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Abstract: The impeller blades will continually strike the slurry mixture inside the pump, causing
deterioration and a change in particle size. In this study, the degradation of mineral particles under
various cycle times, rotational speeds, and flow rates is analyzed. The microscopic parameters
of polymetallic nodules are calibrated by EDEM, and the transport of polymetallic nodules in the
deep-sea lifting electric pump is simulated based on the coupled CFD-DEM solution of solid-liquid
two-phase flow. The findings demonstrate that: the number of cycles through the pump has the
greatest impact on particle degradation, and the number of fine particles significantly increases after
the particles are impacted by the six-stage lifting electric pump several times; the higher the flow rate
in the lifting electric pump, the faster the particles are dragged by the fluid, and the more easily the
particles degrade; the faster the impeller speed of the lifting electric pump.

Keywords: polymetallic nodules; lifting motor pump; particle degradation; two-phase flow transport

1. Introduction

With increased mining, terrestrial metallic mineral resources are becoming more and
more limited, making it challenging to supply the enormous need for social development [1].
The oceans make up over 70% of the earth’s surface and are recognized to have commercial
mining potential due to their vast quantities of polymetallic nodules, cobalt-rich crusts,
and polymetallic sulphides [2]. The majority of the polymetallic nodules are found in
5000-6000 m of water. Long vertical pipelines of several kilometers in length are needed
for the hydraulic lifting system’s transportation to the surface, as well as numerous electric
pumps for lifting the ore in the midst of the pipelines [3].

A six-stage segmented deep-sea ore lifting electric pump with a 500 m3/h conveying
flow rate, a 265 m head, a speed of 1726 r/min, a 5% conveying ore concentration, and a
maximum passing particle size of 25 mm was first developed by KSB of Germany in the
1970s [4]. With the aid of CFD software, Park J carried out a fundamental investigation
into a 4-stage slurry pump and numerically modelled the solid-liquid two-phase flow
field and pump performance [5]. A two-stage ore slurry pump [6] with a flow rate of
150 m3/h, head of 70 m, and speed of 1750 r/min was later successfully created by Chi-Ho
Yoon et al. and tested in June 2009 for lifting at a depth of 100 m. However, the delivery
was incredibly erratic due to the pump’s low head and propensity for clogging [7]. Using
a 6-stage centrifugal pump with a 500 m?/h flow rate, a 250 mH,O head, and the ability
to pass particles up to 40 mm in diameter, Korea conducted a large-scale sea trial from
November 2015 to December 2015 with the main goal of testing the remote operation
capability of the submerged lifting pump and the working performance of the solid-liquid
two-phase mixed slurry flowing through the pump [8].
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Inevitably, slurry mixtures transported in pumps degrade due to the wear of the
pipe wall, impact crushing of the ore raising pump’s impeller, and particle interaction.
Bross et al. [9] conducted experiments and discovered that the wear of the centrifugal
slurry pump’s vane head has a disproportionately large impact on the pump’s efficiency
and head. Chandel et al. [10] carried out experiments to show that the Coriolis wear test
riometer A. The research on slurry erosion and cavitation in centrifugal pumps has recently
been reviewed by et al. [11], who also quantified the financial benefits of longer pump life
and greater efficiency.

Numerous publications have studied some of the physical and mechanical character-
istics of polymetallic nodules, but the observed data have not been connected to particle
degradation [12]. Yamazaki [13] tested a 30-minute cycle of seafloor sediments from two
different mining areas using a small centrifugal pump connected to a set of rectangular
pipes to investigate the degradation of seafloor minerals. He discovered that the particle
size did not continue to decrease after reaching the lower limit. With a similar test setting,
Zenhorst [14] noticed that artificial nodule slurry would gradually shrink toward the min-
imum size over the course of ten runs in a dredge pump operating at a 4 m/s flow rate.
The pressure that the particles experience in the deep ocean is different from that in the
atmosphere, and nodules at a depth of 5000 m in the deep ocean have an ambient pressure
of 50 MPa, making it more difficult to shatter the minerals under these high pressure condi-
tions [15]. Van Wijk [16] evaluated the degradation rate of 16-32 mm particles at various
pump speeds and tested the impact fragmentation of polymetallic nodules in a single cen-
trifugal pump at various ambient pressures; unfortunately, the studies were unsuccessful.
The degradation of nodules was then discovered to be strongly correlated with the nodule
velocity and impeller speed, with the ambient pressure having no discernible impact.

With the advent of numerical simulation techniques, many academics have also uti-
lized numerical methods to examine fluid flow difficulties because the polymetallic nodule
degrading tests are constrained by the site and the sea trial is too expensive [17,18]. Using
the COMSOL finite element open source software, Imtiaz Ali Shah et al. [19] investigated
the convective heat and mass transfer in a Casson fluid. Rahul [20] simulated the particle
size and concentration inside the slurry pump numerically using the Mixture and Eulerian—
Eulerian multiphase flow models in Fluent. When compared to the experimental data,
the Eulerian-Eulerian multiphase flow model is more accurate. In order to simplify the
model and speed up the calculation, the two-fluid model is utilized for dense fine particles
with a large particle volume fraction inside the centrifugal pump. Li and Shen [21,22]
calculated the solid-liquid two-phase flow inside a spiral centrifugal pump using the DPM
model, and the results revealed that the pressure surface of the vanes is the side with the
most severe erosion and wear. The high flow rate is more likely to distribute the solid parti-
cles evenly inside the pump. The DPM model can effectively solve the dilute phase particle
motion problem, but it does not work well in some situations where particle collisions must
be taken into account, because it only accounts for the fluid’s influence on the solid phase
particles and ignores particle-to-particle and particle-to-fluid interactions [23].

The impact of particle properties in the two-phase flow can be taken into account by
the linked CFD-DEM solution. Gao [24] discovered that there are three typical motion
trajectories of solid particles in a worm-shell pump after using the coupled CFD-DEM
approach to examine the motion trajectories of particles with varying particle sizes and
concentrations in a worm-shell centrifugal pump. Dong [25] employed the CFD-DEM
coupling approach to model the liquid-solid flow and sodium sulfate crystal particle
aggregation phenomenon in a centrifugal pump while taking into account the properties
and motion behavior of the particles. Li [26] observed that controlling the particle size of
mineral particles below 20 mm might prevent the pump from clogging by simulating the
clogging problem caused by the pump halting backflow of mineral particles of diverse
particle sizes in the conveying process. The pump can avoid clogging if the mineral particle
size is kept below 20 mm, it has been discovered.
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In addition to influencing the amount of recoverable ore at the surface, the actual
particle size distribution of the mineral slurry after exiting the vertical lift tube is an
important design factor for processing equipment [16]. The degradation of polymetallic
nodules in deep-sea lifting pumps has not been thoroughly researched when combined
CFD-DEM simulation methods are used. The impacts of the number of times polymetallic
nodule particles were passed through an electric deep-sea lift pump, as well as the pump’s
speed and flow rate, were examined in this study. Uniaxial compression experiments
and Brazilian cleavage experiments were used to calibrate the microscopic parameters
of the particle bonding model. Then, a large outdoor deep-sea lifting pump circulation
experimental device was used to study the degradation changes of mineral particles under
various cycle times, rotational speeds, and flow rates to confirm the model’s predictions.

2. Particle Degradation Model

Based on Wilson and Addie [27], Van Wijk [14] initially presented an exponentially
fading degradation model of the original particle size after impact, which solely depicts the
relationship between the particle size and the quantity of impacts prior to and following
impact crushing. In the equation, d; \y represents the particle size with particle size category
i after N times of impact crushing, d; o represents the particle size with particle size category
i at the beginning, and k; represents the rate of degradation.The diameter of the particles
is the primary indicator of a change in particle size. The model is suitable for predicting
the particle size distribution for particles with fixed size classes or few size classes, but its
application needs the partition of a sizable number of size classes for numerous particles
with a wide range of sizes.

dig
Pitchumani et al. [28] proposed an exponential decay model in terms of mass fraction
of the size range using repeated impact experiments (RIT) of particles in order to forecast
the degradation of particle fragmentation in a size range:

din kN 1)

m:
i,N _ e_ki'N (2)
Mo

Chapelle et al. [29,30] suggested describing the particle degradation model as a matrix
after accounting for the mass migration of bigger particle size classes to different size
categories as a proportion of the total mass of the particles.

B-vi =yo 3)

where B is the crushing matrix, y; and yg are the particle size class mass fraction column
vectors of the particle size grade before and after the crushing, respectively. Since one
size grade can be theoretically degraded to all subsequent particle size grades after impact
crushing, a large amount of experimental data is required to calculate the coefficients in the
crushing matrix in order to solve the crushing matrix B.

Finally, using Chapelle et aldegradation’s model as a foundation, Van Wijk [14] con-
structed the crushing matrix model in terms of three empirical parameters, 1y, hp, and k3,
as shown in Equation (4). The three parameters must all meet the requirements in con-
ditions iy + hy 4+ h3 = 1 and hihph3 > 0. The three parameters are /i1, the number that
remains in the original size category after fragmentation, hy, the relative number that
moves from the original size category to the second subcategory, and h3, the number that
is distributed from the third category to the last category. To calculate the percentage of
particles that remain in the third category after impact, the model needs to know the value
of the parameter & in advance.
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Therefore, it is better to analyze the particle size distribution following repeated
particle strikes using Equation (2) from the particle degradation model. The model is
improved in this study by taking into account the effects of the number of pump stages
and the number of impacts both before and after, using (2) as the foundation for the
degradation analysis.

LN e*kz,O S-N (5)
mj0
N a—kinaS (6)
miN—-1

The initial Equation (1) ignores the relationship between particle size change between
impact numbers and the influence of pump stages, reflecting the degradation change
of particle size distribution with the starting particle size distribution under the current
impact number. Equation (6) can more accurately reflect the real-time inflow and outflow
relationship of particle size distribution of each grade as the number of impacts increases,
while Equation (5) takes into account the influence of the number of deep-sea lifting electric
pump stages. Equation (6) can reflect the changes of particle degradation before and after
two adjacent impacts. The deep-sea ore-raising electric pump will repeatedly strike nodules
to collect deterioration data for this article. Equations (5) and (6) will serve as the framework
for this investigation.

3. Simulation Model
3.1. Geometric Model of Deep-Sea Lifting Motor Pump

Figure 1 shows the deep-sea six-stage lifting motor pump’s overall structural makeup.
Six single-stage pumps with revolving impellers and static space guide vanes, each joined
by bolts, make up the pump body. Pump shaft and impeller are connected by keys that
transmit torque and cause the impeller to revolve; sliding bearings are installed on the
pump shaft and space guiding vane. A sleeve coupling firmly joins the motor shaft and
pump shaft. The lifting motor pump’s exterior load is mostly supported by a cylindrical
outer cylinder, which houses the pump body and submersible motor. Three annular flow
channels are supplied at the front of the pump body, and a suction housing is provided
at the point where the annular flow channels and the pump converge. This allows the
mixed slurry in the annular flow channels to be transferred from the submersible motor
to the pump body. The inlet and outlet flanges are used to join the lifting motor pump
and the lifting hard pipe. An O-ring is used to seal off each surface of the key connection.
The structural and functional characteristics of the primary hydraulic parts of the lifting
motor pump are shown in Table 1.

The impeller and spatial guide vane geometry models in this work were built using
TurboGrid and ICEM CFD software. With its good interface to BladeGen and expertise in
the field of rotating machinery, TurboGrid is a professional meshing tool that can quickly
create high-quality structured meshes based on the geometry of blades.
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Figure 1. Structure diagram of the deep-sea six-stage lifting pump 1—Pump outer cylinder; 2—Impeller;
3—Spatial guide lobes; 4—Cable; 5—Rigid couplings; 6—Toroidal runner; 7—Entrance flange; 8—Export
flange; 9—Plain bearings; 10—Pump shaft; 11—Suction shell; 12—Submersible motor.

Table 1. Structure and conveying parameters of major hydraulic components.

Description Parameter Value
Work Flow Rate Q (m3/h) 420
Stage S 6
Total head H (m) 270
Single head Hs (m) 45
Work rotation speed n (rpm) 1450
Maximum particle size d (mm) 20
Impeller inlet diameter 235
Impeller outer diameter 410
Impeller Number of impeller blades 4
Impeller inlet placement angle 35°
Impeller outlet placement angle 32.5°
Impeller blades are angled 110°
Maximum diameter of the streamline in the guide vane 395
Maximum diameter of the outer flow line of the guide vane 516
The width of the annular space of the guide vane 88
Space Guide Vanes Number of guide leaf blades 5
Guide leaf inlet placement angle 12°
The outlet of the guide leaf is placed at the angle 85°
The guide leaf is angled 97°

The Y+ value of the control boundary layer mesh in this research is approximately
50 because the wall function (including standard wall and non-equilibrium wall) used in
CFD fluid calculation typically requires between 30 and 300. TurboGrid simply defines the
single flow channel mesh; in ICEM, the single flow channel mesh must be expanded to the
entire flow channel mesh. In addition, the inlet and outlet pipelines were extended to be
three times as wide as the pipeline diameter in order to prevent the backflow phenomenon
brought on by the turbulence of the outlet flow field as a result of the outlet being too close
to the area of the impeller rotation during the simulation. Figure 2 displays the deep-sea
mine electric pump’s final defined grid model.

The first level
of spatial
guides

First
stage

Inlet impeller

pipelines

Outlet
pipelines

Secondary

Secondar ~ spatial guide
y impeller lobes

Figure 2. Deep-sea pump fluid domain grid.
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3.2. Grid Irrelevance Test

The head of the hoist mine electric pump is utilized as an indicator for the grid-
independent numerical simulation test, and the pump head is calculated as follows, in order
to reduce the impact of the grid’s sparsity on the numerical accuracy:

b (Po—pi) (00 —0?)
P8 2

+ 20—z )

where p, and p; represent the liquid pressure at the pump’s outlet and inlet, v, and v;
represent its speed, and z, and z; represent the height difference between its outlet and
intake; p is the liquid’s density, which for a lifting motor pump in water is 998.1 kg/m?,
and g is the acceleration of gravity, which is 9.81 m/s.

The variation of the lifting motor pump head can be calculated by keeping an eye on
the pressure and velocity of the inlet and exit of the lifting motor pump. The numerical
simulation was conducted using four sets of two-stage electric pump models with var-
ied grid numbers, as indicated in Table 2, in accordance with the grid division approach
outlined in the preceding section. When the lifting motor pump’s total number of grids
is around 1.64 million, the head is 98.53 m, and the change in head is less than 1%, ac-
cording to the data on pump head change in the table, the third set of grids is used for
the subsequent numerical simulation calculation, taking the computer’s processing speed
into account. The two-stage pump’s fluid pressure and 20 mm particle velocity clouds are
depicted in Figures 3 and 4, and it can be observed that these two figures match the design
index requirements because 20 mm particles can travel through the lifting motor pump
without clogging.

Table 2. Grid-independent study (speed n = 1450 r/min, flow rate Q = 420 m3/h).

. . Single Guide Inlet and Outlet . cpes
Grid Number Single Impeller Vane Pipe Sections Total Grid Lifting Range
1 273,768 262,160 54,784 1,181,424 95.55
2 322,608 308,780 84,240 1,431,256 96.28
3 355,168 339,860 127,360 1,644,776 98.53
4 436,568 417,560 184,984 2,078,224 98.54

Pressure [Pa] (fluid>

L — |
1.31e+05 1.12e+05 3.55e+05 598e+05 8.41e+05 1.08e+06

Figure 3. Under the third set of grids, there are fluid pressure clouds for two-stage pumps (20 mm
particles).

Velocity [m/s] (particle)

Figure 4. Particle velocity cloud for the three-set of grids under the two-stage pump (20 mm particles).
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3.3. CFD-DEM Coupled Solution

The fluid computational dynamics software FLUENT and the discrete element soft-
ware EDEM are combined with the numerical model of the solid-liquid two-phase flow
in the deep-sea lifting electric pump. The fluid is handled as a continuous phase in FLU-
ENT for the linked numerical simulation, and the estimated flow field data is transferred
to EDEM by solving the Navier-Stokes (N-S) continuity equation. Figure 5 depicts the
schematic representation of the FLUENT-EDEM coupling principle.

N-S equation The force of the

Momentum | = | flow field on th

equation particles

FLUENT \ — = = = = = = = = = = = = = "
Flow field calculations
(one time step)

EDEM
Particle calculations

Update particle
Particle motion

properties (position,

equations
speed, etc.)

Figure 5. FLUENT-EDEM coupling schematic.

In FLUENT, the pressure-based solver and transient simulation are chosen, and the slip
mesh technique is used to simulate the spinning of the impeller blades. The output is set to
free flow and the velocity inlet is chosen. Turbulence intensity and turbulence viscosity
ratio, with default values of 5% and 10, are used to define turbulence parameters at the
inlet. The discrete phase physical model is added to, Saffman lift, pressure gradient force,
virtual mass force (virtual mass percentage is assumed as 0.5), rotational traction model,
and Magnus lift model are added to the injected particles, and the RNG k-turbulence model
is chosen. The Magnus lift model and rotating traction model should be added. The ve-
locity and pressure in the flow field are calculated using the SIMPLEC solution algorithm,
and the pressure, momentum, turbulent kinetic energy, and specific dissipation rate are all
upgraded to the second-order windward mode to increase the solution’s precision.

Duplex stainless steel with a density of 7850 kg/m?3, a shear modulus of 77.44 GPa,
and a Poisson’s ratio of 0.33 is the definition of all wall materials for deep-sea ore-raising
pumps in EDEM; the physical and mechanical characteristics of particles are referred to
as those of naturally occurring polymetallic nodules on the seabed [12,14]. The contact
characteristics are provided in Table 3 with a density of 2000 kg/m?3, a shear modulus of
21.3 MPa, and a Poisson’s ratio of 0.4. The inlet boundary condition is mass flow, and the
particle injection volume in the inlet pipe section is computed as 5% of the particle to fluid
volume proportion. In order to calculate the linked solution, the time step in FLUENT and
EDEM must match the integer times of Rayleigh time step in EDEM. As a result, the time
step for EDEM is 310-6 s, while the time step for FLUENT is 1.510—4 s (which is 50 times of
the time step in EDEM).

Table 3. Table of contact parameters of polymetallic nodule particles.

Contact Parameters Particles to Particles Particles to Geometry
Recovery factor 0.55 0.48
Coefficient of static friction 0.50 0.10

Rolling coefficient of friction 0.10 0.01
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3.4. Bonding Particle Model

The parameters of the particle model in discrete element numerical simulations of
granular flows can be split into macroscopic and microscopic parameters. Density, Young’s
modulus, compressive strength, and tensile strength are examples of macroscopic param-
eters that can be obtained through mechanical property tests; however, the macroscopic
mechanical parameters of minerals cannot be assigned directly to the created particle
models in simulation [31], and the mechanical properties associated with the particles can
only be assigned by applying microscopic parameters such as particle stiffness, ultimate
strength, and stiffness distribution. The calibration of the microscopic parameters is neces-
sary in order for the developed discrete element particle model to accurately simulate the
mechanical properties of the mineral materials. The most popular calibration techniques
are Brazilian splitting tests and Uniaxial compression tests [12,13]. Since the mechanical
property parameters of polymetallic nodules are strongly influenced by size, the mean
values of the measured parameter results are taken in this paper, as shown in Table 4.

Table 4. Table of polymetallic nodules” macroscopic characteristics.

Moist Density Dry Density Shear Modulus . . Compressive Tensile Strength
(kg/m3) (kg/m3) MPa The Poisson Ratio Strength MPa MPa
2040 1430 21.3 0.4 2.18 0.3

Five microscopic parameters must be established for the Bonding model: bond radius
Rp, normal stiffness S, tangential stiffness S;, normal ultimate stress 07;,,, and tangential
ultimate stress 7j;,,. The radius of the cylindric bond between the particles is known as
the bonding radius. A cylindrical Uniaxial compression model with a size of 20 x 40 was
established, and the minimum particle size was 0.8 mm and the average particle size was 1
mm, as shown in Figure 6. This was conducted with reference to the calibration methods of
microscopic parameters in existing studies [32,33].

Figure 6. Test model for Uniaxial compression.

The upper and lower bearing plates were constructed of duplex stainless steel with a
density of 7850 kg / m3, a shear modulus of 77.44 GPa, and a Poisson’s ratio of 0.33, and the
Uniaxial compression test simulation was run on the created particle model. The upper
bearing plate was loaded at a speed of 0.05 m/s while the bottom bearing plate remained
stationary during the simulation test. Figure 7 depicts the Uniaxial compression test bond
breaking procedure.
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(a) (b) (c) (d)

Figure 7. Compression test bond construction fracture process in uniaxial. (a) Bond formation;
(b) Bond starts to break; (c) Fracture acceleration; (d) Complete fracture.

Figure 8 displays the stress—strain curves from the uniaxial compression simula-
tion test.

035

030
025 F ﬁ%

L ¥
0.20 | Hﬁ

0.15 A;f

0.10 -~

Stress (MPa)
ey

0.05

0.00 1 ! !
0 1 2 3 4 5

Strain (10-2)

Figure 8. Test model for Uniaxial compression.

One of the more affordable ways to determine the tensile strength of rocks is to use the
Brazilian split test, which indirectly assesses tensile strength by applying a vertical linear
load on the specimen [34]. According to Figure 9, the particle size used in the particle flow
test model was the same as that used in the Uniaxial compression model, and the model’s
diameter was set at 40 mm.

Figure 9. Model for the Brazilian splitting test.

Figure 10 depicts the Brazilian cleavage testbond bond fracture process.
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(@) (b)

(c) (d)

Figure 10. Brazilian-built fracture process using testbond cleavage. (a) Bond formation; (b) Bond

starts to break; (c) Fracture acceleration; (d) Complete fracture.

Figure 11 displays the stress—strain curves from the Brazilian splitting simulation test.

25

2.0

—
wn

—
(=

Stress (MPa)

0.5

0.0

Strain (10-2)

Figure 11. Model for the Brazilian splitting test.

The compressive strength was determined by the Uniaxial compression simulation
test to be 0, = 2.235 MPa, which was close to the actual value of 2.18 MPa with an error of
2.53%; the tensile strength was determined by the Brazilian splitting simulation test to be
ot = 0.297 MPa, which was 0.3 MPa with an error of 0.96%. The microscopic characteristics
of the Bonding model that were acquired from the calibration are displayed in Table 5. Both
calibration results fell within the allowed error range.

Table 5. Structure and conveying parameters of major hydraulic components.

Normal Stiffness Tangential Stiffness Normal Limit Tangential Ultimate Bond Radius (mm)
(N/m3) (N/m3) Strength (Pa) Strength (Pa)
1.405 x 101 5.203 x 10° 7.544 x 10° 6.287 x 10° 0.675
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As shown in Figure 12, the large particle model of small particle condensation needs
to be generated first into large particles, and then by small particle replacement. After the
small particle replacement is completed, the bonding bonds are then generated between
the small particles in a shorter period of time (slightly larger than the particle replacement
time), otherwise the small particles will spread out. Finally, 80 bonded large particles are
generated, and each large particle contains 3480 small particles.

(a) Generate large particles (b) Replace small particles (c) Bond bond generation

Figure 12. Particle substitution generates a bonding model.

4. Simulation Results and Analysis
4.1. Effect of the Number of Cycles on Particle Degradation

In the calculation domain of the two-stage mine raising electric pump model, we place
periodic boundary conditions in the directions of the entrance and exit. Figure 13 illustrates
how the particles will return to the calculation domain from the pump entrance after
leaving it at the pump model exit to take part in the computation. The particles degraded
during each over-pump cycle can be saved in this way, followed by the degradation during
the subsequent over-pump cycle. In addition, the degradation effect of a six-stage pump
can be achieved with a two-stage pump model, meaning that particles passing through one
six-stage pump must cycle through three times in the two-stage pump model.

Export periodicity
Boundary conditions

Ingress periodic
boundary condition

Figure 13. Schematic diagram of the boundary conditions of the calculation domain circulation of the
Yang mine electric pump.

The rated working parameters of the electric pump are 420 m3/h and 1450 rpm,
and the initial particle size of the big particles in the numerical model is 20 mm. Therefore,
in the simulation model, the pellets are vigorously struck by the high-speed spinning
impeller 24 times while being constantly circulated through the two-stage pumps 12 times,
which is similar to the pellets going through the six-stage pumps four times. After each pass
through the six-stage pump, the particle size distribution after particle degradation was
measured. Figure 14 illustrates the degradation of particles during repeated cycles through
the six-stage pump and the speed of movement. From the figure, it can be observed that
the particles were accelerated to the impeller front cover wall by the high-speed impact
of the fracture and then moved along the fluid along the guide vane concave flow to the
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next level or outlet. The smaller the particle size, the more inertia the particles have to
follow the fluid. The number of large particles degraded grows along with the number
of particle circulations through the six-stage pump, and after four iterations, the majority
of the particles have been reduced to fine particles. This shows that in actual deep-sea
mining, the size of the particles in each six-stage electric pump will alter depending on how
often the pump is used, with the bottom electric pump having coarser particles and the top
electric pump having finer particles.

Velocity[mis]
250

Figure 14. Degradation change and movement speed of particles through the Lifting motor pump
under different cycle times (The far left is through the six-stage pump for the first time, and the far
right is the fourth time through the six-stage pump).

Figure 15 compares the particle size distribution of each grade following a cycle
through the six-stage electric hoisting pump with various passage periods. Figure 15a
displays the cumulative fraction of particle mass; after one pass through the six-stage pump,
the cumulative fraction of particles with a diameter of d < 10 was 14.23%, and it reached
60.76% after four passes. The cumulative fraction of particles with a diameter of d < 1
mm increased from 4.14% to 23.14% after one pass through the six-stage pump. According
to Figure 15b, which shows the percentage of each particle size class, the percentage of
particles with a diameter of 18 < d < 20 mm or greater rapidly reduced as the number
of passing times increased, leaving only 6.38 percent after the fourth passing. The mass
fraction of particles with 1 < d < 3 mm and d < 1 mm rose the highest with 21.84%
and 23.14%, respectively, as the passing times increased.8 < d < 18 mm particles steadily
increased with the rise of passing durations. Except for the 10 < d < 13 mm particles,
which grew with the number of passes in the 8 < d < 18 mm particle size class, all the other
particle size classes displayed a change in the growth trend of the fraction share, with the
mass fraction of 15 < d < 18 mm particles increasing first and decreasing after the third
six-stage pump, and the mass fraction of 13 < d < 15 mm particles increasing first and
decreasing after the third six-stage pump. When crossing a second time, the mass fraction
of 8 < d < 10 mm particles falls; but, after passing a third time, it steadily increases.

The initial degradation rate of various particle size classes after repeated pump cycles
is determined using Formula (5) kjo = —(1/SN) - In(m; 5 /m; ) based on the statistical
findings of various particle mass fractions. Since the initial particle size of the particles is
20 mm and the initial mass fraction of the other particle size grades is 0, the initial particle
size mass for particles with 18 < d < 20 mm and the other particle size classes were
calculated using the particle size mass after degradation by the first six-stage pump as m;.
The results are shown in Tables 6 and 7.
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Figure 15. Particle size distribution comparison after different numbers of passages through the
six-stage pump.

Table 6. Initial degradation rate of particles with 18 < d < 20 mm particles at different number of
passes through six pump stages.

Initial Degradation Rate 1 Pass 2 Passes 3 Passes 4 Passes

kio 0.0985 0.0919 0.1034 0.1529

Table 7. Structure and conveying parameters of major hydraulic components.

Number of Passes <1 mm 1-3 mm 3-5mm 5-8 mm 8-10 mm 10-13mm 13-15mm  15-18 mm
2 —0.1036 —0.0485 —0.1205 —0.1492 0.0854 —0.0914 —0.0836 —0.0512
3 —0.0926 —0.0709 —0.0695 —0.0909 0.0059 —0.0726 —0.0909 —0.0190
4 —0.0956 —0.0852 —0.0590 —0.0659 —0.0550 —0.0723 —0.0410 0.0308

The link between particle input and outflow is shown by the degradation rate. When
k; > 0, there has been a net loss of mass from this particle size class as a result of larger
particle outflow than particle inflow. k; < 0 denotes a net accumulation of mass from this
particle size class and a particle outflow that is smaller than the particle inflow. The initial
degradation rate of 18 < d < 20 mm particles is greater than 0 at different passage times,
and the mass fraction is continuously lost to the smaller particle size classes, according to
Tables 6 and 7. In contrast, the initial degradation rate of 15 < d < 18 mm particles changes
from negative to positive after 4 passes through the six-stage pump, and the mass is lost
after 1 pass through the six-stage pump. The initial degradation rate of 8 < 4 < 10 mm
particles is greater than O at different After one six-stage pump, the initial degradation
rate of 8 < d < 10 mm particles shifted from positive to negative as the number of passes
increased, and the mass increased for all other particle size classes as well.

If the growth trend is changing between cycles for particles in the 15 < d < 18,
13 < d < 15,and 8 < d < 10 mmparticle size classes, the current degradation rate should
also be calculated. The initial degradation rate can only see the difference between
the initial mass increase and decrease in particles under the current passing times.
kin—1=—(1/S) -In(m; y/m;Nn—_1) for a specific analysis, where m; n_1, k; o and k; o repre-
sent the mass of the six pumps running at once. The calculations’ outcomes are displayed
in Table 8. The outflow of its particle mass is greater than the inflow when passing the
third time and the outflow keeps growing for 18 mm particles, 13 < d < 15 mm particles,
and 8 < d < 10 mm particles. For 18 mm particles, the current degradation rate is negative
when passing twice and turns positive after passing three times. When the inflow of particle
mass exceeds the outflow of its own particle mass, the particle mass starts to rise, and after
the fourth six-stage pump, the inflow of mass keeps rising.
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Table 8. Current degradation rates for particles of varying particle size classes with different number
of passes through the six pump stages for growth trend change.

Size Rating Pass 2 Passes 3 Passes 4 Passes
15-18 mm —0.0512 0.0131 0.1306
13-15 mm —0.0836 —0.0982 0.0589
8-10 mm 0.0854 —0.0736 —0.1766

4.2. Effect of Flow Rate on Particle Degradation

With an initial particle size of 20 mm and an impeller speed of 900 rpm, Figure 16
depicts the global and local details of the degradation change and movement speed of
particles as well as the degradation change of particle size and movement speed of the
lifting electric pump at various flow rates (flow rates of 420 m3/h, 480 m3/h and 540 m3/h,
respectively). The graphs show that when the flow rate rises, the particles’ movement in
the lifting electric pump accelerates and their interaction with the wall becomes greater,
making particle disintegration simpler. It can be observed that when the flow rate reaches
540 m3/h, the particles crack more quickly, the degradation deepens, and there are more
fine particles produced after the cracking, compared to the flow rate of 480 m3/h when
some of the large particles are impacted and broken. This shows that the flow rate has a
greater degree of influence on particle degradation.

Velocity[m/s]
250

Figure 16. Schematic diagram of the boundary conditions of the calculation domain circulation of the
Yang mine electric pump.

Figure 17 displays the particle size distribution of each grade following passage
through the two-stage electric mine raising pump at fluid flow rates of 420 m>/h, 480 m3/h
and 540 m3 /h, respectively. According to Figure 17a’s particle mass accumulation fraction,
the accumulation fraction curve changes upward more as flow rate increases, suggesting
that the conversion of large particles into fine particles happens more quickly. The cumula-
tive proportion of particles with particle size d < 10 mm increased from 6.71% to 18.09%
and the cumulative fraction of particles with particle size d < 1 mm increased from 3.01%
to 7.67% when the flow rate was increased from 420 m3/h to 540 m3 /h. After two stages
of pump degradation, the mass fraction of particles with a particle size of 18 < d < 20 mm
was 81.43% (420 m3/h), 70.18% (480 m3/h), and 52.28% (540 m3/h). The reduced mass of
particles moves to a smaller size range than its particle size range, resulting in an increasing
mass fraction of each particle size class for pa.

Based on the mass fraction statistics of particles following deterioration at various flow
rates, as shown in Table 9, the initial degradation rate k; g for 18 < d < 20 mm particles was
estimated. The table shows that the initial degradation rate of 18 < d < 20 mm particles
at various flow rates is more than 0, which means that the mass of the particles is being
lost rather than gained, ultimately leading to a net loss of mass for that particle size class.
When the flow rate increases from 420 m> /h to 540 m? /h, the initial degradation rate rises
from 0.1027 to 0.3243, which shows that the ratio of the degraded mass of 18 < d < 20 mm
particles to the net outflow of the starting mass likewise steadily increases.
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Figure 17. Particle size distribution comparison after different numbers of passages through the
six-stage pump.

Table 9. Initial degradation rate of 18 < d < 20 mm particles at different flow rates.

Initial Degradation Rate 420 m3/h 480 m3/h 540 m3/h

kio 0.1027 0.1771 0.3243

4.3. Effect of Rotational Speed on Particle Degradation

With an initial particle size of 20 mm and a flow rate of 420 m? /h, Figure 18 depicts the
general and local details of the degradation change and particle movement speed at various
rotating speeds of the lifting motor pump (impeller rotation speed of 900 rpm, 1200 rpm
and 1450 rpm, respectively). The particles produce a greater impact force with the impeller
blades in a shorter period of time, as can be observed from the figure. The particles are then
accelerated by the kinetic energy exerted by the impeller to hit the wall of the front cover,
and then flow into the next level of the impeller to repeat the process of impact, which
causes the particles to become more and more dense.

Velocity[m/s]

|200

Figure 18. Degradation change and motion rate of particles through lifting motor pump at different
speeds (left 1450 rpm; center 1200 rpm; right 900 rpm).

Figure 19 displays the particle size distribution for each grade after the particles
were processed by a two-stage lifting motor pump at speeds of 900, 1200, and 1450 rpm,
respectively. Figure 19a displays the particle mass accumulation fraction; the particle
accumulation fractions of particles with particle sizes d < 10 mm are 4.07% (900 rpm),
6.20% (1200 rpm), and 6.71% (1450 rpm), respectively; the particle accumulation fractions
of particles with particle sizes d < 1 mm are 1.71% (900 rpm), 2.63% (1200 rpm), and 3.01%
(1450 rpm); Figure 19b displays the Following the impact of impeller blades rotating at
various speeds, the mass fractions of particles with a particle size of 18 < d < 20 mm were
88.54% (900 rpm), 85.16% (1200 rpm), and 81.43% (1450 rpm). It is clear that the faster
the rotational speed, the more impact it has on particle degradation. However, rotational



J. Mar. Sci. Eng. 2023, 11, 24 16 of 23

speed’s impact on degradation is marginally less significant than the flow rate’s. This might
be as a result of the fact that the impeller blades” moment of contact and collision with the
particles is where rotational speed has the greatest impact on particle impact. When the
particles leave the impeller area, the flow field’s influence is more noticeable because the
contact and collision between the particles and other walls lasts for a longer period of time.
Additionally, certain particles in the impeller area directly cross the impeller blades under
the influence of fluid and other driven impact particles even though they are not in direct
contact with the impeller blades.
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Figure 19. Particle size distribution comparison after different numbers of passages through the
six-stage pump.

Based on the statistics of particle mass fraction at various rotational speeds, as shown
in Table 10, the initial degradation rate k; of 18 < d < 20 mm particles was determined.
The table shows that the initial degradation rate of 18 < d < 20 mm particles at various
speeds is greater than 0, indicating that there is a net loss in particle mass. The initial
degradation rate also gradually rises with speed, going from 0.0609 at 900 rpm to 0.1027 at
1450 rpm, showing that the rate of particle mass loss is rising.

Table 10. Initial degradation rate of 18 < d < 20 mm particles at different rotational speeds.

Initial Degradation Rate 900 rpm 1200 rpm 1450 rpm
kio 0.0609 0.0803 0.1027

5. Particle Transport Degradation Test
5.1. Test Systems

The deep-sea lifting motor pump transmission degradation test system is situated in
the State Key Laboratory of Deep Sea Mineral Development and Utilization Technology
of Changsha Mining and Metallurgical Research Institute in Hunan Province. The test
system’s structure is depicted in Figure 20, and it is primarily made up of a deep-sea
six-stage lifting motor pump, a particle recovery device, a feeding device, a conveyor circuit
system that is about 200 m long, and other components.

The deep sea six-stage lifting motor pump is the system’s main part. Figure 21 depicts
the essential elements and their placement locations. These include the six-stage pump’s
main body, the submersible motor, the outlet and input flanges, and the outer cylinder
that serves as a bearing and protective mechanism. A circular pit 18 m in diameter will
be filled with water during the test to replicate the working environment on the seabed.
The lifting motor pump has a total length of around 7.5 m and is installed in the circular pit
to simulate the working environment on the seabed.
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Figure 20. Deep-sea lifting motor pump transmission degradation test system.

Figure 21. The main components of the deep-sea six-stage lifting motor pump are composed and
placed ((a) The main body of the pump; (b) outer cylinder; (¢) submersible motors; (d) import and
export flanges; (e) placement).

The conveying pipeline return route is made up of a 200 mm-diameter, 200 m-long
pipeline circuit, a multi-stage reducer pipe, and two electric pipe clamp valves connected
in series. The large head of the six-stage lifting motor pump is difficult to handle in the
original test system. By using a multi-stage variable diameter increaser tube and a pinch
valve, the back pressure of the test system is improved, and a certain amount of variable
drag increase is achieved on the pipeline.

A multistage variable diameter increase resistance pipe produces a greater hydraulic
loss by abruptly decreasing the pipe’s diameter in the presence of slurry; the more steps
there are, the greater the resulting hydraulic loss. To increase the resistance control effect,
use two electric pipe clamp valves in tandem form. The two pipe clamp valves can
be synchronized through the control cable to achieve adjustment. TG941X-16CDN200
electric pipe clamp valve, maximum pressure 1.6 MPa, through 4-20 mA current signal
proportional control valve opening. Open the two valves before and after the resistance
device so that the slurry can pass through the multi-stage reducer and pipe clamp valve.
The entire redesigned resistance device is situated above the continuous U-bend circuit,
as shown in Figure 22. The slurry travels through the continuous U-bend below when the
valve is closed.
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Figure 22. Multistage variable diameter increasing tube and electric pipe clamp valve.

According to Figure 23, the particle recovery unit consists of a lower particle recovery
calibration box and an upper rotatable moveable elbow. The rotating movable elbow
may move the elbow outlet from the return box to the calibration box when the pump
circulation degrades and crushes the mineral particles, enabling the recovery calibration of
the particles.
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Figure 23. Particle recovery device.

5.2. Test Protocol

This test is primarily intended to quantify the reduction in polymetallic nodule particle
size following several hydraulic transport by electric pump mine raising impacts. The liquid
phase was water with density p; = 1025 kg/m?, and the particle phase was natural nodules
with density ps = 2040 kg/m?>. Natural nodules can have a maximum particle size of more
than 50 mm, so direct transport is likely to result in pump clogging. Therefore, in order
to ensure the safety of the equipment during transport, the nodules must first be crushed
by a crusher before the test, and then uniformly used nodules with a diameter of less
than 15 mm are used for the test. In order to ensure that the nodules’ internal pores are
thoroughly moistened with water before the experiment, the nodules are soaked in water
for more than two weeks. The clay adhering to the nodules is removed with water before
placing them in the material bin. The wet polymetallic nodules utilized in the test were
around 250 kg in mass overall and came from the Chinese polymetallic nodule exploration
contract area in the Clarion-Clipperton Zone (CCZ) of the Pacific Ocean.

In the conveying test, the electric pump’s frequency was changed from 50 Hz to 30 Hz
using a frequency converter, and 1.6 Mpa of pressure inside the pump was guaranteed. All
of the nodules used in the experiment were from the same batch, and they were evaluated
at flow rates of Qy,, = 450 m>/h and n,, = 900 for six stages of the pump, following
varying numbers of impacts (N = 1 to 5), respectively. Particle size redistribution was
10 min later. The entire test was carried out outside with water that was 25 °C.

Prior to the start of each test, the initial total mass of nodule input was assessed. It
takes roughly 65 s to mimic a cycle in which nodule particles are discharged from the
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feeder and returned to the silo via a long-distance pipe circuit and a six-stage lift pump.
When the designated cycle time is reached, the nodule slurry is fed from the movable
elbow into the particle recovery calibration box. This is done during the degradation
test using nodules, which is carried out in the test system with a six-stage pump with
varying cycle times of impact.The nodules were then subjected to degradation testing
in the test system using the six-stage pump with different impact cycle times. A water
flush is performed after each test to remove any last bits of debris from the pipes and
electric pump of the test equipment. The nodules were wet sieved using square sieves with
apertures of 1 mm x 1 mm, 3 mm x 3 mm, 5 mm x 5 mm, 8§ mm x 8 mm, 10 mm x 10 mm,
13 mm x 13 mm, and 15 mm x 15 mm and combined with a laboratory vibrating sifter,
as illustrated in Figure 24, after the particles larger than 1 mm were removed from the
slurry water. In comparison to hand sieving, the vibrating sieving machine is more effective
since it can position five screens at once. When particles smaller than 1 mm are mixed
with liquid, a very turbid slurry is created. Additionally, nodules that form on the pump
and pipeline walls during testing will cause some paint fragments to mix with the particle
debris, making it very challenging to measure the quality of the smaller particles directly.
The weight of the nodule particles below 1mm is recorded as M1y = Mo — M1mm,
while the weight of the nodule particles over Imm is recorded as 11, using the indirect
measuring method.

Figure 24. Vibrating screen machine.

5.3. Comparison of Test and Numerical Simulation Results

A two-stage lifting motor pump is numerically modeled with reference to the test
conditions parameters, and periodic boundary conditions are set at the entrance and exit
of the pump to realize the cyclic repeated impact of particles. The initial particle size
is determined by the test’s actual particle size distribution value, and large particles are
produced by taking the maximum value of each particle size range.

The impact rupture of the electric lift pump dominates the degradation of nodule
particles in the vertical transport system of deep-sea mining, and wear in the vertical
pipeline has a negligibly weak effect [35], so the effect of horizontal and vertical pipelines
on nodule degradation is disregarded in the experiment. The multi-stage reducers and 90°
elbows were modeled with reference to the test system, and the particles were allowed to
continue to be transported through the reducers and 90° elbows while the particles were
circulated through the two-stage electric pumps (one six-stage pump) three times each
time, in order to achieve the desired results. However, there are multi-stage reducers and
approximately 12 90° elbows in the test system, which may have some influence on the
results of nodule degradation. The identical impact result was attained.

The solid-liquid two-phase numerical model of the reducer is depicted in Figure 25
and has ten stages with a 200 mm diameter, an orifice reducer at a 45° angle, a small



J. Mar. Sci. Eng. 2023, 11, 24

20 of 23

diameter half its diameter, a 500 mm space between each reducer at all levels, a 450 m3/h
inlet flow rate, and a 1 MPa outlet pressure setting. Figure 25a illustrates that the fluid has
a significant pressure decrease of roughly 1.07 MPa as it passes through the multi-stage
reducer. The influence of the reducer on the deterioration of the particles can be disregarded
since, according to Figure 25b, the particles are ejected after the first stage immediately
from the reduction’s tiny diameter and do not further damage the diameter wall.

Pressure [Pa] (fluid)

[ ]
887e+05 1.12e+06  1.36e+06  1.60e+06  183e+06  2.07e+06

[ S D S S S -
(a) Liquid phase pressure field

Velocity [m/s] (particle)

T
0.00 359 7.8 1077 14.36 17.95

(b) Solid phase particle jet velocity

Figure 25. Solid-liquid two-phase simulation model of drag-increasing diameter varisus pipe.

The elbow’s pipe diameter is 200 mm, its bending radius is 290 mm, and the distance
between its two elbows is 2000 mm. In order to facilitate the elbow particles’ repeated entry
into the calculation domain and participation in the calculation while minimizing the size
of the overall model, the test system contains 12 90° elbows. In an elbow simulation model,
three 90° elbows are set, and the same periodic boundary conditions are set in the import
and export, as well as the nodules. For each trip through the six-stage pump, the particles
must cycle through the elbow simulation model four times. Figure 26 depicts the velocity
cloud of particles passing through a 90° elbow. As can be observed, the elbow’s impact
force causes some of the particles to break, and when the particles encounter 12 90° elbows,
the cumulative degradation effect is not insignificant.

Velocity [m/s]
5.00

Figure 26. Cloud diagram of 90° elbow particle velocity.

Figure 27 compares the experimental values of particle size distribution after nodules
in the test system degraded over the course of four cycles, the values from pump simulations
(which only take into account the impact of the electric pump used to raise the ore), and the
values from pump and elbow simulations (which also take into account the impact of the
90° elbow). The graph shows that the mass fraction of pump simulation values for the
particle class 3 < d < 5 mm and the big particle size range 8 < d < 15 mm is greater than
the actual values, while the mass fraction for the particle class 8 < d < 15 mm and the
tiny particle size range d < 3 mm is lower. With a difference of 3.19%, the mass fraction
of d < 1 mm particles was 16.01% in 4 cycles and 12.82% in the pump simulation. This
demonstrates that just taking the impact cracking of the Yang Mine Electric Pump into
account does not accurately reflect the true nodule degradation in the test system.

The pump and elbow simulation value at the fourth cycle is 16.85%, which is 0.84%
different from the test value, indicating that the pump simulation value with the effect of
elbow is more consistent with the actual degradation of nodule particles in the test system.
The difference between the pump and elbow simulation value and the test value is reduced
when the effect of a 90° elbow is taken into account. Therefore, the previously developed
particle bonding model can more accurately simulate the degradation of particles in the
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pump when there is no influence of pipe elbow in the test system and only the impact
rupture of nodules in the electric pump of Yang mine is taken into account.

1

-Test value (4 cycles)

B Pump Simulation Values

-Pump and elbow
similation values

|

Figure 27. Comparison of particle size distribution between experimental values and simulated
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6. Conclusions

This essay aims to investigate the variation law of polymetallic nodule particle size
degradation in the electric ore raising pump. Uniaxial compression experiments and
Brazilian splitting experiments on manganese nodule particles were carried out by EDEM
to determine the microscopic parameters of the particles, and a coupled CFD-DEM solution
for two-phase flow was adopted, while a transport degradation test was carried out in
a deep-sea six-stage hoisting electric pump, and the test results were compared with the
numerical simulation results. The primary research and the resulting results are as follows.

(1) The number of cycles has the biggest impact on how much the particles carried
by the pump degrade. After four times of the impact of the six-stage deep-sea electric
pump, the number of large particles continued to decline while the number of fine particles
increased significantly. The more times a particle was circulated, the more it was impacted
and cracked. Due to changes in each of their particle size classes during the degradation pro-
cess, the mass of the particles with 15 < d < 18 mm, 13 < d < 15mm, and 8 < 4 < 10 mm
first increased and then fell, while the mass of the particles with 13 < d < 15 mm first
decreased and then increased.

(2) Particles in the second-degree flow-degrading process of the pump’s conveying
operation. The speed of particles being dragged by the fluid increases with flow, impact on
the pump wall following particle degradation, and overall trend of average particle size
with flow rise and reduction.

(3) The lifting electric pump’s impeller rotates at a high speed, which reduces the
amount of time that particles are in contact with the blades and increases the intensity of
that contact and collision, which speeds up particle cleavage. However, considering how
much the flow rate and cycle count affect particle degradation, the degree to which speed
is affected by speed is relatively small.

(4) The pump simulation value is more in line with the test value after taking into
account the effect of a 90° elbow on particle degradation. The particle bonding model can
more accurately replicate the impact fracture of the nodule in the pump when there is no
influence on the specially formed pipeline of the test system.

(5) It is important to take into account the geometry of nodules for this study since the
effect of polymetallic nodules’ irregular shape on the degradation rate was not taken into
account because this study used a circular spherical particle model for numerical simulation.
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