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Abstract: The stress and fatigue of the runner during the operation of the large Kaplan turbine are
one of the key issues in the operation of turbines. Due to the complexity of the working load and
the geometric configuration of the Kaplan turbine runner, the different contact modes between the
internal components of the runner will have an impact on the stress and fatigue results. Therefore,
the unsteady CFD calculation of the full channel is conducted in this article to analyze the hydraulic
characteristics of the turbine blades in the unsteady flow field, such as pressure and torque. The
pressure load is loaded onto the runner using a fluid—structure interaction (FSI) theory, and the stress
characteristics of the blade, blade lever, and runner body are compared under three contact modes.
Based on the dynamic stress spectrum of the blade lever calculated under three contact conditions,
the life of the blade lever is predicted using the rain flow counting method and the Palmgren—-Miner
theory. The results indicate that the rotation of the runner has a significant impact on the hydraulic and
structural characteristics of the Kaplan turbine. The non-uniform and asymmetric stress and torque
conditions gradually cause fatigue in the components of the runner. The average and amplitude of
dynamic stress on the blade, blade lever, and runner body under frictional and frictionless contact are
greater than those of fixed contact. The life of the blade lever calculated under fixed contact is much
greater than that under frictional and frictionless contact; therefore, the contact conditions have a
significant impact on the structural characteristics of the runner.

Keywords: torque; rain flow counting method; blade lever; Kaplan turbine; fluid—structure interaction

1. Introduction

In recent years, the trend toward reducing carbon emissions has become increasingly
strong. As a renewable energy industry, hydropower has developed rapidly in order to
meet this demand. Among them, the Kaplan turbine is widely used in various low-head
rivers due to its characteristics of a large flow rate and low head [1]. The runner of Kaplan
turbines contains many components. When the operating conditions change, the flow rate
can be adjusted by changing the blade angle [2]. Therefore, the internal components of the
impeller are often subjected to more stress and vibration. During the continuous rotation
of the runner, the structure is subjected to periodic loads, resulting in fatigue losses. Due
to changes in climate conditions and electricity consumption, the Kaplan turbine often
operates under non-design conditions such as high flow conditions, causing unit vibration
and significant pressure pulsation [3-5]. At the same time, it causes significant changes in
the stress of the internal components of the impeller and increases the fatigue loss of the
turbine [6-8]. It is inevitable that losses and gaps will occur and even lead to the fracture of
key parts such as blades, blade levers, and piston rods [9].
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Under high flow conditions, the output of the turbine is greater, and the torque
received by the blades is greater [10-12]. The stress and loss transmitted to the internal
components of the runner through the blades will also increase. The axial flow fixed blade
turbines of China’s Hongshi Power Station [13] and the first turbine of the Sulya Dishlin
Hydropower Station [14] have both experienced varying degrees of cracks in their runner
blades since their grid connection. After prolonged operation, the internal components
of the runner may even be damaged or broken. In order to repair this equipment, the
crew had to shut down the equipment and spend a lot of time repairing it, resulting in a
significant loss of manpower and financial resources. Therefore, it is necessary to conduct
dynamic stress, fatigue analysis, and structural life calculations in advance and predict and
prevent potential hazards.

In order to address the fatigue problem of water turbine blades, extensive research
has been conducted, and certain research results have been achieved [15,16]. The most
common approach is to equate the stress and strain of the structure, assuming that the
equivalent uniaxial stress amplitude is the same as the fatigue damage caused by multiaxial
stress [17-19]. Equivalent stress is considered a control parameter for the material damage
process. Then, the random fatigue stress loads borne by the turbine structure are compiled
into a load spectrum that can simulate the real stress situation [20]. This serves as the
load basis for theoretical analysis and fatigue testing. At present, the rain flow counting
method is mainly used to process the stress time history and obtain an array of stress means
and amplitudes.

The fatigue of Kaplan runners is influenced by various factors, such as connection
methods and load characteristics [21], and the relationship between different factors is very
complex. Therefore, there is still a lack of research on the mechanism and specific hazards
of fatigue generation in this multi-body structure [22]. At present, there are two main
forms of research on the dynamic stress of Kaplan turbines: experimental and numerical
simulation. Numerical simulation mainly uses the method of FSI to connect different
components inside the runner in the form of contact elements for calculation. Due to the
important role of the interaction between contact components in the efficient and stable
operation of the runner, different contact relationships will have an impact on the dynamic
stress results and service life of the Kaplan turbine.

In this article, the hydraulic characteristics of the Kaplan turbine in a certain hy-
dropower station under high flow conditions, such as pressure and torque, are studied
and calculated. Then, the dynamic stress characteristics and fatigue life analysis of fixed
contact, frictional contact, and frictionless contact between the components of the runner
are studied. The life of the blade lever under different contact relationships is calculated.

2. Numerical Calculation Methods
2.1. Model

In this article, a computational fluid dynamics (CFD) model is used to calculate the
full flow of a Kaplan turbine, and then a finite element model (FEM) is used to calculate
the structural field of the Kaplan turbine. The entire computational flow field of a Kaplan
turbine includes the spiral case, guide vanes, stay vanes, runner, and draft tube, as shown
in Figure 1. The solid part of the Kaplan turbine consists of blades, a runner body, blade
levers, blade links, bolts, a piston rod, and others, as shown in Figure 2.
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Figure 1. Fluid domain model.
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Figure 2. Internal structure of the runner.

2.2. Calculation of Flow Field

In this article, the transient flow characteristics of the flow field were obtained through
commercial ANSYS 19.1 CFX and then imported into ANSYS APDL 19.1 to obtain the
dynamic response characteristics of the runner structure. In the calculation of flow fields, the
Reynolds-averaged Navier—Stokes (RANS) equation is mainly used [23]. The turbulence
model is the SST k — w model, which has high accuracy in calculating turbulent shear stress
and can effectively predict the size of the separation zone at the separation point under
a reverse pressure gradient [24]. In this fluid calculation, the rated head of the Kaplan
turbine is 25 m, the inlet of the spiral case is set as a full-pressure inlet, and the outlet of
the draft tube is set as a static pressure outlet. The rotational speed of the runner domain
is set to 68.2 r/min, while the other fluid domains are set to static. All walls are set to
no-slip. The time step is set to 1/126 of the rotation period. The parameters are shown in
the Table 1 below.

Table 1. Parameters of Kaplan turbine.

Parameter Value
Rotating speed of the rotor n 68.2 r/min
Number of stay vanes Zs 25
Number of guide vanes Zg 28
Number of blades Zr 6
Diameter of the rotor D 104 m
Head H 25m
Paddle angle (°) 6.078

Angle of guide vane (°) 48.1
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2.3. Finite Element Model

In the FEM simulation, FSI is used to study the blade stress and strength of the Kaplan
turbine. The force results of the three-dimensional CFX fluid calculation are calculated, and
these acceptance results are used as external loads applied to the runner. The time step in
FSI calculation is the same as that in flow field calculation, with a rotation period of 1/126,
and a total of 3 rotation periods are calculated. The solution of the solid domain is based
on linear dynamic equilibrium equations, which can be expressed in discrete form as [25]:

[M]{ii} + [C]{a} + K{u} = {F} 1)

Among them, [M], [C], and [F| are the mass matrix, damping matrix, and stiffness
matrix. {ii},{i},{u} represents acceleration, velocity, and displacement. [F] is a node
load vector determined by the gravity, centrifugal force, and hydraulic pressure on the
FSI boundary.

2.4. Mesh of Flow Field

The fluid domain in this article is mainly divided into tetrahedral elements with good
adaptability. Due to the significant impact of the number of meshes on the accuracy of
calculation results, the efficiency of Kaplan turbines under rated operating conditions is
used to verify the independence of flow field meshes. Comparing the calculation results
of different sets of meshes with experimental values, the verification results of grid inde-
pendence are shown in Figure 3. When the number of mesh nodes is less than 5.54 million,
the efficiency shows a clear upward trend. When the total number of mesh nodes exceeds
5.54 million, the calculated efficiency remains basically unchanged, and the difference
between the calculated efficiency of 92.9% and the experimental efficiency of 93.1% is small.
On the premise of ensuring the cost and accuracy of the calculation, the set of 5.54 million
meshes is selected for this calculation, as shown in Figure 4. The number of meshes for
different fluid domains is shown in Table 2.

93.00

92.25

90.75 /

90.00 r - r T :
0 200 400 600 800 1000
Element(10%)

Efficiency(%)
2
8

Figure 3. Mesh independence test.
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(a) Mesh of flow field (b) Mesh on the surface of the runner

Figure 4. Mesh.
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Table 2. Number of mesh elements for each flow channel (10%).

Flow Channel Set1 Set 2 Set 3 Set 4 Set5
Spiral case 12 23 45 65 131

Stay vane 14 28 52 73 147
Guide vane 23 46 78 83 150
Runner 30 61 140 253 490

Draft tube 21 45 71 80 114

Total 101 203 386 554 1032

2.5. Structural Field Mesh

The solid domain model of the runner is divided into ANSYS Mesh. Hexahedral
mesh is used on the shaft, while tetrahedral mesh is used on structures such as blades, a
piston, and a crosshead. For the verification of mesh independence in the solid domain, the
maximum stress of blades with different mesh numbers is calculated in this paper. When
the number of runner elements is 1.55 million, the maximum stress on the blade is 149 MPa,
which is only 0.5% different from that of the 2.34 million mesh elements. Therefore, the
solid domain is divided into 1.55 million elements. The boundary conditions for the runner
are set according to the actual situation. As is shown in Figure 5. Fixed support is applied
to the upper surface of the shaft and the lower surface of the piston rod, and the interface
between the shaft and the thrust bearing is set as a frictionless interface. The interaction
surface between the blades and the flow is set as the fluid—structure coupling surface. In
this study, the main focus is on analyzing the impact of the unsteady characteristics of the
flow field inside the Kaplan turbine on the key components of the turbine. The influence of
blade deformation on the characteristic parameters and pressure pulsation characteristics
of the internal flow field is limited, so the influence of blade deformation on the internal
flow field is not considered. The unidirectional coupling method is adopted to calculate the
dynamic stress characteristics of key components.

Fixed support

Firctionless support

g

=

Fixed support

"

(a) Support on the shaft (b) Support on the piston rod

Figure 5. Boundary setting of the runner.

When two separated surfaces come into contact and shear each other, it is called contact.
The surfaces in contact cannot penetrate each other but can transmit normal pressure and
tangential friction and usually do not transmit normal tension. The contact between two
faces involves multiple ways of resolving relationships. When the contact area is set to
be bonded, relative sliding or separation between faces or lines is not allowed. When the
contact area is set to frictionless, it represents unilateral contact. If separation occurs, the
normal pressure is zero. When the contact area is set to frictional, the two contact surfaces
can transmit a certain amount of shear stress through the contact area before relative sliding
occurs. The model defines an equivalent shear stress as part of the contact pressure before
sliding occurs. Once the shear stress exceeds this value, relative sliding will occur on both
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sides. Frictionless and frictional contact are nonlinear contacts, while bonded contact is
linear contact. The Kaplan turbine runner is a multi-body structure consisting of multiple
components such as blades, pistons, and operating rods. The complex contact relationships
between each component have a significant impact on the dynamic stress characteristics of
FSI. Therefore, in this article, the dynamic stress response characteristics and fatigue life
analysis of the runner are studied by setting the contact relationship of all components of
the runner as bonded, frictional, and frictionless. The main contact surfaces are shown in
Figure 6. The blue face is the target face, and the red face is the contact face.

(a) Piston rod (b) Blade lever (c) Blade link

Figure 6. Contact relationship of runner components.

3. Flow Field Analysis
3.1. Pressure Characteristics

Pressure monitoring points are arranged on the wall surface of the vaneless area of
the turbine, the pressure surface of the runner blades, and the wall surface of the draft tube.
The positions of GV and DT are fixed, while RU rotates with the rotation of the blades. The
monitoring point positions are shown in Figure 7. Figure 8 shows the the spectrum of RU
and time-history results of pressure pulsation at GV1, RP1, and DT1. It can be seen that the
pressure gradually decreases along the channel, and the pressure fluctuation value of RU is
significantly greater than that of the other two points. Due to the rotation of the RU point
with the runner, the main frequency of RU is 1fn, and its amplitude is 1.27 kPa. Figure 9
shows the pressure distribution on the surface of the runner blades. The leading edge of
the blade pressure surface has a small range of low-pressure areas, while the leading edge
of the blade suction surface has a small range of high-pressure areas.

GV
°

g

DTe

Figure 7. Pressure monitoring points.
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Figure 8. Pressure monitoring point results.
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Figure 9. Pressure on the surface of the runner.

3.2. Torque

Figure 10a shows the time-domain of torque for six blades. It can be seen that the
torque fluctuates periodically, and the maximum and minimum torque values of different
blades are different. The torque difference between different blades at the same time is
significant. Figure 10b shows the frequency domain of torque for six blades, with almost
identical pulsation amplitudes for torque across different blades. The main frequency of
torque for all blades is 1 fn, which is the same as the main frequency of pressure pulsation,
with an amplitude of 0.94 x 10* N-m. The torque of the runner blades around their own
blade lever is ultimately transmitted to other components inside the runner through the
blades. The unevenly distributed and constantly changing torque will ultimately have a

significant impact on the fatigue of the runner components.
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(a) Time domain of torques

(b) Frequency domain of torques

Figure 10. Time and frequency domain of torques.
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4. Displacement
Displacement Distribution

Figure 11 shows the displacement distribution under three contact modes. The maxi-
mum displacement of the three contact modes occurs at the outer edge of the blade, near the
runner outlet. The displacement results of fixed contact are smaller than those of the other
two contact conditions. Under fixed contact conditions, there is almost no displacement
on the hub of the runner body, while the hub surface in frictional and frictionless contact
will experience displacement. The maximum displacement of fixed contact is 0.142 m,
the maximum displacement of frictional contact is 0.238 m, and the maximum displace-
ment of frictionless contact is 0.231 m. It can be seen that the displacement of the runner
body calculated by the three types of contact differs greatly. The time history curve and
frequency domain curve of the maximum displacement point on the blade are shown in
Figure 12. It can be seen that the main frequency amplitude of displacement pulsation of
the blade is similar under the three contact conditions, all of which are around 0.4 mm. The
main vibration frequency of the three types of contact is 1 times the rotational frequency
(1.136 Hz), which is related to the rotation of the runner, indicating that the rotation of the
runner has a significant impact on the displacement of the blades.

(a) Bonded contact

24

221

11 150 6 12 18 24 0 6 12 18 23

(b) Frictional contact (c) Frictionless contact

Figure 11. Displacement distribution of the runner under three contact modes.
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Figure 12. Time and frequency domain analysis of the maximum displacement point of the runner
under three contact modes.

5. Stress
5.1. Stress Analysis of Runner Blades

Figure 13 shows the stress distribution of the blade under three contact conditions.
It can be seen that the maximum stress on the blade under the three contact conditions is



Processes 2024, 12, 1061

9 of 15

located at the root of the blade near the runner outlet side. The stress in frictional contact
and frictionless contact is similar and greater than that in fixed contact. Figure 14 shows
the dynamic stress time-domain and frequency-domain diagrams of the maximum stress
node on the blade under three different conditions. The average stress at the maximum
stress node on the fixed contact blade is 193 MPa, with a main frequency of 1 fn and an
amplitude of 2.55 MPa. The average stress at the maximum stress node on the blade in
frictional contact is 233 MPa, with a main frequency of 1 fn and an amplitude of 1.77 MPa.
The average stress at the maximum stress node on the blade without frictional contact is
230 MPa, with a main frequency of 1 fn and an amplitude of 1.75 MPa. It can be seen that
under different contact conditions, the mean and amplitude of dynamic stress at the nodes
on the blade do not change much, and the main frequency of dynamic stress pulsation is
the same as that of pressure pulsation.

0 50

(a) Bonded contact

240

230

220 |

210 -

Von-Mises stress(MPa)

200 -

100

150 200 O 50 130 180 233 0 50 130 180 234

(b) Frictional contact (c) Frictionless contact

Figure 13. Stress of blade under three contact modes.
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Figure 14. Time and frequency domain of the maximum stress point of the blade under bonded contact.

5.2. Stress Analysis of Blade Levers

Figure 15 shows the distribution of blade lever stress under three contact conditions. It
can be seen that the stress distribution of the blade lever in frictional contact and frictionless
contact is similar, but there is a significant difference compared to that of fixed contact.
The maximum stress on the blade lever under fixed contact is located at the connection
between the blade lever and the inner surface of the runner body. The maximum stress
on frictional and frictionless contact is located at the junction of the blade lever and the
inner surface of the hub. The stress at the connection between the blade lever and the
blade link is significantly higher under friction and frictionless contact. Figure 16 shows
the dynamic stress time and frequency domains of the maximum stress node on the blade
lever in three different modes. The average stress at the maximum stress node under the
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1

Von-Mises stress(MPa)

fixed contact mode is 19.6 MPa, with a pulsating frequency of 1 fn and an amplitude of
0.178 MPa. The average stress at the maximum stress node under the friction contact mode
is 305 MPa, with a pulsation frequency of 1 fn and an amplitude of 4.14 MPa. The average
stress at the maximum stress node under the frictionless contact mode is 299 MPa, with a
pulsating frequency of 1 fn and an amplitude of 4.09 MPa. Therefore, there is a significant
difference in the mean and amplitude of dynamic stress at the nodes on the blade lever
under different contact conditions. The dynamic stress and pulsation values on the blade
lever of frictional contact and frictionless contact are significantly greater than those of the
fixed contact.

(a) Bonded contact
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225 A
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10

15 20 0 5 15 15 300

(b) Frictional contact (c) Frictionless contact

Figure 15. Stress of blade lever under three contact modes.
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Figure 16. Time and frequency domain of the maximum stress point of the blade lever under
frictional contact.

5.3. Stress Analysis of Runner Body

Figure 17 shows the stress distribution of the runner body under three contact con-
ditions. Under all three types of contact, the stress is relatively high at the junction of the
blade and the hub, but the stress distribution on the hub surface of the fixed contact is
significantly different from that of the other two modes. The stress on the outer surface
of the hub increases significantly under friction and frictionless contact modes, and the
stress reaches its maximum value at the junction of the blade lever circumference surface
and the hub of the runner body. The dynamic stress time-domain and frequency-domain
diagrams of the maximum stress node on the runner body under three contacts are shown
in Figure 18. The average stress at the maximum stress node on the runner body under
fixed contact is 42 MPa, with a main frequency of 1 fn and an amplitude of 0.456 MPa. The
average stress at the maximum stress node on the runner body under frictional contact is
248 MPa, with a main frequency of 1 fn and an amplitude of 3.83 MPa. The average stress



Processes 2024, 12, 1061 11 of 15

of the maximum stress node under frictionless contact is 244 MPa, with a main frequency
of 1 fn and an amplitude of 3.8 MPa. The stress and pulsation of the runner body under
frictional contact and frictionless contact are much greater than those under fixed contact.

0 10 21 32 43 0 60 120 180 248 0 60 120 160 244

(a) Bonded contact (b) Frictional contact (c) Frictionless contact

Figure 17. Stress of runner body under three contact modes.
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Figure 18. Time and frequency domain of the maximum stress point of the runner body under
frictional contact.

6. Calculation of the Fatigue Life
6.1. Rainflow Counting Method

The stress of the blade lever varies significantly under different contact conditions,
which definitely has a significant impact on the lifespan of the blade lever. Therefore, in
this article, the lifespan of the blade lever under different contact conditions is calculated
and compared. The average variation range of stress load on the blade lever in water
is large, so the influence of average stress variation should not be ignored in fatigue
reliability design. The rain flow method belongs to the dual-parameter counting method
and is currently the most widely used counting method. By controlling the binary random
variables of stress mean and stress amplitude, the real stress time history is simplified into a
typical load spectrum. This method establishes a certain connection between the statistical
characteristics of the load and the fatigue characteristics of the material. Therefore, the rain
flow counting method is adopted. A computer program is developed in Matlab (R2023a;
MathWorks, Natick, MA, USA) based on the dynamic stress characteristics of the blade
lever and the three-point rain flow counting method. The information on the mean stress
Sm, amplitude Sa, and measured frequency of the joint grouping is obtained by processing
the previous stress time, as shown in Figure 19. It is generally believed that grouping the
mean stress data into 10 levels of amplitude data has sufficient accuracy.
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(a) Bonded contact

299.6

(b) Frictional contact (c) Frictionless contact
Figure 19. Two dimensional fatigue stress observation frequency histogram.

6.2. Life

The fatigue characteristic curve of metal materials under alternating stress can be
determined by fatigue tests. The higher the stress amplitude of the material, the lower the
number of stress cycles N for fatigue failure. The material of the blade lever in this article
is cast steel 35CrMo. The tensile strength ¢}, of 35CrMo is 745 MPa. The yield strength
0s is 561 MP. The fatigue strength oy, is 388 MPa. The fatigue life prediction adopts the
Basquin formula:

0 = 2539(2Ny) e 2

Ny is the number of cycles to failure. The different combinations between average
stress and stress amplitude can result in a constant fatigue life. In this article, the Goodman
equivalent life model commonly used in engineering for high cycle fatigue reliability design
is used to equate various stress levels (Sa, Sm) to symmetric cycles. In this way, the stress
cycle obtained by the rain flow counting method mentioned above is converted into an
equivalent stress spectrum with a mean of 0. The Goodman curve formula is:

S + Sm _ 1 3)
Oy (%)

0, is the fatigue limit of the material under symmetric cycles. Tables 3-5 show the o,
of the maximum stress point of the blade lever calculated under three contact conditions.
In order to simplify the calculation, similar ¢, is divided together. Therefore, under the
bond contact method, o, is divided into three parts: 0.01, 0.03, and 0.195. Under frictional
contact mode, o, is divided into three parts: 6.81, 6.83, and 7.03. Under frictionless contact
mode, 0, is divided into three parts: 6.72, 6.74, and 6.93. Then, the lifespan and damage
degree of the blade lever are calculated based on the material performance curve.

Table 3. ¢; and number of 0, cycles of blade lever under bonded contact mode.

Sm (MPa) Sa (MPa) o, (MPa) Number of o, Cycles n
19.41 0.01 0.01 3
19.45 0.01 0.01 9
19.48 0.03 0.03 2
19.51 0.19 0.195 3
19.79 0.01 0.01 6
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Table 4. 0, and number of 0, cycles of blade lever under frictional contact mode.

Sm (MPa) Sa (MPa) o, (MPa) Number of o, Cycles n
305.72 4.014 6.808 12
305.72 4.028 6.831 3
305.85 4.142 7.027 3
305.99 4.014 6.812 6

Table 5. 0, and number of ¢, cycles of blade lever under frictionless contact mode.

Sm (MPa) Sa (MPa) o, (MPa) Number of 0, Cycles n
299.63 4.014 6.714 12
299.63 4.028 6.738 3
299.73 4.142 6.931 3
299.87 4.014 6.718 6

The Miner criterion can effectively predict the mean life of structures under random
loading. In this article, based on the Miner linear cumulative damage rule, it is believed
that the fatigue damage of materials at various stress levels is independent. The total
damage can be linearly superimposed, and the fatigue damage of each level of load can be
represented by n;/N;. When the stress during the entire working period accumulates to 1,
that is, when D=1, the component fails. The formula for calculating total damage is:

M-

D=Y D=

1 i

(4)

M-
zlz

I
Il
—

Tables 6-8 show the total damage to the blade lever within one cycle under three
contact conditions. According to Miner’s theory, the entire life zone of the blade lever
under fixed contact has 2.01 x 103! cycles. The entire life zone of the blade lever under
frictional contact has 6.49 x 10'8 cycles. The entire life zone of the blade under frictionless
contact has 7.24 x 10'8 cycles. The life of fixed contact is 3.097 x 10 times that of frictional
contact and 2.776 x 10'? times that of frictional contact. There is a significant difference in
the fatigue life prediction results of blade levers under three types of contact using Miner’s
cumulative damage theory. The life results of frictional contact and frictionless contact are
similar, and both are much smaller than the life calculated by fixed contact.

Table 6. Damage degree of stress of blade lever under bonded contact condition.

o, n N D (n/N)
0.01 18 6.05 x 1042 298 x 10742
0.03 2 3.43 x 1038 5.83 x 1037
0.195 3 1.59 x 1032 1.88 x 1032

Table 7. Damage degree of stress of blade lever under frictional contact condition.

o, n N D (n/N)
0.01 18 2.06 x 1020 8.71 x 10=20
0.03 2 1.01 x 1020 2.98 x 10=20
0.195 3 8.06 x 10° 3.72 x 10720

Table 8. Damage degree of stress of blade lever under frictionless contact condition.

a n N D (n/N)
0.01 18 2.31 x 10%° 7.81 x 10=20
0.03 2 1.12 x 1020 2.67 x 10-20

0.195 3 8.89 x 1019 3.33 x 1020
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7. Conclusions

In this article, the unsteady flow field is calculated and analyzed, and then the FSI is
used to load the unsteady hydraulic load onto the runner. The runner operating mechanism
is composed of a multi-body system using fixed contact, frictional contact, and frictionless
contact methods. The dynamic stress of the runner is calculated. Then, the stress time
history is calculated using the rain flow counting method to obtain an array of mean and
amplitude stresses. Finally, the lifespan of the blade lever is calculated based on the lifespan
curve. The following main conclusions have been drawn:

The torque of the six blades around the blade lever is unsteady, non-uniform, and
asynchronous. This state of force and torque causes accelerated damage to the blade lever,
and fatigue cracks gradually accumulate on the blade lever. The main frequency of pressure,
torque, and structural stress pulsation is 1 fn, which is related to the rotation of the runner.
This indicates that the rotation of the runner has a significant impact on the hydraulic and
structural characteristics of the Kaplan turbine.

Under the combination of flow impact, gravity, and centrifugal force, the displacement
of rotating components under the three contact conditions is mainly concentrated at the
trailing edge of the blade. The displacement and fluctuation of the blade under frictional
and frictionless contact are much larger than those under fixed contact.

Under fixed, frictional, and frictionless contact modes, the average stress of the blade
is not significantly different, and the fluctuation amplitude is similar. But as the main force
transmission component of the runner system, the blade lever has the highest average
stress under frictional and frictionless contact conditions. Its maximum stress is between
305 MPa and 299 MPa, located at the junction of the blade lever and the hub. The blade
lever stress under fixed contact mode is 19.6 MPa, which is much lower than that under the
other two cases, located at the groove at the intersection of the blade lever and the inside of
the runner body. Similar to the blade lever, the stress results of the runner body under the
fixed contact condition are much smaller than those of frictional and frictionless contact,
and its maximum stress is located at the junction of the blade and hub. The maximum
stress position of the runner body under friction and frictionless contact is at the junction
of the blade lever circumference surface and the hub of the runner body.

The lifespan of the blade lever under fixed contact conditions is 2.776 x 10'2 times
that under frictional and frictionless contact conditions, so the contact mode between the
runner components has a significant impact on the structural lifespan.
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