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Abstract: With the development of global hydropower, the scale of hydropower stations is increasing,
and the operating conditions are becoming more complex, so the stable operation of hydropower
stations is very important. The vibration of the turbine unit will cause resonance in the powerhouse,
and the structural stability of the powerhouse will be affected. Many scholars pay attention to the
stability of the turbine unit operation, and there are few studies on the powerhouse of the hydropower
station. Therefore, this paper relies on the Weifang Hydropower Station project to study key issues
such as the tensile strength of concrete and how to arrange steel bars to increase the structural stability
by changing the material properties through FEA. Three schemes are designed to evaluate the safety
of the powerhouse structure when the turbine unit is running through the safety factor. Our findings
indicate that the stress variation patterns observed on the inner surface of the powerhouse remain
consistent across different operating scenarios. Notably, along the spiral line of the worm section, we
observed that the stress levels on the vertical loop line decrease gradually with increasing distance
from the inlet. Conversely, stress concentrations arise near the inlet and the tongue. Additionally, it
has been noted that the likelihood of concrete cracking increases significantly at the tongue region.

Keywords: fluid-solid coupling; tensile strength; turbine plant; safety factor

1. Introduction

With the development of the global hydropower industry, hydropower is increasingly
recognized for its critical strategic importance. As international energy trends evolve,
there is a growing emphasis on maximizing the potential of renewable, clean energy
sources like hydropower. To optimize energy efficiency, the scale of hydropower stations
is expanding, resulting in these facilities taking on more complex roles, such as peak and
frequency modulation tasks [1]. This increased complexity brings about more challenging
operating conditions, making the stable operation of hydropower stations essential [2].
Vibrations from turbine units can induce resonance within the powerhouse, which in turn
compromises its structural stability [3]. Consequently, ensuring the structural integrity of
these facilities under such conditions is of paramount importance.

Many scholars, both domestically and internationally, have studied the pressure fluctu-
ation characteristics and internal flow losses of pump-turbine units during operation. Some
researchers have calculated the fluid—solid interactions of pump-turbines by establishing
one-dimensional models; however, there has been limited investigation into how the opera-
tion of turbine units affects plant structures. Liang [4] systematically analyzed the pressure
fluctuation and rotating stall characteristics in the vaneless space of a pump-turbine operat-
ing in the pump mode. The entropy production theory was introduced to determine the
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energy loss characteristics of the whole passage pump-turbine. Yan [5-9] investigated the
influences of external parameter variation, pressure pulsation, and internal flow field and
vortex evolution in pump-turbines. Zantei [10-13] deeply explored the influence of blade
stagger angle on the RPT instability behavior. Numerical simulation results showed that
the hydrodynamic instability and the stagger angle of the rotor blades are closely related.
Lian [14,15] established a one-dimensional (1D) numerical model for simulating the fluid—
structure interaction (FSI) behavior in pipelines and discussed the pressure fluctuation and
axial and radial vibration magnitude distributions along the pipeline. Liu [16] simulated
extreme load rejection cases, where two pump-turbines undergo load rejection simultane-
ously in a prototype pumped storage system, by a one-dimensional and three-dimensional
(1D-3D) coupled computational fluid dynamics (CFD) method. Khalfaoui [17] investigated
the dynamic fluid and structural behaviors of a low-head pump-turbine under part-load
and deep part-load conditions.

Regarding the study of powerhouses, it mainly focuses on structural design and ma-
terial proportioning. Zeng [18] assessed the influence of floor slabs on the progressive
collapse response of 3D prestressed concrete frames and found that floor slabs enhance the
anti-collapse capacity of 3D frames. Gao [19] experimentally investigated four groups of
concrete-filled circular steel tube K-joints to understand their performance for application
in lattice wind turbine towers. Sun [20-23] proposed a multi-factor assessment method for
concrete structural damage grades based on evidence theory and particle swarm optimiza-
tion, overcoming subjectivity and irrationality in the previous assessment. Jin [24] proposed
a hexagonal concrete-filled double skin steel tube (CFDST) transition piece to avoid the
complicated construction and concrete cracking problems of the traditional reinforced
concrete type of transition piece. Jin [25] improved the finite element model, analyzed
the nature of the axial stress distribution of LHR-CFDST and its working mechanism, and
established a peak axial compression bearing capacity prediction formula. Velarde [26-29]
found that the material partial safety factors recommended by the DNV offshore concrete
standard can be reduced without compromising structural safety, thereby further reducing
the cost of offshore wind energy.

Based on the Weifang Hydropower Station project, this paper employs a three-
dimensional modeling fluid-solid coupling method to investigate the static stress char-
acteristics of the powerhouse under different operating conditions. It examines critical
issues such as the tensile strength of concrete and the optimal arrangement of steel bars
to enhance structural stability. Three schemes are proposed to evaluate the safety of the
powerhouse structure during the operation of the hydropower unit through safety factor
assessment. Compared with one-dimensional model calculations, this approach provides
more accurate results. The paper also conducts a systematic study on the problem of
water-induced vibration during the operation of pumped-storage units, offering valuable
insights for practical hydropower station construction.

2. Materials and Methods
2.1. Research Object

Based on the field drawings provided by the Weifang Pumped Storage Project, a
comprehensive three-dimensional model of the plant and the units was developed, ensuring
consistency with the prototype structure. The plant comprises four turbine units, with the
structural models of both the plant and the units depicted in Figure 1. Table 1 presents the
fundamental parameters of the prototype unit, which features a vertical shaft, single-stage,
mixed-flow reversible pump-turbine. The four units are housed within the factory building,
where intentional gaps have been incorporated to mitigate vibration impacts. The main
engine room of the factory building is organized across five levels: the generator level, bus
level, turbine level, spiral case level, and draft tube level.
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Figure 1. Plant and unit structure model diagram.

Table 1. Main characteristic parameters of vertical shaft single-stage mixed flow reversible pump-

turbine.
Parameter Value
Rated flow rate, m3/s 105.8
Rated head, m 326
Rated speed, rpm 333.3
Rated output of the turbine, MW 306
Diameter of the high-pressure side of the runner, m 4.81
Number of stay vanes, piece 15
Number of active guide vanes, piece 16
Number of runner blades (long + short), piece 5+5

This paper examines the effects of stress and vibration on the plant during the opera-
tion of a single unit. The factory building is constructed from concrete, which primarily
provides compressive strength while exhibiting relatively weak tensile strength. Conse-
quently, the project primarily relies on reinforcing bars (rebar) to provide the necessary
tensile strength. By strategically arranging rebar connections and creating interfaces be-
tween the rebar and concrete around the volute, the overall tensile strength of the plant is
enhanced. Table 1 presents the main characteristic parameters of a vertical shaft single-stage
mixed-flow reversible pump-turbine.

2.2. High-Density Steel and Concrete Ratio

The model uses three-stage steel HRB400, diameter 28 mm, yield strength f, = 400 N/ mm?,
ultimate strength fiy = 540 N/ mm?, elastic modulus Eg = 200,000 N/mm?. By removing
the concrete around the volute, the plant’s concrete structure is divided into two sections: a
and b. As illustrated in Figure 1, section b represents the concrete surrounding the volute,
where the tensile strength determined by the formula is applied. This paper uses Creo7.0
software for modeling and assembly. The final model of the powerhouse and the unit is
shown in Figure 2. The finite element analysis is carried out by the commercial software
ANSYS2022. Firstly, the flow field results are obtained by using CFX2022 software. The
flow field model adopts the SST model [30]. The stress and deformation of concrete and
volute are calculated through fluid-solid coupling.
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Figure 2. Plant unit final assembly model diagram.

Yield strength indicates the stress level at which the material undergoes permanent
deformation, whereas tensile strength reflects the maximum stress the material can endure
before fracturing. Yield strength is useful for assessing the safe working load of the material,
while tensile strength indicates its ultimate fracture point.

The outer section of the spiral casing is divided into three layers of steel bars. The
schematic representation is illustrated in Figure 3, where Z1 denotes the number of outer-
most steel bars, Z2 signifies the number of middle-layer steel bars, and Z3 indicates the
number of inner-layer steel bars. The distance from the inner layer to the volute surface
is 50 mm, while the middle layer is positioned 75 mm from the inner layer, and the outer
layer is set 100 mm away from the middle layer. Sc represents the cross-sectional area of
segment b. Using the tensile strength calculation formula for steel bars, we can determine
the maximum tensile force that the steel bars arranged around the volute can endure, which
is approximately equivalent to the maximum tensile force that the concrete in section b
can withstand. The volute is considered to be formed by the spiral configuration of each
section, allowing for the calculation of both the tensile strength and yield strength of the
concrete in section b for each individual segment.

Outer layer

Middle layer

Inner layer

Figure 3. Steel bar layout diagram.

Steel area S, = 7tr2, where r is the radius of the steel bar.

3
Zzifyksr

Total tensile strength: Fyx = =1s—— N/mm?.
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2.3. Mohr—Coulomb Failure Criterion

Mohr-Coulomb Theory is a mathematical model that describes how materials such as
rubble piles or concrete respond to shear stress and normal stress. This theory, illustrated by
the yield surface, is applicable to many classical engineering materials, which often follow
its principles within a portion of their shear failure envelope. The model incorporates the
concept of linear elasticity, as outlined by Hooke’s Law in our discussion on linear elastic
material Models. Additionally, it introduces perfect plasticity based on the Mohr—Coulomb
failure criterion [31]. The Mohr-Coulomb approach is particularly useful for analyzing
brittle materials, as it helps determine their cohesion and internal friction angle. The
Mohr—Coulomb criterion can be written as follows:

|T|= C+ otan¢

From Mohr’s circle showed in the Figure 4, T = T, cos¢, 0 = oy + Ty sing,
Ty = (61_2#”), and o, = W, where T is the shear stress, o is the normal stress.
Moreover, the two material constants included in the criteria are c and ¢, where c is the
cohesion of the material and ¢ is the angle of internal friction with coefficient of internal
friction 4 = tan¢. In the Mohr diagram, this criterion is represented by a straight line
inclined to the o axis by the angle ¢. By plotting a Mohr circle tangent to the line and

applying trigonometric relations, the alternative in terms of principal stresses is obtained.

(o1 —o111) = (o7 + o711) sing + 2S¢ cos ¢

Tm T

failure envelope

Figure 4. Mohr diagram and failure envelopes.

Mohr’s failure criteria may also be expressed as follows:

T = f(Om)
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3. Results and Discussion

During transitions and pressure fluctuations within the flow channel, resonance
between the plant and the unit can easily occur, increasing the risk of fatigue and resonance-
related damage. The safe and stable operation of the turbine transition process is crucial
for the stability of the entire power grid. Consequently, fluid—solid coupling analyses are
performed under various conditions: maximum head load rejection, maximum head pump
working conditions, and the turbine’s rated working conditions. These analyses compare
and evaluate the impact of turbine vibrations on the plant under both extreme and standard
working conditions to ensure stable unit operation.

This section begins with an analysis of stress changes in the contact wall between the
concrete and the volute across the three working conditions, as well as the effect of unit
operation on the plant in the absence of steel reinforcement. Due to inherent limitations in
concrete material properties, it is necessary to enhance the concrete’s tensile strength by
increasing reinforcement. When analyzing the load rejection condition, the safety of the
concrete is assessed using safety factors under three different reinforcement schemes.

3.1. Stress Distribution of Concrete

The peripheral concrete surrounding the volute has been cut, and the stress distribu-
tion on the inner surface of the concrete across eight surfaces has been extracted. Figure 5
illustrates the vertical section distribution of the concrete in area B. Figure 6 shows the
vertical section stress distribution of concrete in area B under load rejection conditions.
Specifically, Figure 6a presents the stress values along eight ring lines on the contact surface
of the concrete under these conditions, while Figure 6b provides a stress distribution map
for the same ring lines. The color bar ranges from 0 to 1, indicating stress from small to
large, with blue representing the smallest stress and red representing the largest stress.

T# 64

S#

4#
2#

3#

Figure 5. Vertical section of concrete b area.

From Figure 6, it is observed that the maximum stress is primarily concentrated
around the 0.5 span mark. This is evident from both the curve and the cloud diagram,
with the maximum stress reaching approximately 4.6 MPa. Generally, the stress decreases
symmetrically from the 0.5 span towards both ends, with the stress near the seat ring
interface being the lowest. Stress values for lines 5 to 7 are slightly lower than those for
lines 1 to 3, while the stress for line 8 is higher than that for line 7 due to its proximity to
the volute tongue section, which increases the stress on the inner surface of the concrete.
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Figure 6. Stress distribution of vertical section in concrete b area (load rejection condition).
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Figure 7 shows the stress distribution on the vertical section of concrete area B under
the maximum head pumping condition. Figure 8 displays the stress distribution under the
turbine’s rated working condition. The stress variation on the inner surface is consistent
across different working conditions. Along the spiral line of the worm joint, the stress on
the vertical loop is smaller away from the inlet and larger near the inlet and the tongue.
Although the overall trend of the curves remains similar across different working conditions,
the stress decreases with changes in these conditions. Under the most extreme load rejection
condition, the stress on the inner surface is the highest, followed by the maximum head
pumping condition. When the turbine operates under rated conditions, the stress on the
inner surface of the concrete is lower, with a maximum value of approximately 4.1 MPa.
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Figure 7. Stress distribution of vertical section in concrete b area (maximum head pumping condition

under pump condition).
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Figure 8. Stress distribution of vertical section in concrete b area (rated condition of turbine).

To better observe the changes in stress on the inner surface of the concrete, the volute is
analyzed along the symmetrical sections on both sides of the central horizontal plane. The
section distribution is illustrated in Figure 9a, while Figure 9b shows the stress extracted
from the curve of the inner surface of the concrete, extending from the inlet to the end of
the tongue. Upon examining Figure 10, it is observed that under load rejection conditions,
the stress primarily fluctuates around 4 MPa, not exceeding 5 MPa. Near the first span, the
stress reaches its maximum, indicating that due to the influence of the local structure on
the inner surface of the concrete, the stress is highest near the tongue, reaching 8.3 MPa.
Figures 11 and 12 depict the changes in stress across the horizontal section of the inner
surface of the concrete under both the maximum head pumping condition and the rated
condition of the turbine. It is evident that the trends across the three working conditions
are consistent, with the pattern of stress reduction mirroring that of the vertical section.
As the working conditions stabilize, the stress values decrease, with the maximum stress
occurring near the tongue.

(a) (b)

Figure 9. Horizontal section of concrete b area. The section distribution is illustrated in (a), while
(b) shows the stress ex-tracted from the curve of the inner surface of the concrete, extending from the
inlet to the end of the tongue. The volute is analyzed along the symmetrical sections on both sides of
the central hori-zontal plane.
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3.2. Structure without Reinforcement Arrangement

There is no steel bar arrangement outside the volute, and the bearing pressure and
tensile strength are borne by the concrete. The concrete properties in the a and b regions
are consistent, and the concrete and unit structural parameters are as shown in Table 2.
Observe the influence of turbine operation on concrete under load rejection conditions.

Table 2. Structural parameters.

Material Density p/(kg/m3) Strength Limit UTS/MPa
Concrete 2690 32
Spiral case (HD610F) 610

Standard engineering regulations typically require a safety factor of >1.5. Figure 13
illustrates that in the absence of steel reinforcement, the concrete exhibits extensive cracking.
Figure 13b—d provide a comprehensive view of the cracking on the inner surface of the
concrete. Along the spiral line of the horizontal volute, cracking initiates on both the
upper and lower sides of the volute. Notably, the inner surface of the inlet section shows
significant cracking, which increases the risk of circumferential fractures.

O

(a) (b) (c) (d)

Figure 13. Fatigue analysis of concrete zone B without reinforcement under different perspectives.

(a—d) provide a comprehensive view of the cracking on the inner surface of the concrete.

3.3. The Influence of Steel Bar Arrangement Structure on Concrete

Since stress is highest under load rejection conditions, ensuring safe and stable op-
eration during these conditions is crucial for the reliable performance of other operating
conditions. Three steel reinforcement configurations, as detailed in Table 3, were designed
and analyzed to assess concrete cracking under load rejection conditions for different
tensile strengths. By applying the aforementioned calculation formulas, three layers of steel
reinforcement were added around the volute to enhance the concrete’s tensile strength.

Table 3. Parameters of three schemes.

Z, Z, Z3 Fypc Eg
Scheme 1 19 22 30 9.11 30,370
Scheme 2 30 40 50 13.20 32,190
Scheme 3 42 52 62 16.19 34,812

Figure 14 shows the deformation of concrete and the spiral case under the three
schemes, the color bar ranges from 0 to 1, indicating the deformation from small to large,
with blue representing the smallest deformation and red representing the largest deforma-
tion. The results show that with the increase in tensile strength and elastic modulus, the
deformation of both the spiral case and the concrete decreases significantly. The maximum
deformation of concrete and the spiral case occurs at the same location, which is on the
side of the spiral case inlet close to the top cover. Figure 15 shows the stress variation
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of concrete and the spiral case under the three schemes, the color bar ranges from 0 to 1,
indicating stress from small to large, with blue representing the smallest stress and red
representing the largest stress. It can be seen that the stress of the spiral case decreases with
the increase in tensile strength and elastic modulus, while the stress of concrete increases
with the increase in tensile strength and elastic modulus. This is because with the change
in concrete properties, adding steel bars to concrete will significantly improve the bearing
capacity, and the tensile stress of concrete is significantly enhanced. The concrete bears
more load, which leads to an increase in stress.

—a— \inimal deformation of concrete —e— Maximum deformation of concrete
—a&— Minimal deformation of spiral case—s— Maximum deformation of spiral case

0.70 4

o

(=

w
1

0.60

Deformati on(mm)
S

ol : e 1

Schemel Scheme2 Scheme3

Figure 14. The deformation of concrete and volute in three schemes.

—a=— Minimal stress of concrete —#— Maximum stress of concrete
20 —a&— Minimal stress of spiral case—»— Maximum stress of spiral case
60 -
1
50
=
g 40 - 0
2
)
=
»n
30
i Z
S
2 . = - |
O + T T T
Schemel Scheme2 Scheme3

Figure 15. Three schemes of the concrete and volute stress diagram.
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In order to further understand the influence of concrete property changes on concrete
deformation, the deformation changes of a point on the inner surface of concrete in three
directions are analyzed by taking points. Figure 16 is a schematic diagram of the point
analysis, and Table 4 provides the deformation of the point in the three directions under
the three schemes. The analysis results show that the deformation of scheme 1 is larger
in the three directions. When the amount of steel bars is increased to a certain extent, the
deformation of concrete decreases. The deformation in the x direction is the largest, and
that in the z direction is the smallest for the three schemes. Along the X and Y directions, the
deformation of the point decreases with the increase in the number of steel bars; however,
along the Z direction, the deformation of the point increases with the increase in the
number of steel bars. This indicates that the concrete at this point is subjected to reduced
compression, while the increased deformation of concrete in the Z direction leads to an
increase in tensile stress.

Figure 16. Concrete point analysis diagram.

Table 4. The deformation in three directions under three schemes.

Deformation—X Deformation—Y Deformation—Z
(mm) (mm) (mm)
Scheme 1 0.13143 0.030971 0.01294
Scheme 2 0.12509 0.029697 0.013171
Scheme 3 0.1169 0.028042 0.013387

Figure 17a illustrates the arrangement of steel reinforcement in a multi-layer config-
uration, where 19 steel bars are positioned in the inner layer, 22 in the middle layer, and
30 in the outermost layer. This configuration leads to a tensile strength of 9.11 MPa, with
the maximum stress localized at the tongue. Notably, the safety factor surrounding the
volute remains greater than 1 and less than 5, indicating that it predominantly meets the
engineering requirements. However, there is a visible occurrence of localized cracking at
the tongue.

Transitioning to Figure 17b, we observe an alternative arrangement where 30 steel
bars are allocated to the inner layer, 40 to the middle layer, and 50 to the outermost layer.
This configuration yields a heightened tensile strength of 13.20 MPa, coinciding with a
reduction in the size of the cracking area at the tongue.

Further increasing the reinforcement, as depicted in Figure 17c, involves arranging
42 steel bars in the inner layer, 52 in the middle layer, and 62 in the outermost layer. Under
this setup, the tensile strength rises to 16.19 MPa, resulting in only minimal cracking at the
tongue. Based on these calculations, it is advisable to take into account both the operational
safety and economic considerations of the unit. Therefore, under the framework of scheme
2, it is recommended to locally enhance the reinforcement at the tongue. This targeted
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approach aims to mitigate the risk of cracking and to bolster the overall stability of the
plant structure.

o 1 5 10 15

(c)Scheme3

Figure 17. Three schemes of safety factor distribution of the concrete b area.

4. Conclusions

1.

In the vertical direction, the maximum stress of the concrete inner surface decreases
from 0.5 span to both sides. In the horizontal direction, the maximum stress of the
concrete inner surface is concentrated at the volute inlet and the tongue. Along the
spiral line, the stress of the volute section away from the inlet is small. Under the
condition of throwing off the load, the stress fluctuates mainly around 4 MPa along
the spiral line, not exceeding 5 MPa. The stress is the largest near the tongue, reaching
8.3 MPa.

The variation law of inner surface stress under different working conditions is con-
sistent, and the stress depends on the stability of the operating conditions of the
turbine unit.

With the increase in tensile strength and elastic modulus, the point analysis of the
inner surface of concrete shows that the compression of concrete decreases, and the
increase of deformation in the Z direction leads to the increase in tensile stress.

The concrete cracking is easy to occur at the tongue, and the local reinforcement can
be arranged to strengthen the tensile strength of the concrete and increase the stability
of the plant structure.
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