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Abstract

Erosion caused by sediment-laden flow significantly affects the efficiency and durability of
Francis turbines. In this study, the Euler–Lagrange multi-phase flow model was employed
to simulate solid-liquid two-phase flow with different sediment particle sizes to analyze
erosion characteristics in turbine components. The results show that the maximum erosion
rate of the runner blades is positively correlated with particle impact velocity, confirming
that impact velocity is the dominant factor influencing local material removal. The total
erosion rate of the runner blades, guide vanes, and draft tube corresponds closely with
vorticity, indicating that vortex-induced flow separation accelerates particle–wall collisions
and intensifies erosion. Both vorticity and erosion exhibit a nonlinear variation with
particle size, reaching a minimum at 0.05 mm. These findings establish clear qualitative and
quantitative relationships between erosion and key flow parameters, providing theoretical
guidance for understanding and mitigating sediment-induced wear in Francis turbines.

Keywords: Francis turbine; vortex structure; solid-liquid two-phase flow; sediment erosion;
vorticity; total erosion rate

1. Introduction
Francis turbines are core energy-conversion units in hydropower stations, requiring

structural integrity to ensure operational stability and economic efficiency [1]. Under
silt-laden river conditions, prolonged operation subjects turbines to solid particle erosion,
where particle size distribution predominantly governs erosion severity [2,3]. Figure 1
illustrates erosion damage patterns on turbine components, revealing that variations in
particle trajectory dynamics, impact frequency, and force magnitude yield heterogeneous
erosion topographies across surfaces. Specifically, larger sediment particles generate local-
ized severe erosion zones on blades and guide vanes due to elevated kinetic energy and
impact forces. Conversely, finer sediment fractions cause widespread mild erosion and fa-
tigue damage through high-frequency impacts. Furthermore, sediment trajectory behavior
modulated by flow-field characteristics intensifies erosion complexity and diversification.

The theory of solid–liquid two-phase flow forms the fundamental basis for investi-
gating sediment transport and the erosion mechanisms of hydraulic machinery. With the
advancement of computational fluid dynamics, it has been extensively applied to the numer-
ical simulation of pumps, turbines, and other hydraulic machines, providing an effective
tool for elucidating the internal flow characteristics of sediment-laden flows. Wei et al. [4]
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utilized Discrete Phase Modelling to examine solid particle erosion characteristics under
variable speed operations, performing comparative analyses against synchronous speed
operations to quantify rotational dynamics induced erosion rate deviations. Zhang et al. [5]
employed CFD to numerically simulate and analyze the three-dimensional, steady, in-
compressible, turbulent solid–liquid two-phase flow in a low-specific-speed centrifugal
pump. Their study was based on the mixture model of solid–liquid two-phase flow in
combination with the RNG k-ε two-equation turbulence model, which fully accounts for
the effects of rotation and curvature, thereby offering valuable insights for subsequent
numerical investigations of solid–liquid two-phase flows. Huang et al. [6] performed
transient simulations of sediment erosion evolution across entire turbine flow passages,
contrasting turbulent characteristics between single-phase and solid–liquid two-phase
flow regimes. This research quantified sediment mass flow rate and particle morphology
effects on erosive damage distribution in guide vanes and runners, analyzing deformation
amplitudes and time-dependent erosion progression. Li et al. [7] conducted a series of
numerical simulations on solid–liquid two-phase flow in intersecting fractures based on
the two-fluid model and particle flow dynamics theory. Xue et al. [8] analyzed sediment
volume fraction and erosion rate correlations, establishing spatial distribution patterns of
sediment-induced erosion within hydro turbine flow passages.

 

Figure 1. Sediment erosion in the turbine components.

The sediment erosion characteristics of Francis turbines, as an important research di-
rection based on solid–liquid two-phase flow dynamics, have attracted extensive attention
and in-depth investigation from scholars worldwide. Poudel et al. [9] predicted sediment
erosion through numerical simulation and optimized turbine design to extend service life.
Acharya et al. [10] examined distinct spatial locations and their corresponding sediment
erosion effects in turbines exhibiting complex secondary flows. Wei et al. [11] considered
the actual sediment gradation and emphasized the erosion mechanism from the perspective
of flow structure. Numerical simulation results revealed a significant correlation between
the erosion distribution and the formation location of inter-blade vortices, which is strongly
influenced by operating conditions. Thapa et al. [12] reported that the primary measures to
mitigate failures caused by sediment erosion include the development of wear-resistant
alloys, the application of surface coatings on components, and the optimization of hy-
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draulic design. In Francis turbines, erosion enlarges the clearance between guide vanes
and panels, thereby inducing cross-clearance flow. This cross-clearance flow, together
with other secondary flows, disrupts the velocity distribution at the runner inlet. Chi-
trakar et al. [13] elucidated the synergistic characteristics of sediment particles and vortex
structures, whose combined effects can lead to greater hydraulic losses, unit vibrations,
fatigue issues, and component failures. Cruzatty et al. [14] conducted a characterization
of sediment particles in the Pastaza River to determine their physical properties, enabling
more accurate predictions of their impact on turbine flow passages. The erosion rate under
various operating conditions was calculated using a coupled liquid-solid two-phase flow
numerical simulation with an erosion model, revealing the wear distribution patterns
across different turbine components.

A critical aspect of sediment-induced erosion in hydraulic turbines is understanding
the coupling mechanism between erosion (a wall-boundary phenomenon) and vortex
formation (a flow-separation phenomenon) [15]. Erosion occurs when sediment particles
collide with turbine surfaces, causing material removal through both impact and friction
forces. Conversely, vortex formation, driven by flow separation, strongly influences the
trajectories and velocities of sediment particles within the turbine. These two phenomena
are intricately linked, with vortex structures altering the local flow field and significantly
impacting particle behavior, including velocity, impact angle, and frequency of collisions
with turbine surfaces. Therefore, accurate prediction of erosion patterns requires precise
resolution of vortex structures, particularly in regions of strong vortex activity. Incorporat-
ing this interplay between vorticity and erosion provides valuable insights into optimizing
turbine design to reduce erosion damage and improve turbine performance, which is the
focus of the current study.

This study, employing a multi-phase numerical approach, investigates the effects of
sediment particle size and vortex dynamics on the erosion of key turbine components. By
analyzing the relationship between vorticity and erosion, this research aims to contribute
to a deeper understanding of sediment erosion mechanisms and offer theoretical support
for turbine design improvements.

2. Numerical Simulation
2.1. Mathematical Model
2.1.1. Governing Equation

The motion of the continuous fluid phase within the Francis turbine was governed
by the three-dimensional, incompressible Navier–Stokes (N-S) equations, which express
the conservation of mass and momentum for Newtonian fluids [16]. These equations can
describe transient velocity and pressure distributions with high fidelity, thereby provid-
ing a robust foundation for analyzing internal hydraulic behavior under sediment-laden
conditions. The governing equations are formulated as follows:

∂(ρu)
∂t

+∇ · (ρuu) = −∇p +∇ ·
[
(µ + µt)

(
∇u +∇uT

)]
+ St, (1)

where u is the velocity vector, p is the pressure, ρ denotes the fluid density, µ is the dynamic
viscosity, and µt represents the turbulent eddy viscosity. The source term St accounts for
the momentum exchange between the fluid and solid phases.

This formulation effectively captures both viscous and inertial effects within the
complex flow passages of hydraulic machinery. Similar formulations have been validated
in recent CFD analyses of sediment-fluid interactions in turbomachinery by Song et al. [17],
confirming the suitability of the N-S framework for erosion prediction in multi-stage
centrifugal pumps operating under solid–liquid two-phase conditions. The Navier–Stokes
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equations were solved using the SIMPLEC algorithm for pressure–velocity coupling, and a
second-order upwind scheme for spatial discretization to ensure stability and accuracy [18].

2.1.2. Turbulence Model

To accurately resolve flow separation and vortex formation near solid boundaries,
the Shear Stress Transport (SST) k-ω turbulence model was employed. This model blends
the advantages of the k-ω formulation near the wall and the k-ε model in the free stream,
ensuring reliable prediction of turbulent kinetic energy and dissipation across different
flow regions [19,20].

The SST k-ω model effectively captures the adverse pressure gradient and boundary
layer behavior typical in the rotating passages of Francis turbines. Its hybrid approach
enables accurate reproduction of both near-wall viscous effects and free-shear flow turbu-
lence. Song et al. [17] also confirmed that the SST k-ω model provides superior numerical
stability and physical realism for simulating erosion-prone turbulent structures in pumps
and turbines.

2.1.3. Particle Track Model

Sediment particles are treated as discrete entities dispersed within the continuous
water phase, and their trajectories are computed in the Lagrange reference frame [21]. This
Lagrange approach, validated by Song et al. [17] and others, provides a high-resolution
description of solid particle behavior in multi-phase flow and has demonstrated strong
agreement with experimental erosion patterns in hydraulic components.

2.1.4. Erosion Model

The prediction of material loss due to particle impacts was conducted using the
Tabakoff erosion model, which is widely applied in sediment-laden turbine analyses [22].
The erosion rate E is determined by the empirical relationship between particle impact
velocity, impact angle, and surface material properties:

E = f (γ)
(

Vp

V1

)2
cos2γ

[
1 −

(
1 −

Vp

V3
sinγ

)2
]
+

(
Vp

V2
sinγ

)4
, (2)

f (γ) =
[

1 + k1k12sin
(

γ
π/2
γ0

)]2
, (3)

k1 =

{
1 γ ≤ 2γ0

0 γ > 2γ0
, (4)

where VP is the particle impact velocity, γ is the impact angle, and V1, V2, and V3 are model
constants calibrated for material response. The function f (γ) represents the angular depen-
dence of erosion intensity. This model accurately describes the complex particle-surface
collision behavior under rotating flow fields and has been verified in hydraulic machinery
studies for its predictive capability. Recent findings by Song et al. [17] highlighted that
incorporating realistic wall–particle collision angles and particle restitution coefficients
significantly enhances erosion prediction accuracy in centrifugal pumps, a principle that
also applies to turbine erosion evaluation.

Adopting this refined erosion framework thus improves the reliability of numerical
assessment for sediment-induced wear in Francis turbines. This study aims to investigate
the erosion effects of sediment particle size on various components of the hydraulic turbine.
In this paper, the average sediment particle diameters selected are 0.02 mm, 0.05 mm, and
0.2 mm, with a sediment density of 2300 kg/m3, a sediment concentration of 10 kg/m3.
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2.2. Numerical Simulation Model Setup
2.2.1. Geometric Model

The simulation model is a Francis turbine consisting of five components: the spiral
casing, runner, stay vanes, guide vanes, and draft tube (Figure 2). The runner has a diameter
of 2.8 m and 13 blades. The main operating and design parameters of the turbine are listed
in Table 1.

 
Figure 2. Simulation model of the Francis turbine.

Table 1. Main operating and design parameters of the Francis Turbine.

Operating and Design
Parameters Value Unit

Runner diameter 2.8 m
Runner blade number 13 -

Rated power 20 MW
Rotational speed 300 rpm

Rated head 95 m

2.2.2. Mesh Generation

The simulation model is meshed using Ansys Mesh 2022 R1 software, with a hybrid
generation of unstructured and structured grids, as shown in Figure 3.

  
(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. Three-dimensional flow passage model grid. (a) Spiral casing; (b) draft tube; (c) stay vane;
(d) guide vane.

Figure 4 shows the mesh independence verification. As can be seen from the figure,
with the increase in mesh number, the maximum erosion rate of the turbine decreases. The
maximum erosion rate refers to a specific part of a component in the hydraulic turbine unit,
as obtained from the numerical simulation. When the mesh number is between 24 million
and 26 million elements, the maximum erosion rate of the turbine remains relatively stable,
with fluctuations within 1%. To balance simulation accuracy and resource efficiency, a mesh
quantity of 24 million elements was ultimately chosen.

 
Figure 4. Maximum erosion rate of turbine with different mesh numbers.

In the boundary layer, it is mainly the viscous force that dominates, while the inertial
force can almost be ignored. We use the y+ value in this area for evaluation:

y+ =
u∗y

v
, (5)

where u* is the friction velocity near the wall, y is the spacing between the first grid node
and the wall, and v is the kinematic viscosity of the fluid. The wall friction velocity is given

by u∗ =
√

tw
ρ , where tw is the wall shear stress.

As shown in Figure 5, the maximum value is 276, which suggests that the mesh of the
boundary layer is acceptable [23].
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Figure 5. y+ value of boundary layer on runner wall.

2.2.3. Establishment of Simulation Mode

The inlet boundary condition was the mass flow rate at the rated flow, and the outlet
boundary condition was the total pressure outlet, with the relative static pressure set to
zero [24]. The fluid was normal-temperature water, and the solid was a particle. The
wall surface adopted a no-slip boundary condition, and the junction interface with the
runner was set as a dynamic-static interface. In contrast, other interfaces were set as static-
static interfaces. The inlet turbulence intensity was set to 5%, and sediment particles with
diameters of 0.02 mm, 0.05 mm, and 0.2 mm were defined at the inlet.

For boundary interaction, walls were treated with the “reflect” condition based on
the Tabakoff model, while particles reaching the outlet boundary were treated as “escape.”
This ensures accurate control of particle–wall collisions and exit flow balance.

3. Results and Discussion
In this study, numerical simulation was employed to investigate the erosion charac-

teristics of various components in a Francis turbine. A comprehensive analysis will be
discussed in the subsequent sections.

3.1. Effect of Sediment Particle Size on Flow Pattern

Figure 6 illustrates the flow pattern distribution within the unit flow passage under
different sediment particle size conditions. The results indicate that the high-velocity
regions are mainly concentrated in the guide vanes and runner zones, with significant
variations in flow velocity observed across different components inside the turbine unit.
Due to its relatively low velocity and simple geometry, the spiral casing section exhibits
favorable flow characteristics and smooth water motion under all particle size conditions. In
contrast, the flow field in the draft tube is less uniform, with varying degrees of recirculation
vortex. This is primarily attributed to the relatively high velocity in the draft tube region,
where the fluid is prone to disturbance and flow separation due to the contraction or change
in the passage geometry. From the perspective of overall flow characteristics, the flow
pattern is most stable when the sediment particle diameter is 0.05 mm. When the diameter
decreases to 0.02 mm, adverse flow phenomena in the draft tube are primarily concentrated
in the cone and bend sections. As the diameter increases to 0.2 mm, flow instabilities shift
to the bifurcation region. This phenomenon suggests that excessively large or small particle
sizes can significantly affect the mainstream flow behavior, among which the overall flow
pattern is optimal under the condition of a 0.05 mm particle diameter.
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(a) 

 

(b) 

 
(c) 

Figure 6. Distribution of three-dimensional flow pattern in the units under different sediment particle
sizes. (a) d = 0.02 mm; (b) d = 0.05 mm; (c) d = 0.2 mm.

3.2. Analysis of the Whole Erosion in the Turbine

According to the preceding analysis, the high-velocity flow regions within the unit
are primarily concentrated in the guide vanes and runner zones, whereas the internal
flow pattern of the draft tube exhibits poor uniformity. Sediment particle size is a critical
parameter influencing the erosion characteristics of hydraulic machinery [25,26].
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Figure 7 presents the erosion distribution characteristics of runner blades under dif-
ferent particle size conditions. The results indicate that as particle size increases, the area
of erosion rate distribution expands, and the spatial distribution undergoes noticeable
changes. Specifically, erosion intensity increases from the leading edge to the trailing edge
of the blade. Among these regions, the lower ring wall and trailing edge experience the
most severe erosion, primarily due to the highest local velocity. It is noteworthy that
increasing particle size causes high-erosion zones to shift toward the trailing edge, mainly
because larger particles, under strong inertial and centrifugal forces, are more likely to
detach from the blade surface.

 
Figure 7. Distribution of sediment erosion rate at the blades of the runner.

Erosion mechanism analysis reveals that impact erosion dominates on the leading
edge, while frictional erosion is more prominent on the blade surface. This distinction
arises from the flow behavior of sediment-laden water within the runner passage: high-
velocity flow carries sediment particles that impact the leading edge and subsequently
produce continuous friction along the blade surface. Accurate identification of these erosion
characteristics provides important theoretical support for determining the types of erosion
in hydraulic turbines.

Figure 8 shows the maximum erosion rate and sediment particle impact velocity at
the blades of the runner under different sediment particle sizes. The results show that
the maximum erosion rate exhibits a nonlinear variation with sediment particle size, first
decreasing and then increasing, reaching its minimum at a particle diameter of 0.05 mm. As
illustrated in Figure 8, the impact velocity is positively correlated with the maximum erosion
rate, indicating that the kinetic energy of particle impacts is the dominant factor controlling
material loss on the blade surface. Specifically, when the particle diameter is 0.02 mm, the
impact velocity ranges between 35 m/s and 40 m/s, and the corresponding maximum erosion
rate is approximately 0.48–0.50 kg/s. For 0.05 mm particles, the impact velocity remains
around 35–40 m/s, but the maximum erosion rate decreases to 0.34–0.37 kg/s, representing
the lowest erosion intensity among the cases. When the particle diameter increases to 0.2 mm,
the impact velocity rises to 40–48 m/s, and the maximum erosion rate correspondingly
increases to 0.50–0.53 kg/s. These results demonstrate a clear positive correlation between
impact velocity and erosion rate, confirming that higher particle impact velocity leads to more
severe material removal. The variation in impact velocity with particle size also explains the
observed non-linear erosion trend within the Francis turbine flow passage.
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(a) 

 
(b) 

 
(c) 

Figure 8. Maximum erosion rate and sediment particle impact velocity at the blades of the runner
under different sediment particle sizes. (a) d = 0.02 mm; (b) d = 0.05 mm; (c) d = 0.2 mm.

Unlike the runner structure, the guide vanes require a necessary clearance between
their upper and lower end surfaces in the design to ensure flexible operation. However,
this structural configuration, functioning as a special micro-channel within the turbine flow
passage, also provides a pathway for the intrusion of sediment-laden water. Clearance
gap erosion is a primary failure mode of the guide vanes in hydraulic turbines [27,28].
Its mechanism is a compound erosion process induced by high-velocity sediment-laden
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flow passing through the vane clearance, involving the synergistic effects of erosive wear
and abrasive wear [29]. Figure 9 presents the typical erosion distribution characteristics of
the guide vanes under different sediment particle size conditions. The erosion areas are
mainly concentrated at the upper and lower clearance gaps of the vanes, as well as at the
inlet and outlet sides. The inlet side exhibits typical impact erosion, resulting from oblique
particle collisions with the surface, while the outlet side is predominantly governed by
frictional erosion. This differentiated erosion pattern is closely associated with the dynamic
characteristics of the flow field.

 

Figure 9. Distribution of sediment erosion rate of the guide vanes.

Figure 10 reveals the differentiated evolution patterns of the maximum erosion rate
among various turbine components. The study shows that the guide vanes and runner
experience the most severe erosion, though their erosion characteristics differ significantly.
The maximum erosion rate of the runner exhibits a non-monotonic trend with changing
sediment particle size, decreasing initially and then increasing, reaching a minimum at
d = 0.05 mm. In contrast, the maximum erosion rate of the guide vanes shows a negative
correlation with particle size, registering 2.604 kg/s at d = 0.05 mm, which is 6.92 times
higher than that of the runner under the same condition. Notably, the ratio of guide vanes’
maximum erosion rates at d = 0.02 mm (2.693 kg/s) and d = 0.2 mm is only 1.08, indicating
a tendency toward stabilization. For the lower ring component, the maximum erosion rate
at d = 0.05 mm is 0.213 kg/s, differing by only 10% from its extremum value, also exhibiting
a stable trend. The evolution of erosion rates for the runner blades and the up crown
displays similar patterns—initially decreasing and then increasing with particle size. These
phenomena underscore the risk that, under long-term operation in highly sediment-laden
conditions, the runner and guide vanes may suffer severe erosion damage due to the lack
of effective protective measures.

Figure 11 illustrates the spatial distribution characteristics of erosion in the draft tube
under different sediment particle size conditions. The results indicate that erosion is pri-
marily concentrated in the straight section of the draft tube, where the high-erosion regions
exhibit a typical spiral distribution pattern. As the sediment particle size increases, the
straight section shows the following notable changes: a significant expansion of the eroded
area, an increase in the width of the spiral erosion bands, and an intensification of the non-
uniformity in erosion distribution. Meanwhile, the erosion extent in the bend section of the
draft tube tends to decrease with increasing particle size. This phenomenon can be attributed
to the fact that larger sediment particles, influenced by both inertial and gravitational forces,
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are more likely to accumulate in the straight section. This leads to a significantly higher
frequency of particle collisions in that region, resulting in more severe erosion damage.

 

Figure 10. Maximum erosion rate of the unit under different sediment particle sizes.

 

(a) 

 

(b) 

 

(c) 

Figure 11. Distribution of sediment erosion rate of the draft tube. (a) d = 0.02 mm; (b) d = 0.05 mm;
(c) d = 0.2 mm.
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3.3. Effect of Vortex on the Sediment Erosion in the Turbine

The previous section analyzed the distribution of erosion rates across different compo-
nents. For the runner, its internal flow field characteristics under high-speed rotation play a
crucial role in sediment erosion. To further elucidate the erosion mechanism of the turbine
flow-passage components, vortex analysis based on the Q-criterion (with a threshold of
0.01 s−2) was conducted. As shown in Figure 12, distinct vortex structures are observed
on the lower ring wall of the runner. In the previous section, a systematic analysis of the
maximum erosion rate of different flow-passage components was conducted. To further
quantitatively investigate the key factors influencing the erosion rate, the present study
extracted and established the correlation between the total erosion rate of each component
and the vorticity, as shown in Figure 13.

 
Figure 12. Vortex flow and erosion at the blades of the runner.

 
Figure 13. Total erosion and vorticity of the runner.

The vorticity was defined as the integral of the vorticity magnitude over regions satis-
fying the Q-criterion threshold. This quantity characterizes the overall rotational intensity
of the flow and directly correlates with vortex-induced wall shear and erosion zones.

The total erosion rate of the runner blades follows a distinct trend with sediment parti-
cle size, correlating closely with vorticity. Specifically, when the particle diameter is 0.02 mm,
the vorticity is approximately 485 s−1, and the total erosion rate reaches 0.00181 kg/s. At
0.05 mm, the vorticity is slightly lower at 483 s−1, resulting in a corresponding erosion rate
of 0.0015 kg/s, which is the minimum observed in this study. As the particle diameter
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increases to 0.2 mm, the vorticity increases slightly to 486 s−1, and the total erosion rate
rises to 0.0020 kg/s, showing a clear positive correlation between vortex intensity and
erosion. This relationship suggests that the strength of vortex structures plays a crucial
role in driving erosion. The increased vorticity results in more pronounced flow separation
and stronger shear forces acting on the blade surfaces, thereby intensifying particle-wall
collisions. In particular, the higher vorticity at 0.2 mm particles leads to more concentrated
sediment accumulation at the lower ring wall, where the relative velocity (highlighted in
red in Figure 12) is significantly higher than in other regions. The vortex structures enhance
the kinetic energy of the particles, particularly in regions where flow separation occurs,
promoting higher velocity impacts on the blades. This phenomenon explains the higher
erosion rates in areas associated with stronger vortex flows. The interaction of sediment
particles with the blades in these high-vortex zones results in substantial frictional erosion,
particularly at the lower ring wall, which is most susceptible to damage due to its high local
relative velocity. The correlation between vorticity and total erosion rate was identified
empirically based on numerical results, indicating that stronger vortex structures promote
higher total erosion.

Rajkarnikar conducted experimental studies on the erosion of Francis turbines under
laboratory conditions. Localized erosion was observed at both the inlet and outlet of the
guide vanes, similar to that seen in the original vanes [30]. As shown in Figure 14, this
phenomenon is primarily attributed to vortex flow and high-velocity regions within the
guide vanes. Figure 15 shows the relationship between the total erosion rate and vorticity
of the guide vanes.

 
(a) 

 
(b) 

Figure 14. Cont.
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(c) 

Figure 14. Vortex flow and erosion in the guide vanes. (a) d = 0.02 mm; (b) d = 0.05 mm; (c) d = 0.2 mm.

 
Figure 15. Total erosion and vorticity of the guide vanes.

The total erosion rate of the guide vanes follows a distinct trend with sediment particle
size, exhibiting a decrease and then an increase as particle size increases. Specifically,
when the particle diameter is 0.02 mm, the vorticity is approximately 287.63 s−1, and
the total erosion rate is 5.2 × 10−4 kg/s. At 0.05 mm, the vorticity decreases slightly to
280.58 s−1, with a corresponding total erosion rate of 4.7 × 10−4 kg/s, which represents the
lowest erosion value for the guide vanes. When the particle size increases to 0.2 mm, the
vorticity increases to 288.61 s−1, and the total erosion rate rises slightly to 5.1 × 10−4 kg/s,
demonstrating that vortex intensity is a key factor influencing erosion progression. This
trend suggests a direct correlation between vorticity and total erosion in the guide vanes.
Increased vorticity leads to enhanced flow separation, which intensifies the interaction
between sediment particles and the vane surfaces. The outlet region of the guide vanes
primarily experiences frictional erosion, as particles with higher inertia accumulate at the
vane outlets, leading to higher impact momentum and more concentrated erosion. This
mechanism is particularly pronounced in the upper clearance area, where vortex formation
changes the particle trajectories, increasing collision frequency and thereby intensifying
the erosion. These findings confirm that the interaction of vortex flows and high-velocity
zones within the guide vanes is a primary driver of erosion damage, with vorticity playing
a crucial role in modulating the severity and spatial distribution of erosion.

Figure 16 reveals the relationship between vortex structures in the draft tube’s straight
section and the corresponding erosion rate. Figure 17 shows the relationship between the
total erosion rate and vorticity of the draft tube.
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Figure 16. Vortex flow and erosion in the draft tube.

Figure 17. Total erosion and vorticity of the draft tube.

The total erosion rate of the draft tube is positively correlated with sediment particle
size. Specifically, at d = 0.02 mm, the vorticity is approximately 263.83 s−1, and the total
erosion rate is 0.0014 kg/s. When the particle size increases to d = 0.05 mm, the vorticity
increases to 281 s−1, and the erosion rate rises slightly to 0.0015 kg/s. At d = 0.2 mm,
the vorticity increases further to 284 s−1, and the total erosion rate sharply increases to
0.0034 kg/s, which is 2.43 times the erosion rate at 0.02 mm. This data demonstrates a clear
positive correlation between vorticity and total erosion rate, where an increase in vorticity
results in a corresponding rise in erosion. The underlying mechanism is that the vortex
field accelerates the rotational motion of sediment particles, which in turn increases their
kinetic energy and frequency of wall impacts, particularly in the straight section of the
draft tube.

Fine particles (d = 0.02 mm and 0.05 mm), dominated mainly by inertial forces, exhibit
weak responses to the vortex structures, and as a result, they tend to detach quickly
from the wall after impact, moving downstream. These particles, due to their lower
inertia, do not accumulate in the straight section but are more influenced by the vortex
structures in the bend section, which results in lower erosion rates. In contrast, coarse
particles (d = 0.2 mm), influenced by both inertia and gravity, tend to accumulate more
in the straight section, leading to higher wall impact frequency and increased erosion
rates. Furthermore, the distribution of vortex structures exhibits a strong dependence on
particle size. Under conditions with fine particles, vortex structures are predominantly
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distributed in the bend section, whereas with coarse particles, vortices are concentrated in
the straight section, where particle accumulation and erosion are most intense. Sediment
particles form characteristic erosion traces along the vortex extension path, validating the
scouring effect of vortex structures on the wall surface. This phenomenon reveals the
intrinsic coupling between the internal flow field structures and sediment erosion within
the draft tube, emphasizing the critical role of vorticity in driving sediment accumulation
and intensifying erosion.

4. Conclusions
In this study, the Euler–Lagrange multi-phase flow model was employed to investigate

the erosion characteristics of flow-passing components in a Francis turbine under different
sediment particle sizes. The main conclusions are as follows:

• Erosion is primarily concentrated in the runner blades, the straight section of the draft
tube, and the inlet and outlet regions of the guide vanes. In these specific areas, erosion
is particularly severe. The erosion in the straight section of the draft tube intensifies
with increasing particle size, where sediment particles, driven by vortex structures,
form spiral erosion traces along the wall surface.

• The maximum erosion rate of the runner blades exhibits a clear positive correlation
with impact velocity. Specifically, when the particle diameter is 0.02 mm, the impact
velocity ranges between 35–40 m/s, resulting in a maximum erosion rate of approx-
imately 0.48–0.50 kg/s. For 0.05 mm particles, the impact velocity remains around
35–40 m/s, but the maximum erosion rate decreases to 0.34–0.37 kg/s, which is the
lowest erosion intensity observed. When the particle diameter increases to 0.2 mm,
the impact velocity increases to 40–48 m/s, and the maximum erosion rate increases to
0.50–0.53 kg/s, confirming that higher impact velocities lead to more severe material
removal from the turbine surfaces.

• The total erosion of the turbine components, particularly the runner blades, guide
vanes, and draft tube, is closely aligned with the evolution of vorticity. The locations
where vortex structures occur correspond closely with the observed erosion zones.
Vortex structures alter the velocity distribution of the flow field and the trajectories of
sediment particles, resulting in frequent impact erosion along the lower ring wall and
trailing edge of the runner, and at the inlet and outlet of the guide vanes. The increased
vorticity accelerates the motion of sediment particles, causing them to accumulate in
areas with high vortex intensity, leading to more severe erosion.
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