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Abstract: The slurry transport pump is the key equipment of deep-ocean mining systems.
The motion law of coarse particles in the pump is not clear enough. In this paper, a hydraulic
model of a laboratory-scale two-stage slurry transport pump is constructed, and the motion
characteristics of coarse particles in the pump are numerically studied by using the computational
fluid dynamics–discrete element method (CFD-DEM) method. The performance curve of the pump is
obtained by experimental measurement, and the reliability of the calculated results is verified. Due to
the application of the amplification flow rate design method, the optimum efficiency point of the
pump is shifted to the large flow rate condition. Differences in particle swarm within two stages are
compared. The position distribution, velocity variation and trajectory of particles in the impeller and
bowl diffuser are studied in detail. The velocity of particles leaving the impeller depends on whether
they collide with the impeller blade. The motion of particles in the bowl diffuser is divided into three
periods. Collision between particles and blades in the bowl diffuser not only leads to energy loss but
also gradually transforms the circumferential velocity of particles into axial velocity in the second
period. This work can provide a reference for the study of wear and blockage prevention of slurry
transport pumps.
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1. Introduction

Seafloor mineral resources are abundant. Solid mineral resources have potential commercial
exploitation value. They mainly include polymetallic nodules, cobalt-rich crusts, and polymetallic
sulfides, whose reserves are tens to thousands of times higher than those on land [1–3]. Most of these
mineral resources are stored at a depth of 5000~6000 m. For deep-ocean mining, the most commercially
available method is to use a submarine mining robot to collect ore, and then to raise the ore to the
surface mining ship by a riser [4,5], as seen in Figure 1. At present, air-lift and liquid-lift methods are
the main vertical transport methods. The lack of direct control of the fluid and solid outputs in the
air-lift method makes the stable continuous operation a hard task. The liquid-lift method is investigated
by more scholars [6]. The system based on the liquid-lift method includes four subsystems: collecting,
lifting, navigation, and communication and water surface support. The role of the lifting system is to
transport the slurry collected by the mining system to the water surface support system, which is the
most energy-consuming part of the entire deep-ocean mining process [7]. The slurry transport pump
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is the core component of the lifting system. Its reliability and working efficiency are directly related to
the safety and economy of the entire deep-ocean mining system.
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Figure 1. Schematic diagram of a deep-ocean mining system. Slurry transport pump: (1) submersible
motor, (2) coupling pipe, (3) pump rotor, (4) out shell, (5) discharge, (6) suction, (7) shaft coupling,
(8) diffuser, (9) and sliding bearing (no sealing).

The slurry transport pump is a multi-stage structure with a bowl diffuser, and its flow passage
is complicated. There are three important engineering problems that need to be resolved when
designing and manufacturing a slurry transport pump: overflow performance of mineral particles
(non-blockage) [8,9]; reliability (wall wear) [10,11]; and efficiency issues (energy consumption).
The three problems are all closely related to the motion of particles in the pump. Therefore, in order to
solve the above engineering problems, it is necessary to study the kinematic information of particles
such as position distribution, motion trajectory, velocity change, and so on.

Visual experiments are an important method to study solid-phase motion in the slurry pump.
The distribution and velocity of solid phase have a great influence on the performance of the pump,
so they are essentially the most studied issues. Cader et al. used Laser Doppler Velocimetry (LDV)
to measure the velocity distribution of particles (0.8 mm) in the impeller and found that the radial
velocity of solid particles at the outlet of the impeller was greater than the fluid but lagged the fluid in
the circumferential direction [12]. They meanwhile studied the two-phase velocity distribution at the
interface between the impeller and the volute and found that the velocity distribution at the interface
could be used to evaluate the pump head-flow rate characteristic curve [13]. Shi et al. designed a
new Particle Image Velocimetry (PIV) experimental device and developed a gray-scale-based particle
recognition algorithm for measuring the solid-phase distribution in centrifugal pumps. The device
avoids stirring to reduce the influence of bubbles on PIV measurement [14,15]. Some studies have
linked the motion characteristics of the particles to the wear of the pump. Kadambi et al. used PIV to
measure the velocity and kinetic energy fluctuations of the slurry (0.5 mm) in the tongue area [16].
The experimental results show that the random collision caused by the kinetic energy fluctuation of
the solid phase is closely related to the wear of this region. Li et al. simplified the impeller passage into
a curved tube and studied the relationship between coarse particle motion and wall wear [17].
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However, visualization experiments are not applicable in many situations. There is a wider
range of applications for numerical simulations. The Euler–Euler model is a method to take both the
solid and liquid phases as continuous phases. Tarodiyaet et al. used this model to predict the head
and efficiency of a centrifugal mud pump [18]. However, the model cannot capture the details of
particle movement, so it is not suitable for applications with low solid-phase concentration or large
particle size. The Euler–Lagrange method is the more common solid–liquid two-phase simulation
method. The liquid phase is solved under the Euler framework and the solid phase is solved under
the Lagrange framework. Zhu et al. studied the influence of particle density and particle size on
wear of submersible pump using the Discrete Phase Model (DPM) [19]. Although the calculated
results differ greatly from the experimental data in value, the wear pattern and position are in good
agreement with the experiment. In the conventional DPM, the solid phase is point particles, and the
collision between particles is considered by the hard ball model or directly ignored. On the contrary,
the discrete element method (DEM) can obtain kinematic information of particles more accurately by
using the soft ball model to calculate collisions of particle–particle and particle–wall. Huang et al. used
the computational fluid dynamics (CFD)-DEM method to conduct transient numerical simulations
of solid–liquid two-phase in a centrifugal pump and obtained volume fraction distributions and
trajectories of the solid particles [20]. In recent years, the Lagrange–Lagrange method has also been
applied to the simulation of solid–liquid phase. These methods take the liquid phase as a discrete phase.
Ndimande et al. used the Discrete Element Method–Smoothed Particle Hydrodynamics (DEM-SPH)
method to simulate the solid–liquid two-phase flow in a Stirred Media Detritor [21].

The volume concentration of solid phase is low in the slurry transport pump (<10%) and particle
size is large (>10 mm). The number of particles in the pump is small. So, it is of value to organize,
classify, and analyze individual information (velocity and position) of the particle. A more detailed
division of particle swarm in time and space is meaningful. In this paper, a laboratory-scale slurry
transport pump was designed and manufactured, and then, its working characteristics were measured.
After that, CFD-DEM was used in this paper to simulate the solid–liquid two-phase flow in this
pump. Under the actual operating conditions (Q = 120 m3/h, the spatial distribution, velocity change,
and trajectory of particles were studied with emphasis.

2. Materials and Methods

2.1. Geometric Model

The research object of this paper is a slurry transport pump for deep-ocean mining. It is a
two-stage centrifugal pump with bowl diffusers. Due to the large size of the prototype pump, it is not
suitable for experiments. Therefore, the geometric parameters of the prototype pump were reduced
according to the principle of similar specific speed. Then, the test pump was designed according to
the new parameters. The basic geometric parameters of the impeller and bowl diffuser are listed in
Table 1. The main performance parameters of test pumps and prototype pumps are listed in Table 2.
The hydraulic model of the test pump is shown in Figure 2. The whole pump is placed vertically with
the inlet at the bottom. The gravity direction is opposite to the flow direction at the pump inlet.

Table 1. Geometric parameters for the test centrifugal pump.

Impeller Value Bowl Diffuser Value

Inlet diameter (mm) 135 Inlet diameter (mm) 276
Outlet diameter (mm) 272 Inlet width (mm) 26

Blade number 4 Blade number 5
Wrap angle (◦) 111~115 Wrap angle (◦) 118
Outlet angle (◦) 24 Outlet angle (◦) 25
Inlet angle (◦) 26 Inlet angle (◦) 90
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Table 2. Test pump and prototype pump performance parameters.

Parameters unit Test Pump Prototype Pump

Design flow rate (Q) m3/h 120 420
Design head (H) m 40 270

Rotating speed (n) rpm 1450 1450
Specific speed 1 (ns) 102.17 102.17

1 The specific speed was calculated according to the Chinese standard: ns = 3.65n
√

Q/H3/4, and the units of the
variables in the above formula are r/min, m3/s, and m, respectively.
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2.2. Basic Assumptions

The prototype pump was installed at depths of 200~300 m and the environmental pressure was
high. So, the possibility of cavitation was low. The following basic assumptions are stated: temperature
changes and compressibility are not taken into account; there is no phase transition in the pump;
the flow is uniform at the pump inlet; the solid phase is a spherical particle without deformation
and breakage.

2.3. Mathematical Model

The CFD-DEM coupling method was used to solve the two-phase flow of coarse particles in
the slurry transport pump. The liquid was treated as a continuous phase and modelled by the
Reynolds-averaged Navier–Stokes (RANS) model. The locally averaged governing equations of mass
and momentum are as follows [22,23]:

∂
∂t

(
ρ f

)
+ div

(
ρ f u f

)
= 0 (1)

∂
∂t

(
ρ f u f

)
+ div

(
ρ f u f u f

)
= −grad(p) + div

(
τ f

)
+ ρ f g− F f p (2)

where ρ f is the fluid density; t is the time; u f is the fluid velocity vector; p is the fluid pressure; τ f is the
viscous stress of the fluid. The fluid–particle interaction force, F f p, per unit fluid volume is:

F f p =

nc∑
i=1

f f p,i

Vc
(3)

f f p,i = −Vp,igrad(p) + Vp,idiv
(
τ f

)
+ fd,i

)
(4)
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Here, c is the cell index and i is the particle index. Vc is the volume of the cell with index c; nc is
the number of particles in the cell with index c; Vp,i is the volume of the particle i; fd,i is the drag force
applied on particle i. The drag force of a particular particle is calculated by:

fd,i =
mp,ivs,i

τv,i
(5)

τv,i =
2mp,i

Cdρ f Ap,i
∣∣∣vs,i

∣∣∣ (6)

Here, τv,i is the particle relaxation time [24]; mp,i is the particle mass; vs,i is the slide velocity and it
is calculated by vs,i = u f − vp,i. For the above equation, vp,i is the particle velocity. Ap,i and Cd are the
projection area and drag force coefficient of the particle in Equation (6), respectively. Cd is acquired by
the Morsi–Alexander model, which is suitable for smooth spherical particles:

Cd = a1 +
a2

Rep,i
+

a3

Re2
p,i

(7)

where Rep is the relative Reynolds number, which is defined by Rep,i = ρ f dp,i
∣∣∣vs,i

∣∣∣/µ. For the above
equation, dp,i is the particle diameter and µ is the molecular viscosity of the fluid. The constants,
a j ( j = 1, 2, 3), are given in the literature [25]:

a1, a2, a3 =



0, 24, 0 0 < Rep < 0.1
3.690, 22.73, 0.0903 0.1 < Rep < 1
1.222, 29.1667,−3.8889 1 < Rep < 10
0.6167, 46.50,−116.67 10 < Rep < 100
0.3644, 98.33,−2778 100 < Rep < 1000
0.357, 148.62,−47500 1000 < Rep < 5000
0.46,−490.546,−578700 5000 < Rep < 10000
0.5191,−1662.5,−5416700 Rep ≥ 10000

(8)

The solid is treated as a discrete phase. The translational and rotational motions of the spherical
particle are able to be described individually by Newton’s second law:

mp,i
dvp,i

dt
= f f p,i + fc,i + mp,ig (9)

Ip,i
dωp,i

dt
= Mc,i (10)

where fc,i is the interactions of particle–particle and particle–wall, which is the sum of the contact
forces fcm:

fc,i =
∑

contacts
fcm (11)

Here, Ip,i is the moment of inertia of the particle; ωp,i is the angular velocity of the particle. Mc,i is
the total torque of contact forces in Equation (10):

Mc,i =
∑

contacts

(rc × Fcm + Mcm) (12)

Here, rc is the position vector from the center of mass to the point of contact; Mcm is the moment
acting on the particle due to rolling resistance.
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2.4. Numerical Method

Fluid was normal-temperature water, and the solid volume concentration was 5% at the position
of the pump inlet. The particles were spherical with a diameter of 10 mm. The contact forces (fcm) were
solved by the Hertz–Mindlin slip-free contact model [26], and related parameters are listed in Table 3.
The material of the pump body was aluminum alloy, and the material of the particles was artificial
nodules. The particle material properties were as follows: Poisson’s ratio was 0.4, shear modulus was
21.3 Mpa, and density was 2000 kg/m3.

Table 3. Solid interaction parameters.

Interaction of Object Recovery Factor Coefficient of
Static Friction

Coefficient of
Rolling Friction

Particle–particle 0.44 0.27 0.01
Pump–particle 0.5 0.15 0.01

Fluent and Engineers’ Discrete Element Method (EDEM) software coupling was used for transient
calculation. EDEM is a software for bulk material simulation. The fluid time step is set to 0.0001 s,
which is about 1◦ of the impeller rotations. The particle time step is set to 0.00005 s, which is about 15%
of the Rayleigh time step. The shear stress transport (SST) k-ω model (Menter’s Shear Stress Transport
turbulence model) is used in this study. The impeller was in a rotating coordinate system, and the
bowl diffuser was in a stationary coordinate system. The length (338 mm) of the inlet extension section
was 2.5 times the inlet diameter (135 mm) of the impeller. The inlet boundary adopts the mass flow
inlet. It is assumed that the flow at the inlet is axisymmetric and non-rotation. The length (343 mm) of
the outlet extension section was 2.5 times the outlet diameter (137 mm) of the bowl diffuser. The outlet
boundary adopts the free outlet boundary. The wall adopts the no-slip boundary condition, and the
standard wall function is used near the wall.

If the particle volume is larger than the cell volume in the CFD-DEM calculation, non-physical
and non-smooth results may occur, which causes numerical instability. Therefore, the cell size should
be larger than the particle diameter [27]. Fine mesh was not available due to the large particle diameter
(10 mm). Still, the grids of the area where particles cannot enter should be densified.

According to the above cell size limits, four grids with different scales were constructed.
Table 4 provides the grid properties for simulation of water conditions under actual operating
points. εH and εE are the relative errors for the head and efficiency between the numerical and
experimental results. Grid independence analysis indicated that the calculation accuracy is no longer
significantly increased when the grid scale is around 700,000. Therefore, grid 3 (shown in Figure 3)
was adopted. The final grid scale was 722,614, of which the bowl diffuser cell count was 43,670 and the
impeller cell count was 30,916.

Table 4. Results from the mesh independence analysis.

Grid Number Cell Head (m) εH (%) Efficiency (%) εE (%)

1 484,378 37.656 4.60 71.418 4.95
2 621,314 37.757 4.88 72.130 4.00
3 722,614 37.659 4.61 72.678 3.27
4 819,244 37.506 4.18 71.738 4.53

Experiment 36 75.138
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3. Experiment and Validation

3.1. Experimental Device

The experimental system shown in Figure 4 consists of circulating piping (green arrow) and
pressure piping (orange arrow). The circulating piping is used to test the ability and reliability of
continuous slurry conveying in a slurry transport pump. Particles from the particle tank (11) pass
through the feeding particles machine (1) uniform rate into the pipeline, and then through the pump
(3) into the outlet pipeline. Particles and water return to the particle tank. Water enters the water tank
(13) through the filter (12) and then returns to the circulation pipe line through the gate valve (17).
When circulating piping is used, it is difficult to change the working condition of the pump. Due to the
presence of particles, the resistance characteristics of the pipeline cannot be adjusted by the valve (6) at
the pump outlet. Therefore, the pressure piping is added on this basis. The three-way valve can be
adjusted so that particles and water no longer enter the particle tank (11) but the solid–liquid separation
tank (16). Particles are left in the tank (16) and no longer participate in the circulation, while water
enters the water tank (13) through the filter (15) and ball valve (14). The operating condition of the
pump is regulated by the ball valve (14). Particles are still replenished from the particle tank (11).
The photos of the experimental system are shown in Figure 5.
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Figure 4. Schematic diagram of slurry transport system: (1) Feeding particles machine, (2) Motor
1, (3) Slurry transport pump, (4) Torque meter, (5) Motor 2, (6) Butterfly valve, (7) Electromagnetic
flowmeter, (8) Three-way valve, (9) Calibration box, (10) Platform scale, (11) Particle tank, (12) Filter,
(13) Water tank, (14) Ball valve, (15) Filter, (16) Solid–liquid separation tank, and (17) Gate valve.
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Figure 5. Test system of slurry transport.

A calibration box (9) and platform scale (10) are used to measure the solid-phase concentration in
the pipeline by the weighing method. The particles are artificial nodules with a diameter of 10 mm.
During the experiment, the volume concentration was controlled to 5% by adjusting the speed of
Motor (2).

The flow rate was measured by an electromagnetic flowmeter with the accuracy of ±0.3% and the
range of 0.5~10 m/s. The pump inlet and outlet pressures were measured by pressure gauges with an
accuracy of ±0.2% and a range of −250~250 Kpa. Torque was measured by a torque meter with an
accuracy of ±0.4% and a range of 1~100 N ·m. The first-order uncertainty analysis was conducted
using the constant odds combination method. The uncertainty of flow rate, head, power, and efficiency
is ±1.11%, ±1.67%, ±1.11%, and ±2.29%, respectively.

3.2. Experimental Result

In order to prevent the coarse particles from blocking the pump, the flow amplification design
method was used in the design of slurry transport pump [28]. After the parameter amplification,
the width of the impeller increases significantly, and the specific speed of the pump also increases.
High specific speed means that the actual flow rate increases and head reduction. The increase in flow
rate will lead to serious deviation between the optimal design condition point and the actual working
condition point. As shown in the literature [29], under the actual working point of the slurry transport
pump of KSB (a German multinational pumps and valves manufacturer), the flow rate is 500 m3/h,
head is 265 m, rotation speed is 1726 r/min, and the efficiency is about 57%. However, under the
optimal efficiency point, the flow rate is about 920 m3/h, head is 190 m, and efficiency is about 75%,
which indicates that the optimal efficiency point of the KSB pump is shifted towards a large flow rate.
The same thing happened in our pump. As shown in Figure 6, the optimal efficiency point of the pump
under slurry condition moves to 200 m3/h, and that of water condition moves to 210 m3/h under the
water condition. The actual working point of the pump is 120 m3/h.

When the flow rate is small, the calculation and experiment are in good agreement. Under the large
flow rate condition, the calculated efficiency value is larger than the experimental result. The difference
between the calculated result and the experimental result is calculated at the actual operating point;
under the slurry working condition, the head difference is 0.49 m, the shaft power difference is 0.21 kw,
and the efficiency difference is 2.03%; under the water condition, the head difference is 1.66 m, the shaft
power difference is 2.27 kw, and the efficiency difference is 2.46%. The calculation error is within the
allowable range.
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4. Results and Discussion

This section only deals with actual working conditions (Q = 120 m3/h). Transient calculation
is performed. According to the residual curve and the number of particles, it is judged whether the
simulation has reached a steady state. The particle data of 1.2–1.4 s and flow filed at 1.2 s are selected
as the research object.

4.1. Flow Features

The velocity field of fluid is closely related to particle motion. Figure 7 shows the velocity of the
fluid on the axial section at 1.2 s. The influence of pump cavity and balance hole leakage on velocity
field can be seen. First of all, the situation inside the impeller is concerned. The backflow velocity of the
front cavity is higher than that of the fluid entering the impeller from the inlet. The backflow develops
downstream. At the same time, the backflow squeezes the fluid entering the inlet, causing it to deflect
toward the hub. The dotted line in Figure 7 indicates the position of the balance hole. The backflow
velocity of the balance hole is also higher than that of the fluid entering the inlet. The backflow velocity
in the front cavity of the second stage is higher than that of the first stage, and the squeezing effect
on the fluid entering the inlet is more obvious. This leads to interference with the backflow of the
balance hole.
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The velocity field of the bowl diffuser is not significantly affected by leakage. The main characteristic
of the bowl diffuser is that the kinetic energy of the fluid is gradually converted into pressure energy.
Figure 8 shows the velocity distribution on the spanwise surface at 1.2 s. It can be seen that the
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circumferential velocity of fluid increases in the impeller, but the axial velocity does not change much.
The fluid entering the bowl diffuser concentrates on the suction surface (SS) of the blade under the
action of centrifugal force, which results in low circumferential and axial velocity of the fluid near the
pressure surface (PS). A vortex forms in this low-velocity region. The circumferential velocity of the
fluid near the suction surface decreases and the axial velocity increases. The axial velocity at the outlet
of the second bowl diffuser is slightly higher than that of the first guide blade.
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The blade number of the impeller is four, and that of the bowl diffuser is five. The impeller is a
rotating part and the bowl diffuser is a stationary part. So, there is dynamic and static interference
between them. The position relationship between each blade of the impeller and blades of the bowl
diffuser is different at any moment. The flow is not rotationally symmetric in the transition region
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connecting the impeller to the guide blade. Therefore, there are differences in different flow passages.
This article focuses on particle motion. Further research on interference will be conducted in the future.

4.2. Distribution and Motion of Patticles

The anti-blocking performance and reliability of the slurry transport pump are closely related to
the distribution and motion of particle groups. Particle motion in the pump is well simulated by the
CFD-DEM model. In this section, the spatial distribution and velocity changes of particle groups in
the entire pump are described. Then, particle motion in the main hydraulic components is studied
in detail.

4.2.1. Characteristics of Particle Swarm

The particles pass through the super-long riser in the deep-ocean mining system and reach a
relatively stable state at the pump inlet. Therefore, it can be assumed that the particles reach a stable
velocity at the pump inlet and the position distribution of particle groups in the inlet plane is random.
The influence of external excitation is ignored in our numerical simulation.

Figure 9 shows the distribution and velocities of the particles within the entire pump.
Particles’ states between the first and second stages are similar. In one stage, particles accumulate at
the impeller inlet and their velocities are reduced to the minimum. Particles follow the fluid into the
impeller passage and their velocities increase with the increase in their radial position. The particles
reach their maximum velocities at the outlet of the impeller. Before particles enter the bowl diffuser
passage, they tend to collide with the wall and their velocities decrease obviously. When passing
through the guide vane passage, the particles move towards the outlet by closing to the suction surface
of bowl diffuser. In the process, the velocity changes of the particles are not obvious.
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Figure 9. Distribution and velocity of particle groups in the entire slurry transport pump at 1.2 s.

In one stage, the number of particles may affect the performance of this stage, and the average
kinetic energy of particles in the bowl diffuser outlet plane is the final reflection of particle swarm motion
in this stage. The axial velocity of particles is dominant at the outlet of bowl diffuser. The cylinder
area of the same size is divided in the corresponding position according to the size marked in Figure 9.
These cylinders replace the inlet and outlet planes of one stage. Figure 10a shows the statistics of the
average kinetic energy K j of particles in each cylinder area within 1.2–1.4 s, which is calculated by:

K j =

∑N
i=1 K ji

N j
( j = 1, 2, 3) (13)
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where i is the particle index, K j is the average kinetic energy of particles, Ki j is the kinetic energy of the
particle i, and N j is the total number of particles passing through the j area within 1.2–1.4 s. The average
kinetic energy of the particle swarm increases by about 0.00758 J through the first stage, but only
increases by about 0.00355 J through the second stage. From the analysis in the next section, we see
that most of the energy obtained by the particles from the impeller is lost in the collision. This makes
the outlet velocity of the bowl diffuser the most important factor affecting K1 and K2.Energies 2020, 13, x FOR PEER REVIEW 12 of 19 
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Figure 10. (a) Average kinetic energy of particles at the inlet of the first stage, the transition area
between stages, and the outlet of the second stage; (b) the percentage of the particle number.

Figure 10b compares the percentage of particle count in each hydraulic component, showing that
there are more particles in the first stage than in the second. The number of particles in the impeller
differs by 2.95% and that in the guide vane differs by 0.99%. At the beginning of the simulation,
many particles crowded into the first impeller and piled up near the inlet. The collision between
particles was frequent and it was difficult for particles to leave the accumulation region. But only a few
particles entered the second impeller, and the accumulation phenomenon was alleviated. Meanwhile,
the axial velocity of the fluid in the second bowl diffuser was larger, which reduced the passing time
of particles.

4.2.2. Particle Motion in Impeller

Figure 11 shows the velocity and distribution of particles in the impeller at 1.2 s. The particles are
clearly divided into two parts by their velocity. The surface formed by rotating the leading edge of the
impeller around the central axis is taken as the “interface”. The impeller is divided into two regions
with the interface. The region with particles of low velocity is called the slowing region, and the region
with particles whose velocity is increasing is called the accelerating region. Particle distribution is
concentrated in the slowing region and is sparse in accelerating region. After the fluid entering the
impeller, the flow direction changes (from axial to radial), while the flow follower of coarse particles is
poor, and the particles generally maintain axial movement. Then, particles collide with the impeller
hub, which leads to slowing of particles. Finally, the particles are crowded in the slowing region.

In order to study the motion of particles in the accelerating region, all particles in the slowing
region at 1.2 s were selected as samples. Because the particles crowd in the slowing region, the particles
tend to collide with the leading edge of the blade and, thus, have a high velocity. After several
collisions, the velocities of different particles near the interface vary greatly. The velocity difference
will further lead to the difference in the motion of particles in accelerating region. In the first stage,
the accumulation of particles in the slowing region is more serious than that in the second stage.
This makes it easier for the first-stage particles to collide with the leading edge of blades.
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Figure 11. Color indicates the velocity of particles: (a) particles in the first stage impeller; (b) particles
in the second stage impeller.

The velocity at which a particle passes through the interface influences its subsequent motion.
The velocity direction difference of particles is not obvious when they pass through the interface, so we
focus on the value of velocity. The velocity Vin in Figure 12 refers to the velocity of a particle after
its last pass through the interface. The collision number refers to the number of collisions between a
particle and the impeller blades after it passes through the interface for the last time. As shown in
Figure 12, particles in the accelerating region are divided into five parts according to their motion
characteristics. Part 1 and Part 2 together are called low-velocity particles. Overall, 51.76% of the
first-stage particles and 84.09% of the second-stage particles are low-velocity particles.

Figure 13 is the curve of the velocity and the velocity first-order difference varying with the radial
position for single particle. The legend is the ID of particles. One crest of the velocity first-order
difference represents a collision. Vin of Part 1 is low. These particles collide with the blade several
times and their velocity increases in a step-like manner. Part 2 is more complex, with low Vin but
no collisions with the blades. Part 1 accounts for 44.23% and part 2 for 21.15% of the total sample.
Vin of Parts 3 and 4 is large. Part 3 avoids collision with the blades, while Part 4 only collides with the
blades near the outlet of the impeller. Except for the curve of the head and tail, their velocity changes
are similar. Part 5 is at high velocity, passing through the interface, but collides with other particles
after entering the accelerating region. The particle velocity changes significantly and finally presents a
situation like Part 1. To sum up, if the particle velocity is low after passing through the interface, it is
more likely to collide with the blades.

As shown in Figure 13, whether particles collide with the blade will lead to a huge velocity
difference in the accelerating region, which will further affect the velocity of particles at the outlet
of the impeller. The particles are divided into colliding and non-colliding groups. Figure 14 is the
distribution of radial velocity and circumferential velocity when particles are at the impeller outlet.
The results show that the radial velocity of particles in the colliding group is concentrated in the
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high-velocity interval, and the distribution difference of circumferential velocity between the two
groups is not obvious. Particles in the colliding group of the first stage accounted for 51.67% of the
first-stage sample, and those of the second stage accounted for 63.64% of the second-stage sample.
Therefore, the probability that second-stage particles will obtain higher radial velocity when leaving
the impeller is slightly greater than that of the first-stage particles. Most of the particles will collide
with the shroud of bowl diffuser after leaving the impeller. As shown in Figure 15a, radial velocity
loses a lot in this collision, while circumferential velocity only loses a little. In summary, collision with
the blade may cause the particles to have a greater radial velocity when leaving the impeller.
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4.2.3. Particle Motion in Bowl Diffuser

Figure 16 shows the motion of particles in the bowl diffuser. Most of the particles have similar
motion states. There is little difference between the two stages. Particles are concentrated near the
shroud of the bowl diffuser and close to the suction surface of the blades. Any particle can be selected
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to plot its trajectory. The trajectory of the particle is a broken line, and the particles experience many
collisions and bounces on the suction surface.
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Figure 16. The left picture shows the distribution of particles at 1.2 s, and the right picture shows the
trajectory of a certain particle. Color indicates the velocity of particles: (a) particles in the first-stage
bowl diffuser; (b) particles in the second-stage bowl diffuser.

In the bowl diffuser passage, the axial velocity of the fluid increases gradually from the inlet to
the outlet (Figure 8), while the circumferential velocity decreases from a large value at the inlet to a
small value at the outlet. The velocity of the fluid decreases gradually to achieve the conversion of
kinetic energy to pressure energy. Coarse particles have poor flow followability and their motion state
will not change rapidly with the change of fluid velocity. So, the particles deviate from the direction of
the fluid under centrifugal force and concentrate outwards. After entering the bowl diffuser, the axial
velocity of particles is lower than that of the fluid. Thus, the axial drag force of fluid accelerates the
particles. Figure 17 shows that the axial and circumferential velocities of two particles vary with their
axial position. The particles experience three motion periods in the bowl diffusers.Energies 2020, 13, x FOR PEER REVIEW 17 of 19 
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Figure 17. There are differences between different particles, and the dotted box only indicates the
approximate location: (a) axial velocity Vz of particles in the bowl diffuser; (b) circumferential velocity
Vc of particles in the bowl diffuser.
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The first period starts from the particle leaving the transition area to the end of particle contacting
with the blade. Since the axial velocity of the fluid is small when it enters the bowl diffuser, the axial
drag force provided by the fluid to the particles is insufficient to offset the gravity. This causes the
particles’ axial velocity to decrease at the beginning. Then, the particles collide with the blades.
The axial velocity step increases while the circumferential velocity step decreases. In the second period,
the particles move along the suction surface toward the outlet and the axial velocity increases gradually,
while the circumferential velocity decreases gradually. The velocity curves are serrated, indicating that
the particles are frequently colliding with the blades. In the third period, the particles leave the flow
passage with stable axial and circumferential velocity. The circumferential velocity of the particles
reduces to close to 0.

Considering the velocity change of particles, it can be inferred that collision between particles and
blades in the bowl diffuser passage not only leads to energy loss but also gradually transforms the
circumferential velocity of particles into axial velocity.

5. Conclusions

The characteristics of particle swarm in a two-stage slurry transport pump and the motion details
of particles in the main hydraulic components were studied at the actual working point. The results
show that the number of particles in the first stage is higher than that in the second stage. The average
kinetic energy of particles before entering the pump is 4.5 × 10−3 J, which increases by 7.58 × 10−3 J
after passing through the first stage, while it only increases by 3.55 × 10−3 J through the second stage.
The particles in the impeller are divided into two groups according to whether they collide with the
blade. Particles accumulate in the area of the impeller inlet. If the velocity of a particle is large when it
leaves the accumulation area, the possibility of collision with the blade can be reduced. The radial
velocity of particles in the collision group is concentrated in the high velocity interval when they leave
the impeller, while that in the non-collision group is just the opposite. The movement of particles in the
bowl diffuser is divided into three periods. In the most important second period, the axial velocity of
particles increases and the circumferential velocity decreases. The particles experience many collisions
and bounces on the blade surface of the bowl diffuser. It can be inferred that the collision between
particles and blades in the bowl diffuser not only leads to energy loss but also gradually transforms the
circumferential velocity of particles into axial velocity.
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