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Abstract: Previously conducted studies have established that pipeline hydraulic transport systems
are currently the most promising deep-sea mining systems, and the pipeline transport performance
of polymetallic nodules is one of the technical priorities. In this paper, a coupled CFD–DEM approach
is adopted to numerically calculate the solid–liquid two-phase flow of seawater with polymetallic
nodules. Small-scale experiments were conducted to validate the coupled model. Particle dynamics
analysis was carried out under different inlet flow rates, feed concentrations and nodule fragmenta-
tion levels. The simulation results show that different operating parameters have significant effects
on the pipeline transportation process. With low inlet flow rate, high feed concentration, and high
percentage of large particles, the particle distribution and motion characteristics show a trend that is
not conducive to safe transport. A set of recommended operating parameters for hydraulic transport
of polymetallic nodule pipelines was summarized.

Keywords: deep-sea mining; hydraulic lift; pipeline transport; polymetallic nodule; solid–liquid
two-phase flow; CFD-DEM

1. Introduction

One key technology of deep ocean mining is transporting the collected minerals from
a depth of several thousand meters [1]. Vertical pipeline hydraulic lifting is the most
practical and potential deep-sea ore transportation method widely recognized interna-
tionally [2]. The pipe flow based on the hydraulic lifting method is a two-phase flow [3].
Due to the heterogeneity and discontinuity of the ore in the transportation process, if
the appropriate transportation conditions cannot be selected, the local concentration of
the ore in the pipeline increases to form a slug flow or even blockage [4]. Therefore, to
improve safety and efficiency, it is of great significance to study the dynamic characteristics
of the solid–liquid two-phase flow and the movement characteristics of ore particles in the
vertical pipeline.

Early research on hydraulic transportation mainly focused on the suspended flow
of small particle size solid materials in water. Based on physical experiments, empirical
formulas for calculating various transportation parameters were obtained [5,6]. Many
studies on the use of physical model test methods for hydraulic transportation have been
carried out. The scale test method was employed to investigate the effect of particle shape
and size on pressure loss [7]. A comparative experimental study of natural and artificial
manganese nodules in hoses was carried out to explore their effects on flow rate, particle
size, hose shape, and other parameters [8,9]. It was also found that the pressure loss due
to friction of solid–liquid two-phase flow in the hydraulic conveying process is positively
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correlated with the pipe inclination, and the increase of flow rate can mitigate the effect
of pipe inclination on pressure loss [10]. For the transportability of rigid mixtures, there
have been studies analyzing the effect of activation treatments on individual components
or on the whole mixture [11]. High-speed cameras and radioisotope tracking methods
are widely used in measuring the motion state and slip speed of particles in hydraulic
lifting pipelines [12].

In an actual engineering system, the deep-sea mining pipeline system is a vast and
complex integrated system [13], laboratory physics experiments do not adequately repre-
sent the actual situation. In contrast to physical experiments, the studies of particle motion
characteristics in pipeline using theoretical analysis and numerical simulation methods
were gradually developed. A theoretical model of solid–liquid two-phase flow in a vertical
pipeline was presented based on the conservation of momentum equation, D’Alembert’s
principle, and the continuity equation [14]. Analytical mathematical modeling was used to
investigate how to reduce the energy cost of solid–liquid mixtures during transport [15]. By
using physical modeling on a simulation model, the transport performance of the created
composite material was studied while maintaining the specified strength properties. Based
on this model, it was also concluded that the water–solid ratio has a significant effect on the
transport length and the change of properties during transportation [16]. A mathematical
model for the prediction of pressure loss of flexible slant pipeline was established and
verified by hydraulic transportation test [17]. Based on the concepts of internal friction
angle and friction coefficient between different materials, a theoretical model for calculating
the friction force between particles and pipe wall was established [18]. Using a combination
of theoretical analysis and experimental verification, a semi-theoretical and semi-empirical
formula for calculating the shear stress of the pipe wall under blockage conditions was es-
tablished [19,20]. A numerical solver was developed for marine ore transportation based on
the Lagrange method for the flow assurance problem of deep-sea mining [21]. Based on the
finite element analysis method, a deep-sea transportation pipeline model was established,
and the force and motion laws under the combined effects of the outflow of the ocean, the
internal two-phase flow, and the drag of the mining vessel were explored [22]. FLUENT
software is used to simulate and calculate the operation process of lift pumps and flexible
hoses [23]. The CFD method was adopted to simulate the pipeline movement in the marine
operating environment and analyzed the impact of the dynamic marine environment on
the two-phase flow field [24].

However, the ore particles are large, dense, and have poor followability in seawa-
ter [25]. The conventional computational fluid dynamics method is not suitable for studying
the uneven solid–liquid two-phase flow. The particle discrete element method (DEM) [26]
treats particles as discrete entities, considering the particle structure and collisions, and
can fully obtain the dynamic information of the particles. The coupling of DEM and
CFD methods can solve the solid–liquid two-phase flow problem more accurately and
efficiently. CFD–DEM has already exerted its unique advantages in researching two-phase
flow in many other machinery and equipment [27,28]. In the field of deep-sea mining trans-
portation systems, Huang et al. [29] used the CFD–DEM method to analyze the transient
state of the solid–liquid two-phase flow in the centrifugal pump. Chen et al. [30] used
the CFD–DEM method to analyze the slurry flow in hydraulic pipelines with different
particle shapes and explored the clogging conditions. The CFD–DEM method was also
applied to the numerical simulation of horizontal pipeline hydraulic conveying process
to study the variation law of pipeline dynamic parameters under different particles and
pipeline parameters [31].

The transport performance of polymetallic nodule particles in a pipeline hydraulic
system is one of the important technical issues in deep-sea mining systems. Analyzing the
above, it can be noted that the application of the coupled CFD–DEM numerical simulation
method is a popular and effective way to perform two-phase flow analysis. Therefore,
the purpose of this study is to analyze the effect of different operating parameters on the
polymetallic nodule pipeline transport process using the CFD–DEM method. To achieve
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this goal, the following tasks need to be solved: (1) analysis of kinetic principles of solid–
liquid two-phase flow, formation of coupled CFD–DEM method and establishment of
simulation model; (2) performing hydraulic transport simulation calculations and analysis
of particle motion and distribution; (3) analysis of influencing factors and proposal of
optimized operating parameters.

2. Principles and Methods

The two-phase flow in a deep-sea hydraulic pipeline is very complicated under ore
particles’ interaction, seawater, and pipe wall. The related theories of fluid mechanics and
solid–liquid two-phase flow are introduced, and physical simulation models are established
based on actual engineering parameters to explore the hydraulic pipeline system’s flow
phenomenon comprehensively.

2.1. Governing Equation

Seawater is regarded as a continuous field and particles are considered to be discrete
items. Navier–Stokes (N–S) equations are the basic equations describing fluid motion, in-
cluding mass, momentum, and energy conservation equations. In the momentum equation,
a disturbance term is introduced to the fluid due to the existence of particles. The fluid
control equation is as follows:

∂(ερ)

∂t
+∇·

(
ερu f

)
= 0 (1)

∂
(

ερu f

)
∂t

+∇·
(

ερu f u f

)
= −∇p +∇·

(
vε∇u f

)
− ερg + fs f (2)

where ε is the fluid volume fraction; ρ is the fluid density; t is the time; u f is the fluid
velocity; p is the pressure; v is the kinematic viscosity; g is the gravity; fs f represents the
momentum exchange between the particle and the fluid [32].

The governing equations of the particle are the momentum conservation equation and
the angular momentum conservation equation of the particle.

ms
dVs

dt
= msg + Fd + Fp + Fl + Fam + FB + Fc (3)

Is
dωs

dt
= M f s + Mc (4)

where ms is the particle mass; Vs is the particle velocity; Fd is the fluid resistance; Fp is the
pressure gradient force; Fl is the lift force including Magnus force and Saffman force; Fam
is the additional mass force; FB is the Basset force; Fc is the contact force between other
particles; Is is the particle moment of inertia; ωs is the particle angular velocity; M f s is the
drag torque of the fluid on the particle; Mc is the contact torque of other particles [33,34].

2.2. Particle Contact Model

During the transportation of nodule particles, due to the turbulence effect of the fluid
and the changes in the shape of the pipeline, collisions will inevitably occur, and there
must be an interaction between particles. In the study of seawater–ore two-phase flow,
the Hertz–Mindlin model is widely used to express the contact force and damping force
between particles [26,35,36]. The manganese nodules studied in this paper are relatively
difficult to degrade, so the Hertz–Mindlin model is adopted. The schematic diagram of the
model is shown in Figure 1.
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Fn = −4
3

EeqR
1
2
eqδn

3
2 (5)

Ft = −8Geqδt

√
Reqδn (6)

1
Eeq

=
1− ν2

A
EA

+
1− ν2

B
EB

(7)

1
Req

=
1

RA
+

1
RB

(8)

where Fn and Ft are the normal contact force and tangential contact force; Eeq is the equiva-
lent Young’s modulus, EA and EB are the Young’s modulus of particles A and B; Req is the
equivalent contact radius, RA and RB are the contact radius of particles A and B; δn and δt
are the normal overlap and tangential overlap; νA and νB are the Poisson’s ratio of particles
A and B; Geq is the equivalent shear modulus.

The formulas for calculating the damping force between particles A and B are as follows.

Fd,n = −2

√
5
3

lne√
ln2e + π2

√
Eeqmeq(Reqδn)

1
2 vrel

n (9)

Fd,t = −2

√
5
6

lne√
ln2e + π2

√
8Geqmeq(Reqδn)

1
2 vrel

t (10)

1
meq

=
1

mA
+
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(11)

where Fd,n and Fd,t are the normal damping force and tangential damping force; vrel
n and

vrel
t are the normal component and tangential component of the relative velocity; meq is the

equivalent mass.

2.3. CFD–DEM Coupling Method

In the CFD–DEM coupling process, the flow and particles are processed using FLUENT
and EDEM, respectively. The EDEM–FLUENT coupling process is a transient two-way data
transfer process. In the coupling process, the continuous phase flow mode is affected by the
discrete phase (and vice versa), and the two software alternately calculate the continuous
phase and discrete phase equations until a convergent coupling solution is achieved. First,
obtain the flow field information calculated in the previous step and obtain the particles’
force and motion parameters using the calculation models, contact force models, and
solving the particle motion differential equations. According to the fluid force received
by the particle, the reaction force of the particle on the fluid is obtained, which is used
as the source term in the fluid governing equation; by solving the control equations, the
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flow field information such as pressure and velocity are obtained; the obtained flow field
information is used as the input parameter in the next iteration step, and the above process
is repeated; through several iterations, the convergence of the flow field and particle motion
results is finally achieved, and the calculation of the time step is completed. The dynamic
characteristics of the two-phase flow are obtained by repeatedly completing the analysis of
multiple time steps. Figure 2 shows the CFD–DEM coupling principle.
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To ensure the accuracy of the simulation, the time step is required to meet the accuracy
requirements of the simulation results. For EDEM, there is a strong correlation between
time step and simulation accuracy. In the case of a small time step, the calculation has
excellent accuracy but requires a lot of time. If the time step is too large, particles can
behave erratically. This seriously affects the stability of the simulation calculation, and an
‘explosion’ of incorrectly moving elements may occur. The important parameter used to
evaluate the time step in EDEM is the Rayleigh time step. The particle time step generally
falls in the range of 10−7 to 10−4 s [38]. For the FLUENT model, it is necessary to balance
the calculation stability and efficiency according to the fluid model and choose a reasonable
time step. In practice, the fluid time step falls in the range of 10−5 to 10−2 s based on
this condition. To ensure the stability of the solution and prevent lagged integration of
equations of motion of phases, the time step in FLUENT is an integer multiple of the time
step in EDEM [38].

The coupling method calculates the flow field information for a time step in FLUENT
and then iterates the same time length in EDEM. The calculation formula of the Rayleigh
time step is as follows.

TR =
πR

0.163v + 0.877

√
ρ

G
(12)

where G is the shear modulus of the particle, v is the Poisson’s ratio, R and ρ is the radius
and density of the particle.

3. Materials and Models
3.1. Physical Model

Based on laboratory artificial nodules, the density of the simulated polymetallic
nodules was set to 2000 kg/m3. The Poisson’s ratio was set to 0.13. The modulus of
elasticity as set to 11.5 Gpa. The actual shape of manganese nodules tends to be spherical,
and the degradation of the fluid smooths out the edges and corners. Therefore, one single-
sphere model was used. The deep-sea polymetallic nodules collected by the mining system
are generally large and need to be crushed before entering the pipeline transportation
system. Crushing nodules too finely increases the energy cost of the crushing operation



Sustainability 2023, 15, 4248 6 of 20

and may cause wear and tear on the equipment. However, oversized nodules increase
the risk of pipe blockage. To ensure sufficient economic benefits and the safety of the
conveying system, the degree of crushing should be moderate, and the particle size should
be controlled within 5–30 mm. Three typical particle sizes were adopted for simulation,
which were 8 mm, 16 mm, and 24 mm.

The transport pipeline model needs to be long enough to ensure that the two-phase
flow can reach a steady state in the pipeline. To ensure both simulation accuracy and less
computation time, the length of the pipeline model was set to 3.5 m, and the diameter was
set to 195 mm. The pipe material density was 7800 kg/m3, and the shear modulus was
set to 41 Gpa. ICEM was used to mesh the transmission pipeline model. Since the pipe
was a cylinder with a regular structure, a structured grid was used to improve calculation
efficiency [39]. Inflation options were carried out near the pipe wall to better capture the
flow near the wall. There were 278,113 nodes and 147,102 elements in the divided grid. To
simulate seawater, the density of the fluid in the pipeline was set to 1025 kg/m3.

3.2. Software Settings

In EDEM, the interaction parameters of the Hertz–Mindlin no-slip model are shown
in Table 1. The time integration method was the Euler method. The Rayleigh time step
was automatically calculated as 1.0203 × 10−5 s according to the parameters such as the
radius and density of the particles. To ensure the accuracy and stability of the calculation,
the fixed time step was set to 2 × 10−6 s. In the EDEM settings interface, the estimate cell
size option provides guidance on the optimal cell size for a specific simulation time step.
The optimal cell size was calculated to be 3.5 times the minimum particle radius, which
was 0.014 m.

Table 1. Material interaction parameters.

Materials Coefficient of
Restitution

Coefficient of Static
Friction

Coefficient of
Rolling Friction

Particle–Particle 0.45 0.28 0.01
Particle–Pipeline 0.48 0.10 0.01

In FLUENT, the transient calculation and pressure-based solver were selected based
on the simulation conditions of the solid–liquid two-phase flow. The Eulerian model was
chosen for the multiphase flow model. Regarding the solution of turbulence, the Reynolds
Average Navier–Stokes Model (RANS) is widely used. The standard k-epsilon model was
adopted. Due to the effect of the particles, the local velocity and pressure of the solid–liquid
two-phase flow changed rapidly. In this case, the commonly used standard wall function
was not applicable. Therefore, the nonequilibrium wall function was adopted. The inlet
was set as a velocity inlet, and the outlet was set as a pressure outlet. The inlet was set at
the position of z = 0, and the liquid flow direction was the positive direction of the z-axis.
The turbulent intensity and hydraulic diameter were set to 5% and 0.195 m, respectively.
According to the time step in EDEM, the length of the time step was set to 1 × 10−4 s. The
total simulation time was set to 6 s to ensure that the particle movement reached a stable
state. The direction of gravity was downward along the z-axis.

3.3. Target Variables and Calculation Conditions

After the large-size polymetallic nodules were collected by the collector head, they
were crushed inside the mining robot and the particle size was uniformly reduced to
facilitate the subsequent transport process. In a real deep-sea mining system, the degree
of polymetallic nodule fragmentation inside the collector cannot be precisely controlled,
and the particle size distribution fluctuates. To investigate the effect of different levels of
nodule fragmentation on the flow in the vertical pipe and the transport of nodules, four
different particle size distributions were set in the numerical simulation. Since it is not
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possible to treat all nodules to the same particle size at any degree of fragmentation, the
specific settings are shown in Table 2.

Table 2. Particle size distribution settings in the simulation.

Types of
Distribution

Percentage of
8 mm Particles

Percentage of
16 mm Particles

Percentage of
24 mm Particles

Even 33.33% 33.33% 33.33%
Small 80% 10% 10%

Medium 10% 80% 10%
Large 10% 10% 80%

The conveying fluid speed and the initial feed concentration have a direct influence on
the particle conveying efficiency, which are the basic operating parameters of the pipeline
hydraulic lifting system. In this simulation, the inlet flow velocity was set to 2 m/s, 3 m/s,
4 m/s, and 5 m/s, and the initial particle volume concentration was set to 6%, 9%, and
12% under the even distribution condition of particles of different sizes. The transportation
process simulations under different particle size distributions were carried out, which were
performed with an inlet fluid of 3 m/s and an initial particle volume concentration of 9%.

3.4. Validation

This paper is based on a self-developed hydraulic lifting test device to simulate the
hydraulic lifting process of ore particles in a vertical pipeline. The hydraulic lifting pipeline
experiment system was driven by an impurity pump and speed-regulating motor. A high-
speed acquisition camera was used to acquire high-speed images of particle movement in
the pipeline. A riser with a pipe diameter of 50 mm and a pipe length of 11 m was used.
There was a section of a transparent glass tube in the middle of the riser to observe and
collect data. A reflux pipe was set to ensure the reflux circulation of the system. Figure 3
shows the actual photo of the experimental pipeline system. In the published papers, the
accuracy of the numerical model regarding the particle distribution was verified using
this test system [34]. The relevant comparative validation was carried out for the particle
motion trajectory, which is of additional interest in this paper.
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The processing method of particle trajectory tracking is to select a target particle
in a certain frame of the image, and then, pressing the play button, the selected target
point moves with the movement of the particle. After repeating this process, the particle
trajectory is recorded, and the particle velocity is calculated. The tracking situation is
shown in Figure 4. In the process of particle tracking, the tracking point is jittered, and the
trajectory curve is smoothed in postprocessing.
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Figure 4. Schematic diagram of particle trajectory tracking.

Based on this method, the trajectories of particles at different lifting speeds were
obtained. The initial flow velocity was set to 1.14 m/s and 1.25 m/s, respectively. Simulation
of the multiphase flow coupled hydraulic transport process was carried out based on the
numerical model of this paper with the same parameter settings. The simulated particle
motion trajectories were obtained and compared with those in the experiment in Figure 5.
The particle trajectories of the experiment and simulation are shown on the left and right
sides, respectively. As shown in Figure 5, when the flow rate is low, the collected particle
trajectories have greater jitter and overall lateral movement. The particle trajectories in
the experiment have the same characteristics as those in the numerical simulation, which
illustrates the accuracy of the numerical model.
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4. Analysis of Particle Distribution
4.1. Overall Distribution

When the inlet flow rate is low, the particles are not uniformly distributed in the
pipe. The local concentration of particles near the outlet is large, and there is a slight



Sustainability 2023, 15, 4248 9 of 20

particle aggregation phenomenon. This aggregation phenomenon occurs mainly because
the density of the ore particles is greater than the density of seawater and discontinuous in
the two-phase flow, the fluid action of the particles lifting movement relative to the fluid
itself movement has a certain hysteresis phenomenon, indicating the existence of relative
velocity of particles and fluid. This phenomenon is an unfavorable factor in the process of
hydraulic lifting pipeline conveying. As the inlet concentration increases, the risk of further
particle accumulation into clumps increases.

As the inlet flow rate increases, the distribution of particles in the pipeline becomes
more uniform, and there is almost no local concentration bias and particle aggregation,
and the hydraulic lifting process of polymetallic nodules is more stable currently. This is
because more frequent momentum and energy exchange occurs between the fluid and the
particles at higher flow velocities, which has a more obvious effect on the lifting motion of
the particles, and the relative velocity between the particles and the fluid decreases, which
eventually makes the hysteresis phenomenon of the particles disappear gradually, thus
eliminating particle aggregation. At the same time, the local concentration of particles and
the reduction of the frequency of uneven particle motion reduces the kinetic energy lost
due to collisions, further improving the following performance of particles and fluid for
lifting motion.

After the particle motion in the pipe reaches the steady state, the instantaneous
overall particle concentration in the pipe is obtained for different inlet flow rates and feed
concentrations at a certain time point, as shown in Figure 6. When the inlet flow rate is
2 m/s, the overall particle concentration in the pipe is significantly larger than the set initial
feed concentration. This phenomenon is consistent with the hysteresis effect described
above. Particles lift a certain slip velocity relative to the fluid, and the number of particles
leaving the calculation domain from the outlet to complete the conveying process is less
than the number of particles entering the flow field, resulting in an increase in the overall
particle concentration. The degree of particle buildup is greater at high inlet concentrations.
As the inlet flow velocity increases, the effect on the lifting motion is more obvious and the
overall concentration of particles gradually decreases. Under high inlet flow rate conditions,
the instantaneous overall particle concentration in the pipeline even appears to be slightly
lower than the feed concentration.

Sustainability 2023, 15, x FOR PEER REVIEW 11 of 26 
 

concentrations. As the inlet flow velocity increases, the effect on the lifting motion is more 
obvious and the overall concentration of particles gradually decreases. Under high inlet 
flow rate conditions, the instantaneous overall particle concentration in the pipeline even 
appears to be slightly lower than the feed concentration. 

 
Figure 6. Instantaneous overall particle concentration in the pipeline. 

Figure 7 shows the particle distribution in the pipeline under different particle size 
distribution conditions when the initial flow rate is 3 m/s, and the particle feed concentra-
tion is 9%. When there are more particles with a particle size of 8 mm and 16 mm, the 
particle distribution in the pipeline is more uniform. However, when there are more par-
ticles with a particle size of 24 mm, the particle distribution has obvious aggregation and 
stratification, and the risk of pipeline blockage is higher. The flow with a smaller overall 
particle size is more stable. The reason for this phenomenon may be that when the weight 
is not large, the particles are more likely to be driven by the rising fluid during the hy-
draulic lifting process, and the motion of the particles is more consistent with the fluid 
motion. Larger particles cause greater disturbance to the fluid. Some large particles that 
are close together cannot fully receive the lifting force of the fluid, which intensifies the 
aggregation of particles. 

Figure 6. Instantaneous overall particle concentration in the pipeline.

Figure 7 shows the particle distribution in the pipeline under different particle size dis-
tribution conditions when the initial flow rate is 3 m/s, and the particle feed concentration
is 9%. When there are more particles with a particle size of 8 mm and 16 mm, the particle
distribution in the pipeline is more uniform. However, when there are more particles with
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a particle size of 24 mm, the particle distribution has obvious aggregation and stratification,
and the risk of pipeline blockage is higher. The flow with a smaller overall particle size is
more stable. The reason for this phenomenon may be that when the weight is not large, the
particles are more likely to be driven by the rising fluid during the hydraulic lifting process,
and the motion of the particles is more consistent with the fluid motion. Larger particles
cause greater disturbance to the fluid. Some large particles that are close together cannot
fully receive the lifting force of the fluid, which intensifies the aggregation of particles.
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4.2. Local Concentration

The local concentration is an important indicator of whether the polymetallic nodules
are in a homogeneous distribution during the lifting process in the pipeline. The local
concentration data was acquired at the position of the pipeline with a height of 2 m. Figure 8
shows the local volume concentration of particles when the simulation time is between
2–4 s under different working conditions. When the initial flow velocity is 2 m/s, the
local concentration of particles in the pipeline changes quickly and with a relatively large
amplitude. This situation is more obvious when the particle concentration is high. The
local concentration is an important indicator of whether the polymetallic nodules are in
a homogeneous distribution during the lifting process in the pipeline. When the initial
concentrations are 6% and 12%, the difference between the upper and lower peak local
concentrations exceeds 6.2% and 7.8%, and the highest values are close to 10.3% and
17%, respectively. The reason for this phenomenon is the hysteresis effect of particles
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under the action of lower-density seawater. When such a staged local concentration is too
high, the collision between particles and particles and between particles and pipe walls
is significantly enhanced. If the subsequent treatment is not appropriate, it is extremely
unfavorable for saving energy consumption for transportation and maintaining the safety
of the pipeline system. When the initial flow velocity rises to 4 m/s, the pulsation and
increase in the local concentration of particles are alleviated. At higher flow rates, the
sliding velocity of particles relative to the fluid is smaller, so the retention effect is no longer
noticeable. The reduction of local concentration reduces the risk of blockage in the pipeline
to a certain extent.
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Figure 8. Local volume concentration over time: (a) V0 = 2 m/s; (b) V0 = 4 m/s.

Figure 9 shows the local concentration variation at the height of 2 m of the pipeline
with different particle size distributions within 2–4 s of simulation time. Different particle
size distributions have local concentration fluctuations. With the increase in large-size
particles, the pulsation of local concentration becomes more severe. In Figure 9d, the upper
and lower peaks of the local concentration of particles are close to 3% versus 16%, which
corresponds to the stratification phenomenon of particle aggregation in Figure 7d. The
solid–liquid two-phase flow in the pipe is not uniform. Smaller particles follow the fluid
better than larger particles, and the stagnation phenomenon is not obvious. The risk of
clogging increases steeply if the local concentration reaches the highest values shown in
the figure. Therefore, polymetallic nodules should be crushed to a particle size no larger
than 16 mm before entering the transport pipeline.

4.3. Radial Distribution

Figure 10 shows the radial distribution of concentration in the pipeline under different
working conditions. The particles are not uniformly distributed along the radial direction
in the pipe. The concentration gradually increases from the center of the pipeline. The
particle concentration is highest near r/R = 0.7–0.8, and there is a phenomenon of particle
aggregation. The particle concentration near the tube wall is the lowest. This trend is
usually the same, and the radial distribution of particles is more uniform under conditions
of low flow velocity and low concentration. Since the center fluid velocity is higher, the
particles tend to approach and stay on the pipe wall. The fluid in the pipeline has a large
flow velocity gradient in the near-wall area, and the particles are subjected to the shear
stress of the fluid near the pipe wall to generate a shear moment and rotate. Due to the
rotation of the particles, the obvious Magnus force causes the particles to move away from
the wall of the tube, reducing the particle concentration in the area near the wall.
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Figure 11 shows the radial concentration distribution of different particle size distribu-
tions under the conditions of V0 = 3 m/s and Cv = 9%. The overall radial concentration
pattern of various particle size distribution cases is consistent with that of uniform particle
size distribution. When there are more large particles, the fluctuation of radial concentration
distribution is more dramatic. The possible reason is that the particle aggregation phe-
nomenon is more obvious when there are more large particles, and there are more frequent
collisions between particles and more clusters of particles, which affects the distribution of
particles along the radial direction.
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5. Analysis of Particle Motion
5.1. Movement Trajectory

Figure 12 shows the trajectory and speed of partial particles and individual particles of
different sizes when the initial flow velocity is 2 m/s, and the particle volume concentration
is 6%. Figure 12a is a trajectory image of a part of the particles in the pipeline. Figure 12b–d
are trajectory images of a single particle with diameters of 8 mm, 16 mm, and 24 mm,
respectively. The lifting process of the particles in the pipe is not a linear movement, there
is apparent lateral movement, and the particles may collide with the pipe wall. During the
lifting process, the flow in the pipe is turbulent, and the particles are subjected to irregular
fluid forces. At the same time, they are subjected to the contact force between the particles,
resulting in an irregular motion. The movement speed of the particles also changes with
the conveying process. Overall, the velocity of the particles tends to decrease along the
axial direction. This is because the particles’ density is greater than that of seawater, and
collisions between particles and particles cause a loss of kinetic energy. It can be seen from
the image of a single particle that the speed of the particle decreases when it moves to the
vicinity of the tube wall. The flow rate is reduced near the wall, and there is greater fluid
resistance to the particles. Particles contacting the tube wall are affected by the contact force
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of the tube wall, which has a more significant impact on the velocity. When the particle
size is small, the influence of multiple factors on its movement is more obvious.
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After the particle flow in the pipeline is in a stable state, three adjacent particles of
different sizes are selected near the entrance of the pipeline, and their respective lateral
movement speeds are obtained. Figure 13 shows the change curve of the lateral velocity of
each particle size particle with time when the initial flow velocity is 2 m/s and the particle
concentration is 6%. Figure 13a shows the velocity in the x-axis direction, and Figure 13b
shows the velocity in the y-axis direction. The figure shows that the lateral velocity of
particles with a smaller particle size changes faster, and there is a sudden change in velocity.
The lateral velocity changes of large particles are relatively stable. This corresponds to the
particle velocity shown in Figure 12b–d. From the perspective of the entire lifting process,
the lateral movement speed of small particles is greater than that of large particles, which
conforms to the particle movement trajectory shown in Figure 12b–d. Particles with small
particle sizes have less weight and are more likely to be affected and move laterally.
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Figure 14 shows the trajectories and speeds of partial particles and individual particles
of different sizes when the initial flow rate is 4 m/s, and the particle volume concentration
is 6%.
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Figure 14a is a trajectory image of a part of the particles in the pipeline. Figure 14b–d
are trajectory images of a single particle with diameters of 8 mm, 16 mm, and 24 mm,
respectively. With the increase of the flow rate, the amplitude of the lateral movement of
the particles is obviously reduced, and the change of the movement speed is relatively
small. When the flow rate is faster, the momentum exchange and energy exchange between
the turbulence and the particles in the pipeline are more frequent, making the speed of the
particles closer to the rate of the fluid, that is, reducing the sliding speed of the particles
relative to the fluid. Simultaneously, the local concentration of particles is lower, and
there are fewer collisions between particles and between particles and the pipe wall. The
movement of particles at high flow rates is more stable than that at low flow rates. Figure 15
shows the change curve of the lateral velocity of each particle size particle with time when
the initial flow velocity is 4 m/s and the particle concentration is 6%. Figure 15a shows the
velocity in the x-axis direction, and Figure 15b shows the velocity in the y-axis direction.
Compared with the case where the initial flow velocity is 2 m/s, the lateral velocity of
particles of all diameters under this working condition has been significantly reduced,
which corresponds to the reduced lateral displacement in Figure 14. Smaller particles also
have a sudden change in speed at high flow rates, but the fluctuation range and change
speed are relatively flat. 
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direction; (b) y-axis direction.

Figure 16 shows the trajectories and speeds of partial particles and individual particles
of different sizes when the initial flow rate is 2 m/s, and the particle volume concentration
is 12%. In the case of a large particle volume concentration, the particle’s motion trajectory
has apparent rapid lateral displacement due to collision, and the movement speed also has
sudden changes and repeated changes. When there are more particles, the contact force
between the particles occurs more frequently. Particles are affected by complex forces in
multiple directions, and the movement of the particles is more irregular. It can be seen from
the single-particle images of various working conditions that the smaller the particle size,
the more obvious the impact on the motion state after the contact force. Figure 17 shows the
change curve of the lateral velocity of each particle size particle with time when the initial
flow velocity is 2 m/s and the particle concentration is 12%. Due to more frequent collisions
between particles, the lateral velocity changes of the particles become significantly more
intense. The transverse velocity of the 8 mm particle has an obvious large fluctuation. Even
the 24 mm diameter particle has larger lateral velocity values that did not appear in the
previous two working conditions.
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Figure 16. Particle trajectory and velocity under V0 = 2 m/s and Cv = 12%: (a) partial particles;
(b) 8 mm particle; (c) 16 mm particle; (d) 24 mm particle.
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5.2. Slip Velocity

The difference between the particles moving rate in the axial direction and the con-
veying water flow rate is called the slip velocity, which is an important indicator of the
stagnation effect in the hydraulic conveying process. The aggregation phenomenon caused
by the hysteresis effect increases the local concentration. Therefore, the area where the parti-
cle velocity decreases is usually accompanied by particle aggregation, which is unfavorable
for safe conveying.

Figure 18 shows the average slip velocity of particles in the pipeline under different
working conditions. There is a slight overall increase in the slip velocity as the feed
concentration increases. The effect of flow velocity on slip velocity is more significant.
When V0 ≤ 3 m/s, the slip velocity is not affected much by the increase of the inlet flow
rate. And V0 ≥ 3 m/s, the slip velocity decreases rapidly with the increase of inlet flow
velocity. At V0 = 5 m/s, the slip velocity is less than 0. All the above phenomena are
consistent with the overall particle concentration distribution characteristics in Figure 6. At
high flow velocity, the momentum exchange as well as energy exchange between turbulent
flow and particles in the pipe is more frequent, and the average velocity difference between
particles and fluid decreases. At the same time, the local concentration of particles is lower,
so the collision between particles is reduced, and the kinetic energy loss of particles is
reduced, so the slip velocity is reduced.
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Figure 18. Average slip velocity of particles in the pipeline.

Since the high inlet flow rate inevitably increases the power demand on the pump, it
is only necessary to control the slip velocity within a reasonable range. Therefore, about
4 m/s is the suitable inlet flow rate selection range.

6. Conclusions

In this paper, the effect of different operating parameters on the polymetallic nodule
transport process is studied based on the CFD–DEM numerical simulation method. As a
result of the study;

(1) Force analysis of solid–liquid two-phase flow based on the principle of fluid
mechanics was conducted. A coupled CFD–DEM method based on Fluent and EDEM
was established. A simulation model was established based on the actual deep-sea mining
system and the physical properties of polymetallic nodules. It was verified, using small
laboratory tests, that the model can reasonably simulate the process of hydrodynamic
lifting of particles in the pipe.

(2) It was found that the hysteresis of particles in the pipeline is more pronounced at
small inlet flow rates, large feed concentrations and coarse particle fragmentation levels,
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which increases the risk of particle aggregation and pipeline blockage. It is specifically
reflected in the simulation results as: large overall concentration, large fluctuation of
local concentration and radial concentration, unstable particle motion trajectory, and large
slip velocity.

(3) The operating parameters of commercial deep-sea mining are set to meet the
premise of safe and stable operation of the system to maximize the collection efficiency.
Based on the simulation results, it is recommended that the inlet flow velocity of the
transport pipeline be set at about 4 m/s, the initial concentration of particles be controlled
at about 9%, and the particle size of the crushed polymetallic nodules be ensured to be
within 16 mm. However, there are certain limitations in this study. The effect of particle
degradation has not been fully considered. The particles will not be regularly spherical
after the crushing process. There is a gap between the particle model in the simulation and
the actual situation, which leads to insufficient accuracy in the analysis of particle contact
effects. In future research, these aspects will be supplemented and expanded.
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