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Abstract To investigate the wear characteristics of bulb-type tubular turbine under sediment-laden cavitation conditions, this study examines the wear
mechanisms of this turbine under the combined effect of particles and cavitation. Numerical simulations of sediment erosion were conducted for the turbine
under different particle concentrations, based on the Euler-Lagrange approach and the Tabakoff wear model, considering both solid-liquid two-phase flows
and solid-liquid-vapor three-phase flows. Comparison of sediment erosion under cavitating and non-cavitating conditions reveals that, under sediment-laden
solid-liquid two-phase flow conditions, an increase in particle concentration increases wear. The wear rates of the draft tube, runner chamber, guide vanes,
and runner increase with particle concentration. In contrast, the wear in Region 1 on the strut initially decreases and then increases as particle concentration
increases. Additionally, the pressure on the bulb and guide vanes, as well as the turbulent kinetic energy in the draft tube, increase with particle concentration.
Under sediment-laden solid-liquid-vapor three-phase flow conditions, wear varies considerably among turbine components. Particle concentration shows a
positive correlation with the wear of the draft tube, runner chamber, and guide vanes. Notably, within the runner chamber, the runner experiences the most
severe wear at a particle concentration of 4.5 %. Cavitation increases the pressure on the guide vanes and bulb wall surfaces, while it suppresses the turbulent

kinetic energy in the draft tube and mitigates wall erosion.
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Highlights

= This study employs numerical simulation to investigate the sediment wear behavior of bulb-type tubular turbines under cavitation conditions.

= The effects of particle concentration on wear, pressure and turbulence were investigated.

= Cavitation suppresses draft-tube wear but intensifies local runner-chamber wear.

= Concentration-dependent erosion mechanisms were identified.

1 INTRODUCTION

The global transition to low-carbon energy is accelerating, and
renewable energy has become an important priority worldwide. As
a stable low-carbon renewable power source, hydropower has been
widely developed. With a compact structure and good adaptability
to low-head and high-flow conditions, bulb-type tubular turbines
have been widely adopted in low-head hydropower plants worldwide
[1] leading to improved operational performance and shorter
equipment service life. Nevertheless, many sediment-laden river
basins across the globe face severe erosion caused by the synergistic
effects of cavitation and sediment particles, which damages turbine
components [2]. Therefore, it is essential to investigate the sediment
wear characteristics of bulb-type tubular turbines under varying
sediment concentrations and cavitation conditions.

Extensive investigations have been conducted on the sediment wear
mechanisms in hydraulic machinery, particle transport characteristics,
and numerical prediction approaches for multiphase-flow erosion.
Regarding sediment erosion patterns, Fan et al. [3] demonstrated
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through numerical simulations the asymmetric wear distribution of
impulse turbine nozzles originates from particle-flow discrepancies.
Xie et al. [4] analyzed the solid-liquid two-phase flow within runners
and draft tubes, confirming that high sediment concentration and
large-diameter particles exacerbate component wear. Kumar and
Sarkar [5] combined numerical simulations with experiments to
identify high-risk wear regions in Francis turbines. Song et al. [6]
further demonstrated that guide-vane opening modulates particle
trajectories inside Francis turbines, consequently altering the spatial
pattern of sediment wear. Wei et al. [7] established correlations
between the wear distribution of Francis runners and blade vortex
structures as well as operating conditions. Regarding coupled
cavitation—sediment erosion, numerous researchers have explored
the interaction mechanisms through numerical simulations and
experimental measurements. Lin et al. [8,9] performed numerical
and experimental studies on sediment-laden cavitation in axial-flow
pumps. They illustrated that sediment concentration modifies
bubble distribution features and uncovered the coupling effect
between cavitation and sediment wear. Han et al. [10] incorporated
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cavitation effects into wear computations for impulse-turbine buckets
and analyzed the influencing role of cavitation on particle motion.
Kevorkijan et al. [11] further numerically predicted particle erosion in
a cavitating Pelton runner using Lagrangian tracking combined with
the Finnie model, revealing a strong dependence of wear distribution
on sediment concentration. Peng et al. [12] verified that microparticles
enhance both cavitation intensity and material-removal capability
of submerged cavitating jets. Experimental results from Chen et
al. [13] indicated that sediment particle size and concentration
markedly influence the cavitation-wear magnitude of sediment-laden
flows. Wang et al. [14] carried out experiments under high-speed
flow conditions to investigate the synergistic mechanism between
cavitation erosion and particle wear. Beyond particle-related
factors, Liu et al. [15] found through CFD that oil temperature and
return pressure appreciably alter cavitation inception and bubble-
collapse oscillations. Meanwhile, several studies have interpreted
bubble-particle interaction dynamics at the microscale. Mitra et
al. [16] visualized the interaction process between bubbles and
particles in flotation devices. Wu et al. [17] investigated the motion
behavior of near-wall spherical particles driven by laser-induced
cavitation bubbles. Dai et al. [18] and Zhang et al. [19] investigated
the respective effects of particle-bubble distance and particle-size
ratio on bubble-collapse characteristics. Liu et al. [20] analyzed how
fluid viscosity governs the development of jets induced by near-wall
bubble collapse. Complementing these microscale studies, Vovk and
Ravnik [21] compared 1D Euler and 3D Navier—Stokes models for
water-hammer cavitation, confirming the capability of 3D volume-
of-fluid methods to resolve bubble growth and collapse.

Previous studies demonstrate that considerable research has been
conducted on sediment-laden solid-liquid wear and sediment-laden
solid—liquid—vapor erosion in hydraulic turbines. However, the wear
mechanisms of bulb-type tubular turbines under complex sediment-
laden cavitation conditions remain unclear. Across a range of particle
concentrations, this paper investigates sediment-induced erosion
in bulb-type tubular turbines under cavitating and non-cavitating
conditions.

2 MATHEMATICAL MODEL

Within the Euler-Lagrange framework, the shear-stress-transport
(SST) k- turbulence model is used in this study to resolve the
liquid-phase continuous flow field. The ZGB cavitation model is
incorporated to describe the phase-change mass transfer between
liquid and vapor phases. Two-way coupling is implemented between
the continuous phase (liquid-vapor mixture) and discrete sand
particles. The Tabakoff-Grant erosion model is employed to calculate
sediment erosion on flow-passage surfaces.

2.1 Continuous-Phase Governing Equations

In the present study, the liquid phase is treated as a continuum and
its governing equations are solved within a Eulerian framework. For
an incompressible, viscous fluid, the continuity equation and the
Reynolds-averaged momentum equation are expressed as follows:
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In Equations (1) and (2) p is the fluid density, u is the fluid velocity
vector, p is the static pressure, u is the dynamic viscosity, and F; is
the momentum-exchange source term exerted by the discrete-phase
particles on the continuous phase (that is, the two-way coupling

term), which is obtained by volume-averaging the reaction forces
corresponding to the various fluid forces acting on the particles in the
particle motion equations.

Under the solid-liquid—vapor three-phase flow (cavitating flow
field) condition, the liquid and vapor phases constitute a homogeneous
mixture; accordingly, the mixture density p,, and mixture viscosity u,,
are used to replace p and y in the above equations.
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In Equations (3) and (4) ¢; and a, denote the volume fractions
of the liquid and vapor phases, respectively; p; and p, denote the
corresponding densities of the liquid and vapor phases; and u; and g,
denote the corresponding dynamic viscosities of the liquid and vapor
phases. The transport of the vapor volume fraction is solved using the
ZGB cavitation model.

2.2 Eulerian-Lagrangian Particle Tracking Model

In the present study, a Eulerian—Lagrangian approach is employed to
numerically simulate the solid-liquid two-phase flow in a hydraulic
turbine. The liquid phase is treated as a continuum, and the Navier—
Stokes equations are solved within a Eulerian framework; sediment
particles are treated as the discrete phase and tracked in a Lagrangian
frame, with the trajectory, velocity, and position of each particle
obtained by integrating the particle equations of motion.

The discrete-phase particles are subjected to various fluid forces
in the flow field, and their motion is governed by Newton’s second
law. The equations for particle position and momentum are given as
follows:
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In Equations (5) to (7) x, is the particle position; ¢ is time; u, is
the particle velocity; m,, is the particle mass; £, is the drag force;
Fyy,1s the virtual-mass force; Fp is the pressure-gradient force; F e,
represents other particle-interaction forces; Cp, is the drag coefficient;
p; s the liquid density; 4, is the particle projected area; u,is the local
continuous-phase velocity.

In the internal flow of a hydraulic turbine, the drag force acting
on the particles is much greater than gravity and other body forces;
accordingly, gravity and secondary forces such as the Basset force
and Saffman lift force are neglected in the present study. The virtual
mass force and pressure gradient force are expressed as follows:
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In Equations (8) and (9) m, is the mass of fluid displaced by the
particle.

2.3 Turbulence Model

The SST k—w turbulence model consists of the transport equations
for turbulent kinetic energy k and specific dissipation rate w. A
blending function F is used to provide a smooth transition between
the near-wall k~» model and the far-field &~ model.

Transport equation for turbulent kinetic energy k:
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Transport equation for specific dissipation rate w:
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In Equations (10) and (11) p denotes density; U denotes the
velocity vector; u denotes molecular viscosity; P; denotes the
production term of turbulent kinetic energy; u, denotes turbulent
viscosity, which is defined as follows:
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In Equation (12), Q=,/2Q,Q, represents the magnitude of
vorticity, and €; denotes the rotation tensor.
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In Equations (13) and (14), y is the distance to the nearest wall, and
v=u/p is the kinematic viscosity. CDy,, denotes the cross-diffusion
term, whose expression is given below:

1
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The constants for the SST k—w turbulence model are listed below:

B7=009, a =031
0,=085 oc,=05
c,,=10, o,,=0856
B, =0.075, B, = 0.0828
o,=5/9, a,=044

(16)

2.4 ZGB Cavitation Model

The Zwart-Gerber-Belamri (ZGB) cavitation model is used in
this study to simulate liquid-vapor phase change. Based on the
homogeneous-flow assumption, this model solves the evolution of
volume fraction via two-phase continuity equations. Piecewise mass
source terms are used to describe bubble evaporation and growth, and
condensation and collapse, separately, making the model suitable for
simulating cavitating flows in hydraulic machinery. The continuity
equations for liquid and vapor phases are given as follows:
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In Equations (17) to (19) o; and «a,, represent the volume fractions
of liquid and vapor phases, respectively; p, and p, denote the
liquid-phase and vapor-phase densities; # is the mixture-phase
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velocity; m,, stands for the mass-exchange source term between
liquid and vapor phases.

The expressions for mass-transfer rates corresponding to bubble
growth (evaporation) and collapse (condensation) are given as
follows:
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In Equations (20) and (21) m" and 7~ represent the mass-transfer
rates for evaporation and condensation, respectively; F,,, and F,,q
denote the evaporation coefficient and condensation coefficient; a,,,.
is the volume fraction of initial cavitation nuclei; Ry stands for the
bubble radius; p, is the saturated vapor pressure of the fluid, and p is

the local static pressure.

2.5 Tabakoff-Grant Model

The Tabakoff-Grant model is employed in this study to compute
sediment wear on wall surfaces. Using particle impact velocity
and impact angle as the principal parameters, the model quantifies
material removal induced by particle impacts. Accordingly, all
material damage referred to hereinafter in this paper originates from
particle-induced erosion. This model accounts for the nonlinear
effects of particle impact velocity and angle on the erosion rate. The
model has been extensively validated in numerical simulations of
sediment erosion for hydraulic machinery and is well-suited to the
operating conditions investigated in the present work.
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In Equations (22) to (24) E denotes the single-particle erosion
ratio, with the unit of mg/g; y is the particle impact angle; u, is
the particle impact velocity; u;, u,, and u3 are reference velocity
constants characterizing tangential cutting erosion, normal impact
erosion and particle tangential rebound behavior, respectively; &y, £,
and y, are empirical parameters for the angle correction function; R(?)
represents the tangential rebound restitution coefficient of particles.
The model constants are taken from [22], and their specific values are
listed in Table 1.

Table 1. Particle property parameters

Particle/ Parameters

Wall k k U ) us Yo
Material 1 12 [m/s] [m/s] [m/s] [deg]
Quartz-

Steel 1.0 0.29 123.72 352.99 179.29 30

3 NUMERICAL MODEL

3.1 Computational Domain and Mesh

This study examines a bulb-type tubular turbine. Figure 1 shows a
three-dimensional exploded view of the turbine and a cross-sectional
view of the fluid domain on the Y-Z plane. The bulb-type tubular
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turbine consists primarily of the strut, bulb, guide vanes, runner, and
draft tube. This study investigates the sediment wear characteristics
of a bulb-type tubular turbine under sand-laden cavitation conditions.
The rated operating-condition parameters and main geometric
dimensions of the bulb tubular turbine are summarized in Table 2.
The rated operating parameters listed in Table 2 are derived from
the comprehensive performance curve measured in the model test of
the present study, and the efficiency values correspond to the rated
operating point on that curve.

Table2. Main geometric dimensions and performance parameters of the bulb tubular turbine

ragparnes et et et
Head H 5.4 m Flow rate Q 41.8 m¥/s
Efficiency » 94 % Number of guide vanes Z, 17
Rotational speed » 150 r/min  Number of runner blades Z, 4
Runner diameter D 2.8m Total length 23.5m

Figure 2 shows the mesh of the runner chamber and guide vanes
of the bulb-type tubular turbine. To ensure mesh quality, mesh
refinement was applied to the gap between the guide vanes and
the runner. Because of the large size of the turbine under study, an
unstructured mesh was adopted to reduce meshing complexity
while maintaining mesh quality. All meshes used for the mesh-
independence study have the same topology, and differences in
mesh resolution are generated by adjusting the global size and
boundary-layer nodes. The global mesh-size threshold is defined as
the maximum element size. The wall y* value is maintained within
the range of 20 to 50 to satisfy the calculation requirements of the
turbulence model. Each mesh set differs in the total element count
and the resolution of key regions, with a minimum element quality
of 0.3. Figure 3 shows the efficiency—head curves of the bulb-type
tubular turbine under different mesh resolutions. Turbine efficiency
and head are selected as the output variables for mesh independence
verification, and the relative variation is adopted as the error metric.
As shown in Figure 3, when the mesh contains 1 x 107, the efficiency
curve of the turbine stabilizes, with variations in the head curve not
exceeding 1 %. To reduce the computational cost for subsequent
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a) Three-dimensional model of the bulb-type tubular turbine, and b) cross-section of computational domain of the bulb-type tubular turbine

simulations, a mesh consisting of 1% 107 elements was selected for
the numerical calculations.

Guide vane mesh Locally refined

runner mesh

Lower draft cone
Fig.2. Mesh of the bulb-type tubular turbine
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Fig.3. Grid independence verification

3.2 Particle-independence verification

Particle-independence verification was performed to minimize
computational error introduced by the parcel number of particles.
Five particle-parcel counts of were selected for calculation: 5000,
7500, 10000, 12500, and 15000. As indicated by the average erosion
rates in Table 3, when the particle parcel number reaches 12500,
the wall-surface erosion rate and erosion distribution are consistent
with those obtained for 15000 cases. Further increasing the particle
parcel number has little effect on the simulation results. Considering
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both computational accuracy and computational cost, a particle
parcel number of 12500 was selected for the subsequent numerical
calculations.

Table 3. Average erosion rate on the runner chamber wall under different computational
particle parcel numbers

Case No. Case 1 Case 2 Case 3 Case 4 Case 5
Particle parcel 5000 7500 10,000 12,500 15,000
number

Erosion rate 6 6 6 -6 -6
[kg/(m2s)] 5.08x106 4.79x106 475x106 4.6x106 4.6x10

3.3 Numerical Schemes and Boundary Conditions

Numerical simulations of the bulb-type tubular turbine were
conducted using the Euler—Lagrange approach. The inlet was defined
as a pressure boundary with a pressure of 45 kPa, and the outlet
was set as a flow outlet with a flow rate of 41.8 m?*s. The solid-
phase density was 2650 kg/m*. During the numerical simulation,
the drag force is much greater than the gravitational force acting on
the particles. Accordingly, the effect of gravity on the particles was
neglected in the present study. Particle concentrations ranging from
1.5 % to 5.5 % were used, with a particle diameter of 0.75 mm and
an inlet particle velocity of 1.16 m/s. Particle-particle collisions are
neglected.

The runner domain was set as a rotating reference frame, and a
frozen-rotor interface was defined between the rotating and stationary
domains, with a rated rotational speed of 150 rpm. For steady-state
calculations, the convergence criteria were defined as follows: the
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residuals of all continuous-phase variables were required to fall
below 1075, and the monitored difference between inlet and outlet
flow rates remained within 0.5 %. The flow field was considered
converged when these conditions were met. The computational time
required for full iterative convergence of a single operating case was
approximately 8 hours.

Under the above-mentioned conditions, the sediment-cavitation
erosion and the coupling effect discussed in this paper refer to
changes in the flow-field environment that alter particle-induced
erosion under sediment-laden cavitating conditions.

3.4 Experimental Validation

Figure 4a shows a photograph of the bulb of the bulb-type tubular
turbine, and Fig. 4b shows a photograph of the guide vanes. Figure 5
presents a schematic diagram of the experimental setup for the bulb-
type tubular turbine, which includes a particle injection system.

In the experimental setup of the bulb-type tubular turbine shown
in Fig. 5, water flows from Tank 2, is pressurized by a pump, and then
enters Tank 1 before being delivered to the inlet of the model turbine
through the piping system. A pressure gauge is installed between
Tank 1 and the model turbine. Above the system, a graduated particle
hopper is positioned, and the particle content in the flow passage is
controlled by a valve beneath the hopper, allowing particles to enter
the model turbine simultaneously with the fluid. After passing through
the model turbine, particles and fluid are separated in a settling tank,
with the particles ultimately being collected in a storage container for
subsequent recovery and reuse. The fluid returns from the settling
tank to Tank 2, thereby maintaining circulation throughout the piping
system.

Photographs of selected components; a) the bulb-type tubular turbine, and b) the guide vanes

Settling tank

Fig. 4.
Particle hopper
Valve
Model turbine
= 1 Tank 1 :
Pressure 3
T gauge T T

T Pump

— 0=

Fig. 5. Schematic of the experimental setup for the bulb-type tubular turbine
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To verify the reliability of the numerical simulation, the simulated
efficiency curve was compared with the experimentally measured
efficiency curve. As shown in Figure 6, as the unit rotational speed
increases, both the numerically calculated efficiency curve and the
experimentally measured efficiency curve follow similar trends.
The maximum error in efficiency occurs at a unit rotational speed
of 205, reaching 3.2 %. The efficiency obtained from the numerical
calculation is higher than that measured in the experiment because
factors such as friction inside the turbine during the experiment lead
to a slightly lower efficiency than that predicted by the numerical
calculation. These results demonstrate that the numerical and
experimental results follow similar trends, supporting the use of the
numerical model in subsequent analyses.

Owing to experimental conditions, only the unit efficiency data
are available for model validation in the present work, and no other
measured parameters can be obtained. For sediment-erosion results,
the analysis focuses on relative erosion distributions and trends rather
than absolute erosion values. Therefore, the erosion prediction in
this study carries inherent uncertainty, and the model cannot be fully
validated in terms of erosion magnitude.

\O
oo

[ 7 Experiment

- 7 Numerical simulation

O O
~
L L

[%]
S

n

y
©
S

Eefficienc

X0 o0 0 0 X
S N B N X
L L f L

135 142 152 158 161 170 196 205
Rotational speed # [r/min]

Fig. 6. Comparison of numerical and experimental efficiency characteristics

4 RESULTS AND DISCUSSION

To investigate the effects of particle concentration on the sediment
wear characteristics of the bulb-type tubular turbine under
sand-laden cavitation conditions, this study analyses the wall wear
characteristics, cavitation behavior, and velocity characteristics of the
turbine under different particle concentrations.

Figure 7 presents the wall wear rate curves and bar charts of the
draft tube under different particle concentrations. The following
can be observed: (1) regardless of the occurrence of cavitation, the
wall wear rate of the draft tube exhibits an increase with particle
concentration. At a particle concentration of 5.5 %, the wall wear rate
of the draft tube reaches its maximum value of 2.93x10-8 kg/(m?s).
This is because, regardless of whether cavitation occurs, as particle
concentration increases, the particle flux impacting the wall per unit
time also increases, leading to a gradual increase in the wall wear rate
of the draft tube. (2) The occurrence of cavitation suppresses the wear
rate under the combined effect. At a particle concentration of 1.5 %,
the difference in wall wear rate of the draft tube between the non-
cavitating and cavitating conditions is 0.15 x 10-8 kg/(m?s). Under the
coupled cavitation-sediment effect, the particle-induced suppression
of cavitation temporarily dominates at a particle concentration of 3.5
%, which produces a local minimum in the erosion rate. Subsequently,
the erosion rate increases again as particle impingement becomes
intensified. As particle concentration increases, the inhibitory effect
of cavitation on wall wear gradually strengthens. When the particle
concentration reaches 5.5 %, the wall wear rate of the draft tube

decreases by 0.86x1078 kg/(m2s). This phenomenon has also been
reported in [19]. The reasons for this phenomenon are twofold: (1)
Cavitating flow modifies the flow-field conditions and further
affects the particle motion trajectories. The originally directed and
concentrated particle flow becomes more dispersed, causing the
wear pattern to transition from continuous sheet-like erosion to more
uniform wear. Furthermore, particles no longer cluster to impact the
wall, reducing both the frequency and intensity of particle impacts
on the draft tube wall; (2) The occurrence of cavitation alters the
flow characteristics inside the draft tube, exerts a retarding effect on
particle motion and reduces particle kinetic energy, which further
influences the severity of sediment erosion.
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Fig. 7. Wall wear rate curves of the draft tube under different particle concentrations
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Fig. 8. Wear rate and cavitation bubble volume fraction in the runner chamber under different
particle concentrations

Figures 8 and 9 show the wall wear rate and cavitation bubble
volume fraction curves, respectively, along with the spatial
distributions of bubbles in the runner chamber under different
particle concentrations. The following trends can be observed: (1)
as particle concentration increases, regardless of whether cavitation
occurs, the wall wear rate of the runner chamber and the bubble
volume fraction are positively correlated with particle concentration.
The bubble volume fraction reaches its maximum value, of 9.8x10-8,
at a particle concentration of 5.5 %, indicating that increasing particle
concentration enhances the degree of cavitation. This is because
discrete-phase particles inversely modulate the characteristics
of the continuous-phase flow field under the two-way coupling
mechanism. As the particle concentration increases, particle—fluid
interactions become stronger, which further modifies the local
pressure distribution and promotes the generation and expansion of
low-pressure regions, thereby intensifying cavitation. (2) Cavitation
intensifies wall erosion in the runner chamber, and the bubbles
primarily appear at the outer edges and hub of the runner blades. This
is because cavitation bubbles occupy the part of flow-passage space
when cavitation occurs, compressing the effective flow cross-section
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Fig.9. Cavitation bubble distributions under different particle concentrations (o, = 0.1).
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Fig. 10. Particle distribution on the guide vane walls under different particle concentrations; a) non-cavitating, and b) cavitating

and increasing the local flow velocity, which raises particle
momentum and thus aggravates the erosion on the runner-chamber
wall. As the particle concentration increases, the coupling and
momentum exchange between particles and cavitation bubbles are
further strengthened, amplifying this erosion effect.

Figure 10 shows the distribution of particle volume fraction on the
guide-vane wall under different particle concentrations. The overall
particle volume fraction on the guide-vane wall increases with rising
particle concentration. Pronounced particle accumulation appears
at the vane leading edge when the particle concentration reaches

Pressure

5.5 %. Cavitation significantly modifies local particle distribution.
At particle concentrations of 1.5 % to 2.5 %, cavitation aggravates
particle accumulation on the wall and increases the particle volume
fraction on the guide-vane surface. By contrast, the degree of particle
aggregation at high concentrations on the guide-vane wall weakens at
5.5 % particle concentration.

Driven by inertia, particles do not readily follow changes in flow
direction when passing through guide vanes. They tend to impact the
vane leading edge and accumulate there. For low-concentration cases,
the particle loading is low and the reverse modulation of particles on
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Fig. 11. Pressure distribution on the guide vane walls under different particle concentrations; a) non-cavitating, and b) cavitating
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the liquid-phase flow field is negligible; the pressure and velocity
fluctuations induced by cavitation therefore dominate particle
motion, pushing particles toward the wall and raising near-wall
particle content. Under high-concentration conditions, the number
of particles increases, and the particle—fluid two-way coupling is
intensified. The effect of particles on the liquid-phase flow field
gradually becomes dominant, while the regulating effect of cavitation
on the flow field becomes relatively weaker, thereby reducing near-
wall particle accumulation.

Figure 11 shows the pressure distribution on the guide vane walls
under different particle concentrations. From the figure, the following
observations can be made: (1) regardless of the presence of cavitation,
the pressure near the leading edge is relatively high, and the overall
pressure on the guide vanes increases as particle concentration
increases; (2) the occurrence of cavitation further increases pressure
on the guide-vane walls. This is because, as particles pass the leading
edge, they tend to maintain their original trajectories due to inertia.
With increasing particle concentration, the resistance and pressure
exerted by the solid particles on the liquid phase increase, reducing
the fluid velocity near the guide vane walls and, thereby, increasing
the wall pressure. The formation of cavitation regions changes the
local flow pattern around the guide vanes and leads to an overall rise
in static pressure on the guide-vane walls, which is a consequence of
the coupling effect among solid-liquid-vapor three-phase flows.

Figure 12 shows the average wear rate curves of the runner
under different particle concentrations. The figure shows that (1) in
the absence of cavitation; the average wall wear rate of the runner
exhibits a positive correlation with particle concentration. This is
because, without cavitation, an increase in particle concentration
leads to a higher frequency of particle impacts on the runner,
resulting in an increased wear rate. (2) At a particle concentration
of 1.5 %, the introduction of cavitation increases the average wear
rate of the runner; however, at particle concentrations between 2.5
% and 5.5 %, cavitation suppresses wall wear on the runner. The
maximum difference in wear rate between cavitating and non-
cavitating conditions occurs at a particle concentration of 3.5 %,
reaching 1.201x107 kg/(m?s). This is attributed to the large number
of cavitation bubbles. Bubble collapse modifies the local flow-field
structure and further alters the motion of sediment particles,
increasing the momentum of particles impacting the runner wall.
The particle-acceleration effect induced by flow-field variation
dominates, thereby increasing erosion. As the particle concentration

Pressure  Top of the bulb head Strut
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increases (2.5 % to 4.5 %), the degree of cavitation intensifies,
causing enhanced near-wall particle slip. The particle trajectories shift
from the original ‘direct-impact’ type to a ‘glancing’ type, reducing
the impact angle. Consequently, cavitation suppresses runner wear at
moderate particle concentrations (2.5 % to 4.5 %). It is worth noting
that within the particle-concentration range of 2.5 % to 3.5 %, the
effect of cavitation on the flow field counteracts the enhanced erosion
induced by increasing particle concentration, thereby keeping the
erosion rate stable. At a particle concentration of 5.5 %, the particle
loading is excessively high, and the particle—fluid two-way coupling
is significantly enhanced. The effective density and viscosity of the
local flow field increase, which strengthens the fluid retardation
effect on particle motion and reduces the momentum with which
particles impinge on the runner wall; consequently, the wall wear rate
decreases at a concentration of 5.5 %.
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Fig. 12. Runner wear rate curves under different particle concentrations
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Figure 13 shows the pressure distribution on the bulb under
different particle concentrations. The figure shows the following: (1)
the pressure on the bulb gradually decreases along the flow direction,
exhibiting a clear pressure gradient. When the particle concentration
increases from 1.5 % to 3.5 %, a localized high-pressure region
appears at the top of the bulb. As the particle concentration further
increases, the overall pressure rises, and the high-pressure region
gradually extends downstream along the flow direction. This is
because the increased particle concentration leads to higher local
fluid density and viscosity, causing a local blockage at the top of the
bulb, which reduces the fluid velocity and forms the high-pressure

¢, =4.5% ¢, =5.5%

b)

Fig. 13. Pressure distribution on the bulb under different particle concentrations; a) non-cavitating, and b) cavitating
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region. Meanwhile, the increase in particle concentration intensifies
the interactions and collisions between particles and the bulb head
wall, resulting in an overall pressure increase on the bulb-head
surface. (2) Cavitation leads to an overall increase in the pressure
on the bulb, with pressure exhibiting a positive correlation with
particle concentration. When the particle concentration reaches 5.5
%, the bulb exhibits a generally high-pressure state. This is because
cavitation-bubble collapse disturbs the local flow-field distribution
and induces variations in the pressure field, which further modifies
the motion trajectories and forces acting on sediment particles.
Two factors contribute to this pressure increase with particle
concentration: first, increasing particle concentration enhances
particle frictional resistance; second, bubble collapse reshapes the
surrounding flow-field distribution and further changes the forces
acting on sediment particles and their motion. As the particle
concentration increases, the coupling effect between cavitating flow
field and particles is continuously strengthened, and the flow-field
pressure rises accordingly.

Figure 14 shows the wear distribution on the bulb head under
different particle concentrations. From the figure, the following
can be observed: (1) the wear on the strut initially decreases
and then increases with increasing particle concentration. At a
particle concentration of 5.5 %, the wear rate reaches its maximum
value of 9.52 x 10-8 kg/(m?s). This is because, at low to moderate
concentrations (1.5 % to 4.5 %), the momentum exchange between
particles and fluid is enhanced, and the viscosity of the wake
increases. Some particles are entrained by the fluid, reducing the
number of particles directly impacting the strut wall. The vortical
regions are suppressed, and the number of particles stagnating
in these regions decreases, resulting in reduced wall wear. When
particle concentration increases to 5.5 %, the particle—fluid two-way
coupling is intensified, and the local flow-field structure changes.
The retention and accumulation of particles in the vortical region near
the strut are enhanced, and the momentum of particles impinging on
the strut wall increases, ultimately leading to aggravated wall wear.
(2) Under the combined effects of sediment-laden cavitation, the wear
in Region 1 exhibits a positive correlation with particle concentration,
and the presence of cavitation further increases wear in this region,
while no significant wear is observed in other areas. This is because
the localised high-pressure regions generated during bubble collapse
reduce the local mixture density and enhance the impact load. The
combined effect of this with particle collisions leads to increased
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wall wear with increasing particle concentration. Additionally, in the
vicinity of Region 1, the flow velocity and vortex intensity are high,
resulting in large local shear forces, which cause particles to stagnate
and impact near the strut; therefore, wear is concentrated primarily
in Region 1. In this paper, contour plots for flow-field parameters
such as vorticity distribution and shear stress are not presented
separately. The above analyses regarding vortex and shear effects are
summarized based on the observed evolution of the overall flow-field
structure.

Figure 15 shows the two-dimensional distribution of turbulent
kinetic energy in the draft tube under different particle concentrations.
The position of the cross-section corresponds to that in Fig. 1b. From
Figure 15a, the following can be observed: (1) the regions of high
turbulent kinetic energy in the draft tube are mainly located in the
central main flow and near the shear layers, exhibiting a clearly
symmetrical distribution, with the maximum turbulent kinetic energy
reaching 0.8 m?%s?; (2) regardless of the presence of cavitation, the
turbulent kinetic energy intensity in the draft tube gradually increases
with increasing particle concentration. This is because the strong
swirling flow exiting the runner enters the draft tube, forming a high-
velocity gradient between the central main flow and the peripheral
low-speed regions, which destabilizes the shear layers, resulting
in high-intensity turbulent kinetic energy regions near the central
main flow and shear layers. As the particle concentration increases,
momentum exchange between the particle inertia and the liquid
phase is enhanced, causing particles to accumulate in the shear layers
and low-speed recirculation regions, which amplifies local velocity
fluctuations and expands the regions of high turbulent kinetic energy.
It can be seen from Fig. 15b that the introduction of cavitation
suppresses the magnitude of turbulent kinetic energy inside the draft
tube. Several factors may explain this phenomenon. First, cavitation
reduces the mean density of the flow field. According to the formula
for turbulent kinetic energy:

k 5 wu; (25)

In Equation (25), & is the turbulent kinetic energy with the unit
of m%/s%; u;' denotes the fluctuating component of the fluid velocity
with the unit of m/s. A reduction in the mixture density of the flow
field leads to a significant decrease in the turbulent kinetic energy
k. Second, the formation of cavitation vortices alters the pressure
distribution in the flow field, suppresses the development of laminar
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Fig. 14. Particle wear-rate distribution on the bulb head at different particle concentrations; a) non-cavitating, and b) cavitating
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Fig. 15. Two-dimensional distribution of turbulent kinetic energy in the draft tube under different particle concentrations (Y-Z Plane); a) non-cavitating, and b) cavitating

and recirculating regions in the boundary layer, and reduces the local
velocity gradients of the fluid, thereby inhibiting the intensity of
turbulent kinetic energy.

5 CONCLUSIONS

In this paper, numerical simulations of particle erosion are carried
out for a bulb-type tubular turbine under solid-liquid two-phase
flow and solid-liquid-vapor three-phase flow (with cavitation)
conditions, respectively. The study focused on the effects of particle
concentration and cavitation on the wear characteristics of key flow
components of the turbine, the cavitation characteristics near the
runner, and the turbulent kinetic energy characteristics in the draft
tube.
1. The influence of particle concentration on the wear characteristics
of the bulb-type axial-flow turbine was revealed.
Under solid-liquid two-phase flow conditions, as the particle
concentration increases, the number of particles transported
toward the walls grows and the two-way momentum exchange
between particles and the liquid phase is strengthened; both effects
jointly increase the frequency and intensity of particle impacts and
shear on the walls. This results in a positive correlation between
particle concentration and wear of the draft tube, runner chamber,
guide vanes, and runner. In Region 1, wear initially decreases and
then increases with increasing particle concentration.
2. The coupled erosion mechanism between cavitation and particles
is clarified.
The combined effect of cavitation and particles on erosion varies
substantially among turbine components. Inside the runner
chamber, cavitation and particle concentration promote each
other. At low particle concentration (1.5 %), cavitation aggravates
runner erosion, whereas cavitation suppresses runner erosion at
moderate to high concentrations (2.5 % to 5.5 %). Cavitation
consistently produces a suppressive effect on wall erosion in the
draft tube.

3. The effects of particle concentration on wall wear and the
flow field under complex solid-liquid—vapor three-phase flow
conditions were revealed.

Under solid-liquid—vapor three-phase flow conditions, the

particle concentration exhibits a positive correlation with wear of

the draft tube, runner chamber, and guide vanes. As the particle
concentration increases, the runner wear first increases and then

decreases, reaching a maximum at a particle concentration of 4.5

%. Particle concentration and cavitation are positively correlated

with pressure on the guide vane walls; as particle concentration

increases, pressure rises.

4. The effects of particle concentration and cavitation on flow-field
characteristics were clarified.

Particle concentration and cavitation exhibit a positive correlation

with the pressure on the guide vane and bulb walls. An increase

in particle concentration enhances turbulent kinetic energy in
the draft tube, with a maximum turbulent kinetic energy of

0.8 m*s?. The occurrence of cavitation suppresses the turbulent

kinetic energy in the draft tube and increases the wall pressure of

guide vanes and the bulb head.

The findings of this paper clarify the erosion distribution
characteristics and flow-field evolution law of bulb-type tubular
turbines under complex multiphase flow conditions. This work
addresses the limited previous research on the solid-liquid-vapor
three-phase coupled erosion mechanism for bulb-tubular units
in the literature. The conclusions provide a basis for structural
optimization, the development of erosion-protection measures, and
the development of safe and stable operating strategies for bulb-type
tubular turbines operating in sediment-laden rivers.
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Znacilnosti erozijske obrabe zaradi sedimentnih delcev v cevni
turbini pri razlicnih koncentracijah sedimenta in kavitacijskih
pogojih

Povzetek Za raziskavo znacilnosti obrabe cevne turbine pri kavitacijskih
pogojih ob prisotnosti sedimentnih delcev so bili analizirani mehanizmi
obrabe turbine zaradi kombiniranega vpliva trdnih delcev in kavitacije.
Numeriéne simulacije erozijske obrabe zaradi sedimentnih delcev so bile
izvedene pri razlicnih koncentracijah delcev na podlagi Euler-Lagrangeevega
pristopa in Tabakoffovega modela obrabe, pri ¢emer sta bila obravnavana
dvofazni tok trdnih delcev in tekoCine ter trifazni tok trdnih delcev, tekocine
in pare. Primerjava erozijske obrabe pri pogojih s kavitacijo in brez nje je
pokazala, da se pri dvofaznem toku trdnih delcev in tekoCine obraba povecuje
Z naraSGajoCo koncentracijo delcev. Stopnje obrabe sesalne cevi, komore
gonilnika, vodilnih lopatic in gonilnika narasc¢ajo s koncentracijo delcev.
Nasprotno pa se obraba v obmocju 1 na opornici z naras¢ajoco koncentracijo
delcev najprej zmanjSa, nato pa ponovno poveca. Poleg tega se z naras¢ajoco
koncentracijo delcev poveCujeta tlak na povrSinah ohiSja in vodilnih lopatic
ter turbulentna kineticna energija v sesalni cevi. Pri trifaznem toku trdnih
delcev, tekocine in pare ob prisotnosti sedimentnih delcev se obraba med
posameznimi sestavnimi deli turbine precej razlikuje. Ugotovijena je bila
pozitivna korelacija med koncentracijo delcev in obrabo sesalne cevi, komore
gonilnika ter vodilnih lopatic. V komori gonilnika je bila najveCja obraba
gonilnika ugotovliena pri koncentraciji delcev 4,5 %. Kavitacija povecCuje tlak
na povrsinah vodilnih lopatic in sten ohiSja, hkrati pa zmanjSuje turbulentno
kineticno energijo v sesalni cevi in blaZi erozijsko obrabo sten.

Kljuéne besede trifazni tok trdnih delcev, tekoCine in pare, kavitacija ob
prisotnosti sedimentnih delcev, cevna turbina, dvofazni tok trdnih delcev in
tekocine, znacilnosti obrabe
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