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Abstract: In order to study the wear characteristic of a centrifugal pump at different mass concentra-
tions, simulation and experimental research were carried out. The simulation was based on the DPM
(discrete phase model) to complete the coupling of particles and the flow field. The experimental
research included a performance test and a wear test. Through the comparison of the simulation and
experimental research results, the relationship between the particle movement and the wear was
analyzed, and the flow field was analyzed through the energy gradient theory. The energy gradient
and the particle movement were combined to explain the wear characteristics. When the particles
entered the impeller flow area, they directly hit the leading edge of the blade and the hub wall. The
particles were sinking due to the flow field, which caused the particles to accumulate near the hub
and the pressure surface. These places were at the most severely worn wall. The farther away from
the axis the position was, the greater the relative velocity difference between the particles and the
wall was, so that wear occurred first in these places. The low-energy properties near the hub made
particles gather there, which was also the most serious cause of hub wear.

Keywords: centrifugal pump; large particle; wear characteristics; energy transport; solid–liquid
two-phase flow

1. Introduction

In industrial applications, when a centrifugal pump performs solid–liquid two-phase
transportation, the collision between the rotating blades and the particles causes wear on
the wall of the centrifugal pump flow passage, which has a great impact on the service
life of the centrifugal pump. However, due to the complexity of the flow passage of a
centrifugal pump and the diversity of the solid–liquid two-phase flow, it is difficult to
study the internal wear of a centrifugal pump. Therefore, although many scholars have
carried out a lot of research on this topic, the law of wear inside a centrifugal pump has not
been well-revealed.

Khalid et al. [1] put a centrifugal pump impeller into a cylinder containing a mixture
of sand and water and made the impeller spin. Through the method of thickness and
weighing measurement, the relationship between the wear of the centrifugal pump impeller
and time was determined, and it was found that the mass loss of the impeller had a linear
relationship with the wear time. Wang et al. [2] conducted experiments on double suction
centrifugal pumps to study the changes in the hydraulic performance by controlling the
size and concentration of the conveyed particles, and Wang proposed a corresponding
functional relationship by processing the experimental data, which was of great help to
pump manufacturing. Ravelet et al. [3] conducted an experimental study on the hydraulic
transportation of large solid particles above 5 mm in horizontal pipes. The experimental
results were compared with a one-dimensional model based on mass and momentum
balance, and a flow model for large particles in vertical pipes was proposed. Zouaoui [4]
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experimentally studied the flow of large particles in a horizontal pipe by varying the
particle material, particle size, and concentration to test important parameters (pressure,
velocity, and others) during the transport of solids. The results showed that the relationship
between the pressure gradient force and the mixing velocity was significantly different from
that of pure liquid flow. Zhao et al. [5] used the shear stress transport (SST) k-ω turbulence
model to simulate the transient process of the three-dimensional flow in a centrifugal pump.
The simulation results showed that the solid-phase particle concentration had a strong
influence on the external characteristics and turbulent kinetic energy of the centrifugal
pump. At the same time, the particle size had a certain effect on the flow field in the
centrifugal pump, but this effect was not directly proportional to the particle size. Qian
et al. [6] analyzed the wear data of a double-suction centrifugal pump and found that
the wear of the blade inlet and outlet was very serious, and the average wear rate of the
suction surface of the blade was higher than that of the pressure surface. Through further
analysis, it was concluded that the impact velocities of the entrance, exit, and impact angle
were important factors affecting the wear rate. Pagalthivarthi et al. [7] studied the wear
of the volute when a centrifugal pump delivered low-concentration slurry based on the
DPM model, and they qualitatively described the influence of the geometric parameters
of the centrifugal pump on the wear performance. Shen et al. [8] used the DPM model to
simulate the wear of a centrifugal pump with the particle diameter and the particle volume
fraction, and found that the volume fraction of large-diameter particles seriously affected
the movement trajectory of the particles. Moreover, particles with large diameters were
more likely to produce velocity slip than particles with small diameters. Tarodiya et al. [9]
used a mud centrifugal pump to carry out a research method combining experiment and
numerical simulation. The study focused on the relationship between the volute wear law
and the flow field as well as the wear mechanism. Kaushal et al. [10] used the mixed model
and the Euler two-phase model to numerically simulate the flow of high-concentration
particle slurry in a pipeline, predict the pressure drop in the pipeline, and analyze the
distribution of the velocity and concentration in the pipeline. Huang et al. [11] conducted
research about the low wear in the simulation under the condition of different flow rates.
It was found that as the flow rate increases, the wear in the blade pressure side and the
hub increases significantly. Cai et al. [12] explained the wear pattern and mechanism of
centrifugal pumps using vorticity and the Q-Criterion as variables, rationalized the wear
characteristics of an impeller, and optimized the impeller. The results showed that the
impeller wear could be reduced by reducing the efficiency and head by a small amount.

Based on the above research results, it can be found that the trajectory of large particles
in a flow passage is quite different from that of small particles, so the wall wear is different.
However, the existing centrifugal pump wear studies have mostly been carried out for the
solid–liquid two-phase flow of small particles. In this study, experiments and numerical
simulations were carried out on centrifugal pumps that transported large particles in solid–
liquid two-phase flow to study particle movement and wear in the impeller channel, and at
the same time, introduce the energy gradients method to analyze flow field characteristics
and analyze their relationship with particle aggregation. The results can provide references
for the wear optimization of centrifugal pumps.

2. Experiment and Simulation
2.1. Experiment Project

An experimental system was built in this research. The experimental system is shown
in Figure 1. This system includes an experimental centrifugal pump, a pipeline pump for
inlet pressurization to prevent cavitation, two pressure sensors for measuring inlet and
outlet pressures, an electromagnetic flowmeter for measuring flow rate, a water tank for
storing solid–liquid two-phase flow, an agitator for mixing two-phase flow, a filter sieve to
prevent particles from sinking into the drainage pipe, a torque sensor for measuring shaft
torque and rotating speed, a drain valve for draining water, an inlet valve used to control
the start of the experiment, and an outlet valve to control the flow rate.
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Figure 1. Experimental system.

The centrifugal pump used in the experiment was model HCK100-80-250, the rated
flow was 70 m3/h, the head was 14 m, the rotating speed of impeller was 1450 r/min,
and the specific speed was 102. The centrifugal impeller was a three-blade fully open
impeller, the impeller inlet diameter was 108 mm, and the outlet diameter was 265 mm.
The front and rear wear plates of the experimental pump were removable. The surfaces
on the centrifugal pump impeller were painted with a layer of blue paint, which could be
used to identify the wear area of the impeller.

The particle material used in the experiment consisted of round glass balls with a
density of 2700 kg/m3, a diameter of 3 mm, and a hardness of 6.5 Mohs. In the wear
experiment, particle mass concentrations were 1%, 2%, 3%, 4%, 5%, and 6%, respectively.
Before the wear experiment started, the quality of the water in the tank was first measured:
the volume could be determined according to the ruler on the tank, and then the quality of
water could be calculated. Then, according to the particle mass fraction in the research plan,
the mass of particles at different concentrations were calculated. Before each experiment,
the particles of the corresponding quality were put into the water tank, and then the
agitator was turned on to make the particles evenly mixed during the experiment. Then,
the pipeline pump was turned on. A container was used to collect the two-phase flow
in the outlet within a certain period of time to calculate the mass concentration. If the
deviation between this mass concentration and the set concentration was large, the amounts



Processes 2021, 9, 988 4 of 19

of particles would be increased appropriately to ensure that the concentration is correct
before starting the experiment. The flow rate was adjusted by the valve opening. Each
wear experiment time was 48 h.

2.2. Simulation Setting

In this study, Fluent 16.0 was used to complete the numerical simulation of the solid–
liquid two-phase flow inside the centrifugal pump. The calculation was based on the DPM
model to consider the interaction between the flow field and the solid particles. The flow
field was regarded as a continuous phase and the particles were regarded as a discrete
phase. The DPM model not only considered the interaction between the particles and the
fluid, but also considered the collision and wear between the particles and the wall.

The equation of motion describing the conservation of momentum of a viscous in-
compressible fluid is the Navier–Stokes equation, expressed in a rectangular coordinate
system as:
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∂x
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where, ρ is the fluid density, P is the pressure, u, v, and w are the velocity components of
the fluid at the point (x, y, z) at time t, f is the external force per unit volume of the fluid,
and the constant µ is the dynamic viscosity and µt is the turbulence viscosity.

The turbulence model uses the SST (shear stress transport) model under the turbulence
model. Compared with the standard k-ωmodel, the SST model introduces the damping
cross-diffusion derivative term in the specific dissipation rate equation, and modifies the
definition of turbulent viscosity. It has high accuracy for moderate separation of turbulence.

The transport equations are:

∂

∂t
(ρk) +

∂

∂xj
(ρkui) =

∂

∂xj
(Γk

∂k
∂xj

) +
∼
Gk − Yk + Sk, (4)

∂

∂t
(ρω) +

∂

∂xj
(ρωuj) =

∂

∂xj
(Γω

∂ω

∂xj
) + Gω − Yω + Dω + Sω, (5)

In these equations,
∼
Gk represents the generation of turbulence kinetic energy due

to mean velocity gradients, Gω represents the generation of ω, Γk and Γω represent the
effective diffusivity of k and ω respectively, Yk and Yω represent the dissipation of k and ω
due to turbulence, Dω represents the cross-diffusion term, and Sk and Sω are user-defined
source terms.

The collision model was solved with the model proposed by Grant et al. [13], and its
expression is:

en = 0.993 − 1.76θ1 + 1.56θ2
1 − 0.49θ3

1 , (6)

et = 0.988 − 1.66θ1 + 2.11θ2
1 − 0.67θ3

1 , (7)

where, en is normal collision elastic recovery coefficient, et is tangential collision elastic
recovery coefficient, and θ1 is the collision angle.

The wear model proposed by Ahlert [14] was selected according to the flowing wall
medium, and its expression was:

ER = A(BH)−0.59Fsuna
p f (θ), (8)
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f (θ) =
{

aθ2 + bθ θ ≤ θ0
x cos2 θ sin(wθ) + y sin2 θ + z θ > θ0

, (9)

where, ER is the wall erosion, A is the constant related to the wall material, BH is the
Brinell hardness of the wall material, Fs is the correlation coefficient with the particle shape
(the particle is spherical and takes 0.2, and the sharp particle is 1), up is the particle collision
velocity, and f (θ) is the particle collision angle function. The selected parameters in the
equations is shown in Table 1 according to the wall material.

Table 1. The parameters in the Ahlert wear model.

A na θ0 a b x y z w

1.599 × 10−7 1.73 π/12 −38.4 22.7 3.147 0.3609 2.532 1

The particle motion equation is:

mp
dup

dt
= mpg + Fdrag + Fp + Fv (10)

where mp is the quality of particles, up is the velocity of particles, Fdrag is the drag force,
Fp is the pressure gradient force, and Fv is the additional mass force.

In the simulation, the inlet boundary condition was velocity inlet, which was set to
2.47 m/s, and this velocity was calculated by rated flow and inlet diameter. In order to
observe the fully developed internal flow, the corresponding turbulence parameters on the
boundary conditions were set, which are the turbulence intensity (I = 0.0339073059070281)
and the hydraulic diameter (100 mm). The file form was selected for particle injection on
the inlet surface, and 64 particle injection points were evenly distributed on the inlet surface.
The particle inject speed is the same as the fluid of 2.47 m/s. This velocity was considered
to have the same velocity as the flow. The impeller zone condition used mesh motion and
the rotating speed was set to 1450 r/min, which was same rotating speed as the centrifugal
pump impeller in the experiment. The outlet boundary condition was outflow. The collision
model and the wear model in the wall of impeller and volute were the model mentioned
above. The setting of all boundary conditions in the simulation was determined based
on experimental conditions. Under this condition, time step was set to 0.00011494255 s,
which was the time of the impeller to rotate through 1◦, and the convergence criterion
of the residual value in each time step was set to 10−4. The simulation was considered
complete when the number of particles in the centrifugal pump gradually stabilized.

2.3. Grid Setting

The entire model and grid of the experimental pump are shown in Figure 2. The
solid–liquid two-phase fluid entered the impeller flow area through the inlet pipe, then
entered the volute after being accelerated by the rotation of the impeller, and finally flowed
out from the outlet of the volute.

In order to meet the calculation requirements, the minimum angle of the generated
grid was 24◦, and the minimum quality of the grid was 0.3. In order to eliminate the
influence of the number of grids on the results of the simulation, a total of 8 sets of grids
were generated, and the number of nodes gradually increased from 460,426 to 3,561,073.
The calculation and the analysis of the internal flow of the centrifugal pump are shown in
Table 2.

By comparing the heads, it could be seen that the head values remained almost
unchanged starting from the fifth set of grids, indicating that the number of grids had
nothing to do with the calculation results. Therefore, in order to ensure the accuracy of the
simulation, the sixth set of grids was selected for numerical simulation.
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2.4. Simulation Accuracy Verification

In order to verify the accuracy of the calculation method and the simulation results, the
simulated performance of the centrifugal pumps with different particle mass concentrations
(0–6%) was compared with the experimental performance for the design flow of 70 m3/h.

The head, power, and efficiency of the centrifugal pump were calculated as follows.
The variables in the equations were measured by the measuring instruments in the experi-
mental system.

H =
Pout − Pin

ρg
+

Vout
2 − Vin

2

2g
+ Zout − Zin, (11)

Pw = Tω × 10−3 =
T × 2πn

60000
=

Tn
9550

, (12)

η =
ρgQH

Pw
, (13)

where, H is the head, Pw is the power, η is the efficiency, Pout is the pressure of outlet, Pin is
the pressure of inlet, Vout is the velocity of outlet, Vin is the velocity of inlet, Zout is the
height of outlet, Zin is the height of inlet, T is the torque, and n is the rotating speed.

Figure 2. The whole grid, the model, and the grid of the impeller.
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Table 2. The number of nodes with the head of each set.

Serial Number of Grid Number of Nodes The Head of Simulation

1 460,426 15.28343
2 846,013 15.32418
3 1.1064 × 106 15.28373
4 1.55974 × 106 15.2492
5 2.00676 × 106 15.19412
6 2.42731 × 106 15.19312
7 2.93915 × 106 15.18951
8 3.56107 × 106 15.18709

Figure 3 shows the performance experiment of centrifugal pump under the water
condition. From comprehensive design parameters and experimental results, it was found
that the design flow point and the experimental best efficiency point basically coincide,
that is, 70 m3/h. The working condition of this centrifugal pump, HCK 100-80-250, in the
manuscript is the rated flow in actual application. This study tries to find some rules as a
reference for the service life of the centrifugal pump. Therefore, based on this reason, the
relationship between the wear characteristics of centrifugal pumps and the internal flow
characteristics is explored.

Figure 3. The performance of the pump in the water condition.

In Figure 4, the uncertainties of the performance experimental data were checked. The
maximum percentage random uncertainties of flow rate, head, power, and efficiency were
0.75%, 1.64%, 1.47%, and 1.73%, respectively. It can be considered that the experimental
results were reliable. The performance obtained with the simulation was slightly higher
than the experimental values, and the error was generally less than 5%. Therefore, the
calculation method used could be used for the simulation of the solid–liquid two-phase
flow inside the centrifugal pump.
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Figure 4. The performance comparison of the experiment and the simulation.

In Figure 4, the subscripts exp and sim represent the power of the experimental result
and the simulated result, respectively.

3. Analysis of Results
3.1. Analysis of Wear Results

After the centrifugal pump has undergone 48 h of the solid–liquid two-phase flow
abrasion experiment, the internal flow passage of the centrifugal pump has different
degrees of wear. Analyzing the results of the wear experiment, it was found that the most
severely worn parts in the impeller flow passages are the hub wall and the leading edge of
the blade. Under different mass concentration conditions, the hub wall wear is shown in
Figure 5.

Figure 5. Wear of impeller hub wall at different particle concentrations.

Based on the wall wear results obtained from the experiment and simulation shown
in Figure 5, it was obvious that when the centrifugal pump performed the solid–liquid
mixed transportation of different concentrations, the wall of the hub near the exit of the
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impeller flow passage first produced wear, and the wear at this place caused the paint
surface to disappear first, exposing the metal surface of the hub wall. It can be found that
when the particle mass concentration increased from 2% to 3%, the paint on the wall of the
hub disappeared gradually, and the amount of wear also increased, which indicated that
the wear range and the wear degree were closely related to the particle concentration. This
phenomenon occurs in both simulations and experiments. With further observation of the
wear on the wall of the hub, we found that the wear surface had corrugated stripes, which
were very similar to the striped wear shown on the wall of the elbow [15].

In order to study the cause of the wear of the hub, the solid–liquid two-phase flow
inside the region was analyzed. Since the impeller used in this study was a double-
curvature blade, in order to be able to show its internal flow characteristics, the impeller’s
rotating flow area was expanded into a blade-to-blade region. The diagrams of the blade-
to-blade region shown below in Figure 6 at different positions were numbered by the span
value, from 0 to 1, representing the blade tip to the root; that is, the smaller the span value
was, the closer the position was to the blade tip.

Figure 6. Blade-to-blade region of impeller.

The effect of the presence of solid particles on the flow was studied to investigate
the wall wear law by analyzing the flow inside the impeller when the centrifugal pump
conveyed water and the solid–liquid two-phase flow. Figure 7 shows the flow and velocity
diagrams on the impeller grid expansion surface (Span = 0.9) near the hub area.
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Figure 7. Streamlines and velocity distribution near the hub wall (Span = 0.9).

As can be seen from Figure 7, in the liquid flow condition, the streamline in the area
near the hub wall was smooth, the velocity distribution was relatively uniform, and there
was no obvious vortex. However, in the solid–liquid two-phase flow condition, there
were several low-speed areas in the impeller flow passage, and the flow velocity near the
outlet increased with the appearance of the vortex, which corresponded to the earliest
disappearance of the hub outlet position in the wear experiment. That is, the fast-flowing
fluid entrained the solid particles to rotate and rub at that location, and then wear first
occurred in this part. The greater the concentration was, the greater the number of particles
was, and the greater the degree of wear and the range of wear were.

Combining the particle motion vector diagram could further reveal the cause of the
wheel hub wall wear, as shown in Figure 8.

It can be seen from Figure 8 that after entering the impeller flow area through the inlet
pipe, a large number of particles did not collide with any surface to decelerate, but rather
directly impacted the wall surface of the impeller hub. Therefore, severe wear occurred at
this position first.

It can also be observed from Figure 8 that after the particles entered the impeller flow
channel, the wall of the impeller hub was impacted by the particles, and the leading edge
of the blade was directly impacted by a large number of particles, as shown in Figure 9.
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Therefore, the blade leading edge of the impeller was also severely worn. The experimental
and calculated wear results are shown in Figure 10.

Figure 8. Particle motion vector diagram in the area near the hub wall.

Figure 9. Particle motion vector diagram in the area near the leading edge of the blade.

Figure 10. The wear area of the blade leading edge.
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It can be clearly seen from Figure 9 that when the particles entered the impeller flow
area, the leading edge of the blade was directly impacted by a large number of particles.
It can be seen from Figure 10 that after 48 h of abrasion testing at 1% concentration, the
paint peeled off on part of the leading edge of blade, while the remaining part of the paint
surface remained intact. There were many small pits on the leading edge of the blade.
The wear condition was basically consistent with the results obtained by the simulation
calculation, and the wear type was mainly impact wear. As the concentration increased,
the wear area increased and the degree of wear continued to deepen, but the types of wear
were essentially the same. For the case of 3% concentration, the leading edge of the blade
was impacted by particles and it disappeared, and at the same time, dents appeared in the
blade leading edge. This might have been caused by the continuous impact of particles. At
5% concentration, the leading edge of the blade became smoother, the paint on the blade
leading edge was completely peeled off, and a certain degree of distortion appeared.

As the particle concentration increases, it could be seen that the wear degree in the
leading edge of the blade area increases, while the wear area expands accordingly. After
the paint disappeared completely, pits gradually appeared on the leading edge of the blade.
As the concentration further increased, the leading edge of blade gradually became smooth
and rounded, and even deformed.

When the liquid phase drove the solid particles to continue to move, they entered the
rotating impeller channel through the blade leading edge of the impeller and the hub, and
then the particles and fluid rotated under the action of the impeller. The wear of the blade
pressure surface is shown in Figure 11.

Figure 11. The wear of the blade pressure surface.

It can be seen from Figure 11 that the indicating paint on the pressure surface was only
retained for the working condition of 1% concentration, and the indicating paint surface
of the pressure surface disappeared completely for the conditions of other concentrations.
At the same time, the pressure surface wear trend in the experiment was consistent with
the simulation.

The wear of the pressure surface appeared from the root and tail of the pressure
surface and then gradually spread to the entire pressure surface. It could be seen that the
paint on the pressure surface disappeared completely in the condition of 3% concentration,
and the pressure surface was worn smoother for 5% than other concentrations.

From the leading edge of the blade to the tail of the blade, we took a line in the middle
of the blades and divided it with 12 points, and named the monitoring points from 1 to
12 in the direction of the arrow, and the thickness loss of the impeller was measured at
these monitor points. Figure 12 shows the monitoring point on a blade and the mark of the
impeller blade.
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Figure 12. (a) The monitor points on the blade, and (b) The mark of the impeller blade.

Figure 13 shows the wall thickness loss at 1% concentration in the experiment and the
simulation.

Figure 13. The thickness loss of the impeller at 1% concentration.

In Figure 13, the thickness loss was measured in the experiment and simulation. In
order to be able to compare the two situations, the thickness loss rate was calculated by
dividing the thickness loss by time, respectively.

It can be seen from Figure 13 that both in the experiment and simulation, at the
measuring point near the blade leading edge (monitor point 1), the three blades all had
serious thickness loss. When the measuring point is gradually moving away from the blade
leading edge (at the monitor points 2 and 3), the thickness increases to a certain extent
due to particle impact in the experiment. As the measuring point moves to the root of the
impeller, the thickness loss gradually becomes serious.
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The location of the largest thickness loss in the experimental wear is at the tail of
the blade. The wear value of the three blades at the monitoring point 12 has an average
increase of 215.53% compared to the wear value of the monitoring point 1.

It can be seen from Figure 13 that the thickness loss rate trend of the simulation is
consistent with the experimental data, and the most severely worn point is 12 at the tail
of the blades. For the blades b and c, the wear of the monitoring point 12 and the wear of
the monitoring point 1 increased by an average of 232.35%, which is consistent with the
experimental results.

The thickness loss in the experiment situation was greater than that in the simulation.
The experimental value has a large fluctuation amplitude, which is due to the change of
the impeller surface due to wear, and there are preliminary slight wear streaks.

In order to better explain the occurrence of wear, the streamline and the velocity
distribution of the flow field were analyzed with the cascade diagram.

It can be seen from Figure 14 that the vortex and the corresponding flow chaotic
position at the same concentration basically appeared in the middle area of the blade
pressure surface, and the flow chaotic vortex always existed no matter how the position
of the cascade section changed. Taking the 1% particle concentration as an example, it
could be seen that when the span value near the blade tip was 0.1, the streamline was
relatively smooth, the streamline vortex was mainly concentrated in the middle of the blade
pressure surface and the position of the leading edge of the blade, and the streamlines in
the three flow passages of ABC were similar. With the continuous increase of the span
value (that is, corresponding to different sections from the tip to the root of the blade),
it could be clearly seen that for the flow lines in each flow passage, a certain degree of
difference gradually appeared, but the phenomenon of vortex near the pressure surface
still existed. The particles at the pressure surface might have been affected by the flow
field and repeatedly impacted the pressure surface. At the same time, the circumferential
velocity of the pressure surface had a certain difference with the particles too, so the wear
had to start from the end of the pressure surface with the highest circumferential velocity
and gradually spread to the entire pressure surface.

Figure 14. The blade-to-blade region of flow field velocity and streamline inside the impeller.

3.2. Internal Flow Field Analysis

When the centrifugal pump performed solid–liquid two-phase transportation, the
presence of particles had a great impact on the flow field, and the change of the flow field
in turn affected the movement and distribution of the particles, which in turn affected
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the mixed transport performance and wear. The flow field of the two-phase conveying
condition and the flow field of the pure liquid conveying condition were compared in order
to explore the influence of the particles on the flow field.

It can be seen from Figure 15 that in the liquid flow condition, the streamlines in the
flow field appeared to be very smooth, and there was no particularly obvious vortex. At
the same time, the cloud atlas of the flow field changed uniformly in this case. In the
two-phase flow condition, it was obvious that there was a vortex near the pressure surface
in the middle of the passage, and the closer the position was, the larger the vortex was. At
the same time, when the span value was 0.9, which was the closest to the bottom of the
blade, another vortex appeared near the leading edge of the blade. It could be seen from the
velocity distribution of the flow field that as the section position gradually moved from the
top to the bottom of the blade, the velocity of the flow field gradually decreased, the vortex
range became larger, and another vortex even appeared near the bottom of the blade.

Figure 15. The difference in two-phase flow and liquid flow.

In order to further study the influence of the particles on the energy loss of the flow
field, the energy gradient theory [16,17] was introduced for flow analysis.

The expression of the energy gradient, K [18], in the centrifugal pump was:

K =

√
µ2

i

√
∂E
∂n

∣∣∣
i
2√

µ2
i

√
∂E
∂s

∣∣∣
i
2 + φ

, (14)
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In this expression, K is defined as the energy gradient function, µ is the velocity, E is
the total mechanical energy, ∂E

∂n is defined as the normal gradient of the total mechanical
energy in the streamline, and ∂E

∂s is defined as the flow gradient of the total mechanical
energy. In this fraction, the denominator term is the flow gradient of the work carried
out by the viscous shear stress in the streamline direction, which can be further expressed
as the sum of the viscous friction loss of the total mechanical energy in the streamline
direction and the energy dissipation function, φ.

The energy dissipation function, φ, can be defined as:

φ = 2ρµt[
1
2
(

∂µj

∂xi
+

∂µi
∂xj

)]
2

, (15)

The energy gradient theory could be used to predict the increase or loss of the flow
field energy and the K value could be approximated as the ratio of the energy increase
to the energy loss. To make it easier to observe, the logarithm lgK of the K function was
used for the display. It was defined that lgK in the range of −0.3 to 0.3 meant that the local
energy loss was equal to the energy increase. When lgK ≥ 0.3, the energy increase was
dominant, and lgK ≤ −0.3 indicated that the energy loss was dominant. The energy change
trend of the flow field reflected the corresponding energy change trend of the particles,
which could be used to predict particle distribution and the movement to a certain extent.
At the same time, the flow field tended to flow from a position with higher energy to a
position with relatively low energy. The field tended to flow in a more complicated manner
in areas where the energy increase was dominant.

Due to the different positions of the flow passages at the current moment and the
direction of gravity, the particle distribution in each flow passage and each span had to be
different. In Figure 16, near the top of the blade, when the span values were 0.1 and 0.3, the
high-concentration particle volume fraction appeared at the entrance of the C flow passage.
This was because the particles were gradually sinking, they were affected by gravity before
entering the front of the impeller zone, and the inlet of the C flow channel was just below
the flow passage at that moment. At that time, a large number of particles entered the C
flow channel. In the particle distribution diagram, it can also be seen that as the span value
increased, the particles were concentrated at the entrance from the beginning and they
gradually spread to the entire flow passage. At the same time, the particle volume fraction
in front of the pressure of the B channel increased with the increase of the cross-sectional
span value, and most of the particles were free near the bottom of the blade pressure
surface, which led to the wear of the blade pressure surface, as shown in Figure 11. When
the span value was 0.9, close to the wall of the impeller hub, there were a large number of
particles in the wall and a large amount of the volume was occupied. This was also the
reason that the wear of the hub could spread to the entire wall.

It could be seen from the distribution of lgK in Figure 16 that when the span value was
0.1, there was a large range of high-energy areas in each flow passage, mainly concentrated
in the center of the suction surface and close to the impeller outlet area, and there was
almost no position where the energy was weakened. It could be known from the particle
distribution that the particles had not completely entered the flow passage when the span
value was 0.1. At other span values, areas where the energy was weakened gradually
appeared, and particles also began to enter the flow passage. This indicated that the main
reason for the energy weakening of the flow field was the existence of particles, and the
flow field drove the movement of particles by transferring energy to the particles.

Combined with the current concentration situation and the distribution of lgK on the
sections with different span values, it could be known that when the span value was 0.1,
the flow field had a large range of high-energy regions. As the span value continued to rise
(that is, corresponding to the section from the tip to the root of the blade), it could be clearly
observed that the high-energy area gradually decreased, while the energy balance area
occupies most of the flow passage. According to the characteristics that fluids tend to flow
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from high-energy regions to low-energy regions, it could be considered that in the vertical
scale, the flow field continuously flowed from the tip to the root of the blade, which also
made most of the particles receive energy transfer in the impeller flow passage. Thereby,
the particles continuously accumulated in the root area of the blade, and since most of the
energy of the flow field was in the equilibrium range near the root of the blade, the particle
concentration in that area was relatively higher.

Figure 16. The difference in two-phase flow and liquid flow.

In order to understand the influence between the particles and the flow field, the lgK
distributions of both conditions were compared. When the span values were 0.1 and 0.3, it
could be seen that the energy increase was dominant (lgK ≥ 0.3) and it mainly appeared in
the middle of the flow passage, and most of the energy increase area had a certain distance
from the pressure surface and were close to the suction surface. This was also similar to the
condition of the water. It could be known that due to the presence of particles in the current
cascade section, the energy transferred to the particles by the flow field was relatively small,
and the energy gradient distribution in the three flow passages was relatively similar.

However, in the area where the span value was 0.5, significant differences began to
appear for the conditions of 0% and 1% mass concentrations. The exit position of the flow
passage was in the area of reduced energy for the condition of clear water, but when there
were particles, either it completely disappeared, or the energy increase was dominant. This
might have been because the particles further transferred their own energy to the flow field
at the current position.

In the section near the root of the blade (span values of 0.7 and 0.9), the difference
between 0% and 1% particles was more obvious, especially when the span value was
0.9. The entire flow passage basically had the energy increase dominate for the condition
of water, but when particles existed, the energy increase dominated the area in the flow
passage that appeared near the suction surface.

By analyzing the overall flow characteristics of the flow passage, it could be found
that compared with the K value in the flow passage for the condition of clear water
transportation, the K value of the particle aggregation area during two-phase transportation
was relatively smaller. The area near the root of the blade with the most particles (the span
value was 0.9) had the most significant decrease in the K value. Since the K value could
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indicate the local energy situation, a small K value meant that this was a low-energy area,
and the flow was relatively stable, so the particles aggregated there.

The flow loss in the impeller channel mainly included the boundary layer flow loss
and the main channel flow loss. It could be found that a certain number of particles near
the wall could disturb the boundary layer during solid–liquid two-phase transportation,
reducing its thickness and thereby reducing the boundary layer flow loss. However, when
the concentration was too high, the presence of particles caused the overall flow field
disturbance, which led to an increase of the main channel flow loss. Therefore, combined
with the head curve of the centrifugal pump in Figure 4, it could be found that at low
concentrations, the reduction of the boundary layer flow loss was dominant, so the head
change of the solid–liquid two-phase flow was small. After the increase in concentration,
the decrease in the boundary layer flow loss was no longer sufficient to compensate for
the increase in the main channel flow loss, which led to an increase in the flow loss in the
impeller flow channel, so the head was greatly reduced.

4. Conclusions

By comparing the numerical simulation results and experimental results of the cen-
trifugal pump in solid–liquid mixed transportation, the following conclusions were drawn:

1. It can be known from the performance of the centrifugal pump that in the experiment
with the same flow rate, the presence of particles will reduce the head and efficiency
of the centrifugal pump, but the shaft power change was relatively small. As the
concentration increases, the head and efficiency will further decrease. When the
concentration increased to 6%, the head decreased by 14% and the efficiency decreased
by 18%.

2. The most severely worn parts were the impeller hub and the leading edge of the blade.
The abrasion of the hub wall surface started from the wall surface farthest from the
rotating shaft and gradually spread to the entire hub wall surface. The wear of the
pressure surface gradually spread to the entire pressure surface from the region near
the root of the blade. Through the analysis of the streamline and energy gradient,
it could be known that the particles were affected by their own initial velocity and
the flow field after colliding with the impeller, and they continued to gather towards
the root of the blade. However, since the wall surface farthest from the axis had
the largest relative velocity for the particles, the wear on the wall surface of the hub
started from the wall surface the farthest away first and the pressure surface began to
wear from the end of the root blade.

3. The leading edge of the blade was mainly affected by impact wear. When the concen-
tration increased and the number of particles gradually increased, the leading edge of
the blade even appeared to be twisted to a certain extent. It could be seen from the
simulation results that the particles directly impacted the leading edge of the blade to
cause impact wear, and the simulation results of the wall wear trend were consistent
with the experimental situation.

4. The energy increase of the flow field mainly occurred in the middle of the flow passage
close to the tip of the blade, and the position of the energy loss mainly occurred in
the center of the flow field close to the pressure surface. Most of the flow passage
near the root was energy-balanced. The distribution of the energy gradient function,
K, generally maintained a gradual decrease from the tip to the root of the blade,
which showed that the flow in the pump continuously pushed the particles to sink
on the vertical scale. Additionally, since most of the energy of the flow field was in
the equilibrium range near the root, the particle concentration at the blade root was
relatively high.
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