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ABSTRACT 

This study examines the operational efficiency of a bulb tubular turbine under 

solid-liquid two-phase (SLTP) flow conditions. By employing the Euler-Euler 

method, the characteristics of SLTP flow in the turbine with different solid 

particle diameters were analyzed. The research findings demonstrate that the 

increase in solid particle diameter from 0.01 mm to 0.15 mm decreases the 

maximum liquid phase velocity in the XY plane by approximately 0.26%. The 

introduction of solid particles results in increased likelihood of cavitation and 

vortices in the draft tube region, leading to diminished energy recovery 

efficiency in this area. Within the impeller domain, regions with high solid 

particle concentration are predominantly located on the blade front hub and inlet 

edge, while the blade's rear side exhibits an overall higher concentration. Further 

analysis reveals a positive correlation between blade velocity/concentration 

distribution and the diameter of solid particles. Furthermore, particle size has a 

significant impact on the solid phase trajectory and solid phase velocity in the 

draft tube area. Particles with larger diameters tend to move in more irregular 

and chaotic patterns, promoting the formation of vortices in the draft tube region. 

Notably, while the velocity of the solid phase at the draft tube inlet decreases 

with increasing particle size, the velocity fluctuations within the draft tube 

become more pronounced. Among the different flow components of the 

hydraulic turbine, the wear severity follows a descending order: the blade region 

experiences the highest wear, followed by the runner chamber, guide vane area, 

and draft tube region. Additionally, the diameter of the solid phase shows a 

positive correlation with both the wear area and the maximum wear rate in the 

runner chamber, blade region, and guide vane area, whereas it demonstrates a 

negative correlation with wear in the draft tube region. 
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1. INTRODUCTION 

 Against the backdrop of economic globalization, there 

has been a sharp increase in human energy demand. 

However, the extensive use of traditional fossil fuels has 

led to numerous environmental issues. Therefore, it is 

essential to prioritize the advancement and adoption of 

renewable energy solutions. Within the spectrum of clean 

energy alternatives, hydroelectric power stands out as one 

of the most reliable and well-established technologies 

(Fonkenell 2003; Guénette et al., 2012). With medium- to 

high-head hydropower resources gradually saturating, the 

industry has shifted its focus toward the development of 

low-head turbine units. Bulb tubular turbines, as the 

preferred hydraulic machinery for low-head, high-flow 

hydroelectric plants, have garnered favor because of their 

compact structure, high efficiency, and strong adaptability 

(Kang et al., 2016; Li et al., 2022; Li et al., 2023a). Their 

low-head and high-flow characteristics impart 

exceptionally high specific speeds to the unit, surpassing 

the peaks of 1000. This implies that under equivalent head 

and output conditions, the impeller diameter of a bulb 

tubular turbine can be reduced by approximately 15% 

compared to that of an axial flow turbine, effectively 

lowering the initial construction costs of the plant. 

Furthermore, the radial design employed by bulb tubular 

turbines provides a smooth passage for fish, perfectly 

aligning with contemporary fish-friendly unit design 
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NOMENCLATURE 

A amplitude of oscillation  Fy component of the resultant pressure force 

acting on the lower side 

a cylinder diameter  h height 

Cp pressure coefficient  i time index during navigation 

d jet diameter  j space index 

D cylinder diameter  α angle of attack 

h penetration depth  γ dummy variable 

V jet velocity    

 

concepts and contributing to the harmonious coexistence 

of economy and ecology (Brezovec et al., 2020; Coulaud 

et al., 2020; Li et al., 2024).  

To enhance the operational efficiency and stability of 

bulb tubular turbine units, Li et al. (2018, 2019) delved 

into the dynamic behaviors of internal flow fields, power 

characteristic performances, internal vortex evolution 

mechanisms, and inherent correlation laws of external 

characteristic performance based on experimental data 

within the framework of real unit coordination 

relationships. Zhao et al. (2013) narrowed their research 

focus by analyzing how specific geometric parameters—

such as the leading edge, trailing edge, and blade shape 

and position—affect the internal flow dynamics and 

energy performance of bulb turbines. In a separate study, 

Wilhelm et al. (2016) applied RANS and large-eddy 

simulation techniques to model the flow behavior of bulb 

tubular turbines at two distinct operating conditions. Their 

findings highlighted the presence of turbulence near the 

draft tube wall and central area, identifying it as a key 

contributor to head loss. Moreover, Young-Do Choi & Son 

(2012) performed numerical simulation analyses on 

microbulb turbines within an extremely low specific speed 

range, showing that optimizing the guide vane setting 

angle and blade installation angle layout can notably 

enhance turbine performance. 

 During the operation of hydroelectric power plants, 

water turbines face complex operational environments, 

particularly dynamic challenges posed by the interaction 

between water flow and solid particles. This interaction 

significantly affects performance and stability. Engineers 

have adopted diverse strategies to address the challenges 

posed by complex flow environments on turbine 

performance. They optimized designs and enhanced blade 

performance to alleviate the negative impacts of solid 

particles on the internal flow channels and improve turbine 

stability under harsh conditions. However, researchers 

have explicitly stated that effective management of small 

hydropower plants is a crucial factor in gradually 

improving turbine efficiency over time. A sharp increase 

in the particle content of water during flood seasons often 

leads to severe erosion and wear of turbines. This wear 

phenomenon becomes particularly pronounced after 

several years of turbine operation, subsequently causing a 

significant decline in turbine performance (Lemay et al., 

2015; Litvinov et al., 2018; Pereira et al., 2019). Han et al. 

(2018a; 2018b) conducted unsteady numerical simulations 

of sand-laden water flow through the clearance between 

the guide vanes of water turbines. By employing the DPM 

model in FLUENT software alongside a simplified 

representation of the clearance flow between the turbine's 

moving guide vanes, comprehensive numerical 

simulations were conducted to evaluate the distribution of 

average wear rates on the upper and lower surfaces of the 

clearance across various operating conditions, extensively 

examining the regularity of erosion and its specific 

occurrence locations. Yi and Liu (2013) demonstrated in 

their investigation of the hydraulic transport properties of 

solid-liquid two-phase (SLTP) flow in vortex pumps that, 

at a fixed particle concentration, pump efficiency and head 

tend to decline as particle size increases. In a related study, 

Li et al. (2022) employed a combination of numerical 

simulations and experimental validation to thoroughly 

examine the two-phase flow behavior and wear patterns in 

particle pumps with mixed particle sizes. Their results 

indicated that, under identical mass concentration 

conditions, increasing the proportion of small particles led 

to a notable enhancement in both the head and efficiency 

of the centrifugal pump. Furthermore, compared to the 

transport of single-sized large particles, mixed particle 

sizes resulted in more intricate variations in the wear 

distribution across flow components. Thapa et al. (2012) 

focused on mixed-flow hydro turbines, developed an 

appropriate erosion prediction model, and derived an 

improved empirical formula for quantitatively assessing 

the sediment erosion conditions of mixed-flow impellers 

under specific operating conditions. To validate the 

effectiveness of the formula, the predicted results were 

comprehensively compared with field-measured test data, 

demonstrating a high degree of consistency and 

confirming the accuracy and reliability of the formula. 

Chen et al. (2019) conducted an in-depth analysis to 

explore the specific impact of particle motion within 

pipelines on the flow characteristics of slurries. Their 

results indicated a significant relationship between 

particle sphericity, collision frequency, and energy loss 

inside the pipeline, where lower particle sphericity 

corresponded to a higher collision frequency and energy 

loss within the pipeline. Furthermore, the works of Yi et 

al. (2012) and Yi et al. (2022) deepened our understanding 

in this field. They discovered that, as the thickness of the 

ceramic slurry pump blades gradually increased, the entry 

angle of the solid particles correspondingly increased, 

directly resulting in an expansion of the particle trajectory 

envelope angle. This change plays a positive role in 

alleviating wear on the leading and pressure surfaces of 

the blades. They also employed the Euler-Euler method to 

comprehensively simulate long- and short-bladed hydro 

turbines operating in sediment-containing water, 

successfully predicting the wear intensity at different 

sediment concentrations during a one-year operational 

duration. Zhou et al. (2023) numerically simulated the 

solid–liquid two-phase flow characteristics and wear 
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behavior of a hydraulic turbine in a highly sandy river 

using ANSYS CFX software relying on the Euler–Euler 

two-phase flow model. The results show that an increase 

in both the sand particle diameter and volume fraction 

significantly increases the wear area, and the 

accumulation of sand particles in the direction of gravity 

in the localized area exacerbates the flow channel wear. 

The prediction shows that the total wear of Francis turbine 

long and short blades in one year of operation is 9.09 mm 

and 2.33 mm, respectively, which seriously affects the 

stability of the unit. 

In SLTP flow conditions, the presence of solid particles 

not only significantly alters the flow field structure but 

also induces flow separation phenomena, enhances 

turbulent intensity, and exacerbates wear issues, all of 

which have profound effects on the operational efficiency 

and lifespan of hydro turbines. Therefore, the 

characteristics of SLTP flow are considered key factors 

affecting the performance of bulb tubular turbines. Given 

its importance, an in-depth exploration of the specific 

effects of SLTP flow on the flow characteristics of bulb 

tubular turbines has far-reaching theoretical contributions 

and potential engineering applications, as it is rooted in a 

SLTP flow model and involves a comprehensive and 

systematic analysis of the flow characteristics of bulb 

tubular turbines in SLTP flow environments through the 

integrated use of numerical simulations and experimental 

validation. During the research process, key parameters, 

such as different solid particle concentrations, particle 

sizes, and flow velocities, were carefully examined to 

reveal the influence of these parameters on the flow field 

structure, pressure distribution, and overall hydraulic 

performance within the turbine. By thoroughly dissecting 

these influencing mechanisms, this study aims to provide 

a scientific basis for optimizing the design of bulb tubular 

turbines, thereby enhancing their operational performance 

and stability in complex flow environments. 

2.  PHYSICAL MODEL AND NUMERICAL METHODS 

2.1  Structural Parameters 

The physical model selected for this study was a bulb 

tubular turbine used in a power plant. This turbine operates 

at a rated speed of n = 85.71 r/min, with a rated head of H 

= 6.85 m and a rated flow rate of Q = 246.74 m³/s under 

nominal operating conditions. Because of the structural 

characteristics of the intake components of the bulb 

tubular turbine, the inlet was designed in a straight cone 

shape, whereas the outlet adopted a diffuser form. This 

design minimizes changes in the flow direction as water 

passes through, effectively reducing hydraulic losses and 

ensuring a wide and efficient operational range. The 

design parameters in Table 1. 

2.2 Model Construction 

The three-dimensional modeling software Pro/E was 

employed to create a comprehensive model of the entire 

flow passage in the bulb tubular turbine unit. The model 

comprises five key components: the inlet passage, bulb 

body, guide vanes, runner, and draft tube. During the 

modeling process, the actual turbine was fully modeled 

with an overall length of 52,300 mm. The model was  

Table 1 Parameters of bulb tubular turbine 

Parameter Number 

Runner blade count 4 

Movable guide vane blade count 16 

Movable guide vane height 3060 mm 

Diameter of the runner 5500 mm 

Runner blade angle range 7~43° 

Guide vane angle range 14~75° 

Draft tube inlet diameter 5588 mm 

Draft tube outlet width 9305 mm 

Rated machine speed 85.71 r/min 

Rated head 6.85 m 

Rated flow rate 246.74 m3/s 

 

 

Fig. 1 3D water body diagram of a tubular turbine 

 

based on the hub center of the runner as the reference 

origin, using the X-axis as the reference axis. The front 

half of the unit had a length of 24,800 mm, whereas the 

rear half had a length of 27,500 mm. Owing to the large 

size of the unit, precision and attention to detail are crucial 

during the modeling process. Modeling was performed 

based on hydraulic drawings and flow control dimensions 

provided by the power station, resulting in the overall 

flow-through components, as shown in Fig. 1. 

2.3 Grid Division 

ANSYS ICEM was used for the structured meshing of 

the bulb through-flow turbine because of the simple and 

regular structure of the inlet runner, bulb body, and tailpipe. 

By slicing the fluid domain into blocks using an O-mesh 

and topologizing it, high-quality low-number meshes were 

generated. Figure 2 illustrates a schematic of the local 

meshes of the inlet runner, bulb body, and tailpipe. 

However, a bulb through-flow turbine is a high-specific-

speed model with a flatter blade shape, and the individual 

runners of the runner blades are difficult to clearly 

distinguish. In addition, the rims of the paddle blades and 

the outlet edges of the runner blades are thin, resulting in 

a structured mesh that is difficult to handle, has low mesh 

quality, and is prone to breakage. Therefore, an 

unstructured mesh was used for the processing. However, 

a large number of rotors and guide vanes must be meshed 

during the unit concatenation characterization study, and 

the use of unstructured meshing helps reduce the workload.  
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Fig. 2 Turbine computational domain mesh 

 

Table 2 Grid-independent verification 

Scheme Total Mesh (106) η/ηo vmax/v 

Mesh1 6.1600 4.220 0.88 

Mesh2 6.7524 3.810 0.87 

Mesh3 7.6245 3.460 0.85 

Mesh4 8.5000 3.424 0.84 

Mesh5 9.2467 3.421 0.83 

Mesh6 10.259 3.420 0.83 

 

To further optimize the mesh, local encryption of the 

boundary layer was performed in the near-wall region. The 

first layer height of the rotor blade wall mesh is configured 

at 0.04 mm, while the first layer height for the remaining 

wall meshes is set to 0.08 mm. A uniform growth rate of 

1.12 is applied across all regions. 

During the meshing process, to ensure the accuracy of 

the numerical computation results and eliminate the 

potential effects of the mesh density on the results, a 

thorough grid independence verification is essential 

before delving into an in-depth investigation of the bulb 

tubular turbine. Considering a blade angle setting of 22° 

for the runner and coordinated guide vane angles adjusted 

to 58°, a comprehensive comparative study was conducted 

between the computational efficiency and actual 

operational efficiency. Six different mesh configuration 

schemes were used, as listed in Table 2. Through rigorous 

numerical computations, it was observed that beyond a 

threshold of 8.5 million mesh elements, the deviation 

between the efficiency (η) obtained from numerical 

calculations and the efficiency of actual unit operation (ηo) 

tends to stabilize, showing no significant variation, and the 

ratio of the maximum flow velocity (vmax) to the 

circumferential velocity (v = πnD/60) of the rotor obtained 

from the calculation results does not fluctuate significantly. 

Based on this observation and a detailed computational 

analysis, the optimal mesh element count was determined 

to be approximately 8.5 million to ensure the accuracy and 

reliability of the numerical computations. 

In nonstationary calculations, the selection of the time 

step is crucial for the accuracy of the calculation results. 

To ensure the accuracy of the calculation, the sensitivity 

of the time step was analyzed by monitoring the change in  

 

Fig. 3 Verification of time-step irrelevance 

 

the efficiency of the hydraulic turbine at rotor rotation 

angles of 1°, 2°, and 3°. It has been shown that in transient 

calculations, it is usually necessary to simulate rotor 

rotation for five to eight cycles to obtain a stable numerical 

solution; therefore, six complete rotor rotation cycles were 

set up in this study for computational validation. As shown 

in Fig. 3, the efficiency trends of the turbine were highly 

consistent under different time steps, indicating that the 

choice of the time step did not significantly affect the 

calculation results. Based on the comprehensive 

consideration of computational accuracy and 

computational resources, the time step Δt = 0.00583362 s, 

which corresponds to the time required for the impeller to 

rotate by 3°, was finally selected as the nonstationary 

computational setting in this study. This choice ensures a 

balance between computational efficiency and reliability 

by effectively controlling computational cost while 

guaranteeing computational accuracy. 

2.4 Boundary Conditions and Two-Phase Flow 

Settings 

In the simulation of solid-liquid two-phase (SLTP) flow, 

the following configurations and strategies were 

implemented: Under clear water conditions, the fluid 

medium was defined as water at a temperature of 298 K. 

The flow was treated as incompressible with a constant 

density, based on operational parameters. A mass flow 

inlet boundary condition was applied, while the outlet was 

configured for free outflow (Dryden et al., 2016; Li et al., 

2023b). For the numerical approach, the Eulerian-Eulerian 

method with a particle non-uniform phase model was 

selected to accurately capture the two-phase flow 

dynamics. To better reflect real-world conditions, the rotor 

region was designated as a rotating domain, while the rest 

of the system was treated as a stationary domain. 

Computational settings included a guide vane opening of 

58° and a blade opening of 22°. For the solid phase, 

particles with a density of 2650 kg/m³ and varying 

diameters (0.01 mm, 0.05 mm, and 0.15 mm) were 

considered. The particle diameters were non-

dimensionalized using the average diameter of fine sand 

(dref = 0.1 mm) as the reference length. 

𝑑∗ =
𝑑

𝑑ref
 (1) 
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where d is the particle diameter, dref=0.1 mm is the average 

diameter of fine sand, and d∗ is the dimensionless particle 

diameter. 

A zero-equation model was used to simulate the discrete 

phase, and a Gidaspow model was chosen for the tracer 

phase. For the turbulent dissipative force, the Favre-

averaged drag force model was selected, and the 

dissipation factor was set to 0.9. The turbulent transport 

model employed the Sato-enhanced viscosity model, 

while the SIMPLEC algorithm was utilized to address 

pressure–velocity coupling (Xie et al., 2023). Regarding 

momentum exchange, the tug force was primarily 

considered, with the Schiller–Naumann function model 

selected for simulation. The effects of lift force, virtual 

mass force, and wall lubrication force were neglected. For 

boundary conditions, the solid phase was assigned a free-

slip condition, whereas the liquid phase was modeled with 

a no-slip condition. To ensure computational accuracy, a 

standard convergence criterion of 1.0×10⁻⁵ was applied, 

and an appropriate time step of 0.00583362 s (equivalent 

to a 3° rotation of the rotor) was adopted. In the transient 

simulation, six rotor rotation cycles were computed, 

resulting in a total solution time of 4.20022 s, with a 

convergence criterion of 1×10⁻⁴. The computation strategy 

involved an initial steady-state simulation to obtain the 

flow field, followed by a transient simulation of the solid-

liquid two-phase (SLTP) flow using the steady-state 

results as the initial condition. This approach enhances the 

accuracy of simulating SLTP flow characteristics under 

realistic operating conditions. 

2.5 Numerical Method Verification 

To ensure that the numerical computations were in 

accordance with the actual flow conditions, we considered 

a blade angle of 22° and selected seven operational points 

with guide vane angles ranging from 50° to 62°. 

Numerical calculations were performed at these points, 

and the efficiency curves obtained were compared with the 

efficiency results from the actual unit tests and model 

turbine tests. This comparison validated the reliability of 

the numerical simulations conducted in this study. 

The efficiency trends derived from the numerical 

simulations exhibited an initial rise followed by a decline, 

consistent with the outcomes observed in the actual unit 

tests. In particular, at a guide vane angle setting of 52°, 

although the efficiency difference between the numerical 

calculations and model test experiments reached its 

maximum value, the deviation remained within an 

acceptable error margin (not exceeding 6%), thereby 

validating the accuracy and reliability of the numerical 

computations. As shown in Fig. 4, the efficiency values 

recorded during the actual unit tests were higher than the 

numerical calculation results. This phenomenon can be 

attributed to the increase in local hydraulic losses as the 

turbine model was scaled down proportionally. In addition, 

the efficiency values obtained from the numerical 

calculations slightly outperformed the performance of the 

turbine model on the test stand. Through an in-depth 

comparison and analysis of the experimental data and 

numerical computation results, the hydraulic model 

developed in this study demonstrated a high level of 

precision, whereas the numerical computation methods  

 

Fig. 4Accuracy verification of numerical methods 

 

and turbulence model employed exhibited strong 

credibility and reliability. 

3. RESULTS OF CALCULATIONS AND ANALYSIS 

3.1 Analysis of Flow Velocity in XY Plane of Water 

Turbine 

Figure 5 illustrates the distribution of the liquid-phase 

velocities on the XY plane of the bulb tubular turbine. The 

graph reveals a roughly symmetric distribution of liquid-

phase velocities, with the guide vane region, runner area, 

and near-wall section of the draft tube being the main 

locations of higher liquid-phase velocities. This 

phenomenon is primarily attributed to the contraction-

flow channel characteristics on both sides of the bulb 

structure. As water flows through these areas, the gradual 

reduction in the channel area causes water convergence, 

leading to a gradual increase in the liquid-phase velocity. 

Specifically, within the runner area, the influence of 

channel area variations is compounded by the centrifugal 

force generated by high-speed rotation, resulting in peak 

liquid-phase velocities in this region. Additionally, with an 

increase in solid particle diameter (ranging from 0.01 mm 

to 0.15 mm), a slight downward trend in maximum liquid-

phase velocity on the XY plane is observed—from 19.832 

m/s to 19.827 m/s—representing a decrease of 

approximately 0.26%. This observed variation can be 

attributed to multiple effects stemming from the increase 

in particle size in the SLTP flow system. First, as the 

diameter of the solid particles increases, the interaction 

between the solid and liquid phases significantly 

intensifies, causing heightened collision and friction 

effects between particles and the fluid, thereby generating 

additional flow resistance that decelerates the water flow 

speed. Second, based on the fundamental principle of 

momentum conservation, when solid particles enter a 

flowing system at a certain velocity, the liquid-phase 

momentum is redistributed. Larger particles possessing 

greater inertia consume more kinetic energy during flow, 

consequently leading to a decrease in the liquid-phase 

velocity. Furthermore, the presence of larger solid 

particles in the channel creates an obstructive effect, 

occupying some of the effective flow space and further  
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Fig. 5 XY plane liquid phase velocity distribution diagram 

 

increasing the local flow resistance. Additionally, the 

existence of solid particles may impact local turbulent 

structures, resulting in increased turbulence losses and 

further reductions in liquid-phase velocity. 

Subsequently, as water flows into the draft tube, owing 

to the significantly greater inertia of solid particles, their 

shear deformation capability is much lower than that of 

clean water, and they exhibit poor adaptability to the 

channel, often leading to flow separation. Furthermore, 

the collisions, friction, and rotations of particles within the 

turbine flow passage can disturb the liquid-phase flow, 

intensifying water pulsation and vortex formation, thereby 

affecting the flow regime. It is evident that with an 

increase in the solid particle diameter, the streamline 

velocity in the XY section of the draft tube decreased 

slightly from 21.8214 m/s to 21.7966 m/s. This reduction 

is attributed to larger solid particle diameters resulting in 

higher inertia forces, leading to increased momentum 

exchange with the liquid phase and causing a decrease in 

liquid phase velocity. Moreover, under different solid 

particle diameters, varying degrees of vortices are 

observed near the walls of the draft tube. At the draft tube 

exit, flow separation occurs, resulting in greater hydraulic 

losses, which lead to issues such as unit vibration and 

lower operational efficiency. 

3.2 Flow Analysis in Runner Region 

Figure 6 illustrates the pressure distribution along the 

streamline direction at the midsection of the runner blades 

for varying solid particle diameters. Compared to the clear 

water condition, the introduction of solid particles led to a 

distinct flow separation phenomenon at the backside inlet 

area of the blade, suggesting degraded cavitation 

performance. Furthermore, the pressure on the outlet side 

of the blade's working surface is reduced due to the 

backflow effect. Across all the investigated solid particle 

diameters, the pressure trends on both sides of the blades 

exhibited similar patterns, with higher pressures observed 

on the front side overall. Specifically, the pressure on the 

front side gradually decreases along the streamline 

direction, whereas it gradually increases on the back side. 

The fluid density under two-phase flow conditions was 

higher than that under clear-water conditions, resulting in 

higher pressures on the working surface of the blade in this  

 

Fig. 6 Pressure distribution along streamline at 

mid-section of blade 

 

scenario. Moreover, as solid particles enter the blade inlet 

region and collide with the blade, their velocity diminishes, 

converting kinetic energy into pressure energy on the 

blade, leading to a slight increase in pressure. However, 

with larger solid particle diameters, the energy loss due to 

collisions increases, significantly hindering fluid flow and 

causing more pressure drop losses during the flow process. 

Furthermore, larger solid particle diameters exacerbate 

friction losses within the channel, reducing the energy 

level of the fluid. Consequently, despite the higher initial 

pressure energy under two-phase flow conditions, there 

was a slight decrease in pressure energy with increasing 

solid particle diameter. The influence of changes in solid 

particle diameter on the pressure distribution across the 

blade's back side was relatively limited. In general, under 

two-phase flow conditions, the pressure differentials 

between the front and back sides of the blades were more 

pronounced compared to those observed in clear-water 

conditions. 

Figure 7 illustrates the pressure distribution along the 

flow direction at the midsection of the impeller blade for 

different solid particle diameters. Compared to the clear 

water scenario, the presence of solid particles led to 

significant flow separation on the pressure side of the  
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Fig. 7 Distribution of solid particle velocity on blade surface 

 

blade, resulting in reduced cavitation performance. The 

pressure on the suction side remained relatively low due 

to recirculation effects. Overall, the pressure trends on 

both the pressure and suction surfaces were similar across 

all particle diameters, with the pressure side consistently 

exhibiting higher pressure values than the suction side. On 

the pressure surface, pressure gradually decreased along 

the flow direction, while on the suction surface, it 

increased. The two-phase flow condition, with a higher 

density than the clear water case, produced elevated 

pressures on the blade’s working surface. Moreover, 

introducing solid particles into the impeller reduced their 

velocity upon collision with the blade inlet, converting 

kinetic energy into pressure energy, leading to a slight 

increase in pressure. As the particle diameter increased, 

greater energy losses occurred due to collisions, which 

hindered fluid flow and resulted in higher pressure drops. 

Larger particle diameters also increased friction losses 

within the flow passage, further decreasing fluid energy 

and slightly reducing pressure energy. The variations in 

particle diameter had little effect on the suction side 

pressure distribution. Notably, under two-phase flow 

conditions, the pressure differential between the pressure 

and suction surfaces was more pronounced than in the 

clear water case. 

Figure 8 shows the distribution of solid particle velocity 

along the streamline direction near the blade edge. This 

graph highlights the varying abrasive impacts of the solid 

particles on the blade surface, with solid particle velocity 

serving as a critical factor for evaluating abrasive forces. 

Higher velocities of solid particles correspond to greater 

kinetic energy, resulting in stronger impacts on the blade 

surface. A noticeable reduction in velocity occurred at the 

backside inlet of the blade following collisions between 

the particles and the surface. In general, there was a 

gradual decrease in solid particle velocity along the 

streamline direction, with the peak velocity observed at 

the leading edge on the inlet side. However, in the middle 

section, near the blade's working surface edge, the variation 

 

Fig. 8 displays the distribution of solid phase 

velocity on the blade surface at a span of 0.9 

 

in solid particle velocity was relatively small. At the outlet, 

a sharp increase in particle velocity was seen due to the 

centrifugal forces exerted by the runner. Additionally, the 

analysis revealed that particle size had an impact on the 

slip velocity of the solid particles. As the particle diameter 

increased, a slight upward trend in the solid particle slip 

velocity was observed, particularly near the blade exit. 

Figure 9 illustrates the distribution of solid particle 

concentration on the blade surface for varying solid 

particle diameters. In general, the concentration of solid 

particles on the blade's backside was markedly higher than 

that on the working surface. Under different particle 

diameter conditions, the distribution of solid particles on 

the blade surface displayed nonuniformity, which became 

more pronounced as the diameter increased. Both the front 

and back solid particle distributions exhibited a similar 

trend, decreasing from the hub toward the rim. High- 

(a) (b) (c) 

(d) (e) (f) 
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Fig. 9 Distribution of solid particle concentration on blade surface 

 

 

concentration regions on the front side were clustered near 

the hub and inlet, while the backside showed higher 

overall solid particle concentration, with low-

concentration areas located close to the blade edge. 

As the solid particle diameter increased, a low-

concentration zone appeared near the blade edge on the 

working surface, gradually expanding in size. 

Simultaneously, the high-concentration regions at the hub 

and the leading edge of the inlet side became more 

prominent. Analysis of the solid particle velocity 

distribution on the blade revealed that near the hub on the 

working surface, where velocities were lower, smaller 

particles adhered more effectively to the liquid phase and 

were less prone to aggregation. In contrast, larger particles 

exhibited poorer adherence and tended to accumulate near 

the hub. Toward the leading edge near the outlet, larger 

particles were more easily ejected from the blade due to 

inertial and centrifugal forces, resulting in the lowest solid 

particle concentration near the blade edge for larger 

diameters. On the blade's backside, solid particle 

concentration increased with larger diameters, although a 

decreasing trend was observed near the blade edge. 

Further analysis of the solid particle velocity distribution 

indicated that regions at the leading edge on the inlet side 

of the front face and near the rim on the backside were 

more prone to wear due to higher particle concentration 

and velocity. Additionally, as the solid particle diameter 

increased, wear severity intensified. This is primarily 

attributed to the greater inertia of larger particles, which 

hinders their effective transport by the fluid. 

3.2 Particle Movement Patterns in Bulb Tubular 

Turbines 

As illustrated in Fig. 10, the trajectory distribution of 

the sediment particles in the inlet section was relatively 

uniform. Sediment particles flowed from the inlet section 

into the bulbous body. As water entered the periphery of  

 

Fig. 10 Particle trajectories at different diameters of solid phase 

(a) (b (c) 

(d) (e) (f) 
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Fig. 11 Particle velocity variation with travel distance at different solid 

phase diameters 

 

the bulbous body, the velocity of the sediment particles 

increased slightly owing to the contractive flow passage. 

When the sediment particles entered the blade channel, 

they experienced friction and collision with the blades, 

resulting in energy loss. Upon entering the runner, the 

solid particles moved closer to the suction surface of the 

blades. From the trajectory of the sediment particles in the 

tailwater-pipe region, it is evident that smaller particles 

exhibit more uniform movement, whereas larger particles 

display a more chaotic trajectory, generating vortices. The 

particles entered the guide vane region at a uniform speed 

along the direction of the water flow. One portion of the 

particles collided with the surface of the guide vanes, 

whereas another portion collided with the suction surface 

of the guide vanes, altering the direction of movement. As 

the particles entered the runner area, their velocity 

significantly exceeded that in the guide vane region, 

transitioning from initial axial movement to rotational 

movement around the axis. Collisions between the solid 

particles and suction surface of the blades resulted in 

changes in the movement direction of the particles. After 

colliding with the guide vanes and runner blades, the 

particles entered the tailwater pipe region, where their 

speed decreased significantly. Near the walls of the 

tailwater pipe, the particle velocity is higher than that in 

the central flow region of the tailwater pipe. In the outlet 

section of the tailwater pipe, as analyzed earlier, a large 

turbulent zone exists near the wall for larger particle 

diameters, causing the motion trajectories of the particles 

to become increasingly chaotic. The collisions among 

particles, as well as between particles and walls, together 

with the interactions between particles and fluid, result in 

pronounced randomness in the tailwater pipe region under 

conditions with large particle diameters. 

Figure 11 illustrates the variation curve of the solid-

phase velocity with respect to the distance traveled for 

different particle diameters moving from the inlet to the 

outlet of the bulbous tubular hydraulic turbine. It can be 

observed that the velocity change patterns for different 

particle sizes are generally consistent, presenting an ‘n’-

shaped trend. Segment ‘a’ shows the velocity variation of 

the solid phase at the inlet section of the hydraulic turbine, 

where the initial velocity of the solid phase was set equal 

to the velocity of the incoming liquid. It is evident that the 

changes in the solid-phase velocity were relatively small 

in the inlet section. Segment ‘b’ represents particle 

velocity within a bulbous body. Because of the contraction 

at both ends of the exit flow passage, the particle velocity 

increased. Moreover, larger solid particles have a greater 

mass and thereby experience stronger inertial forces, 

resulting in slightly higher velocities compared to smaller 

diameter particles. Segment ‘c’ is the guide vane region, 

which directs the water flow and creates circulation. Here, 

the cross-sectional area decreased further, leading to a 

significant increase in the solid-phase velocity. In segment 

‘d,’ the direction of the particle movement changes within 

the runner. After colliding with the runner blades, the solid 

phase experienced a slight velocity reduction owing to 

energy loss. Subsequently, under the action of the 

centrifugal force from the turbine, the velocity reaches its 

maximum at the blade exit. Notably, larger-diameter 

particles correspond to relatively lower maximum 

velocities. Beyond this point, the influence of the 

centrifugal force on the particles diminishes, leading to a 

marked decrease in particle speed. In segment ‘e,’ within 

the tailwater-pipe region, when particles enter the conical 

tailwater pipe, the cross-sectional area continuously 

increases, which reduces the water flow velocity. At this 

stage, the water flow velocity significantly affects the 

solid-phase velocity. Consequently, a general decreasing 

trend in particle speed is observed within this region. The 

velocities of the particles fluctuate considerably because 

they primarily encounter inertial forces after leaving the 

runner and colliding with the walls of the tailwater pipe. 

Owing to their greater masses, larger-diameter particles 

endure larger inertial forces, resulting in more pronounced 

fluctuations in their maximum speeds. 

Figure 12 shows an erosion contour map of the suction 

surface of the guide vane for different sediment diameters 

with a sediment concentration of 3%. The figure indicates  
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Fig. 12 Erosion contour of the suction surface of the guide vane under different solid phase diameters 

 

 

Fig. 13 Erosion contour of the suction surface of the blade suction surface under different solid phase diameters 

 

that as the diameter of the sediment particles increases, the 

erosion area also expands, transitioning from dot-like 

erosion at a particle diameter of 0.01 mm to sheet-like 

erosion at 0.15 mm. As the diameter of the solid phase 

increases, its inertia also increases, resulting in poorer 

particle mobility and more frequent collisions with the 

guide vanes. Consequently, larger solid particle diameters 

correspond to an increase in the wear area of the guide 

vanes. It is also noted that the wear levels experienced by 

the front and suction surfaces of the movable guide vanes 

differ. As previously analyzed, the solid-phase velocities 

and their concentration distributions on the suction 

surface of the movable guide vanes are greater than those 

on the front surface, leading to less wear on the front. 

Therefore, the focus of this analysis was primarily on the 

extent of wear on the suction surface of the movable guide 

vanes. 

Figure 13 shows the wear distribution contour map on 

the suction surface of the blades for different sediment 

particle diameters. The wear patterns on the suction 

surfaces of the blades exhibited similar characteristics for 

all four sediment diameters. The primary wear on the 

blade backs was concentrated at the inlet edge near the 

blade tip and along the midsection in the direction of the 

flow streamlines. As the particle diameter increased, both 

the extent of wear and severity of erosion progressively 

worsened. This is because larger particles possess greater 

inertia, resulting in poorer fluid followability and 

increased disorder within the runner; consequently, some 

particles enter the impeller passages and come into contact 

with other particles or the wall surface. These interactions 

allow them to break away from the constraints of the 

liquid phase and collide with the suction surfaces of the 

blades at higher speeds. Regions with higher sediment 

concentrations gradually shifted towards the rim, leading 

to observable wear near this area. With the rotation of the 

runner, the degree of particle aggregation diminished, 

resulting in a more concentrated wear region at the blade 

inlet edge while dispersing along the flow streamline 

direction. Because of the centrifugal force acting on the 

solid-phase particles, those closer to the rim experience 

greater forces, making it easier for the sediment to be 

expelled towards the blade edges. Consequently, wear was 

observed near the rim for larger particle diameters. Due to 

the angles of the blades and their twisting, some particles 

moved from the guide vane outlet to the concave center of 

the blade front, rotating away from the runner. Meanwhile, 

many other particles influenced by prerotation directly 

contacted the inlet side of the back of the blade. The 

direction of the movement of these particles formed a 

significant erosion angle with respect to the suction 

surface of the blade. Depending on the curvature of the 

blade surface and the direction of rotation, the particles 

are flung circumferentially by centrifugal force. During 

this process, the particles maintained a high 

circumferential velocity, but their relative kinetic energies 

remained low. Solid-phase particles driven by the high-

speed water flow tend to deviate towards the back of the 

blades, reducing the likelihood of contact with the 

pressure side of the blades. As previously established, the 

solid-phase velocities and concentrations on the pressure 
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side of the blades are lower than those on the back side, 

leading to less wear on the pressure side. The analysis in 

Chapter Four highlighted that the inlet region at the back 

of the blade possesses relatively high solid-phase 

velocities and unstable flow patterns, making it more 

susceptible to erosion. Over time, under SLTP flow 

conditions, the suction side of the blades will exhibit 

unevenness, causing variations in various hydraulic 

parameters, which will inevitably lead to a decline in the 

performance of the hydraulic turbine. 

4. CONCLUSION 

To examine the hydrodynamic behavior of solid-liquid 

two-phase (SLTP) flow in a bulb turbine, this study 

employed an unsteady numerical simulation approach, 

conducting detailed analyses under various operating 

scenarios for both clear water and SLTP flow. The 

simulations provided a comprehensive understanding of 

the flow dynamics within the bulb turbine across different 

guide vane openings. Additionally, the relationship 

between SLTP flow characteristics and the wear of turbine 

components was investigated. The main findings of the 

study are summarized as follows: 

1) The velocity of the liquid phase on the XY-plane of 

the bulb turbine exhibited an inverse correlation with the 

diameter of the solid particles and a direct correlation with 

the solid concentration. The presence of solid particles 

heightened the risk of cavitation and vortex formation in 

the draft tube region, simultaneously leading to a decrease 

in energy recovery efficiency in this area. 

2) The velocity distribution of the solid phase on the 

runner blade surfaces showed a direct proportionality to 

the diameter of the inlet solid particles, while the solid 

concentration on the blade's backside exhibited a positive 

correlation with both the inlet particle diameter and 

concentration. With higher inlet solid volume fractions, 

the solid concentration on the blade's working surface 

increased. As the diameter of the solid particles grew, the 

solid concentration at the hub and blade tips increased, 

whereas it decreased near the edges of the blade. 

3) The particle diameter significantly affected the 

particle trajectory in the tailwater pipe area. Larger-

diameter particles exhibited more chaotic movement 

patterns in this region. The interactions between the 

particles and fluid led to a high degree of randomness in 

the particle motion within the tailwater pipe, making it 

easier for vortices to form. Additionally, the solid-phase 

diameter had a considerable effect on the solid-phase 

velocity in the tailwater pipe area. As the particle diameter 

increased, the solid-phase velocity at the inlet of the 

tailwater pipe decreased; however, there were larger 

fluctuations in the velocity within the tailwater pipe region. 

Particle shape and density are also important factors 

that influence the flow characteristics of SLTP flows. 

While the current study focuses on particle diameter 

owing to its significant impact, future research should 

explore the effects of particle shape and density to achieve 

a more comprehensive understanding of the flow behavior 

and wear mechanisms in bulb turbines. 
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