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Abstract: Sediment erosion is a negative phenomenon for the water turbine. The purpose of this
paper is to study the effect of the guide vane opening on the particle motion and sediment erosion
in the band chamber using the Euler–Lagrangian approach. The software Ansys CFX and Tabakoff
erosion model are used to simulate the sediment laden flow in the full flow passage of the hydraulic
turbine. The results are in good agreement with the actual erosion character on site. Results show
that the guide vane opening has a positive correlation with the flow in the non-clearance channel.
The increase of the guide vane opening will increase the erosion of the runner blade head, but the
friction wear on the outlet side of the blade surface will decrease. The rotating action of the runner
makes the sediment particles in the band chamber rotate rapidly around the center of the runner and
constantly collide with the band chamber wall. Under the small opening, the smaller the opening,
the easier the leakage of the band clearance occurs. The unsteady flow in the band chamber will
disturb the motion trajectory of particles, change the impact angle of particles, and affect the wear in
the band chamber. Under different openings, the change law of the erosion in the band clearance is
closely related to the change law of clearance leakage.

Keywords: Francis turbine; guide vane opening; sediment erosion; band clearance; cavitation;
particle trajectory

1. Introduction

The improvement of clean energy utilization rate and the energy utilization method
coordinated with the environment are the bottleneck of energy development [1]. In response
to this problem, countries around the world attach great importance to the development
and utilization of green renewable energy. Hydropower resources are important clean
energy [2]. As the most core component in the hydropower plant, the main function of the
water turbine is to convert the flow power into mechanical energy through kinetic energy
conversion. During the operation of the hydropower station, it is found that the water
turbine is extremely susceptible to the influence of the operation mode of the hydropower
station, the maintenance period of the equipment, the sediment content, and hardness in the
water, etc., resulting in serious wear of the water turbine components, especially the water
turbine operating in the sediment laden river [3]. In order to improve the service efficiency
and service life of the water turbine of the hydropower station, equipment maintenance
personnel need to regularly repair the parts of the water turbine that are prone to wear and
tear, so as to ensure the normal, safe, and stable operation of the unit, so as to improve the
social and economic benefits of the power station. Therefore, no matter from the perspective
of safety or economy, cavitation and wear are urgent problems to be solved in hydropower
production [4].

The end clearance of the movable guide vane of the water turbine is seriously worn
and damaged due to the friction of hard particles in the sediment-laden water flow, which
makes the end clearance of the movable guide vane gradually larger and the water leakage
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continuously increases, which directly causes the unit output to decrease, the working
efficiency of the water turbine to decrease, and the water turbine cannot be put into braking
due to the high speed after the movable guide vane is closed during the shutdown process,
and also affects the stability of the unit [5]. After 1970, the simplified model of clearance
leakage vortex flow was put forward, and the numerical study of clearance leakage vortex
flow was paid more and more attention. In order to have a more accurate understanding
of the principle of clearance flow, many experts and scholars have done a lot of research
on clearance flow and achieved certain results [6]. Zhang Y [7] carried out 3D unsteady
flow simulation by using entropy theory as the evaluation standard of energy dissipation
to study the influence of reflux clearance (the clearance between the motor rotor and
the motor housing) on the energy characteristics of the full tube pump. The calculation
results verified by tests show that the backflow clearance will produce additional head
loss. Gao Chenhui [8] studied the influence of the band clearance of Francis turbine on
the performance of the turbine by numerical simulation. The results show that the turbine
efficiency gradually decreases with the increase of the band clearance size. Under the small
flow condition, the average velocity in the clearance increases, and the average velocity
along the flow direction decreases, which proves that the clearance has throttling effect.
Under the condition of large flow rate, when the clearance size of the band increases, the
pressure distribution on the back of the runner, the flow pattern of the draft tube, and the
pressure distribution of the draft tube also improve [9].

Zhang [10] conducted numerical simulation research on two different guide vane
airfoils of a Francis turbine with three clearances of 0 mm, 2 mm, and 4 mm. The results
show that when the water flow leaves the clearance in the form of leakage flow, the vortex
filament can be seen, and the vortex intensity leaving the clearance increases with the
increase of the clearance size. Xianbei H [11] conducted numerical simulation and experi-
mental research on two types of guide vane airfoils of water turbines, mainly exploring the
clearance flow between the guide vane end face and the top cover, and the occurrence and
development of clearance cavitation. The results of experiment and numerical simulation
show that when the water flows through the narrow clearance, cavitation vortex structure
and clearance cavitation as a steam film are observed. Guo [12] carried out unsteady numer-
ical calculation on the end clearance of movable guide vane of water turbine in sediment
laden flow by using numerical simulation method and obtained the average wear rate
distribution of main wear surfaces in different wear stages. Zeise B et al. [13] measured the
speed and pressure of the guide vane clearance of 2 mm water turbine and observed and
measured the leakage flow. The results show that the clearance flow exists in the form of jet
and forms vortex filaments with the main flow, which leads to the uneven flow conditions
at the inlet of the runner blade. Tian Shrestha et al. [14] conducted three-dimensional
numerical simulation on the flow characteristics of the end clearance of the movable guide
vane of the Francis turbine under small flow conditions. The results show that with the
increase of the end clearance of the movable guide vane, the flow velocity at the clearance
also increases, and the pressure distribution in the single channel becomes uniform [15,16].

Considering the harm of clearance wear to the safe operation of the water turbine
unit and the lack of relevant research on the clearance wear of the band at present, this
paper adopted the numerical simulation to study the clearance wear of the band under
different guide vane openings and explores the particle movement law and clearance wear
in the band under different guide vane openings. The research results have important
engineering value and academic significance.
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2. Study Methods
2.1. Mathematical Model
2.1.1. Governing Equations

In this paper, the Eulerian–Lagrangian method is used to simulate the discrete phase
particles in the sediment-laden stream of the water turbine [17,18]. The flow control
equation of continuous phase is solved by N-S equation.

∂(ρu)
∂t

+∇·(ρuu) = −∇p + ρv∆u− ρ∇·τ + St (1)

where u is the flow velocity, t is the time, ρ is the fluid density, p is the flow pressure, ν
is the kinematic viscosity of the fluid and St is the source term. τ is the Reynolds stress
defined as:

τ = τd +
2k
3

δ (2)

where τd is the deviatoric Reynolds stress, k is the turbulent kinetic energy, and δ is the
Kronecker delta. Based on viscosity (νt) assumption, Equation (2) can be written as:

τ = −2vtS +
2k
3

δ (3)

where, S is the train-rate tensor,

S =
1
2

(
∇u +∇Tu

)
(4)

2.1.2. Lagrangian Tracking of Particle Motions

In this paper, the solid particles adopt the two-phase particle track model under the
Lagrangian system. In the Lagrangian framework, the main force on the particles comes
from the velocity difference between the particles and the fluid, which contain gravity,
resistance, virtual mass force, pressure gradient force, Basset force, Saffman force, Magnus
force, etc. [19,20]. The particle track model is as follows:

mp
dup

dt
= FD + FB + FG + FV + FP + FX (5)

where t is time, mp is particle mass, up is particle velocity, FD is resistance, FB is Basset force,
FG is gravity, FV is virtual mass force, FP is pressure gradient force, and FX is the sum of
other external forces considered.

2.1.3. Erosion Model

In this paper, the Tabakoff and Grant erosion model is adopted to predict the internal
wear of water turbine, which is widely used in the simulation of the erosion in the Francis
Turbine [21–23]. The model is calculated based on the angle and velocity at which particles
collide with the impeller (that is particle trajectories) [24,25]. The formula is as follows:

E = f (γ)
(

Vp

V1

)2
cos2 γ

[
1−

(
1−

Vp

V3
sinγ

)2
]
+ (

Vp

V2
sinγ)

4
(6)

f (γ) = [1 + k1k12 sin
(
γ

π/2
γ0

)
]
2

(7)

Here γ0 is the angle of maximum erosion. k1 to k4, k12, and γ0 are model constants
and depend on the particle/wall material combination.
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2.2. Simulation Geometry Model
2.2.1. Geometric Model Set Up

A three-dimensional calculation model of the whole flow channel including volute,
guide vane, runner, upper crown cavity, band cavity, draft tube, and outlet reservoir is
established. The inlet of volute is the inlet of calculation model, and the outlet of the outlet
reservoir is the outlet of calculation, as shown in the Figure 1. The maximum thickness of
runner blade is 32 mm, the runner diameter is 2.3 m, and the clearance thickness is 1.5 mm.
The rotating speed is 300 r/min.
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Figure 1. Model of numerical simulation.

The computational geometric model is meshed, the clearance adopts structured mesh,
and other parts adopt hybrid mesh, as shown in the Figure 2. The efficiency of the hydraulic
turbine is selected as the criterion for grid independence verification. The software CFX
is used to calculate and predict the operating efficiency of the unit when the guide vane
opening is 20◦ under different grid numbers, as shown in Figure 3. Figure 3 clearly
shows the relationship between turbine efficiency and grid number. When the number
of grids increases from 11.2 million to 12.3 million, the absolute increment of turbine
efficiency at the optimal operating point is less than 0.01%, so 11.2 million grids are used
for numerical calculation.
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2.2.2. Parameter Setting in Calculation Model

(1) Particle parameters

In this paper, the sediment particles define their own sediment attribute parameters
according to the hydrological data of Xinjiang Tagake Hydropower Station. The sediment
particles are spherical particles with a particle size of 0.02 mm and a particle density of
2300 kg/m3.

(2) Boundary condition

The inlet boundary was set the total pressure corresponding to the water head of the
upstream, the outlet boundary was adopted the static pressure condition related to the
water level of downstream. The wall of the unit was adopted the no-slip boundary. The
interface between the runner and stationary parts adopts the dynamic static interface.

(3) Calculation parameters

In the calculation scheme, the particle concentration is 15 kg/m3, the guide vane open-
ings are designed as 10◦, 20◦, 25◦, 30◦. The solution adopts the high-precision differential
format and square root RMS residual. Difference format, the solution precision is set to
10−5. The turbulence model adopts the SST k-ω model.

3. Results
3.1. Reliability Verification of Calculation Model

Erosion in the turbine is the damage caused by wear for a long time. Numerical
simulation wear prediction is an ideal method in which there are some basic assumptions,
therefore there are inevitable errors between the prediction results and the actual erosion
results on site. On the whole, the clearance wear is consistent with the wear character-
istics of water turbine on the project site (see Figure 4), and external characteristics of
hydraulic turbine obtained by simulation is consistent with that of unit operation on site
(see Figure 5). The calculation results of external characteristics and wear show that the
numerical simulation method is reliable.
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Figure 4. Erosion at the inlet of the stay guide vane. (a) CFD result; (b) Wear physical picture.
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3.2. Flow Analysis under Different Guide Vane Opening

Figure 6 is a three-dimensional flow pattern in the flow channel of the turbine unit
with different guide vane openings. The maximum flow velocity in the flow channel under
different opening degrees of 10◦, 20◦, 25◦, and 30◦ is 28.5 m/s, 34.8 m/s, 37.3 m/s, and
39.1 m/s, respectively, which indicates that the larger the opening of the guide vane, the
greater the flow velocity in the unit. When the guide vane opening is 20◦ and 25◦, the
overall flow in the flow channel of the unit is most smooth, which indicates that the flow is
most stable under the optimal working condition. When the guide vane opening is 30◦,
there is large-scale turbulence in the draft tube, and the unstable flow in the draft tube will
spread upstream, affecting the flow pattern in the runner and the guide vane.
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Figure 6. Overall flow pattern in the channel under different guide vane opening. (a) 10◦, (b) 20◦,
(c) 25◦, (d) 30◦.
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Further analyze the flow pattern evolution law under different guide vane openings
and select the velocity vector on the longitudinal section passing through the center of the
unit for analysis. Figure 7 shows the velocity distribution of the longitudinal section in the
channel under different guide vane openings. In the guide vane and runner part, there are
great differences under different opening degrees. The center of the elbow tube section at
10◦ is free of flow, which is due to the existence of the draft tube vortex in the draft tube
when the opening is small, which makes the draft tube free of flow. At 25◦, the flow pattern
at the elbow in the draft tube has been greatly improved, and there is no tail water vortex,
which further verifies the flow stability in the unit under this working condition. The flow
patterns at different positions in the axial direction of the 30◦ guide vane runner is very
different. This further verifies that the unsteady flow in the draft tube will propagate to the
unit and change the flow structure in the unit.
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3.3. Analysis of Runner Wear under Different Guide Vane Opening

The runner is the core component of the hydraulic turbine. The wear on the runner
blades under different guide vane openings is analyzed. Figure 8 shows the runner wear
distribution under different guide vane openings. The wear position in the runner is
mainly concentrated on the blade inlet head and the blade outlet working surface. In wear
tribology, the wear is divided into impact wear and friction wear. The impact wear is
point-like, and the friction wear is strip-like. The wear patterns at different positions show
that the blade head is impact wear, the blade outlet surface is mainly friction wear, and the
friction wear occurs on the blade surface along the movement trajectory of particles. On
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the whole, with the increase of the guide vane opening, the wear of the runner blade heads
increases, while the friction and wear on the outlet side of the blade surface decreases with
the increase of the guide vane opening.
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3.4. Particle Flow in the Lower Annulus under Different Guide Vane Opening

Further analyze the particle movement characteristics in the band cavity and visualize
the particle movement in the axial direction and the circumferential direction in the band
cavity. Figure 9 shows the particle movement trajectory in the band under different
guide vane openings, and Figure 10 shows the particle movement trajectory and velocity
distribution in the band under different guide vane openings. The leakage amount in the
band clearance under different guide vane openings is counted, as shown in Figure 11.
Under the rotation of the runner, the sediment particles in the annular cavity rotate around
the center of the runner in the lower annular cavity with the water flow, and constantly
generate friction and collision with the lower annular wall. The upper part of the band
cavity is a high-speed area, and the particle velocity in the lower part of the band is small,
which indicates that the upper part of the band is more vulnerable to sediment abrasion.
There are differences in the motion trajectories of particles in the band cavity under different
guide vane opening. When the guide vane opening is 10◦ and 20◦, the particles in the
bottom of the band cavity have unstable motion in the circumferential direction. When the
guide vane opening is 25◦ and 30◦, the particles in the band cavity tend to move stably in
the circumferential direction, as shown in Figure 9. When the guide vane opening is 10◦

in the axial direction of the band cavity, the flow state is most smooth. When the guide
vane opening is 30◦, there is vortex backflow in the axial direction of the band cavity. The
existence of backflow hinders the longitudinal flow of water in the band cavity. The band
wall surface of the upper clearance of the band is a high-speed area, as shown in Figure 10.
The movement law of particles in the band cavity under different opening degrees indicates
that the smaller the guide vane opening is, the easier the leakage of the band cavity is, and
the larger the guide vane opening is, the smaller the leakage of the band cavity is. The
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unsteady flow in the band disturbs the motion trajectory of particles changes the impact
angle of particles and affects the wear in the band.
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3.5. Erosion in the Band Clearance

After fully understanding the movement law of particles in the band cavity, the wear
of the inner wall of the band cavity is visually analyzed. Figure 12 shows the wear rate
distribution in the band cavity under different guide vane openings. The wear position
in the band is mainly concentrated at the clearance position. The wear degree in the band
clearance is obviously more serious than that in other positions. There are also different
degrees of wear in the non-clearance position of the band cavity, which indicates that the
clearance wear will cause serious damage to the safe operation of the unit and increase
the leakage amount of the clearance. When the guide vane opening is 10◦, the wear at
different positions of the band is the most serious, especially the clearance wear. The wear
in the clearance will decrease when the guide vane opening is increased. The change law
of wear in the band clearance under different openings is consistent with the change law of
clearance leakage and speed in the clearance.
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Figure 12. Erosion distribution of band under different guide vane opening. (a) 10◦, (b) 20◦, (c) 25◦,
(d) 30◦.



J. Mar. Sci. Eng. 2022, 10, 1396 11 of 12

4. Conclusions

1. In this paper, the Lagrangian particle tracking model is used to simulate and predict
the sediment laden flow of the unit under different guide vane openings, and the particle
movement law and the clearance wear of the band under different guide vane openings
are analyzed. The predicted results are consistent with the field wear characteristics.

2. The influence of guide vane opening on particle movement in non-clearance main
flow channel and clearance flow channel was investigated. The flow pattern in the guide
vane and runner varies greatly under different opening degrees. The larger the opening
of the guide vane, the larger the flow velocity in the main channel and the more stable
the flow. Under the rotation of the runner, the sediment particles in the annular cavity
rotate around the center of the runner in the lower annular cavity with the water flow and
constantly generate friction and collision with the lower annular wall. The smaller the
guide vane opening is, the easier the leakage of the band clearance is. The larger the guide
vane opening is, the smaller the leakage of the band clearance is. The unsteady flow in the
band disturbs the motion trajectory of particles changes the impact angle of particles and
affects the wear in the band.

3. The blade head is subject to impact wear, and the blade outlet surface is mainly
subject to friction wear, and friction wear occurs on the blade surface along the movement
trajectory of particles. On the whole, with the increase of the guide vane opening, the wear
of the runner blade heads increases, while the friction and wear on the outlet side of the
blade surface decreases with the increase of the guide vane opening. When the guide vane
opening is 10◦, the wear at different positions of the band is the most serious, especially
the clearance wear. The wear in the clearance will decrease when the guide vane opening
is increased. The change law of wear in the band clearance under different opening is
consistent with the change law of clearance leakage and speed in the clearance.
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