
caused by the water hammer effect can cause strong structural vibrations, high stresses and even
damage to the turbine runner, head cover, stay ring, bottom ring, head cover bolts and bottom ring
bolts. In order to study, in detail, the flow-induced stress characteristics of the prototype pump-
turbine unit, and the pressure variations during load rejection in a high-head pumped storage power
plant were measured first. Then the measured data were used to set up computational fluid dynamics
(CFD) simulations in the entire flow passage of the prototype pump-turbine and to calibrate the
simulation results. The calculated pressure distributions in the flow passage during load rejection
were exported and mapped on the finite element model of the stationary structures of the pump-
turbine unit so that the flow-induced stresses on the head cover, stay ring, bottom ring, head cover
bolts and bottom ring bolts can be calculated. The results of the analysis show that the maximum
stresses in the head cover bolts and bottom ring bolts are located on the rounded corner of the
bolt near the stay ring and that the stresses in the bolts vary with time during load rejection. The
maximum stresses of the head cover bolts are higher than the maximum stresses of the bottom ring
bolts, and the maximum stresses of the bolts are above two-thirds of the yield strength of the bolt
material. It is recommended to use larger nominal diameter bolts to avoid damage to the connecting
bolts of the pump-turbine unit.

Keywords: prototype pump-turbine; load rejection; head cover bolts; flow-induced stress analysis;
measurement and simulation

1. Introduction

Pumped storage power stations (PSPSs) have been built in various countries to increase
the flexibility of the power grid and improve its power quality. Due to the power regulation
of the grid, pump-turbine (PT) units must often actively or passively undergo load rejection
during power generation. When the PT unit suddenly loses the grid load, the huge energy
generated by the water flow makes the unit speed rise rapidly, and the PT unit governor
quickly closes the guide vanes, and after a few moments, the PT unit will be stabilized again
in the speed no-load condition. After a short period of time, the PT unit will stabilize again
at speed no-load or stop. During load rejection of a high-head PSPS, the water hammer

Energies 2022, 15, 9496. https://doi.org/10.3390/en15249496 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15249496
https://doi.org/10.3390/en15249496
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7333-8454
https://orcid.org/0000-0002-2671-9297
https://doi.org/10.3390/en15249496
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15249496?type=check_update&version=2


Energies 2022, 15, 9496 2 of 16

effect caused by the rapid closure of the guide vanes can lead to strong pressure pulsations
in the flow channel of the PT unit and result in strong vibrations on the structures of the
unit, including turbine runner, head cover, stay ring, bottom ring, head cover bolts, bottom
ring bolts, etc.

It is not uncommon to see reports on the serious accidents and structural damage of the
hydroelectric units in hydropower plants, including PSPSs caused by poor design, unrea-
sonable operation and drastic pressure fluctuations during transient processes, including
load rejection [1–5]. Many researchers have investigated the unsteady flow characteristics
of various prototype hydraulic turbine units during load rejection [6–10]. Studies [10–14]
have compared the flow results of computational fluid dynamics (CFD) calculations of
hydraulic turbine units, including PT units, with the results of the field measurements and
have verified the accuracy of numerical simulations. Studies [15–18] have proposed a CFD
method to calculate the fluid flow at various critical time points during transient processes
and studied the main stress changes of the PT structures caused by the high pressure of the
transient flow.

Plenty of investigations [13,19–25] have studied the structural stresses of the PT units
under stable operating conditions and during transient processes and also validated the
accuracy of the flow-induced stress calculation method, and some investigations [26–32]
have analyzed the stresses of the head cover bolts of different PT units during transient
processes, such as start-up and shut-down in turbine mode and pump mode. However,
only a very limited number of studies [33] have focused on the analysis of the flow-induced
stress characteristics of the head cover bolts and bottom ring bolts during load rejection in
PT units. Since the stationary structure of the PT unit, consisting of the head cover, stay ring,
bottom ring, head cover bolts and bottom ring bolts, is subjected to high stresses caused
by high levels of pulsating pressure during load rejection, which is one of the challenging
processes for PT units.

The bolt load under the load rejection is significantly larger than that under the rated
operation condition and is more complicated. Specifically, the maximum stress of the head
cover bolts under the rated operating condition of the investigated PT unit has exceeded
2/3 of the yield strength of the bolt material. Therefore, in order to ensure the operational
safety of the PT unit, it is of great significance to analyze the unsteady flow-induced stress
characteristics of the head cover bolts during load rejection in detail and judge the safety
of the bolts. In this investigation, the prototype PT unit in a high-head PSPS was first
measured on-site during the load rejection process. Then, 3D unsteady CFD simulations
of the flow passage during load rejection were performed using the measured data of
inlet and outlet pressures, rotating speeds and guide vane openings. Next, the pressure
files in the flow passage during load rejection were exported from the CFD analysis and
applied sequentially to the finite element model of the stationary structure of the PT unit via
the one-way fluid-structure coupling method. Finally, the characteristics of flow-induced
stresses in the head cover, stay ring, bottom ring, head cover bolts and bottom ring bolts
were analyzed and discussed in detail. Based on the conclusions drawn from this study,
useful recommendations are given that are feasible in hydropower engineering practice to
avoid bolt fractures in PT units.

2. Field Measurement

The investigated PT unit is installed in a high-head PSPS with a rated head of 363 m
and rated power of 255 MW (Figure 1). The PT has 9 blades with a diameter of 4.4 m,
and the inlet height is around 1% of D1. The main geometrical parameters and design
parameters of the investigated PT unit are listed in Table 1.
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Structure

Fluid

Pressure sensor at  
spiral case inlet

Pressure sensor
at draft tube outlet

Figure 1. The structural and fluid model of the investigated pump turbine.

Table 1. Basic parameters of the pump-turbine unit.

Property Unit Value

Rated power Pr MW 255
Rated head Hr m 363

Rated rotating speed nr rpm 375
Runner diameter D m 4.4

Number of stay vanes Nsv - 26
Number of guide vanes Ngv - 26
Number of runner blades Nb - 9

During the construction of the PSPS, pressure sensors were installed in the PT units
as part of an online monitoring and fault diagnosis system to ensure the long-term safe
operation of the unit. Figures 1 and 2 show the locations of pressure sensors, which were
installed in the spiral case inlet, draft tube outlet, the vaneless space between the guide
vanes and runner blades and the crown chamber and the band chamber, respectively. The
accuracy of the pressure sensor is ±0.25%FS. The measured pressure, rotating speed and
other non-electrical signals were converted into 4–20 mA electrical signals by the sensors and
sent to the power plant computer supervisory system for monitoring and control of the unit.

Pressure sensor
of spiral case

Pressure sensor
of bottom ring

Pump-turbine runner

Head cover

Bottom ring

Pressure sensor
of head cover

Pressure sensor
of vaneless space

Spiral case Guide 
vane

Figure 2. Locations of the installed pressure sensors of the PT unit (sectional view).
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The on-site measurement was conducted during the process of the load rejection of
the PT unit. As shown in Figure 3, the operating parameters, such as the rotating speed,
the pressure at the spiral case inlet, the pressure at the draft tube outlet, the pressure at the
vaneless space, the pressure at the crown chamber and the pressure at the band chamber,
changed drastically during the transient process of the load rejection. The pressure values of
each pressure sensor in Figure 3 were normalized with reference to the maximum pressure
at the spiral case inlet during load rejection, and the rotating speed was normalized with
reference to the rated rotating speed.
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Figure 3. The measured parameters of the pump-turbine unit during load rejection.

As marked with red circles in Figure 3, eight moments at the extreme values of the
measured data in the first 12 s during the load rejection of the PT unit were selected for
3D flow simulations (Table 2). After 12 s in the load rejection process, the PT unit slowed
down, and the flow changes were not as drastic as before. The measured pressure values of
the spiral case inlet and the draft tube outlet, rotating speed and guide vane opening at
different moments were used to set up the boundary conditions and initial conditions of
the CFD analysis.

Table 2. Parameters of boundary conditions and initial conditions of the CFD analysis.

Time (s) Description Pressure at Spiral
Case Inlet (%)

Pressure at Draft
Tube Outlet (%)

Rotating Speed
(%)

Guide Vane
Opening (%)

0.0 Rated load 73.0 11.5 100.0 100.0

3.4 Minimum pressure at draft tube
outlet 93.4 4.5 130.1 64.7

5.7 Maximum rotating speed 97.4 10.2 135.6 49.9

6.6 Maximum pressure at spiral case
inlet 100.0 9.1 134.8 45.0

8.7 Minimum pressure at spiral case
inlet 67.7 9.8 127.1 35.7

9.8 Maximum pressure at draft tube
outlet 75.0 13.9 120.9 33.2

10.3 Local maximum pressure at spiral
case inlet 80.1 13.1 118.7 31.7

12.0 Local minimum pressure at spiral
case inlet 73.2 8.6 112.7 25.8
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3. Methods of Numerical Simulation
3.1. Governing Equations of 3D Fluid Dynamics Analysis

In this study, the Reynolds-averaged Navier–Stokes (RANS) equations are used to
perform the 3D fluid dynamics analysis, and the water in the pump-turbine unit is treated
as a viscous incompressible Newtonian fluid. The mass and momentum conservation
equations for the flow are described below using Einstein’s summation convention in
Cartesian coordinates.

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂uiuj

∂xj
= −1

ρ

∂p
∂xi

+
∂

∂xj

[
ν(

∂ui
∂xj

+
∂uj

∂xi
)

]
−

∂u′iu
′
j

∂xj
+ f i (2)

where xi and xj are the Cartesian coordinate directions, ui and u′i are the time-averaged
term and fluctuating term of the fluid velocity, t is time, ρ is the density of the water, p is the
time-averaged pressure, u′iu

′
j is the Reynolds stress term and fi represents time-averaged

external forces.
The k − ω shear stress transport (SST) turbulence model is used to simulate the

unstable, turbulent flow in the pump-turbine flow channels. The k−ω SST model integrates
the advantages of the k− ω model and the k− ε model and can accurately predict flow
separation and near-wall flow [34].

3.2. Governing Equations of the 3D Flow-Induced Stress Analysis

The finite element method (FEM) is widely used to calculate the structural stresses of
pump-turbine units. The governing equation of flow-induced structural dynamics can be
described as

[M]
{

d̈
}
+ [C]

{
ḋ
}
+ [K]{d} = { F(t)} +

{
Ff (t)

}
(3)

where [M], [C] and [K] are the mass matrix, damping matrix and stiffness matrix of the
structure, respectively; {d} ,

{
ḋ
}

and
{

d̈
}

are the vectors of node displacement, velocity
and acceleration, respectively; { F(t)} is the external excitation load vector acting on
structures,

{
Ff (t)

}
represents the fluid pressure load vector acting on the structure.

Applying the pressure distributions calculated by 3D CFD simulation to the structures
of the pump-turbine unit, the flow-induced stresses in the structures, including head cover
bolts, during the process of load rejection can be analyzed in detail.

{σ} = [E][Sd]{u} (4)

where [E] is the elasticity matrix of the structure, and [Sd] represents the strain-displacement
matrix of the structure.

The equivalent stress σvM (Equation (5)) is used to evaluate the stress characteristics of
structures of the pump-turbine unit during load rejection.

σEqv =
√

0.5[(σI − σI I)2 + (σI I − σI I I)2 + (σI I I − σI)2] (5)

where σI , σI I , σI I I are the maximum, middle and minimum principal stresses, respectively.

4. Numerical Simulation of the Fluid Flow
4.1. Three-Dimensional Flow Simulation Model

The 3D model of the pump-turbine unit is shown in Figure 4, including spiral case
passage, stay vane passage, guide vane passage, runner passage, draft tube passage, crown
chamber, band chamber, upper and lower labyrinth seals and pressure balance pipes.



Energies 2022, 15, 9496 6 of 16

Spiral case passage

Stay vane passage

Guide vane passage

Pressure 
balance pipe

Crown chamber 
and labyrinth seal

Runner passage

Draft tube passage

Band chamber 
and labyrinth seal

Figure 4. The 3D modeling of the flow passage of the pump-turbine unit.

In this work, ANSYS CFX5 solver was used to carry out the 3D CFD simulations. The
analysis type and solver type were set to stable and high-resolution, respectively. The
turbulence model was set to k−ω SST and the turbulence mathematical accuracy was set
to first-order with a convergence residual of 10−5. The pressure values at the spiral case
inlet and at the draft tube outlet were directly taken from the measurements shown in
Figure 3. The runner passage was defined as a rotational domain, and the rotating speed
over time during load rejection was specified based on the measured values. The other
fluid passages were defined as stationary domains. The interfaces between guide vanes
and runner and runner and draft tube were set to Frozen Rotor, and the others are set to
general connection. A non-slip wall was used as the wall boundary conditions.

Hybrid meshes with tetrahedral and hexahedral elements were used to mesh fluid
passages. According to the guide vane opening angles during the load rejection, the meshes
of the guide vane channels were also updated. To achieve a more precise result at the
boundary layer of the flow passages, the meshes near the wall boundaries of all fluid
domains were refined. The average Yplus value of the mesh was in the range of 30 to 100
for the flow passage.

Three groups of finite volume meshes, consisting of 6.96 million, 9.46 million and
10.2 million elements, were created to perform the mesh sensitivity analysis. The simulated
efficiencies between the inlet of the spiral case and the outlet of the draft tube at the
rated load condition within various element amounts were compared with the measured
efficiency (ηMeas.) (Figure 5). In order to ensure the accuracy of the simulation results and
save computational time, the second group of meshes with 9.46 million elements, marked
by the blue box in Figure 5, was utilized to carry out the CFD simulations of the PT unit
during the load rejection process.
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Figure 5. Mesh sensitivity analysis of the CFD simulation.

Figure 6 presents the finite volume mesh of the fluid domains of the investigated
pump-turbine unit. And the element amounts of different PT flow passages are listed in
Table 3.

Flow outlet

Flow inlet

Figure 6. The finite volume mesh of the fluid domains for 3D CFD analysis.
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Table 3. Element amount of different PT flow passages.

Flow Passage Element Amount (Million) Element Type

Spiral case passage 0.11 Tetrahedral and hexahedral
Stay vane passage 3.22 Tetrahedral and hexahedral
Guide Vane passage 0.30 Hexahedral
Crown chamber and labyrinth seal 0.15 Hexahedral
Runner passage 5.23 Tetrahedral and hexahedral
Band chamber and labyrinth seal 0.07 Hexahedral
Draft tube passage 0.17 Tetrahedral and hexahedral
Pressure balance pipes 0.39 Tetrahedral

Total 9.64 Tetrahedral and hexahedral

4.2. Results and Discussions

In the load rejection process, the flow of the fluid passages shows extremely unstable
turbulent characteristics (Figure 7). At the starting moment (t = 0 s), when the unit works
under the full load, the pressure distribution of the unit is relatively stable. From t = 3.4 s,
the guide vanes start to close, and the pressure in the spiral case passage is increased due
to the water hammer effect. The pressure in the draft tube is also affected by the water
hammer effect. The pressure distribution of the crown chamber and band chamber becomes
nonuniform, which affects the vibration of the head cover and bottom ring significantly.

1
Normalized pressure

0.5

0

(a) t = 0 s

(b) t = 3.4 s

Figure 7. Cont.
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(c) t = 5.7 s

(d) t = 6.6 s

(e) t = 8.7 s

(f) t = 9.8 s

Figure 7. Cont.
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(g) t = 10.3 s

(h) t = 12.0 s

Figure 7. Pressure distribution in the flow passages at different key time moments.

According to the pressure sensor installation locations shown in Figure 2, the corre-
sponding pressure monitoring points were added to the CFD simulation model to record
the pressure values during load rejection at the pressure sensor locations in the vaneless
space, crown chamber and band chamber. Figure 8 presents the comparison of the mea-
sured and simulated results of the pressure monitoring points at eight calculation times
during the load rejection process. It can be seen that the simulation results are in general
agreement with the corresponding measurement results.
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Figure 8. Comparison of the measured and simulated pressure results during load rejection.

Most of the deviations between the simulation and measurement are in the range of
0.3–13%, and the largest deviation is around 27%. The following factors can introduce
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deviations between the measurement and the corresponding calculation results. On the
one hand, during the load rejection process, the measured parameters, such as rotating
speed, guide vane angle and pressure values at the spiral case inlet and at the draft tube
outlet, changed rapidly with time. The signal delay of the signal acquisition system during
the field measurement may lead to a minor difference in the boundary conditions used
in the numerical calculation from the actual ones, resulting in deviations in the results
between the simulation and measurement. On the other hand, an ideal model of the PT unit
was created from the design drawings for CFD simulations. However, the final geometric
model of the PT unit may have small deviations from the ideal model during fabrication at
the manufacturing plant and installation at the power plant, which can lead to deviations
in the simulation results.

5. Flow-Induced Structural Stress Analysis
5.1. Simulation Setup

The stationary structures of the investigated pump-turbine unit have a head cover, a
stay ring, a bottom ring and connecting bolts (Figure 9). There are a total of 116 head cover
bolts and 116 bottom ring bolts. The nominal diameter of these connection bolts is 64 mm
(M64). The material properties of the stationary structures are listed in Table 4.

Head cover

Head cover
bolt

Stay ring

Bottom ring
bolt

Bottom 
ring

Draft tube cone

Turbine guide 
bearing 

Gravitational 
acceleration

Fixed

Fixed

Figure 9. The CAD model of the investigated structures.

Table 4. Material properties of the structures.

Property Unit Value

Density (g·m−3) 7850
Modulus of elasticity (Pa) 2.1 × 1011

Poisson’s ratio (-) 0.3

ANSYS Mechanical is used to perform the structural dynamic behavior analysis. By
applying the calculated pressure loads on the stationary structures of the pump-turbine
unit, the flow-induced dynamic behavior of the structures, including the head cover bolts
and bottom ring bolts, is analyzed in detail.

The surfaces of the stay ring connecting with the concretes are fixed, and the bottom
ring surface welded into the draft tube is also fixed (Figure 9). The stiffness of the turbine
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guide bearing is 1× 109 N·m−1), and the gravity (g = 9.8 m · s−2) is taken into consideration
for the analysis.

The finite element mesh and the boundary conditions are shown in Figure 10. The
geometrically complex head cover, stay ring and bottom ring are meshed with high-quality
tetrahedral elements, while the bolts are geometrically simple and meshed with high-
quality hexahedral elements. The meshes of the connection bolts are refined to obtain more
accurate stress results. In this study, the bolt thread details are not considered.

Refined 
mesh

Figure 10. Finite element mesh of the stationary structures and the refined mesh of the bolts.

As with the fluid simulation, three sets of finite element meshes containing 1.2 million,
1.6 million and 2.7 million elements were built to perform the mesh sensitivity analysis.
The mesh with 1.6 million elements had a similar result to that of the 2.7 million ele-
ments but used much less computing time, so it was taken to conduct the following finite
element analysis.

The head cover, the stay ring and the bottom ring are assembled into a single structure
by applying pretension force to each head cover bolt and bottom ring bolt (Figure 10). As
shown in Figure 11, the bolt threads are bonded to the stay ring, and the bolt thread details
are not considered in this investigation. The nuts are bonded to the bolt heads. Frictional
contact with a friction coefficient of 0.1 is assigned to the connection surfaces between the
head cover and the stay ring, the surfaces between the bottom ring and the stay ring and
the surfaces between the nuts and the head cover, as well as the surfaces between the nuts
and the bottom ring.

The pressure loads calculated by the 3D CFD simulations at each time point during
the load rejection are sequentially exported and applied to the finite element model of the
stationary structures of the PT unit. Thus the flow-induced stress characteristics of the
stationary structures and bolts can be calculated.
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Preload

Preload

Apply pressure

Head cover

Stay ring

Bottom ring

Axial 
thrust

Head cover bolt

Bottom ring bolt

Figure 11. The applied loads and boundary conditions of the stationary structures of the PT unit.

5.2. Results and Discussion

The stress of the structures induced by unsteady flow during load rejection is changing
with time, but the stress distribution at the different moments keeps the same pattern as
shown in Figure 12.

Head cover bolt

Bottom ring bolt

Figure 12. The stress distribution of the structure unit during load rejection.

The fluctuating pressures applied to the head cover, and bottom ring lift the head
cover up and push the bottom ring down, so the stay vanes will be stretched. The head
cover bolts and bottom ring bolts are also heavily stretched, so they are the most damage-
prone components of the PT unit. From Figure 12, it can be seen that the maximum stress
concentration of the head cover bolts and bottom ring bolts is located at the fillet of the bolt
close to the stay ring.

In order to provide more general results as a reference for similar cells, the maximum
stresses of the head cover bolts and bottom ring bolts during load rejection were normalized
relative to the yield strength of the bolt material (Figure 13). It can be seen that the maximum
stress of the bolts during the load rejection process varies with time, and the maximum
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stress of the head cover bolts is higher than the bottoming bolts. The ratio of the maximum
stress of the bolt to its yield strength during the dumping process is in the range of 0.82–0.94,
which is much larger than 2/3 of the yield strength limit. Therefore, the head cover bolts
and bottom ring bolts are indeed in a very dangerous condition.
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Maximum stress of head cover bolts
Maximum stress of bottom ring bolts

Figure 13. The maximum stress of the connecting bolts at different moments during load rejection.

It is strongly recommended that the staff in the power station must strengthen the
monitoring of the head cover bolts and bottom ring bolts of the unit, increase the bolt
inspection frequency and replace the bolts with a long service time. In the long run, it is
recommended to re-optimize the design of the bolt layout of the head cover and bottom
ring, preferably using larger nominal diameter bolts.

6. Conclusions

This investigation has carried out the characteristic stress analysis of a prototype
pump-turbine unit during load rejection based on field measurements and numerical
simulation.

The measurement results show that during the transient process of the load rejection,
the operating parameters, such as the rotating speed and the pressure at various locations
of the flow passages, change drastically.

The measured data are adopted to perform 3D CFD simulations of the unit during
load rejection. After the load rejection, the pressures in the spiral case passage and in
the draft tube passage are obviously changed due to the effect of the water hammer. The
pressure distributions in the crown chamber and band chamber becomes nonuniform. The
calculated pressures are used to carry out the flow-induced stresses on the structures and
head cover bolts.

The unsteady flow-induced structural stress of the pump-turbine unit during load
rejection is changing with time, but the stress distribution at the different moments keeps
the same pattern. The maximum stress concentration of the head cover bolts and bottom
ring bolts are located at the fillet of the bolt close to the stay ring. The maximum stress of
the head cover bolts is higher than the bottom bolts.
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The staff in the power station shall strengthen the monitoring of the head cover bolts
and bottom ring bolts of the pump-turbine unit and replace the connection bolts with a
long service time. It is recommended to use larger nominal diameter bolts to avoid damage
to the connecting bolts of the pump-turbine unit.
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