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Abstract: In the process of conveying coarse-grained minerals, the internal flow-through passage
components of mining pumps are subject to wear. The flow of coarse particles in such pumps is com-
plex and changes constantly, making it necessary to study the non-steady-state wear characteristics
and test the flow passage components. The evolution of the surface wear rate for the flow passage
components during one third of a rotation cycle (120°) of a mining pump impeller with small, design,
and large flow rates was analyzed in this study based on a discrete phase model (DPM). The flow
that occurs during an entire rotation cycle of the impeller was investigated. The wear test was carried
out with a small test pump with the same specific speed as and a similar structure to that of the
deep-sea mining pump. The test results were compared with the numerical calculation results of
the deep-sea mining pump obtained by using the same numerical calculation method and wear
model, and the test wear area was found to be more consistent with the numerical calculation wear
area. The results show that the numerical calculation method used in this article can more accurately
predict the surface wear of the passage components of the mining pump and provides a suitable
method for the prediction of the wear characteristics of the mining pump.

Keywords: deep-sea mining pumps; non-steady-state flow; wear characteristics; numerical calculation
method; wear model; test pump; wear test; comparative analysis

1. Introduction

The wear due to particles on materials is extremely complicated as it is affected by the
particle size, density, concentration, and impact angle and different operating conditions.
The different particle parameters and operating conditions can lead to different degrees of
wear [1-3]. Similarly, particles will also cause different degrees of wear in a pump, which
wear is mainly manifested on the surface and inside of the flow passage components. In
practical engineering applications, the wear characteristics of particles on a pump under
different operating conditions cannot be ignored as they are directly related to the service
life and reliability of the pump [4—-6].

There are many influencing factors involved in the wear of particles on pump materials.
To optimize a centrifugal slurry pump impeller, Peng et al. [7] analyzed the wear charac-
teristics of the solid-liquid two-phase flow in the pump based on a Euler—Euler mixture
model and compared the performance of the original pump and the optimized pump. The
results showed that the optimized pump had a lower wear rate and a smaller loss of mass
than the original pump. Song et al. [8] analyzed the wear of the double-suction centrifugal
pump by particles, which provided a reference for predicting the wear of the centrifugal
pump. Liu et al. [9] studied the wear due to particles of different sizes on the material of
a pump, analyzed the wear mechanism, established a relationship between the wear rate
and particle shape, and carried out an experimental verification. Takaffoli et al. [10] also
studied the wear mechanism of particles colliding with pump materials at multiple angles.
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Grant et al. [11] used a Monte Carlo simulation of the physical process to study the wear
of solid particles on turbomachinery. Arabnejad et al. [12] proposed a semi-mechanistic
model for the erosion of different target materials due to solid particles and tested it using
150-pum sand particles to verify its effectiveness. Their results showed that the particles
caused cutting and deformation wear on the tested material. Huang et al. [13] analyzed
the wear of the impeller caused by various sediment types and particle trajectories at the
entrance, and they found that the wear of the impeller was mainly concentrated on the
back cover and working surface. Nguyen et al. [14] studied the wear of materials using
sand particles of different sizes and flow rate conditions. Their test results showed that as
the size of the sand particles increases, the wear profile changes from a “W”-shape to a
“U”-shape. Peng et al. [15] also studied the wear of solid particles on the elbow of a pump.

Solid particles that are being conveyed will inflict wear on the flow passage compo-
nents in pumps [16]. Wang et al. [17] studied the wear associated with sludge concentration
and particle size on a double-suction centrifugal pump. Their results showed that, com-
pared with pure water, the pump head and shaft power were lower due to the presence of
sludge. Moreover, the pump head and shaft power decreased as the sludge concentration
and particle size increased. Liao et al. [18] analyzed the wear due to sand particles of vari-
ous sizes on the surface of pump blades based on a two-phase flow model. Shen et al. [19]
studied the wear of the impeller of a double-suction centrifugal pump as a result of the
particle size, particle shape, and concentration of sediment from the Jingtai Yellow River
Irrigation Project. Their results showed that the erosion and wear were mainly distributed
near the leading and trailing edges of the impeller. Serrano et al. [20] analyzed the wear of
the impeller of a pump as a result of the particle concentration of the sediment in the Ake
River, Brazil, and conducted an experimental study. They demonstrated that the wear of
the impeller increased linearly as the sediment concentration increased. Several researchers
have also studied the movement characteristics of solid particles in centrifugal pumps from
different points of view through experiments while analyzing the influence of the slurry
concentration and particle size on the slurry pump head, efficiency, and wear of the flow
passage components [21-23].

The flow process in an electric pump is very irregular considering the actual oper-
ating conditions. Therefore, it is of practical significance to analyze the unsteady flow
characteristics in electric pumps. Huang et al. [24] simulated the transient cavitation flow
in a jet pump with a non-uniform inflow in an attempt to reveal correlations between
the jet pump cavitation, vortex diffusion, and outlet pressure fluctuations. Their results
showed that acceleration in the cavity is the main source of internal pressure fluctuations
in mixed-flow water jet pumps. In the study of Su et al. [25], the time-dependent flow rate
was captured and analyzed in computational fluid domains by Lagrangian and Eulerian
viewpoints. They showed that starting from the 1-8 section of the volute, the time-averaged
velocity decreased overall, and the accuracy of the simulation results was verified using
experiments. Zhang et al. [26-28] studied the unsteady flow, pressure pulsation, eddy
current, and other phenomena in a pump based on the delayed detached eddy simulation
(DDES) model, which provides an important reference for analyzing the unsteady flow
characteristics in pumps.

In specific engineering applications, cases have occurred in which deep-sea mining
tests have been terminated due to the wear of coarse particles on the deep-sea pumps,
thereby indicating the importance of analyzing the wear of electric pumps. In particular,
the non-steady-state wear characteristics of the over-current components in electric pumps
under different operating conditions should be studied [29-31], as these components are
extremely important to the design, optimization, testing, and application of these pumps.

In order to realize the analysis of the non-steady-state wear characteristics of the
mining pump, this paper uses the DPM wear model to analyze the evolution characteristics
of the surface wear of the flow passage components under three flow rates. In addition, a
wear area test was performed on the test pump, and the test results were compared with
the numerical analysis results to verify the rationality and applicability of the numerical
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calculation method and the wear model. The research results of this paper have important
practical significance for predicting the wear characteristics of deep-sea mining pumps.

2. Methods: Modeling and Numerical Calculation Method
2.1. Three-Dimensional Modeling

The main design parameter values of deep-sea mining pumps adopted in this study
were a rated flow rate Q; = 420 m>/h, a single-stage head H, = 45 m, a rated efficiency
114 = 52%, and a rated rotational speed n = 1450 r/min. The structure of the deep-sea mining
pump is composed of hydraulic components such as the impeller, guide vane, suction
connection, water outlet connection, water guide jacket and water inlet, motor motive
components, and mechanical components (such as couplings and seals). The slurry flows
in from the suction connection section of the conveyor electric pump, then passes through
the water guide jacket, the water inlet section, and the impeller guide vanes of the pump at
all levels, before flowing out from the water outlet guide casing. The main through-passage
components of the mining pump are shown in Figure 1.

shroud of guide vanes

blade of impeller

hub of impeller hub of guide vanes

Figure 1. The structure of the through-passage components of the mining pump.

In the numerical simulations, the full flow field computational domain includes the
inlet section, the first-stage impeller, the first-stage guide vane, the second-stage impeller,
the second-stage guide vane, and the outlet section, as shown in Figure 2. The overall
structure model is shown in Figure 3.

outlet section
2% stage guide vane

2™ stage impeller

1* stage guide vane

1% stage impeller

inlet section

Figure 2. Model pump computational domain grid.
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1% stage guide vane 2" stage guide vane

Bl outlet

1% stage impeller 2% stage impeller
Figure 3. Structure model diagram of the mining pump.

2.2. Numerical Calculation Strategy
2.2.1. Numerical Calculation Method

Ansys Fluent 18.0 was used to perform steady numerical simulations of the computa-
tional domain of the mining pump. In the computational process, it is assumed that there
is no energy and mass exchange between the particle phase and the fluid phase, and that
gravity is taken into account. The computation of the fluid domain adopts the SST k-w turbu-
lence model, the motion of the particle phase in the computational domain adopts the DPM
model based on Euler-Lagrange coordinates, there is momentum exchange in this model,
the discretization of the Navier-Stokes equation adopts the second-order upwind style,
and the computational convergence precision is set as 10~# in the numerical simulation.

Using the x-axis direction as an example, the equation for particle motion in the
computational domain can be expressed as follows:

gx(pp —p)

+ Fy + Fp + Fy €))
where Fp (1 — up) is the drag force on a unit mass of solid-phase particles, as follows:

18y CpR.
P ppd3 24

@

where, u is the fluid velocity (m/s), u, is the particle velocity (m/s), y is the dynamic
viscosity (N-s/m?), p is the fluid density (kg/m?), p, is the particle density (kg/m?), d,, is the
particle diameter (mm), and gy is the acceleration of gravity in the x-axis direction (m/s?).

2.2.2. Boundary Conditions

The boundary conditions of the calculation domain are as follows. The pump inlet is
specified using the flow velocity, and the particle incident velocity is the same as that of the
fluid. The pump outlet is specified as a condition of free outflow. The interface between the
extended inlet section and the impeller inlet, as well as that between the impeller outlet
and space guide vane, are specified in the numerical calculation as “Interface”. The mesh
motion was used for data transmission. Assuming that one week of impeller rotation is
120 time steps (i.e., the impeller rotates approximately 3° over each time step), one time
step corresponds to 0.00034483 s. The residual error was set to have a precision of 1 x 1074,
and the calculation results were determined to have converged when the average flow rate
and pressure at the pump inlet and outlet between successive calculation steps exhibit a
deviation of less than 0.001%.
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2.3. Selection of the Wear Model

The expression of the wear prediction model used in the computation of the surface
wear of the mining pump through-passage components can be expressed as shown in

Equation (3) [32]:

Noparticles mpC(dp)f(G) (@)

Rerosion = Z

n=1 Aface

®)

where

Rerosion: erosion rate;

C(dp): particle size function of the solid-phase particles;

f: impact angle between the particle and the wall;

£(0): function of the impact angle;

v: relative velocity between the particle and the wall, m/s;

b(v): function of the relative velocity between the particle and the wall;

Afaee: unit surface area of the wall, mm?;

N: the number of particles impacting the cell surface area;

my: mass of a single particle;

dy: particle size; and

n: number of particles.

After combining the above formula and the particle motion trajectory for analysis,
the wear on the surface of the pump’s various through-passage components caused by
the movement of solid-phase particles in the computational domain can be quantitatively
predicted. The impact angle function, f(6), can expressed using a piecewise polynomial,
as follows:

When 6 < 15°, then:

£(6) = b6 + b (4)

When 6 > 15°, then:
£(8) = xcos? @ sin(wh) + ysin®(0) + z )
The values of the constants in the above formula are shown in Table 1.

Table 1. Values of parameters in the impact angle equation.

b c x y w z

—13.3 7.85 1.09 0.125 1 1

b, ¢, x, y, w, and z are empirical constants in the impact angle function equation.

3. Results: Analysis of the Non-Steady-State Wear

A numerical simulation analysis of the non-steady-state wear of solid-liquid two-
phase flow was carried out in the calculation domain of a deep-sea mining pump with three
different operating conditions with flow rates of 0.68 Qy, 1.0 Qy, and 1.33 Qy, respectively.
The impeller had a rotational speed of 1450 rpm, the particles had a diameter of 6 mm, and
the volume fraction C, of the solid phase was 7.5%.

3.1. Low Flow Rate Condition

The model pump impeller has three blades, which are evenly arranged in the circum-
ferential direction. Therefore, the flow process of one third of a cycle correctly reflects the
wear characteristics of an entire impeller rotation cycle. Using a low flow rate (0.68 Qq), the
evolution process of the surface wear rate of the impellers and guide vanes was analyzed
during one third of a rotation cycle (120°) of the impellers.

Figures 4-7 show the evolution process of the surface wear rate of the first- and second-
stage impellers, as well as that of the first- and second-stage guide vanes during one third
of the rotation cycle (120°) of the impeller with a low flow rate (0.68 Qg).
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Figure 4. Surface wear rate evolution of the first-stage impeller. (a) 0°, (b) 24°, (c) 48°, (d) 72°, (e) 96°,
(f) 120°.
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Figure 5. Surface wear rate evolution of the second-stage impeller. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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Figure 6. Surface wear rate evolution of the first-stage guide vane. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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Figure 7. Surface wear rate evolution of the second-stage guide vane. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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The surface wear of the impellers in Figures 4 and 5 reveals that during the rotation
of the impeller, the relative position of the surface damage due to the wear of the solid
particles on the impeller does not change, and the wear rate also remains stable. The wear
damage is concentrated in the middle of each flow channel on the front shroud of the
impeller, the blade inlet, and the hub near the blade inlet. Moreover, the area of the wear
damage on the front shroud increases as the area of the front shroud for each flow channel
increases. Unlike for the second-stage impeller, the wear damage on the surface of the
first-stage impeller is more dispersed as the turbulent flow in the first-stage impeller with a
low flow rate caused multiple collisions between particles and the surface of the impeller.

The surface wear of the guide vanes shown in Figures 6 and 7 reveals that the wear
due to particles on the surface of the guide vane flanges exhibits a pattern resembling bands,
similar to that observed on the second-stage impeller, but the wear damage is more serious
overall. After the particles are thrown out of the impeller outlet, their circular motion will
continue over a certain distance until the particles finally collide with the surface of the
blade in the middle of the guide vane. At this point, the wear rate reaches its maximum,
and wear damage is relatively more concentrated in this area. In addition, these figures
indicate that although the relative position between the impeller and guide vane changes
over time, this change is periodical, resulting in interference between the dynamic impeller
and static guide vane. Nevertheless, the wear on the surface of the guide vanes does not
change significantly during this process.

3.2. Design Flow Rate Conditions

Using the design flow rate (1.0 Qq), the evolution process of the surface wear rate of
the impellers and guide vanes was analyzed during one third of a rotation cycle (120°) of
the impellers. Figures 8-11 show the evolution process of the surface wear rate of the first-
and second-stage impellers, as well as that of the first- and second-stage guide vanes during
one third of the rotation cycle (120°) of the impeller with the design flow rate (1.0 Qyq).

g P
SIFSEFSEFSIRS

S o8
£ F £ of
Erosion rate [kg/s-m?]

Figure 8. Surface wear rate evolution of the first-stage impeller. (a) 0°, (b) 24°, (c) 48°, (d) 72°, (e) 96°,
(f) 120°.
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Figure 9. Surface wear rate evolution of the second-stage impeller. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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Figure 10. Surface wear rate evolution of the first-stage guide vane. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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Figure 11. Surface wear rate evolution of the second-stage guide vane. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.

It can be seen from Figures 8-11 that the wear on the surface of the flow passage
components is distributed in a more regular manner compared with that observed under a
low flow rate due to the greatly improved flow in the calculation domain with the design
flow rate. The surface wear for both the impellers and guide vanes are distributed in bands,
and the relative position of the wear does not change due to the impeller rotation.

3.3. High Flow Rate Condition

With a high flow rate (1.33 Qq), the evolution process of the surface wear rate of the
impellers and guide vanes was analyzed during one third of a rotation cycle (120°) of the
impellers. Figures 12-15 show the evolution process of the surface wear rate of the first-
and second-stage impellers, as well as that of the first- and second-stage guide vanes during
one third of a rotation cycle (120°) of the impeller with a high flow rate (1.33 Q).

It can be seen from Figures 12-15 that the increase in the flow rate aggravates the degree
of surface wear of the flow passage components. At a high flow rate, the same distribution
of surface wear is observed on the impellers and space guide vanes as was observed using
the design flow rate. There are no significant changes in the wear distribution during the
one-third rotation cycle of the impellers.
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Erosion rate

Figure 12. Surface wear rate evolution of the first-stage impeller. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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Figure 13. Surface wear rate evolution of the second-stage impeller. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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Figure 14. Surface wear rate evolution of the first-stage guide vane. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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Figure 15. Surface wear rate evolution of the second-stage guide vane. (a) 0°, (b) 24°, (c) 48°, (d) 72°,
(e) 96°, (f) 120°.
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4. Test: Wear Test Verification

Due to the long manufacturing process of the deep-sea mining pump, the conditions
for the wear test are not yet available. In order to verify the validity of the numerical
calculation method and the wear model used in this article, we made a small test pump
with the same specific speed as and a similar structure to that of the deep-sea mining pump
for the wear test. In order to facilitate verification, we used a qualitative wear test that has
been used in many studies [7,8,19]. The actual test pump is shown in Figure 16.

Figure 16. Test pump.

4.1. Testing Principle

The test was carried out on the condition of the worn area. Taking into account the
actual situation of the test pump flow channel, this test uses regular solid particles with a
particle size of 3 mm, and the test concentration was set to 7.5%. The test was carried out
under large flow conditions (26 m3/h). Before the test, the same thickness of water-based
paint was applied to the impeller and guide vane runners. The test was carried out after
the paint had completely dried. The state change of the wear area was determined in
order to observe the wear of the solid particles on the flow passage components, and then
the numerical calculation results under the same boundary conditions were compared.
The comparison diagrams of the impeller and guide vane before and after applying the
water-based paint are shown in Figures 17 and 18, respectively.

(b)

Figure 17. Comparison diagram of the impeller runner before and after applying water-based paint.

(a) Before painting, (b) After painting.
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(b)

Figure 18. Comparison diagram of the guide vane runner before and after applying water-based
paint. (a) Before painting, (b) After painting.

The test system is composed of test pumps, water tanks, regulating valves, pipelines,
and data measurement systems. The principle of the test system is shown in Figure 19.

10

Figure 19. Test system diagram. 1—Test pump (including motor); 2—Test pump support mechanism;
3—Flow meter; 4—Outlet pipe; 5—Return pipe; 6—Regulating valve; 7—Return pipe support
member; 8—Cable terminal; 9—Cable fixing component; 10—Water tank; 11—Anti-submersible
pump swing component.

Figure 20 shows the test site during the wear test under high flow conditions.

Figure 20. Test site.
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4.2. Comparative Analysis of the Results

In the numerical calculation of the wear characteristics of the test pump, the calculation
results of the state of the wear area of the impeller inlet, the first-stage guide vane, and the
secondary guide vane of the test pump were obtained, and the test results were respectively
compared and analyzed, as shown in Figure 21.

Erosion rate
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Figure 21. Comparison of numerical calculation results and test results of the wear area. (a) Impeller
inlet, (b) First-stage guide vane, (c) Secondary guide vane.
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According to Figure 21a, under the abrasion and damage of the solid particles, the
impeller inlet of the test pump is severely worn. This is because, when the particles first
contact the impeller inlet, the shape of the particles is complete, and they will collide with
the impeller inlet at a large angle.

From the comparison results of the wear of the guide vanes in Figure 21b,c, it can be
seen that the maximum wear of the guide vanes appears near the entrance of the blade. At
the same position, the surface wear of the first-stage guide vane is more severe than that
of the secondary guide vane. This is because the flow state of the solid-liquid two-phase
flow is restricted and rectified by the first-stage impeller, the first-stage guide vane, and the
secondary impeller, and the flow of particles entering the secondary guide vane is more
stable. The number of collisions between particles and the surface of the guide vane is
reduced, thereby effectively reducing the wear damage to the surface of the secondary
guide vane.

5. Conclusions

(1) At a low flow rate, the turbulent flow phenomenon in the first-stage impeller is
prominent, causing the wear on the surface of the first-stage impeller to be more dispersed
than that of the second-stage impeller when the impellers rotate through one third of a full
cycle (120°). Due to the interference between the dynamic impellers and static guide vanes,
the wear is concentrated in the middle of the guide vanes, at which point the wear rate is
the highest.

(2) As the flow rate is increased to the design flow rate, the wear on the surface of the
impellers and guide vanes is distributed in bands, and the pattern of the wear becomes
more regular. At a high flow rate, the wear on the surface of the impellers and guide vanes
increases.

(3) The wear characteristics of the flow passage components in the pump under non-
steady-state flow conditions during the transportation of coarse-grained mineral nodules
were successfully analyzed. These results closely reflect the wear that may occur inside of a
pump.

(4) By comparing the results of the wear area state obtained by the numerical cal-
culation with the test results, the numerical calculation wear area was found to be more
consistent with the test wear area, which shows that the numerical calculation method
used in this paper can predict the wear of the deep-sea mining pump more accurately.

(5) Due to the complex working environment of deep-sea mining pumps, the particle
flow process is also very complicated. In the process of transporting solid-liquid two-
phase flow, solid particles will cause different degrees of wear on the mining pump.
Using appropriate numerical calculation methods and wear models to predict the wear
characteristics of mining pumps can help guide the strengthening of the strength of severely
worn parts. The research in this article provides a suitable numerical calculation method
and wear model.
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