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To investigate the movement characteristics of cylindrical particles within a slur-
ry pump, the particle trajectories, particle distributions, particle velocity, and 
passing time of particles in the guide vane are tested by high speed photography. 
The test results indicate that the pump performance decreases and the wear of the 
blade pressure side deteriorates with the increase of cylindrical particle densities. 
The particles primarily flow into the guide vanes from the suction side and flow 
out from the pressure side. The velocity loss of particles in the guide vanes in-
creases, and the time for particles passing through the guide vanes increases with 
particle densities. As the cylindrical particle concentrations increase, the pump 
performance decreases, and the wear of the blade pressure side deteriorates. Ad-
ditionally, the total velocity loss of particles in the guide vane increases, and the 
time for particles passing through the guide vane increases with concentrations. 
Compared with spherical particles, the pump performance is better when the pump 
conveys cylindrical particles, and the cylindrical particles are more likely to wear 
the middle of the guide vane flow channel. The particles mainly flow into the guide 
vanes from the suction side and flow out from the pressure side. The velocity loss 
of cylindrical particles in the guide vane is smaller than that of the spherical par-
ticles. The time of cylindrical particles passing through the guide vane is shorter 
than that of the spherical particles.
Key words: slurry pump, high speed photography, cylindrical particles,  

particle trajectory, particle distribution, particle velocity

Introduction

With the increasing demand for natural resources and the gradual depletion of land 
resources, the research and development of deep-sea mining technology has become a hot topic 
worldwide. With high comprehensive performance, the hydraulic pipe-line lifting system of 
slurry pumps has a broad development prospect [1]. However, as a solid-liquid two-phase flow 
pump, the efficiency of the slurry pump is significantly affected by submarine mine particle 
shape, density, and concentration. Therefore, it is crucial to investigate the motion characteris-
tics of particles to provide a reference for the design and optimization of slurry pumps.

* Corresponding author, e-mail: 2112111009@stmail.ujs.edu.cn
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In the past, scholars in the field of solid-liquid two-phase flow mainly focused on fine 
granules [2-6]. Recently, due to the requirements of practical engineering, the study on large-di-
ameter particles in solid-liquid two-phase flow has received more attention. Beauchesne et al. [7] 
developed a numerical solver for deep-sea ore transport based on the Lagrange method, and the 
method was suitable for the numerical simulation of large particles. Sakano et al. [8] investigated 
pressure loss in a riser pipe for large particle slurry transport, and the results showed that the peak 
of pressure loss decreased with the increase of particle densities. Masanobu et al. [9] studied large 
particle motion characteristics in the pipe under different angles. The research found that the col-
lision number between the wall and the particles in the horizontal pipe was large, and in the ver-
tical pipe was small. Ghosh [10] investigated the efficiency of a slurry pump pipe under different 
sizes, and the results showed that the lifting time reduced with the decrease of particle sizes under 
the same particle mass of and the pump flow rate. Deng et al. [11] conducted experimental and 
numerical simulation studies on the six-stage slurry pump. It was found that the particle motion in 
the pump became stable with the increase of flow rates. Hu et al. [12] analyzed the slurry pump 
performance under extreme conditions. The results showed that the pump still had good con-
veying and certain backflow ability. Tan et al. [13] considered the special operating conditions, 
such as accident shutdown or sudden power failure of a slurry pump, and found that the particle 
distribution under runaway conditions was more disordered than the nominal flow rate. Hu et al. 
[14] investigated the reflux characteristics of spherical particles in a pump, and it was found the 
maximum particle diameter should be controlled within 30 mm to ensure equipment safety. Guan 
et al. [15] analyzed the reflux characteristics of particles with different shapes in a slurry pump. 
The results showed that the smaller the sphericity of the non-spherical particles was, the worse the 
reflux performance was. Sun et al. [16] used the discrete phase model to study the wear character-
istics of a slurry pump under different particle sizes. The research found that the wear of particles 
on the rotating components increased as the particle size increased. Wang et al. [17] tested the 
particle motion characteristics in the impeller of a two-stage slurry pump. The results showed that 
the particle passing ability increased as the cross-sectional area of the impeller increased. Luo  
et al. [18] investigated the trajectories of quartz sand with a particle size of 3 mm in the guide 
vane. It was found that the collision position of the particles was mainly at the blade of the inlet 
and the middle of the guide vane. Wu et al. [19] studied the collision characteristics of spherical 
particles with different physical parameters in the slurry pump. The experimental results showed 
that the collision probability between the particles and the inlet of the guide vane blade increased 
with particle size and decreased with the increase of particle density.

Above all, it can be seen that there are relatively few studies on non-spherical particles 
in slurry pumps by experimental methods, and the motion characteristics of particles in pumps 
are not fully revealed. In this paper, the visual experiment is used to study the particle trajecto-
ries, velocity, and time of cylindrical particles passing through the guide vanes under different 
particle densities. The concentrations and the motion law of spherical and cylindrical particles 
in the guide vane are compared.

Test models and methods

Test system

Figure 1 is the diagram of the slurry pump test system structure. To ensure the test 
accuracy, the measurement errors of the system are analyzed. The primary sensor equipment 
for the test is flowmeters, pressure transmitters, and torque meters. The pump head and torque 
errors obtained after the repeatability test were ±0.953% and ±0.421%, respectively. The results 
prove the stability and reliability of the test system are satisfied.
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Figure 1. Experimental device: 1 – test model pump, 2 – pump inlet pressure transmitter, 
3 – pump inlet ball valve, 4 – storage tank motor, 5 – feeding funnel,  
6 – frequency conversion cabinet, 7 – pump outlet ball valve, 8 – flowmeter,  
9 – pump outlet pressure transmitter, 10 – torque meter, 11 – motor, 12 – LED lamp,  
13 – high speed photography, and 14 – computer control system

Pump model

The two-stage pump is selected as the research object. The main design parameters 
of the pump are nominal flow rate Qd = 82 m3/h, pump head H = 20 m, and rotating speed  
n = 960 rpm. To facilitate the high speed camera to visualize the solid-liquid two-phase flow 
of coarse particles, the impeller, and space guide vane are all made of polymethyl methacrylate 
with good transparency and high hardness [20]. The pump model is shown in fig. 2. The main 
structure parameters of the impeller and space guide vane are shown in tab. 1.

 
Figure 2. Test pump model; (a) impeller, (b) guide vane, and (c) pump model

Table 1. Pump model structure parameters
Structure Parameter

Impeller

Inlet diameter [mm] 126
Outlet diameter [mm] 300
Hub diameter [mm] 66

Blade number 4
Outlet width [mm] 20

Guide vane

Internal flow line [mm] 300
Outflow line [mm] 347
Axial length [mm] 180

Blade number 5
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Test schemes and the particle model

The coarse particles selected in the visualization test are spherical and cylindrical 
particles produced by customization. The particle is produced by the method of mold marking 
and casting. The materials of the particles are silica gel and rubber, respectively. The silica gel 
color is milky white, density is 1250 kg/m3, the rubber color is black, and the density is 1500 
kg/m3 and 1800 kg/m3. To ensure the unity of the test variables, the volume of the cylindrical 

particle is the same as that of the spherical par-
ticle [21]. The spherical particle size used in the 
test is 8 mm, and the bottom surface diameter, 
d, and height, h, of the cylindrical particles are 
5.5 mm and 11 mm, respectively. Particles with 
different shapes in the test are shown in fig. 3, 
and particle test schemes with different physi-
cal properties are shown in tab. 2.

Table 2. Particles with different physical parameters
Schemes Shape Size [mm] Density [kgm–3] Concentration [%]

1 Cylindrical 5.5:11 1250, 1500, 1800 3
2 Cylindrical 5.5:11 1500 1, 3, 5

3 Spherical
Cylindrical

8
5.5:11 1500 3

Data processing

Particle trajectories data

A high speed photography system is used to store the shooting data and record the mo-
tion characteristics of particles in the guide vane, and 1000 pictures are taken per second. The 
Motion Studio software is used to post-process the captured images. To compare the motion 
characteristics of particles with different physical properties in the guide vane more intuitively, 
the pixel co-ordinates are established for the contour of the single guide vane flow channel, and 
the centroid co-ordinates of the particles are extracted to obtain the motion trajectory of the 
particles in the guide vane flow channel, as shown in fig. 4. To investigate the motion character-
istics of particles in guide vanes, the co-ordinate positions of the same particle at different times 
are recorded, respectively. The co-ordinate points are connected by lines to form a particle tra-
jectory, and then 200 particle trajectories are drawn. The particle trajectories are shown in fig. 5.

 
        Figure 4. Guide vane flow channel co-ordinates                  Figure 5. Particle trajectories

Figure 3. Particle shape; (a) spherical particle 
and (b) cylindrical particle
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According to the particle trajectories in fig. 5, the single guide vane flow channel is 
divided into seven areas. First, the inlet is divided into three areas with equal distances, namely 
Area I, Area II, and Area III (Area I is the guide vane inlet near the pressure side, Area II is the 
middle of the guide vane inlet, and Area III is the suction side of the guide vane inlet). Second-
ly, a large vortex ring area in the middle of the flow channel is defined as Area IV. Finally, the 
outlet is also divided into equal distances, namely Area V, Area VI, and Area VII (Area V is 
the guide vane outlet near the pressure side, Area VI is the middle of the guide vane outlet, and 
Area VII is the suction side of the guide vane outlet). The specific range of the guide vane flow 
channel area is shown in fig. 6. To analyze the particle velocity in the guide vane, the guide vane 
is divided into six layers, as shown in fig. 7.

 

           Figure 6. Guide vane flow channel division               Figure 7. Radial division of guide vane

Pump performance data

When the pump conveys particles, the pump head calculation formula:
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where ΔZ [m] is the height difference between pump inlet and outlet, Pout [Pa] – the total pres-
sure at the pump outlet, Pin [Pa] – the total pressure at the pump inlet, v2 [ms–1] – the average 
velocity at the pump outlet, v1 [ms–1] – the average velocity at the pump inlet, ρp [kgm–3] – the 
solid phase density, and CV – the solid phase volume fraction.

The formula of solid phase volume fraction:
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where the Vp [m3] is the solid phase volume and Vf [m3] – the liquid phase volume.
The pump efficiency calculation formula:
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where g [ms–2] is the acceleration of gravity, Q [m3h–1] – the inlet flow, and P [kW] – the shaft 
power.
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Test result analysis

Energy performance analysis of pump

Figure 8 illustrates the energy performance of the pump under different particle phys-
ical properties. The energy performance trends are consistent in both figs. 8(a) and 8(b). As 
shown in fig. 8(a), it can be observed that the head and efficiency reduce, and the power in-
creases as the cylindrical particle density increases. In fig. 8(b), with the increase of particle 
concentration, the head and efficiency reduce, and the power increases. It can be found in  
fig. 8(c) that the pump head and efficiency under solid-liquid two-phase flow are lower than 
that under single-phase. When pump conveys spherical particle two-phase flow, the pump head 
is reduced by 0.79 %, the efficiency is reduced by 1.27 %, and the power is increased by 0.79 %. 

 
Figure 8. Energy performance of pump under different physical parameters;  
(a) density, (b) volume fraction, and (c) shape

Particle movement law under different densities

Particle trajectories

The particle trajectories, (as seen in fig. 5, entering from different inlets, as seen in  
fig. 6, are counted, and the trajectories that appear most frequently are identified and further 
analyzed as the main particle trajectories. Figure 9 shows the cylindrical particle trajectories 
under different densities. It can be observed that all the particle trajectories in guide vanes are 

Figure 9. Particle trajectories with different densities;  
(a) first stage guide vane and (b) second stage guide vane
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along the blade pressure side under different densities. From fig. 9(a), it is evident that the par-
ticle trajectories are more likely move to the blade pressure side when entering the guide vane 
from different inlets as the particle density increases. This phenomenon is primarily caused by 
gravity. Before the particles collide with the blade, the particle trajectories in Area II are farther 
away from the blade pressure side than in Area I, and the particle trajectories in Area Ⅲ are 
the farthest from the blade pressure side. Moreover, the particle trajectories with the density of  
1800 kg/m3 are consistent with the blade contour in Area I, which leads to severe wear. The 
reason for this phenomenon is the minimum fluid velocity at the inlet of Area I and the maxi-
mum fluid velocity at the inlet of Area Ⅲ, leading to the difference axial force of particles. It 
can be seen from fig. 9(b) that the feature in the second stage guide vane under different particle 
densities is the same as that in the first stage guide vane at different areas. In the second stage 
guide vane, the particle trajectories in Area I and Area II are more consistent than in the first 
stage guide vane under different densities. This is because particles obtain the circumferential 
velocity in the first stage and second stage impeller, the fluid velocity at the inlet of Area I and 
Area II is small. Inertia dominates the particle trajectories after entering the guide vane. There-
fore, the wear on the blade of the second stage guide vane is more serious than that of the first 
stage guide vane, especially with high particle density.

Particle distribution

Figure 10 shows the cylindrical particle number distribution at the guide vane inlet 
under different densities. It can be observed that the position of the flow passage components 
has a little effect on the particle distribution at the inlet under different densities, and the par-
ticles primarily flow into the guide vanes from Area III. As the density increases, the number 
of cylindrical particles entering from Area I gradually increases. This is because particles are 
weakened by the static and dynamic interference between the impeller and the guide vane as 
the density increases.

 
Figure 10. Particle distribution under different densities at inlet;  
(a) first stage guide vane and (b) second stage guide vane

Figure 11 illustrates the cylindrical particle number distribution at the outlet of the 
guide vane under different densities. It is observed that, the particles mainly flow out the guide 
vane from Area V under different densities, and the position of the flow passage components 
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has minimal effect on the particle distribution. With the increase of density, the number of cy-
lindrical particles flowing out of the Area Ⅶ increases. This is because the turbulent kinetic 
energy in Area Ⅶ is large due to the change of pressure gradient, which provides energy for 
some particles with large density flow out of the guide vane. At Area V of the first stage guide 
vane inlet, the distribution of the particles is less than that of the second stage guide vane. 

Figure 11. Particle distribution under different densities at outlet;  
(a) first stage guide vane and (b) second stage guide vane

Particle velocity

Figure 12 shows the cylindrical particle velocity in the guide vanes under different 
densities. It can be seen that the particle velocity increases first, then decreases, and finally in-
creases again. Wang et al. [22] also found this law through numerical simulation and explained 
that the particle acceleration is caused by inertia, and particles decelerate after collision with the 
guide vane. In the first stage guide vane, the particle velocity reaches the highest at the second 
layer and the lowest at the fourth layer. The particle velocity with the density of 1250 kg/m3,  
1500 kg/m3, and 1800 kg/m3 at the last layer is 30.22%, 31.13%, and 36.45% lower than that 
in the first layer, respectively. In the second stage guide vane, the particle velocity reaches the 
highest at the second layer and the lowest at the fourth layer. The particle velocity with the 
density of 1250 kg/m3, 1500 kg/m3, and 1800 kg/m3 at the last layer is 33.09%, 35.19%, and 

Figure 12. Particle velocity
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38.92% lower than that at the first layer, respectively. It can be seen that the positions of the 
particle maximum velocity are consistent under different flow components. The velocity loss 
of particles through the guide vanes increases as the density increases. Compared with the first 
stage guide vane, the velocity loss is large in the second stage guide vane. 

The time of particles passing through the guide vanes

The time of particles flowing from the guide vane inlet to outlet is counted, and the 
average value is taken as the time when the particles pass through the guide vanes. Figure 13 
shows the time of cylindrical particles passing through the guide vane under different densities. 
It can be observed that the passing time of the 
cylindrical particles with the densities of 1250 
kg/m3, 1500 kg/m3, and 1800 kg/m3 in the first 
guide vane are 79 ms, 83 ms, and 90 ms, respec-
tively. The particles passing time in the second 
stage guide vane are 77 ms, 81 ms, and 87 ms, 
respectively. With the increase of particle den-
sities, the passing time of particles through the 
guide vanes increases. This is because the larg-
er the density is, the closer the particles to the 
blade are, as seen in fig. 9, which makes the 
collision more easily between particles and the 
blade pressure side. Compared with the first 
stage guide vane, the passing time of particles 
through the second stage guide vane is shorter.

Figure 14. Particle trajectories under different concentrations;  
(a) first stage guide vane and (b) second stage guide vane

Figure 13. The particle passing time
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Particle movement law under different concentrations

Particle trajectories

Figure 14 shows the cylindrical particle trajectories under different concentrations. 
It is evident that the cylindrical particles move along the blade pressure side. As shown in  
fig. 14(a), when particles enter the guide vane from different inlets, the particle trajectories get 
closer to the pressure side with the increase of concentration. The reason for this phenomenon 
is that the energy provided by the fluid to the single particle is reduced when the particle num-
ber increases. In the Area I, the particle movement is consistent. This is owing to the number 
of particles flowing from the Area I into the guide vane is less than other inlets, as seen in  
fig. 10, which leads to fewer collisions between particles and less energy loss. In fig. 14(b), it is 
observed that the particle trajectories move closer to the blade pressure side with the increase of 
concentrations. Compared with the first stage guide vane, the particle trajectories in the second 
stage guide vane are smaller from the blade pressure side, especially the particle trajectories in 
Area I. This is due to the particles in the second stage guide vane obtaining the circumferential 
velocity in the first stage and second stage impeller. But the energy provided by the fluid to the 
single particle is not enough to lift the particle upward, so the particles move along the pressure 
side under the action of circumferential velocity. This means that the blades in the second stage 
guide vane are more prone to wear caused by particle impact.

Particles velocity

Figure 15 shows the velocity of cylindrical particles under different concentrations in 
the guide vanes. It can be seen that the particle velocity increases first, then decreases, and finally 
increases again under different concentrations. In the first stage guide vane, the particle velocity 
reaches the maximum at the second layer and the minimum at the fourth layer. The particle ve-
locity of cylindrical particles under concentrations of 1%, 3%, and5 % at the last layer is 33.55%, 
31.13%, and 34.70% lower than those at the first layer, respectively. In the second stage guide 
vane, the particle velocity reaches the maximum at the second layer and the minimum at the fourth 
layer. The particle velocities of cylindrical particles under concentrations of 1%, 3%, and 5% at 
the last layer are 32.60%, 35.19%, and 35.28% lower than those at the first layer, respectively. It 
is evident that the total velocity loss of particles increases with the increase of particle concentra-
tions. Compared with the first stage guide vane, the velocity loss in the second stage guide vane 
under concentrations of 1% and 5% is the same. This is because the fluid dominates the particle 
velocity when the concentration is lowest. When the concentration is the highetst, the accumula-
tion of particles in the middle of the guide vane flow channel restricts the particle motion.

Figure 15. Particle velocity
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The time of particles passing through the guide vane

Figure 16 presents the passing time of cylindrical particles under different concen-
trations through the guide vanes. It can be observed that the passing time for cylindrical par-
ticles with a concentration of 1%, 3%, and 5% 
in the first stage guide vane is 76 ms, 83 ms, 
and 98 ms, respectively. The passing time of 
the second stage guide vane is 74 ms, 81 ms, 
and 91 ms, respectively. As the particle con-
centration increases, the passing time of par-
ticles through the guide vanes increases. This 
is because the particle velocity becomes lower 
with the increase of concentrations and the par-
ticle accumulation in the middle of the guide 
vane flow channel deteriorates. Comparatively, 
the passing time of particles through the sec-
ond guide vane is shorter than through the first 
stage guide vane.

Particle movement law with different shapes

Particle trajectories

Figure 17 illustrates the particle trajectories with different shapes. It can be found 
that the particles predominantly move along the blade pressure side under different shapes. 
As shown in fig. 17(a), the trajectories of cylindrical particles at the inlet exhibit a greater 
deviation from the blade pressure side than that of the spherical particle. Because of the large 
aspect ratio of cylindrical particles, the gradient of fluid velocity at the guide vane inlet causes 
particle rotation, and the pressure difference of flow field makes the cylindrical particles move 
to the side with high fluid velocity. It can be seen from fig. 17(b) that the cylindrical particle 
trajectories in area I are closer to the blade pressure side than that in other areas. The reason 

Figure 16. The particle passing time

Figure 17. Particle trajectories under different shapes;  
(a) first stage guide vane and (b) second stage guide vane
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for this phenomenon is that the fluid velocity difference at the inlet has little effect on parti-
cle trajectories. The cylindrical particle trajectories are primarily affected by the circumferen-
tial velocity of particles obtained in the first stage and second stage impeller. Combined with  
figs. 17(a) and 17(b), cylindrical particles are more easy to collide with the middle of the guide 
vane than spherical particles. Therefore, cylindrical particles cause more serious wear in the 
middle of the guide vane flow channel.

Particle distribution

Figure 18 shows particle distribution of spherical particles at the guide vane inlet. 
Combined with fig. 10, it becomes evident that the particles mainly flow into the guide vane 
from Area III under different shapes, and the particles entering the guide vane from Area I are 
less. The position of the flow passage components has a little effect on the particle distribution 
under different shapes at the inlet. Compared with spherical particles, the number of cylindrical 
particles flowing into the guide vanes from Area III is large. This is because the fluid velocity is 
fast at Area III, and the cylindrical particles move to the side with fast fluid velocity under the 
action of pressure gradient difference. Compared with the first stage guide vane, both cylindri-
cal particles and spherical particles show a larger number of particles flowing into the second 
guide vanes from Area III, which is due to that the fluid velocity in the second stage guide vane 
at Area III is large compared to the first stage guide vane.

Figure 19 depicts the number distribution of spherical particles at the guide vane out-
let. Combined with fig. 11, it is apparent that the particles primarily flow out of the guide vane 
from Area V under different particle shapes while the number of particles flowing out from 
Area VII is relatively small. The particle distribution under different shapes at the outlet is less 
affected by the position of the flow passage components. Compared with spherical particles, 
the number of cylindrical particles that flow out of the guide vane from Area V are more. The 
number of cylindrical particles that flow out of the guide vane from Area VII is greater than that 
of the spherical particles.

          Figure 18. Particle distribution at inlet                    Figure 19. Particle distribution at outlet

Particle velocity 

Figure 20 shows the average velocity of spherical particles and cylindrical particles 
at different positions in the guide vanes. It can be seen that the particle velocity all increases 
first, then decreases, and finally increases again under different shapes. In the first stage guide 
vane, the maximum of particle velocity is at the second layer and the minimum is at the fourth 
layer. Compared with the velocity at the first layer, the velocity of spherical particles at the 
last layer decreases by 32.42%. It is 30.88% for cylindrical particles. In the second stage guide 
vane, the maximum of particle velocity is at the second layer and the minimum is at the fourth 
layer. Compared with the velocity at the first layer, the velocity of spherical particles at the last 
layer decreases by 35.77%. For cylindrical particles, it is 35.19%. It can be seen that the ve-
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locity loss of cylindrical particles is smaller than that of the spherical particles, which is due to 
the cylindrical particles will move along the surface with minimum resistance during the flow. 
Compared with the first stage guide vane, the particle velocity loss in the second stage guide 
vane is larger.

The time of particles passing through the guide vane

Figure 21 shows the time of spherical particles and cylindrical particles to pass through 
the guide vanes. It can be seen that the spherical particles take 87 ms to pass through the first 
stage guide vane, while the cylindrical particles take 83 ms. The time of the spherical particles 
passing through the second stage guide vane is 86 ms, and it is 81 ms for cylindrical parti-
cles. Contrary to the particle backflow performance, the time of non-spherical particles pass-
ing through the guide vane is shorter than that 
of the spherical particles [23]. Compared with 
spherical particles, the time of cylindrical par-
ticles passing through the guide vane is shorter, 
which is related to the low particle velocity loss. 
Moreover, the time of particles passing through 
the second stage guide vane for both spherical 
and cylindrical particles is shorter than the first 
stage guide vane. This is because the particles 
obtain energy in the first stage and second stage 
impeller before they flow into the second stage 
guide vane, so the particle velocity in the sec-
ond stage guide vane inlet is faster than that in 
the first stage guide vane.

Conclusions

The high speed photography technology is used to investigate the energy characteris-
tics, particle trajectories, particle distributions, particle velocity, and time of particles passing 
through the guide vane in the pump under different physical parameters. The significant con-
clusions are as follows. 

 y With the increase of cylindrical particle densities, the particles are more likely to move the 
blade pressure side of the guide vane, which leads to wear at the blade pressure side. The 

Figure 20. Particle velocity

Figure 21. The particle passing time
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wear at the blade pressure side in the second stage guide vane is more serious than that in 
the first stage guide vane. The particles primarily flow into the guide vanes from the suction 
side. The particles flowing into the guide vanes from the pressure side are the least, and 
the number of particles increases with densities. The particles mainly flow out of the guide 
vanes from the pressure side. The particles flowing out of the guide vanes from the suction 
side are the least and the number of the particles increases with densities. As the particle 
density increases, the velocity loss of particle passing through the guide vanes increases, and 
the time of particle passing through the guide vanes increases. Therefore, the pump efficien-
cy reduces with the increase of densities.

 y With the increases of cylindrical concentrations, the particles move closer to the blade pres-
sure side of the guide vane, leading to wear at the blade pressure side. The wear at the blade 
pressure side in the second stage guide vane is more serious than that in the first stage guide 
vane. As the particle concentration increases, the total velocity loss of particles increases, 
and the time of particles passing through the guide vanes increases, which results in pump 
efficiency reduction.

 y Under different particle shapes, the cylindrical particles are more easy to wear the middle of 
the guide vane than the spherical particles. The particles mainly flow into the guide vanes 
from the suction side, and the cylindrical particle number flowing into the guide vanes from 
the suction side is larger than that of the spherical particles. The particles primarily flow 
out of the guide vanes from the pressure side, and the cylindrical particles number flowing 
out of the guide vanes from the pressure side is larger than that of the spherical particles. 
Compared with spherical particles, the velocity loss of cylindrical particles is smaller in the 
guide vane, and the time of cylindrical particles passing through the guide vane is shorter, 
so the pump efficiency is better when pump conveys cylindrical particles two-phase flow.
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Nomenclature
CV  – volume fraction of particles
g  – acceleration of gravity, [ms–2]
H  – pump head, [m]
h  – height of cylindrical particle, [mm]
n  – rotating speed, [rpm]
P  – pump power, [kW]
Pin  – total pressure of the pump inlet, [Pa]
Pout – total pressure of the pump outlet, [Pa]
Q  – inlet flow, [m3h–1]
Qd  – nominal flow rate, [m3h–1]

Vf – liquid phase volume, [m3]
Vp  – solid phase volume, [m3]
v2  – average velocity of pump outlet, [ms–1]
v1  – average velocity of pump inlet, [ms–1]
ΔZ  – inlet and outlet height difference, [m]

Greek symbols

η  – pump efficiency
ρ  – particle density, [kgm–3]
ρp  – solid phase density, [kgm–3]
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