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Abstract: Based on the solid-liquid two-phase flow model and the Realizable k-¢ Turbulence model,
numerical simulations of the sediment-water flow in the flow components of the turbine were
conducted. The distribution of sediment-induced wear within the turbine was obtained by analyzing
the sediment volume fraction (SVF) and the erosion rate. The results revealed that sediment-induced
wear on the stay and guide vanes was primarily distributed along the water inlet edge of the stay
and guide vanes. For the runner blades, wear was predominantly localized along the water inlet
edge and near the lower ring. The sediment-induced wear patterns on these flow components were
found to be consistent with the sediment volume fractions (SVFs) on their surfaces.

Keywords: Francis turbine; solid-liquid two-phase; sediment-induced wear; numerical simulation

1. Introduction

Hydpraulic turbines, as crucial components of hydropower systems, play a pivotal role
in the global energy infrastructure. However, the increasing utilization of water resources
has intensified sediment formation in rivers, posing severe threats to the secure and stable
operations of these turbines. Sediment-induced wear, a major concern in hydraulic turbine
operation, not only deteriorates the performance and efficiency of the equipment but also
introduces serious stability risks. Consequently, thorough investigations on the sediment-
induced wear of hydraulic turbines and explorations of effective protective measures for
improving operational efficiency are essential. These efforts are critical for extending
equipment lifespan and ensuring the safe operation of hydropower stations. E. Flores [1]
et al. researched how a large Francis turbine can be engineered utilizing specific design
methodologies, encompassing both global and local optimization techniques.

Currently, research on Francis turbines primarily relies on two methodologies: ex-
perimental investigations and numerical simulations. Pang [2] et al. employed the k-¢
multiphase flow turbulence model to compute the sediment-water flow characteristics of
a high-head Francis turbine, featuring both long and short blades, in the Minjiang River.
Xiao-bing [3] developed a k-¢ two-way turbulence model and volume fraction turbulence
model of turbulent solid-liquid two-phase flows to numerically simulate flows and solid
wall wear in the flow passages of water turbine machinery. Similarly, Pan [4] et al. utilized
the Euler—Euler computational fluid dynamics (CFD) approach to simulate the steady
liquid-solid two-phase flow in various pump and turbine operating modes. Furthermore,
Jianfeng [5] et al. utilized a polyhedral mesh technique and the standard k-¢ turbulence
model to numerically simulate the two-phase turbulence field created by three-dimensional
(3D) steady sediment-induced wear across the entire flow channel of a mixed flow turbine.
They also analyzed the characteristic variation law of sediment-induced wear in the turbine
flow channel. Jie [6] introduced a sediment phase based on clear water calculations and
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examined the influence of varying particle sizes and sediment concentrations on internal
sediment-induced wear in hydraulic turbines. Lei [7] et al. developed a 3D water model of
the complete flow channel of a Wanjiazhai prototype turbine, employing the discrete phase
model (DPM) and the standard turbulence model to numerically simulate solid-liquid
two-phase flows under four small-opening conditions. Using particle and heterogeneous
models, Jie [8] et al. examined the effect of sediment particles on the performance of an axial
flow pump and the wear characteristics of blades. Liu [9] et al. performed numerical simu-
lations of the sediment-water flow within the injector of a large Pelton turbine, leveraging
the solid-liquid two-phase flow model, the SST k-¢ turbulence model, and the Lagrangian
equation model for particle motion. Quan-you [10] et al. numerically simulated the internal
flow field created by a two-phase flow containing sand across the full flow channel of a
mixed-flow turbine under different opening conditions. They also analyzed the two-phase
flow mechanism and sediment-induced wear characteristics of conventional runners, as
well as those with long and short blades. In another study, Wang [11,12] et al. used the
k-epsilon turbulence model, ZGB cavitation model, and sediment erosion prediction model
to simulate the solid-liquid two-phase flow and cavitation of guide vane. Yanhao [13]
et al. utilized the Mansouri wear model in conjunction with the Euler-Lagrange method
to simulate the three-phase flow of sediment particles on the surface of the runner bucket.
This analysis focused on examining the particle flow characteristics and wear distribution
on the bucket surface under conditions of high sediment concentrations, which is typical
during flood events. Jia [14] et al. alidated the efficacy of the Discrete Particle Model (DPM)
in simulating the wear behavior of stay vanes and pinpointed the crucial areas susceptible
to surface wear. Bing [15] et al. utilized the solid-liquid two-phase turbulence model along-
side a sample algorithm to numerically simulate sand flow throughout the entire turbine
channel. Wang [16] et al. employed particle model software and the non-uniform model
within CFX to simulate a hydraulic turbine, with the objective of gaining insights into the
wear and external characteristics of overflow components under solid-liquid two-phase
flow conditions. Koirala [17] et al. investigated the impact of sediment erosion on the
diversion blades at the Kaligandaki-A (KG-A) Hydropower Station, which is the largest
operational hydropower facility in Nepal. Employing the volume of fluid multiphase
flow model, Huang [18] et al. simulated the dynamics of three-phase (liquid—gas-solid)
flows within the critical overflow component of an impactor turbine and made predictions
regarding sediment-induced wear within the turbine. Utilizing the solid-liquid two-phase
flow equation in conjunction with a turbulence model, Jun [19] et al. performed full-channel
numerical simulations of water and sediment flows within a turbine and predicted the
wear characteristics of its runner blades. Pang [20] et al. designed a flow-around wear test
device tailored for the steering components of a reaction turbine, utilizing the principles of
flow similarity and modifications in the velocity triangle. Lei [21] et al. employed the Euler—
Euler two-phase flow model along with the renormalization group k-¢ turbulence model to
numerically simulate solid-liquid two-phase flows across various operational scenarios
of a hydraulic turbine. This analysis evaluated the pressure, flow velocity, and sediment
concentration within the guide vane area under the specified operating conditions. Han [22]
et al. employed the solid-liquid two-phase standard k-¢ turbulence model to numerically
simulate the sand-water flow characteristics across the entire flow channel of a turbine,
examining the wear condition of turbine guide vanes at the Xinjiang Xiate Power Station.
Wang [23] et al. used the Lagrange method to examine the erosion characteristics of Francis
turbines under varying water heads and accurately predicted sediment erosion during
turbine operation by using the Tabakoff particle abrasion model. Rajan [24] et al. based on
computational fluid dynamics (CFD) simulations and theoretical analyses, present the flow
results for a draft tube of a model Francis turbine with constant head and constant specific
velocity. Yang [25] et al. investigated the performance of a prototype high-head Francis
turbine for heavy sediment power plants and analyzed the hydraulic performance, scour
resistance characteristics, and cavitation performance by reducing the rotational speed
and using a diverter runner. Xu [26] et al. employed Large-eddy Simulation (LES) as a
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turbulence modeling method to simulate three-dimensional (3D) non-stationary turbulence
across the entire flow path of a Francis turbine. This enabled them to obtain flow conditions
in various parts of the turbine under varying operating conditions. Their study identified
the factors impacting turbine stability and delved into the formation mechanisms and
evolution laws associated with these factors.

However, the sediment abrasion characteristics of Francis turbines under different
load conditions have not been fully investigated. To further expand this aspect, this
study numerically simulates the Francis turbine under varying working conditions and
determines the SVFs on the turbine’s flow components. The aim of this study is to analyze
the sediment-induced wear of different turbine components, providing a reference for
future research on the effects of sediments on the Francis turbine.

2. Mathematical Model
2.1. Basic Control Equations for Fluid Motion

Continuity equation:

Equation of motion (N-S equation):

0 P) 0T;j
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where t is time, V is the fluid velocity, p is the fluid density, P is the pressure, y is the hy-

drodynamic viscosity coefficient, g is the gravitational acceleration, and x is the coordinate.
The subscripts 7, j, and k are the tensor coordinates [27].

2.2. Turbulence Model

The Realizable k-¢ Turbulence model is well suited for simulating complex shear
flows that involve rapid deformation, slight rotation, vortices, and local transitional flows.
Therefore, this article chooses the Realizable k-¢ model [28].

Turbulence kinetic energy k equation:

A(pk) , ApkV) _ 3 [(H ) 2%
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Turbulent kinetic energy dissipation rate ¢ equation:
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where Cy = max[043, ;75,7 = S5, Gy = 19,0 = 10,0 = 12,5 =  /25;5,7, 5,7 = } (34 + %V;)
p is the gas—fluid density, V is the fluid velocity, and y, y; are the viscosity coefficients of
laminar flow and turbulent flow, respectively. G is the turbulent kinetic energy due to
the mean velocity gradient, G;, is the turbulent kinetic energy due to buoyancy, Yy is the
contribution to the dissipation rate due to diffusion of the transitions, and Sf, Sp, Sk, Se
are the source terms of the definition. k is the turbulence kinetic energy, ¢ is the turbulent
kinetic energy dissipation rate, S;; is the time-averaged strain rate tensor, 7 is the efficiency,
and ¢ is the cavitation coefficient [29].

d ] d e
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2.3. Wear Model

When the sediment impacts the turbine overflow components, it causes the turbine
overflow components to be subjected to cutting-type erosion. In this erosion process, the
contact between the sediment particles and the surface of the turbine overflow component
is strongly influenced by the characteristics of the sediment particles themselves and the
nature of the solid surface. The erosion rate is a combination of factors closely related to
the type of wall material, the composition of the deposit, the velocity of the deposit, and
the impact velocity at the time of impact.

This article uses the generic wear model. Compared to specific wear models such as
Finnie, McLaury, Oka, etc., which are based on specific experimental conditions, this model
can adjust relevant parameters independently to better reflect the actual wear situation [30].
The generic model was employed to predict both the distribution and the severity of erosion
on the turbine, which is defined as follows:

Nyorticles ﬁ’lpC(dp)f(lX)Vb(v)
p=1 Afuce

®)

Rerosion =

where R, is the erosion rate, N, is the total number of particles, m, is the particle mass
flow rate, C(dy) is the particle size function, f(«) is the impact angle function (« is the angle
at which the particles impact the wall), b(v) is the function of the relative velocity of the
particles (v is the relative velocity of the particles to the wall), and Ag,, is the wall area
(m?). The erosion model parameters were set as follows. The normal bounce coefficient
was defined as [31]:

en = 0.993 — 0.0307x + 4.75 x 10~*a? — 2.61 x 10~ 0a3 (6)

The tangential bounce coefficient was defined as

er = 0.998 — 0.029a + 6.43 x 10*a% — 3.56 x 10~ °a3 7)

The impact angle function was defined in a segmented linear way. The particle size
function was set to 1.8 x 10~?, and the velocity index function was set to 2.6.

3. Computational Domain and Meshing
3.1. Computational Domain

The runner of the Francis turbine features a shunt vane design, comprising 15 long
vanes and 15 shunt (short) vanes. Notably, the leading edge profiles of the long and shunt
vanes are similar. The blades can twist up to 180° along the chord from the inlet to the
outlet of the flow channel, with a trailing edge thickness of approximately 3 mm. The
inlet and outlet diameters of the flow channel are 0.630 and 0.349 m, respectively. Figure 1
illustrates the established 3D computational domain model of the Francis turbine, while
Table 1 details the relevant parameters of the turbine model.

Inlet

Spiral casing

Stay vanes

Guide vanes
Qutlet

Runner

Draft Tube

Figure 1. Three-dimensional model diagram of the Francis turbine.
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Table 1. Basic parameters of the Francis turbine.

Parameter Value Parameter Value
Operating head (m) 12.0 Stay vane 14
Runner inlet diameter (m) 0.630 Guide vane 28
Runner outlet diameter (m) 0.349 Runner blade (long + short) 15+ 15
Hydraulic efficiency (%) 924

3.2. Grid Partitioning and Independence Verification

Given the importance of efficiency in hydraulic machinery operations, a hexahedral
unstructured mesh was employed for the entire flow channel. Five sets of grid schemes
were considered, with grid counts ranging from 9.8 x 10° to 8.75 x 10°. Grid independence
was evaluated using unit efficiency as the reference value. Ultimately, the fifth set of grids,
comprising 8.75 x 10° grids, was selected as the optimal configuration, as detailed in
Table 2. The grid diagram of the model is shown in Figure 2.

Table 2. Grid independence verification results.

Grid Scheme Number of Grids (x10%) Simulation Efficiency (%) Actual Efficiency (%)
1 98 92.6 93.0
2 204 92.3 93.0
3 395 92.4 93.0
4 603 92.8 93.0
5 875 95.7 93.0
Flow channel

Stay vanes

Guide vanes

Figure 2. Component grid diagram of the Francis turbine.

3.3. Boundary Conditions

Our calculations considered three operating conditions: low load, design load, and
heavy load. For turbines utilizing incompressible fluids as their medium, boundary con-
ditions include the following: flow (velocity and pressure) inlet boundary, flow (velocity
and pressure) outlet boundary, wall boundary, and periodic boundary. The inlet boundary
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condition is specified as a velocity inlet, while the outlet boundary condition is defined as a
pressure outlet. The specific values of the boundary conditions under the three working
scenarios are listed in Table 3.

Table 3. Boundary conditions across the examined operating scenarios.

Parameter Low-Load Condition Design Load Condition Heavy-Load Condition
Flow rate (m3/s) 0.07 0.20 0.22
Guide vane angle (°) 3.91 9.84 12.44
Runner speed (rpm) 406.2 344.4 380.4
Velocity inlet (m/s) 0.814 2.328 2.534
Pressure outlet (Pa) 99,540 101,560 95,980

For the sediment phase, the median particle size was set to 0.27 mm, while the sediment
concentration was set to 2.5 kg/m?3.

4. Result Analysis
4.1. Wear Analysis of Stay Vane

As shown in Figure 3, under the three load conditions, the sediment distribution
in the region of the volute and the stay vane is uneven, and the sediment accumulation
area gradually increases along the flow direction of the volute. Under the influence of
centrifugal force, the volume fraction of sediment near the outer wall of the volute is larger.
Under the design load condition and heavy-load condition, the sediment is affected by
the flow and centrifugal force and accumulates in the nose area of the volute, resulting
in a larger SVF near the nose. Under the low-load condition, the influence of gravity on
sediment increases due to the small discharge, and the sediment mainly accumulates in the
R4 region. The SVF above 0.00108 is mainly concentrated in the R4 area under small flow
conditions, the R1 and R2 areas under design flow conditions, and the R1 and R2 areas
under large flow conditions.

Sediment volume fraction x104

12.0
10.8
- 9.60
- 8.40
7.20
6.00
- 4.80
- 3.60
2.40
1.20
0.00

Low load condition

' Stay vanes

Design load condition Heavy Load condition

Figure 3. SVF in the spiral casing and stay vane at 50% leaf height.

The tail height of the stay vane serves as the benchmark for the 10% and 50% blade
heights. As illustrated in Figures 4 and 5, the sediment distributions on the surface of the
stay vane are generally similar across the three operating conditions. Specifically, sediment
is predominantly located in the tail area, the bottom area at the front of the stay vane,
and the bottom area at the back of the stay vane. Under the low-load condition, SVFs
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exceeding 0.0072 primarily appear in the bottom regions at the front and back of the stay
vane, with almost no sediment distribution at the top of the stay vane. The sediment
distributions under the design and heavy-load conditions closely resemble each other, with
SVFs exceeding 0.0072 predominantly appearing in the front and rear regions, as well as
the bottom regions at the back of the stay vane. Under low-load conditions, in view of
the slowing down of the flow velocity and the relatively large diameter of the particles
(d = 0.27 mm), the influence of natural forces such as gravity on the sediment particles
becomes more significant, prompting the sediment particles to undergo the spontaneous
settling process, resulting in the area where the SVF is more than 0.0072, which occurs
mainly at the bottom of the back side of the stay vane.

Sediment volume fraction x10-3
8.00

7.20
6.40
5.60
480}
4.00
3.20
2.40
1.60

0.80 Low load condition Design load condition Heavy Load condition
0.00

Head

50% leaf height | 10% leaf height

Figure 4. SVF at the front of the stay vane.

Sediment volume fraction x10-3

600 Head
790 50% leaf height 10% leaf height
6.40
5.60
4.80
4.00
3.20
2.40
1.60
0.80

0.00

Low load condition Design load condition Heavy Load condition

Figure 5. SVF at the back of the stay vane.

Figures 6 and 7 illustrate the SVF curves on the surface of the guide vane at 10%
and 50% blade heights. Under all three working conditions, the SVFs at the front and
back of the stay vane initially decrease, then increase, and subsequently decrease again
from the head to the tail. Notably, the SVF at the front of the guide vane in the tail region
exceeds that at the back. The maximum SVFs observed on the surface of the guide vane are
approximately 0.0111, 0.0224, and 0.0237 under the low-load, design load, and heavy-load
conditions, respectively. The peak values and trends of the SVF curves on the surface of
the stay vane at 10% and 50% blade heights are similar under both the design load and
heavy-load conditions. Conversely, the low-load condition exhibits a different curve owing
to the lower flow rate and the more substantial influence of gravitational forces.
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Figure 6. SVF on the stay vane surface at 10% blade height.
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Figure 7. SVF on the stay vane surface at 50% blade height.

Streamwise(0-1)

Heavy load condition

As illustrated in Figures 8 and 9, the surface sediment-induced wear distribution
on the stay vane is minimal across all three working conditions and is predominantly
concentrated in the head region. Under low-load conditions, the front and back surfaces
of the stay vane exhibit almost no signs of wear. Conversely, under the design load and
heavy-load conditions, sediment-induced wear appears in the head and bottom regions of
the guide vane; however, the extent of this wear remains small in both cases. The degree of
sediment-induced wear on the front and back surfaces of the guide blade increases with
increasing flow rate. Overall, sediment-induced wear on the surfaces of the guide blade
remains minimal across the three working conditions, with most regions exhibiting the
erosion rate ranging from 2.0 x 1078 kg-s7'm~2 to 4.0 x 1078 kg-s"'m~2. Only a few

regions exhibit an erosion rate exceeding 8.0 x 1078 kg-s~'m

Erosion rate x10-8

10.0
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00

0.00
[kg'sm?]

Low load condition

Design load condition

-2

Head

— —

Heavy Load condition

Figure 8. Sediment-induced wear distribution at the front of the stay vane.
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Erosion rate x10-8
10.0

[kg'stm™2]

9.00 '

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0.00 — M

Head

Low load condition Design load condition Heavy Load condition

Figure 9. Sediment-induced wear distribution at the back of the stay vane.

4.2. Wear Analysis of the Guide Vane

As illustrated in Figure 10, under all three working conditions, the sediment distribu-
tion at 50% of the height of the movable guide blade is circular but not entirely symmetrical.
In particular, under the low-load condition, the SVF is relatively small (ranging from 0.0008
to 0.0014) and is primarily concentrated in the R4 region at 50% of the height of the guide
vane. Owing to the low flow rate, the SVFs in the R1, R2, and R3 regions remain minimal.
Conversely, under the design load and heavy-load conditions, the sediment distribution is
similar and considerably higher than that observed under the low-load condition. The area
with SVFs exceeding 0.0018 is evenly distributed in a circular pattern, with notable sedi-
ment accumulation occurring at the interface between the R3 and R4 regions at 50% height
of the guide vane.

Sediment volume fraction =104

20.0
18.0
16.0
14.0
12.0
12.0
8.00
6.00
4.00
2.00
0.00

Guide vanes

Low load condition Design load condition Heavy Load condition

Figure 10. SVF at 50% of the leaf height of the guide vane.

Figures 11 and 12 further demonstrate that under the three working conditions, the
SVEF distribution remains similar at the front and back of the guide vane. Sediment primarily
accumulates in the head region at the front and back of the guide vane, with the distribution
area at the front considerably surpassing that at the back. Under the low-load condition,
areas with SVFs exceeding 0.00009 are primarily concentrated at the front and bottom of the
guide vane, where the sediment distribution is substantially influenced by gravity owing
to the lower flow rate. Under the design load and heavy-load conditions, the sediment
distribution remains roughly similar, with areas having SVFs greater than 0.00009 being
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primarily localized in the head region of the guide vane, near the disk and bottom edge.
On the back of the guide vane, sediment is primarily concentrated in the middle portion
of the guide vane head. Under low-load conditions, due to the slowing down of the flow
velocity and the relatively large particle size (d = 0.27 mm), the influence of gravity and
other natural factors on the sediment particles becomes more significant, prompting the
sediment particles to undergo a natural settling process, resulting in the area where the SVF
is greater than 0.0072, which mainly occurs at the bottom of the back side of the guide vane.

Sediment volume fraction x10-5

50% leaf height

9.00
8.00
7.00
6.00 =
5.00
4.00
3.00
2.00

0.00

10% leaf height Tail Head

1.00 Low load condition Design load condition Heavy Load condition

Figure 11. SVF at the front of the guide vane.

Sediment volume fraction x10->

10.0

9.00 50% leaf height
8.00
7.00
6.00
5.00
4.00
3.00
2.00

0.00

10% leaf height Head Tail

1.00 Low load condition Design load condition Heavy Load condition

Figure 12. SVF at the back of the guide vane.

Figures 13 and 14 illustrate the SVF curves on the surface of the guide vane at 10%
and 50% blade heights. Across all three working conditions, the SVF at the front of the
guide vane exceeds that at the back, while the remainder of the vane experiences relatively
low sediment accumulation. The maximum SVF on the surface of the guide vane is
approximately 0.00933, 0.0214, and 0.0115 under low-load, design load, and heavy-load
conditions, respectively. Under the low-load condition, the SVF on the front of the guide
vane at 10% height initially decreases, increases, decreases again, and, finally, increases
from the head to the tail, reaching its peak in the head region of the guide vane. The peak
values and variation trends of the SVF on the stay vane surface at 10% and 50% blade
heights are identical under the design and heavy-load conditions, with the maximum SVF
again occurring in the head area of the guide vane.
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Figure 13. SVF on the surface of the guide vane at 10% blade height.
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Figure 14. SVF on the surface of the guide vane at 50% blade height.

As illustrated in Figures 15 and 16, sediment-induced wear on the surface of the guide
vane is primarily concentrated in the head region across all three working conditions. The
extent of this sediment-induced wear on the guide vane surface increases with increasing
flow rate. Under the design and heavy-load conditions, the impact of sediment on the head
of the guide vane leads to substantial wear in that area. Regions with sediment-induced

erosion rate exceeding 9.0 x 1078 kg-s~!m~

2

are primarily localized in the head area of

the guide vane, while the remainder of the guide vane exhibits minimal wear. Under the
low-load condition, the wear in the head region of the guide vane is negligible owing to
the lower flow rate, while the erosion rate in the tail region exceeds 9.0 x 108 kg‘s_lm_z,
with almost no wear observed at the back of the guide vane.

Erosion rate x10-8
=

kg tm2]

10.0
9.00
8.00
7.00
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5.00
400
3.00
2.00
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0,00 |
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Design load condition

Tail

Head

Heavy Load condition

Figure 15. Sediment-induced wear distribution at the front of the guide vane.
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Figure 16. Sediment-induced wear distribution at the back of the guide vane.

4.3. Wear Analysis of the Runner Blades
(1) Analysis of the runner’s long blade

Figures 17 and 18 illustrate sediment distribution on the runner’s long blade under the
three working conditions. As depicted, sediment tends to accumulate near the water outlet
and is concentrated in specific regions. Under low-load conditions, the front surface of the
runner’s long blade presents almost no sediment deposition. Areas with SVFs exceeding
0.0018 are primarily concentrated in the middle section of the back side of the long blade
and near the lower ring at the water outlet. Under both the design load and heavy-load
conditions, the sediment distribution on the surface of the runner’s long blade remains
consistent, with almost no sediment deposition on the back surface of the blade. Areas
with SVFs exceeding 0.0018 are predominantly concentrated along the water edge at the
front of the long blade. Under heavy-load conditions, sediment deposition is observed at
the bottom of the back side of the long blade near the lower ring.

Sediment volume fraction x104
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16.0
14.0
12.0
12.0
8.00
6.00
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—_—
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Figure 17. SVF at the front of the runner’s long blade.
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Figure 18. SVF at the back of the runner’s long blade.
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Figures 19 and 20 illustrate the SVF curves on the surface of the active guide blade at
10% and 50% blade heights. Under the low-load condition, almost no sediment deposition
is observed on the front side of the runner’s long blade, while the SVF on the back side
initially increases and subsequently decreases from the water inlet edge to the water outlet
edge. The maximum SVF on the blade surface reaches approximately 0.2785. Under both
the design load and heavy-load conditions, the sediment distribution on the surface of
the runner’s long blade remains similar, with minimal sediment deposition at the back of
the runner’s long blade. The SVF at the front of the blade exhibits a gradual decline from
the water inlet edge to the water outlet edge. At the 10% height, the SVF experiences a
steep decline, while at the 50% blade height, the decline is more gradual. The maximum
SVF on the surface of the blade is approximately 0.0212 and 0.0203 under the design and
heavy-load conditions, respectively.

—=— front side

—=— front side

—=— front side

0.8 0.8 1.6
——back side ——back side ——back side
0.6+ 0.6} 1.2+
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= = =
< 04} < 04} < 08r
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@ 02f ? 02 P 04t
0.0} s 00l 0.0k e
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Low load condition Design load condition Heavy load condition
Figure 19. SVF on the surface of the runner’s long blade at 10% blade height.
—=—frontside ,_ —=—frontside , - —=— front side
28L ——Dback side ——Dback side ——Dback side
20t 2.0
21+
& & 15} o150
2 14 = =
x 14t % &
L; g 1.0} g 1.0}
%) 9 9
0.7+ 05} 05t
0.0+ 0.0+ 0.0+
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0

Streamwise(0-1)

Low load condition

Streamwise(0-1) Streamwise(0-1)

Design load condition Heavy load condition

Figure 20. SVF on the surface of the runner’s long blade at 50% blade height.

As illustrated in Figures 21 and 22, sediment-induced wear on the surface of the
runner’s long blade is minimal across all three working conditions. This wear is primarily
concentrated along the water outlet edge and near the lower ring. Under the low-load
condition, only the front side of the runner’s long blade, near the water inlet, experiences
slight sediment-induced wear, while the back exhibits wear primarily in the area near the
bottom ring. Regions with an erosion rate exceeding 8.0 x 1078 kg-s~'m~2 are primarily
localized at the edge of the lower ring of the runner’s long blade. Under the heavy-load
condition, minimal sediment-induced wear appears at the back of the runner’s long blade,
while the wear distribution at the front is wider and more granular and is primarily
concentrated at the bottom of the blade near the lower ring area. Under the design load
condition, the back of the runner’s long blade exhibits no sediment-induced wear, and only
slight wear is observed at the front, primarily along the water edge of the blade. Under
this condition, the erosion rate on the surface of the long blade ranges from 3.0 x 108
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to0 8.0 x 1078 kg:s~!m~2, lower than those observed under the low-load and heavy-load
conditions, owing to less pronounced influence from sand currents.

Erosion rate x10-8

100 Flow direction
900 ———

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00 Low load condition Design load condition Heavy Load condition

Inlet edge

9

[kg-sm™]

Figure 21. Sediment-induced wear distribution at the front of the runner’s long blade.
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Figure 22. Sediment-induced wear distribution at the back of the runner’s long blade.

(2) Wear analysis of the runner’s short blade

As depicted in Figures 23 and 24, sediment distribution is primarily concentrated
along the water outlet side of the front of the runner’s short blade and near the lower ring
at the bottom of the back of the blade. Under the low-load condition, sediment at the front
of the runner’s short blade is predominantly distributed along the edge of the lower blade
ring, with no sediment deposition apparent in other areas. Regions with SVFs exceeding
0.0018 are primarily concentrated in the middle region of the back side of the short blade
and near the bottom, close to the lower ring. Under the design load condition, areas with
SVFs exceeding 0.0018 are mainly concentrated in the water outlet region at the front of
the blade, while sediment deposition on the back is sparse, with volume fractions ranging
between 0.0004 and 0.0006. Under the heavy-load condition, the sediment distribution
is more concentrated, with areas having SVFs exceeding 0.0018 located primarily on the
water outlet side of the front of the runner’s short blade, near the bottom of the back side,
and on the water inlet side.

Figures 25 and 26 illustrate the SVF curves on the surface of the active guide blade
at 10% and 50% blade heights. Under the low-load condition, sediment deposition at
the front of the runner’s short blade is almost negligible, while the SVF at the back of
the blade initially increases and subsequently decreases from the water inlet edge to the
water outlet edge. The maximum SVF on the blade surface reaches approximately 0.3029.
Under the design load condition, the SVF at the front of the runner’s short blade gradually
decreases from the water outlet edge to the water inlet edge. Meanwhile, on the back
side of the runner’s short blade, at the 50% blade height, the SVF first increases and then
decreases from the water outlet edge to the water inlet edge, with the maximum SVF on the
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blade surface being approximately 0.0183. Under the heavy-load condition, the sediment
distributions at the front and back of the runner’s short blade at the 10% blade height
exhibit no substantial changes. In particular, on the back side of the blade, the SVF exhibits
a slight increase followed by a decrease from the water inlet edge to the water inlet edge.
At 50% blade height, no sediment change is observed on the back, while the SVF at the
front exhibits a gradual decline from the water outlet edge to the water inlet edge. The
maximum SVF on the leaf surface reaches approximately 0.0213.

Sediment volume fraction x10+
20.0

18.0' 509 leaf height 10% leaf height
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14.0
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6.00 Flow direction
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Figure 23. SVF at the front of the runner’s short blade.
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Figure 24. SVF at the back of the runner’s short blade.
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Figure 25. SVF on the surface of the runner’s short blade at 10% blade height.
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Figure 26. SVF on the surface of the runner’s short blade at 50% blade height.

As illustrated in Figures 27 and 28, sediment-induced wear on the surface of the
runner’s short blade is minimal across all three working conditions and is primarily
concentrated along the water edge of the blade and at its bottom near the lower ring. Under
the low-load condition, some sediment-induced wear occurs near the water edge at the
front of the runner’s short blade, while at the back of the blade, sediment-induced wear
is concentrated near the bottom of the blade. Regions with an erosion rate exceeding
9.0 x 1078 kg-s~'m~2 are primarily localized along the lower ring edge of the short blade.
Under the design load condition, slight sediment-induced wear occurs at the front of the
runner’s short blade, while wear on the back is minimal and is primarily distributed along
the edge of the lower ring. The erosion rate ranges from 3.0 x 1078 t0 6.0 x 10 8 kg-s 'm~2.
Under heavy-load conditions, sediment-induced wear at the front of the runner’s short
blade is more widespread and exhibits a granular pattern, primarily near the water edge.
Conversely, the sediment-induced wear at the back of the blade remains minimal and
is primarily distributed near the water inlet and the lower ring of the water outlet. As
illustrated in Figure 28, the degree of erosion on the blade surface is relatively significant
under the low-load condition, and the influence of natural forces such as gravity on the
sediment particles became more significant due to the low flow velocity and relatively large
particle size (d = 0.27 mm), which prompted the sediment particles to undergo natural
settling. The area resulting in the erosion rate exceeding 9.0 x 1078 kg-s~'m~2 is densely
distributed on the surface at the bottom of the runner blade.
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Figure 27. Sediment-induced wear distribution at the front of the runner’s short blade.
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Figure 28. Sediment-induced wear distribution at the back of the runner’s short blade.

5. Applicable Measures

Current research results and the accumulation of actual power station operation

experience have provided some effective wear-resistant measures. These measures can,
to a certain extent, reduce the hazards of hydroelectric power station sediment abrasion,
prolong the working life of hydroelectric power station equipment in the sediment river,
and improve its wear-resistant performance. The relevant measures are mainly applicable
to the following four categories:

@
@)

®G)

(4)

Improve the sediment interception and drainage capacity of hydropower structures
in hydropower stations.

Improve the design of the hydraulic turbine to resist abrasion, including a reasonable
selection of parameters of the hydraulic turbine model, and improvement of the
hydraulic and structural design of the hydraulic turbine.

Improve the manufacturing quality of hydraulic turbine components, including the
processing quality of hydraulic turbine components, the selection of wear-resistant
materials, and the spraying process.

Reasonably arrange the operating conditions of hydraulic turbines and improve the
maintenance measures of hydraulic turbines.

6. Conclusions

The sediment wear of the turbine overflow components was analyzed by comparing

the sediment volume fraction and sediment wear distribution of the turbine overflow
components under different operating conditions. The main conclusions are as follows:

@

@)

®)

Under the three operating conditions, as the flow rate increases, the sediment distribu-
tion gradually expands. It spreads from the area near the lower ring of the stay vane
to its tail region. For the guide vane, the sediment distribution gradually moves from
near the disk to other regions. For the runner blade, sediment moves from the water
edge near the lower ring to the water edge area of the blade. Overall, as discharge
increases, the sediment distribution gradually shifts toward the edge of the blade,
primarily concentrating in the head and tail regions of the guide vane and along the
water edge area of the runner blade.

Under the three working conditions, the surface of the stay vane exhibits almost no
signs of sediment-induced wear, indicating minimal influence of sand-water flow.
Sediment-induced wear on the surface of the guide vane is primarily concentrated
in the head region and increases with increasing flow rate. Across the three working
conditions, sediment-induced wear on the surface of the runner blade is primarily
concentrated in the lower ring area, with the highest wear occurring under the low
flow condition.

The sediment-induced wear patterns on the stay vane, guide vane, and runner blade
correspond to the distribution of SVFs. Under all three working conditions, wear on
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the stay and guide vanes is primarily distributed in the head region of the stay and
guide vanes, while the wear on the runner blade is primarily localized along the water
edge and the bottom near the lower ring.
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