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ABSTRACT

The solid–fluid two-phase flow with coarse particles is an important research object in the two-phase transportation field, such as deep-sea
mining. This paper adopts the resolved computational fluid dynamics-discrete element method to investigate the motion and mechanical
characteristics of the coarse particles during the hydraulic collection. First, the rising process of coarse particles by combining the particle tra-
jectory with the qualitative force analysis is analyzed during the hydraulic collection. The spiral phenomenon of the particle is found through
the particle trajectory in numerical results, and the centripetal force is the reason for the spiral phenomenon of the particle. Second, the varia-
tions of the normalized fluid drag force and the rise time of particles are investigated at different fluid velocities and particle sizes. The results
show that the rise of particles during hydraulic collection results from the rising and settling effects characterized by the fluid drag force and
the relative gravity, respectively. Finally, appropriate particle size is recommended to save energy and improve the efficiency of hydraulic col-
lection. In addition, the influence of the horizontal distance between coarse particles and the inlet of the suction pipe on particle rise is
discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142221

I. INTRODUCTION

With the deepening of industrialization and the development of
the world economy, the demand for mineral resources is increasing.
The ocean contains a large number of resources, such as manganese
nodules, gas and oil, gas hydrate, and various biological resources.
Therefore, the rich resources of the ocean have attracted great interest
and attention from all over the world.1–4

The collection of nodule particles is attracting increasing atten-
tion in the ocean. Many methods for collecting nodule particles, such
as hydraulic collection methods, mechanical methods, and hybrid
methods, have been developed. In 1978, the sea trial results of the
Ocean Mining Incorporation (OMI) showed that the hydraulic collec-
tion methods were more efficient than other methods, environmen-
tally friendly, and adapted to the complex marine environment.5 The
process of hydraulic collection is as follows: the nodule particles on the
seabed were hydraulically sucked into the inlet of the pipe and then
transported by pipe to the storage bin. Thus, the hydraulic collection is
the first and key step to getting marine nodule particles. For this rea-
son, it is necessary to investigate the motion andmechanical character-
istics of nodule particles for efficiency and safety during hydraulic
collection.

Then, researchers began to investigate the characteristics of par-
ticles in the hydraulic collection through experiments. Hong et al.6

built a hybrid pickup device of nodule particles in a 2D flume tank to
explore the factors affecting the efficiency of the hydraulic lifter, and
the results showed the primary factors affecting the efficiency of the
pickup device are the position and shape of the baffle plates. Yang and
Tang7 discussed the relationship between the efficiency of the picking
devices and the main parameters, such as particles’ size, shape, and
parameters of the picking devices, through a large number of experi-
ments, and found appropriate parameters could get an efficient collec-
tion rate. Zhao et al.8 conducted hydraulic collection tests of spherical
particles by changing the ratio of bottom clearance to the diameter of
the particle and the diameter of the suction pipe to the diameter of the
particle. They revealed the wake vortex could induce an unstable lift at
the bottom and promote the particle rise. Chen et al.9 analyzed the
effects of particle density, size, and other factors on the flow field by
particle image velocimetry (PIV) and obtained the influence laws of
these parameters on the particle suction velocity. Zhang et al.10 studied
the critical suction velocity of particles through different kinds of
experiments and revealed geometric similarity between the experimen-
tal model and engineering model with the same kind of material.
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They also discussed the effects of dimensionless control parameters,
such as the hydraulic collection number, the relative coarse particle
diameter, the relative suction height, and the density ratio. Finally,
they obtained a formula to predict the critical suction velocity of par-
ticles. Zhao et al.11 investigated the performance characteristics of nod-
ule pickup devices for hydraulic collection using spiral flow, and the
difference between spiral flow and non-spiral flow was compared.
They found using the spiral flow can increase the bottom clearance
and suction force, and decrease the flow rate. Viggiano et al.12 and Ali
et al.13 measured the cross-sectional volume fraction of the pipe using
the advanced X-ray system and then studied the distribution charac-
teristics of the solid–liquid two-phase flow. Although the relations
between the collection efficiency of the pickup devices and related
parameters have been revealed by a large number of experiments, the
mechanical characteristics of particles are rarely discussed. That may
be because the relevant physical quantities are difficult to obtain in
experiments, such as the fluid drag force.

Compared with experimental research, numerical simulation can
be easier to obtain the position and mechanical information of par-
ticles, such as particle velocity and fluid drag force.14 In numerical sim-
ulation methods, the fluid is usually considered as the continuous
phase. For particles, there are two methods. One is that particles are
also considered as continuous phases in the Euler–Euler method, but
it cannot characterize the continuous characteristics of particles.15,16

The other is the Euler–Lagrange method, which treats particles as dis-
persed phases.17–21 The motion and mechanical information of par-
ticles can be better obtained using the Euler–Lagrange method.
Computational fluid dynamics (CFD) for the continuous phase and
discrete element method (DEM) for the dispersed phase are combined
to study solid–fluid two-phase flow, also known as the coupled CFD-
DEMmethod.22,23

As shown in Fig. 1, the coupled CFD-DEM method can be
divided into the unresolved and the resolved CFD-DEM methods by
comparing the relative size of the mesh with particle.24 For the unre-
solved CFD-DEM methods in Fig. 1(a), the particle size should be
smaller than one-third of the mesh size.25 For resolved CFD-DEM
methods26,27 in Fig. 1(b), the particle size should be more than eight
times the mesh size, so the method is especially suitable for solving sol-
id–fluid two-phase flow with large-size particles.28 Hager et al.29 pro-
posed an optimized resolved CFD-DEM method based on fictitious
domain method (FDM).30,31 For the FDM, the void fraction of the
mixture of particles and fluid is mapped onto the background mesh,
and the velocity and force of boundary between the particles and the
fluid are calculated by a gradient of the void fraction field.32 Yu and

Shao33 verified the FDM through various typical particle flows, includ-
ing the sedimentation of a circular particle and a sphere in a vertical
pipe, the surrounding flow field, and the motion of a sphere in
Poiseuille and Couette flows. They found the FDM is particularly
neutral buoyant cases. Wang and Liu34 developed a semi-resolved
CFD-DEM method for wide particle sizes that combined resolved and
unresolved CFD-DEM models, which still belonged to an unresolved
CFD-DEMmethod.

Nodule particles of the hydraulic collection are large and are still
coarse particles even after crushing. Coarse particles refer to the ratio
of particle diameter dp to pipe diameter D greater than 0.1 (Ref. 14).
To ensure the accuracy of the flow field, the mesh size cannot be too
large, so the coarse particles have to occupy dozens or even thousands
of meshes.35 However, when the coarse particle size is much larger
than the mesh, the unresolved CFD-DEM method is difficult to solve
the problem, and the force of the fluid acting on the particles in the
unresolved CFD-DEM method is obtained by the empirical force
models. The empirical model is limited by many factors, such as the
Reynolds number, which can lead to many unacceptable errors. The
resolved CFD-DEM method for coarse particles can directly obtain
the fluid–particle interaction force without using the empirical force
models. Xiong et al.22 analyzed settling and floating motion character-
istics of a sphere based on the resolved CFD-DEM method. However,
research results on the hydraulic collection of coarse particles are
rarely reported.

The hydraulic collection has a particular impact on the marine
environment. Oebius et al.36 simulated the impact of deep-sea mining
on the marine environment through a large number of experiments
and established numerical forecast models to predict some parameters
of sediment particle behavior. The dispersion and resettlement of nod-
ule particles in deep-sea mining areas were simulated by Rolinski
et al.37 They found the dispersion and resettlement of nodule particles
depend largely on the distribution of particle size. Grupe et al.38 inves-
tigated the relations between primitive soil mechanical properties and
various physical parameters before mining, such as particle size distri-
bution, and mineral composition. Finally, they predicted the pickup
vehicle would sink 15–20 cm into the seabed. Subsequently, a large
number of researchers made some surveys and predictions, but the
actual impact needed to be tested in future practice.39–41 To better
develop the marine nodule minerals and reduce their impact on the
marine environment in the future, now it is necessary to know the
motion and mechanical characteristics of coarse particles during
hydraulic collection and give appropriate collection parameters to
improve the efficiency of hydraulic collection and protect the
environment.

The FDM is implemented based on the computational fluid
dynamics/discrete element (CFDEM),42,43 which is divided into the
Open Field Operation and Manipulation (OpenFOAM) for CFD part
and the LAMMPS improved for general granular and granular heat
transfer simulations (LIGGGHTS) for DEM part.44 The OpenFOAM
solves the flow field, and the particle information is obtained through
the LIGGGHTS, which can significantly improve computational effi-
ciency. In addition, the dynamic mesh model of the FDM can auto-
matically refine the meshes occupied by particles, avoiding the initial
large number of fine meshes to increase computation. Thus, this paper
adopts the FDM based on the CFDEM to study the hydraulic
collection.

FIG. 1. Coupled CFD-DEM method: (a) unresolved CFD-DEM and (b) resolved
CFD-DEM.
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The aim of the paper is to investigate the motion and mechanical
characteristics of coarse particles during hydraulic collection by using
the FDM. First, the motion and normalized particle–fluid interaction
force characteristics of the particle rise are investigated during the
hydraulic collection. It is worth noting that the fluid–particle interac-
tion force is the fluid drag force in the FDM.32 Second, the effects of
different particle sizes and fluid velocities on the normalized fluid drag
force and the particle rise time are analyzed. Additionally, the influ-
ence of the horizontal distance between particles and the pipe inlet on
the particle rise is discussed. In Sec. II, the governing equation of the
resolved CFD-DEM (FDM) is carefully introduced. Section III is the
computational model and conditions. Section IV is the validation of
FDM and numerical results. Finally, Sec. V summarizes the research
results of the paper.

II. RESOLVED CFD-DEM METHODS
A. Discrete phase equations

The motion information of a solid particle is obtained by solving
the momentum and angular momentum equations of a single particle.
They are as follows:45,46

mp
dup
dt

¼ Ffp þ
XNp

j 6¼i

Fc;ij þ
XNw

k6¼i

Fc;ik þmpg; (1)

Ip
dxp

dt
¼

XNp

j 6¼i

Tc;ij þ
XNw

k6¼i

Tc;ik; (2)

where mp and up are the particle mass and particle velocity, Ffp is the
fluid drag force, g is the acceleration of gravity, Fc;ij is the collision
force between particle i and particle j, Fc;ik is the collision force
between particle i and wall k, Ip and xp are the moment of inertia and
the angular velocity of the particle, and Tc;ij and Tc;ik are the torque at
particle–particle and particle–wall collisions, respectively.

In this paper, for one thing, we mainly study the hydraulic collec-
tion of a single coarse particle; for another thing, because the diameter
of the geometric model is large enough, the influence of the wall on a
single coarse particle motion can be ignored. Thus, the parti-
cle–particle/wall collision can be ignored.

B. Continuous phase equations

Figure 2(a) shows a sketch of fluid domain Xf and particle
domain Xp. X is the whole domain (X ¼ Xf þ Xp). C and Cs are the
fluid boundary and interface between fluid and solid particles, respec-
tively. Figure 2(b) shows the fluid meshes are occupied by a particle
and the interface (Cs) between the particle and fluid is refined by the
dynamic mesh model of the FDM.

The flow field information is obtained based on the Euler method
by solving mass and momentum conservation equations of incom-
pressible fluid47,48

r � uf ¼ 0 inXf ; (3)

@uf
@t

þr � ufufð Þ ¼ rP
q f

þ lfr2uf inXf : (4)

The initial conditions are given as follows:

uf x; t ¼ 0ð Þ ¼ u0 xð Þ inXf : (5)

The boundary conditions are given as follows:

uf ¼ uC onC: (6)

The conditions at the solid–fluid interface Cs are given by Eqs.
(7) and (8) as follows:

uf ¼ up onCs; (7)

r �~n ¼~t onCs; (8)

where uf ; up; u0, and uC are the fluid velocity, the particle velocity,
the fluid velocity of initial conditions, and the fluid velocity of the
interface between the particle and fluid, respectively; qf is the fluid
density; lf is the kinematic viscosity of fluid; r is the stress tensor;~n is
the outer normal vector of the particle surface; and~t is the traction
vector of the fluid acting on the particle.

C. Drag force calculation

Equations (7) and (8) are responsible for the coupling of the
solid–fluid two phases.32,49 Equation (7) matches the no-slip boundary
condition. Equation (8) is used to calculate the fluid stress acting on
solid particles, and the stress can be transformed to Eq. (1).

Equation (8) is integrated on the interface between the particle
and fluid (Cs) ð

Cs

r �~n dCs ¼
ð
Cs

~t dCs; (9)

where~n is the outer normal vector of the particle, and it points from
fluid to particle surface.32,50 r is the stress tensor, And~t is the traction
vector of the fluid acting on the particle.

The divergence theorem yieldsð
Xp

r � r dXp ¼
ð
Cs

~t dCs : (10)

The fluid is an incompressible and Newtonian fluid, which causes
the relation

r ¼ �pIþ sf ; (11)

sf ¼ lf ruf þruTf
� �

; (12)

where sf is the viscous stress tensor of the fluid, I is the unit matrix,
and lf is the coefficient of fluid viscosity.

FIG. 2. Resolved CFD-DEM method: (a) sketch of the whole domain and (b) mesh
refinement.
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As a consequence, Eq. (10) can be changed to Eq. (13)

ð
Xp

�rpþr � lf ruf þruTf
� �� �

dXp ¼
ð
Cs

~t dCs: (13)

Becauser � u ¼ 0, the force is given as follows:

ð
Cs

~t dCs ¼
ð
Xp

�rpþ lfr2uf dXp: (14)

If the integral is extended over the whole domain (X), Eq. (14)
becomes Eq. (15)ð

Xp

�rpþ lfr2uf
� �

ec dX ¼
X
c2VXp

ð
Vc

�rP þ lfr2uf
� �

ec dVc;

(15)

where ec is 1 in the Xp; otherwise, ec is 0. VXp is cells covered by solid
particle, and Vc denotes the volume of cell c.

The velocity for the force is obtained by weighting the void frac-
tion of the interface between fluid and solid

uf ¼ ~ufaf þ up 1� afð Þ; (16)

where ~uf is the corrected fluid velocity at the last time step, af is the
volume fraction of the fluid, and ð1� af Þ is the volume fraction of
solid particles. The details of the method for computing the void frac-
tion can be found in Refs. 32 and 49.

Finally, the fluid drag force is obtained by Eq. (17) as follows:

Ffp ¼
X
c2VXp

�rP þ lfr2uf
� �

cVc; (17)

where Ffp is the fluid drag force.

D. Algorithm of cfdemSolverIB solver

The FDM based on the CFDEM platform is developed into the
“cfdemSolverIB” solver.42,43 As shown in Fig. 3, the cfdemSolverIB
solver consists of three modules: the DEM module, the CFD module,
and the coupling module. The solver mainly has the following
algorithm:51,52

(1) Solve the position and velocity of particles within a specific
time step based on the LIGGGHTS platform and pass these val-
ues to OpenFOAM.

(2) The void fraction model identifies particles and fluid meshes
occupied by particles. Then, the dynamical mesh model of the
FDM refines these meshes.

(3) The flow field information is calculated when the presence of
particles is not considered. Then, the particle velocity is cor-
rected in meshes covered by particles.

(4) The force of fluid acting on the particles is solved by Eq. (17)
and passed to LIGGGHTS.

(5) The flow field information is corrected to satisfy the mass con-
servation equation.

(6) The fluid pressure is corrected, and the next time step cycle
begins.

For the cfdemSolverIB solver, the void fraction of the mixture of
particles and fluid is mapped onto the background mesh. Then, the
volume fraction is calculated according to the volume of the particles
occupying the meshes. The details of the method for computing the
void fraction can be found in Refs. 32 and 49.

III. NUMERICAL SETUP

As shown in Fig. 4(a), the geometry is formed in a cylinder with
a diameter of 200mm and a height of 60mm. Figure 4(a) is the main
view. Compared with the diameter of the particles, the diameter of the
cylinder is large enough to reduce the influence of the wall on the par-
ticle motion. The calculation domain is divided into approximately
uniform hexahedral meshes with about 150 000 cells. As shown in Fig.
4(b), meshes of the flow field occupied by the particle are refined by
the dynamic mesh model. The computational domain has five bound-
aries: Inlet, top, bottom, pipewall, and wall. The suction inlet is set at
30mm (3 dp) from the bottom. At the inlet, a fixed value is set for the
fluid velocity, and a zero gradient is defined for the fluid pressure.
Pressure out boundary condition is set at the top. The bottom, pipe-
wall, and wall are specified to be zero for the fluid velocity and zero
gradients for the pressure.19,50 It is worth noting that we only focus on
the particle rise before the particles enter the inlet, and the movement
of the particles in the pipe is our other research topic.53

The particle size is dp ¼ 10mm with the density qp ¼ 2450
kg=m3, and the particle is a standard sphere. The fluid default is room
temperature water with a density of qf ¼ 1000 kg=m3 and a viscosity
of lf ¼ 0.001 kg=ðmsÞ. In the initial conditions, the particle is sta-
tionary at the bottom. Then, the particle is sucked from the inlet of the
pipe under the action of a pre-set fixed fluid velocity. The fluid

FIG. 3. Flow chart of the cfdemSolverIB solver.
FIG. 4. Computational geometry: (a) main view and (b) the refinement of the
dynamic mesh model.
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velocities range from 1.3 to 1.8m/s, and the particle diameter varies
from 10 to 15mm. The parameters of the numerical simulation are
shown in Table I. In this paper, the effects of different particle sizes
and fluid velocities on the hydraulic collection of coarse particles are
analyzed. The influence of different horizontal distances between par-
ticles and the inlet on particle rise is also discussed, which can be used
to determine the range of the horizontal distance that the particles can
be sucked and the optimal range.

According to the FDM algorithm, the DEM for solving particle
motion is different from the CFD module for solving the flow field.
The time steps of DEM (DtDEM) and CFD (DtCFD) are generally differ-
ent. Rayleigh time ðDtRÞ is calculated by Li et al.55 and Yang et al.56

DtR ¼ pRi

0:163� þ 0:8766

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qp 1þ �ð Þ

E

s
; (18)

where Ri is the particle radius, E is Young’s Modules, and � is
Poisson’s ratio. The time step of the DEM module for solving particle
motion should be smaller than the Rayleigh time.54 Thus, the time
step in LIGGGHTS is set to 1:0� 10�5 s. In the FDM, the time step of
the fluid solution is generally 10–100 times the time step of DEM, so
the time step in OpenFOAM is set to 5:0� 10�4 s.

IV. RESULTS AND DISCUSSION
A. Model validation

In this part, the FDM is verified by comparing the particle falling
velocity freely in the pipe between numerical and theoretical results.
First, a cylindrical pipe with a diameter of 200mm and a height of
1.2m is formed. Second, the particle sizes are 10, 20, 30, 40, and
50mm, and particle density is qp ¼ 2450 kg=m3. Fluid default is the
normal temperature water with a density of qf ¼ 1000 kg=m3 and a
viscosity of lf ¼ 0.001 kg=ðmsÞ. The initial position of the particles is
in the middle of the top of the pipe (0, 0, 1). Then, the particle is
released freely from the top of the pipe. The velocity is the final settling

velocity when the trajectory and velocity of the particle are stable. The
theoretical settling velocity of the particle is calculated by Eq. (19)22

vp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 qp � qfð Þgdp

3Cdqf

s
; (19)

where Cd is the drag coefficient and vp is the particle velocity.
The corrected particle settling velocity considering boundary

effect is used in this paper:57

vp ¼ 1� dp
D

� �1:5
" # ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4 qp � qfð Þgdp
3Cdqf

s
; (20)

where D is the pipe diameter.
Figure 5(a) is the flow field of the particle falling process. The tra-

jectory and velocity of the particle gradually stabilize as the particle
falls. Figure 5(b) shows the comparison of the final settling velocities
of different particle sizes between numerical and theoretical results.
The numerical results are close to the theoretical results.

When the particle settles in the viscosity fluid, the resistant force
is the buoyancy force and the fluid drag force, and the driving force is
the gravity. When these three forces are balanced, the particle is in
equilibrium. The drag coefficient Cd; num at the steady state can be
obtained based on numerical results58,59

Cd;num ¼ 4
3

qp � qf
qf

gdp
v2p

; (21)

where vp is the final settling velocity of the particle.
Cd;exe can be experimentally obtained based on experimental tests

by using Eq. (22)60

Cd; exp ¼ 24
Rep

1þ 0:15Re0:681p

� �
þ 0:407

1þ 8710
Rep

; (22)

TABLE I. Parameters are used in the numerical simulation of hydraulic
collection.10,54

Parameters Values

Particle properties
Density, qp 2450 kg=m3

Diameter, dp 10–15mm
Young’s modulus, E 1.0 �108 Pa
Poisson’s ratio, � 0.23

Water properties
Density, qf 1000 kg=m3

Viscosity, lf 1:0� 10�3 Pa s
Velocity, u0 1.3–1.8m/s
Fluid temperature 25 �C

Simulation setup
CFD time step 5:0� 10�4 s
DEM time step 1:0� 10�5 s
Simulation time 5 s

FIG. 5. Comparison of the final settling velocities at different particle sizes: (a) the
flow field of the particle falling process freely and (b) the final settling velocities
between numerical and theoretical results.
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where Rep ¼ vpdp
�f

is the particle Reynolds number and �f is the coeffi-
cient of fluid viscosity.

We summarize six cases to validate the drag coefficients of single
sphere settling by comparing the experimental and numerical results
in Table II. These cases obtain different particle Reynolds numbers
Rep and the numerical drag coefficient Cd;num by changing different
material properties. When the fluid is of high viscosity, such as olive
oil in cases 1–3, Rep values are smaller. The fluid is water in cases 4–6,
so the Rep values are larger. The diameter of the box is ten times the
particle diameter to reduce the effect of the wall on the particle settling,
so the particle–particle/wall collision forces can be ignored. The parti-
cle is initially located at the top of the pipe and eventually released
freely. As shown in Fig. 6, the numerical drag coefficients are close to
the experimental results.

B. Motion of the particle

This work investigates the motion and mechanical characteristics
of coarse particles during the hydraulic collection at different fluid
velocities and particle sizes. The fluid velocities are 1.3, 1.4, 1.5, 1.6,
1.7, and 1.8m/s, respectively, and normalized to 1, 1.08, 1.15, 1.23,
1.31, and 1.38 by the fluid velocity of 1.3m/s. The particle sizes are 10,
11, 12, 13, 14, and 15mm, respectively, and normalized to 1, 1.1, 1.2,
1.3, 1.4, and 1.5 by the particle size of 10mm (Ref. 10). The ratio of
particle diameter to pipe diameter is dp=D > 0:29, belonging to coarse
particles.14 When the fluid velocity is 1.8m/s and dp ¼ 10mm, the
minimum particle’s rise time is about 0.08 s by the numerical calcula-
tion mentioned below. To compare the relative magnitude of physical

quantities, the rise time of other different particles is normalized by
the minimum particle rise time. The fluid velocity, particle size, and
particle’s rise time mentioned below are normalized.

This part qualitatively analyzes the motion characteristics of coarse
particles by combining the particle trajectory with the qualitative force
analysis during the hydraulic collection. The coarse particle is mainly
affected by the gravity, the buoyancy force, and the fluid drag force, and
these three forces are balanced under critical conditions:

Ffp þ FB þ FG ¼ 0; (23)

FG ¼ p
6
qpd

3
pg; FB ¼ � p

6
qfd

3
pg; (24)

where Ffp is the fluid drag force, FB is the buoyancy force, G is the
gravity, and qP; qf ; dp are the particle density, fluid density, and parti-
cle diameter, respectively.

The qualitative force analysis provides a clear understanding of
the physical state of the particle during hydraulic collection. As shown
in Fig. 7(a), the particle is stationary on the seabed in the initial condi-
tion and subject to the relative gravity (the particle gravity minus the
buoyancy) and seabed support force Fh. The relative gravity is
f~g ¼ G� FB. As the inlet fluid velocity of the suction pipe increases,
an upward flow field is formed below the inlet, and the particle begins
to fluctuate but does not rise. In this case, the particle is subjected to
the fluid drag force and the relative gravity. As shown in Eq. (23), the
particle is in a critical rise state when the two forces are equal. When
the fluid drag force is greater than the relative gravity, the particle
begins to be sucked in Fig. 7(b).

Figure 8 shows the change in particle velocity during hydraulic
collection. The normalized fluid velocity and particle size are 1.15 and

TABLE II. Comparison between experimental and numerical results of single sphere settling.60

Case Box size (L � W � H) (m) qf ðkg=m3Þ lf ½kg=ðmsÞ� qpðkg=m3Þ dp (m)

Numerical results

Experiment, Cd;exevp Rep Cd;num

1 0.1 � 0.1 � 1 1000 1.19 2000 0.01 0.025 0.21 118.26 117.94
2 0.1 � 0.1 � 1 1260 1.19 2000 0.01 0.042 0.36 72.49 72.24
3 0.1 � 0.1 � 1 1260 1.19 2500 0.01 0.062 0.52 50.38 50.40
4 0.01 � 0.01 � 0.02 1000 0.001 1287.5 0.001 0.048 48.22 1.63 1.54
5 0.01 � 0.01 � 0.02 1000 0.001 1500 0.001 0.068 68 1.39 1.31
6 0.02 � 0.02 � 0.04 1000 0.001 2000 0.001 0.136 272 0.71 0.70

FIG. 6. Drag coefficient of experimental and numerical results at the steady state.
FIG. 7. Qualitative force analysis of the particle: (a) stationary on the seabed and
(b) the process of particle rise.
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1, respectively. The normalized fluid velocity and particle size are ran-
domly selected. Since the hydraulic collection of the particle mainly
occurs on the z axis, we only consider the variation of particle velocity
in the z axis. The z axis upward is positive. As shown in Fig. 8, the par-
ticles are initially stationary on the ocean bed, so the particle velocity is
0. In this stage, the relative gravity is greater than the fluid drag force.
The particle is in a critical state at around t ¼ 0.15. Then, as the parti-
cle velocity is greater than 0, the particle begins to rise. There is a sud-
den change in particle velocity at around t¼ 0.17, which is because the
instability of the flow field at around t¼ 0.17 leads to the instability of
the fluid drag force. As is shown in Fig. 11, the change of the normal-
ized centripetal force indicates the flow field is expanding and unstable
at around t ¼ 0.17, which eventually causes the change of particle
velocity.

Figure 9 shows the numerical trajectories of particle rise at the
normalized particle size of 1. The spiral phenomenon of the particle is
also found in our previous experiments.10 The numerical results are in
good agreement with the experimental results. The particle trajectory
corresponds to the change of the particle velocity in Fig. 8. The particle
rising process is shown in Fig. 10 (multimedia view).

The spiral phenomenon of the particle is essentially the irregular
circular motion of particles. To further explain the phenomenon, we
count the components of the fluid drag force with time in the x, y, and
z directions when the particles rise at the fluid velocity of 1.15 and the
particle size of 1, namely, Ffp0x; Ffp0y, and Ffp0z, respectively. Then, we
calculate the resultant force of Ffp0x and Ffp0y, named the centripetal
force Fcen. The centripetal force Fcen can make the particles show irreg-
ular circular motion in the x-y plane, and Ffp0z mainly makes particles
rise in the z axis. We normalize the centripetal force Fcen by Ffp0z,
named the normalize centripetal force. As is shown in Fig. 11, the nor-
malized centripetal force Fcen fluctuates around 0.15 at other times

except for a sudden change at around t ¼ 0.17. Thus, we believe that
centripetal force Fcen is the reason for the irregular circular motion of
the particle, that is, the spiral phenomenon of the particle.

C. Force analysis of the particle

This section mainly analyzes the forces and rise time of particles
during the hydraulic collection at different fluid velocities and particle
sizes. The fluid drag force Ffp and the relative gravity f~g are obtained
from numerical results. Because the particle rise mainly occurs on the
z axis, the components of two forces on the z axis are considered. To
compare the fluid drag force with the relative gravity, the fluid drag
force is normalized by the relative gravity. The fluid velocity, particle
size, and particle’s rise time mentioned above have been normalized.

First, the variation of the average normalized fluid drag force
with time is analyzed at the normalized fluid velocities of 1 and 1.08. It
is worth noting that the normalized particle size is 1.3 when the veloc-
ity changes. As shown in Fig. 12(a), when the normalized fluid velocity
is 1, the normalized fluid drag force is less than 1 all the time, which
implies that the particle does not rise. While the normalized fluid
velocity is 1.08 in Fig. 12(b), the normalized fluid drag force is only
less than 1 in the initial stage. In the state, the particle moves on the
bottom without rising. Subsequently, when the fluid drag force is
greater than the relative gravity (the normalized fluid drag force is
greater than 1), the particle begins to rise, corresponding to the particle
trajectory of Fig. 9.

Second, the variation of the average normalized fluid drag force
and the rise time of particles at different fluid velocities are analyzed. It
is also worth noting that the normalized particle size is 1.3 when the
velocity changes. As shown in Fig. 13, the normalized fluid drag force
is less than 1 at the normalized fluid velocity of 1. The particle cannot
be sucked in the state, which is also why there is no rise time of the
particle at the normalized fluid velocity of 1 in Fig. 13. The normalized
fluid drag force is less than 1; that is, the fluid drag force is less than
the relative gravity, so the particle fails to be sucked. While the normal-
ized fluid velocity is greater than 1, the force is greater than 1. The fluid
drag force dominates in the case, and the particle successfully rises.
Therefore, the rise of particles during hydraulic collection results from

FIG. 8. Variation of the particle velocity during the hydraulic collection.

FIG. 10. Particle rising process at the normalized fluid velocity of 1.15 and particle
size of 1. Multimedia view: https://doi.org/10.1063/5.0142221.1

FIG. 9. Trajectory of the particle rise at the normalized particle size of 1. FIG. 11. Change of the normalized centripetal force with time.
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competition between the fluid drag force and the relative gravity. Our
results are consistent with the results of rising and settling effects char-
acterized by the Reynolds number (Re) and the Archimedes number
(Ar) in the experiments.10

As the fluid velocity increases, the normalized fluid drag force
becomes greater, and the rise time of the particle becomes shorter in
Fig. 13. Although shortening the rise time of particles can improve the
efficiency of hydraulic collection, it requires more energy to increase
fluid velocity, which can result in greater economic costs and have a
greater impact on the marine environment. It is irrational to blindly
increase the fluid velocity to increase the normalized fluid drag and
thus shorten the particle rise time. Therefore, we should choose the
appropriate fluid velocity range to save energy and improve efficiency;
that is, it is necessary to balance normalized fluid drag force and the
rise time of particles in the hydraulic collection. We hope to further
study the appropriate fluid velocity range under different working con-
ditions through experiments and field practice in the future.

Finally, we investigate the change of average normalized fluid
drag force and rise time of particles by changing different particle sizes.
It is worth noting that the fluid velocity of 1.15 is selected when the
particle size changes. As shown in Fig. 14, the normalized fluid drag
force is both greater than 1, that is, fluid drag force dominants and
particle rise. Moreover, the normalized particle size of 1.3 is the turn-
ing point. When the normalized particle size is not greater than 1.3 in
Fig. 14, the normalized fluid drag force becomes larger as the particle
size increases, and the particle rise time becomes shorter. While the
normalized particle size is greater than 1.3, the normalized fluid drag
force becomes smaller with the increase in particle size, and the time
to rise becomes longer. The vertical distance between the particle and
the inlet becomes smaller with the increase in particle size, which
should have made the particles easily to be sucked. In fact, an increase
in the particle size can bring greater gravity, which leads to smaller
normalized fluid drag force and much longer rise time of the particle
at the particle sizes of 1.4 and 1.5 in Fig. 14. The maximum normalized
fluid drag force and the shortest particle rise time are what we want.
Thus, the normalized particle size of 1.3 is recommended to save
energy and improve efficiency.

D. Analysis of horizontal distance

We find it appropriate that the vertical distance between the par-
ticles at the bottom and the inlet of the suction pipe is not greater than 3
dp in our previous work.10 The horizontal distance between particles
and the inlet of the suction pipe is rarely considered. Thus, it is necessary
to discuss the influence of different horizontal distances. In previous
cases, the particles were placed below the center of the suction pipe. In
this part, we investigate the change of the normalized fluid drag force by
changing the horizontal distance between particles and the inlet to
determine the range of the horizontal distance that the particles can be
sucked and the optimal range. The radius of the pipe is 1.75 dp.

As shown in Fig. 15, we set the horizontal distance between the
particles and the inlet to 1 dp, 1.75 dp, 3 dp, 5 dp, 7 dp, and 9 dp, which
is normalized to 1, 1.75, 3, 5, 7, and 9 by particle diameter dp. In this
part, the normalized particle size and fluid velocity are 1.3 and 1.15,
respectively. When these particles are sucked at different horizontal dis-
tances, we calculate their average normalized fluid drag force in Fig. 16.

FIG. 13. Normalized fluid drag force and the particle rising time at different normal-
ized fluid velocities: the blue line represents the normalized fluid drag force (left)
and the red line represents the rise time of the particle (right).

FIG. 14. Normalized fluid drag force and the particle rising time at different normal-
ized particle sizes: the blue line represents the normalized fluid drag force (left),
and the red line represents the rise time of the particle (right).

FIG. 12. Variation of average normalized fluid drag force at different normalized
fluid velocities: (a) 1 and (b) 1.08.
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If the normalized fluid drag force is 1, the particle is in a critical
state. While the normalized fluid drag force is greater than 1, the parti-
cle begins to rise. When the normalized distances are 1, 1.75, 3, 5, and
7, the normalized fluid drag forces are all greater than 1; that is, these
particles can be sucked smoothly. As the horizontal distance becomes
larger, the normalized fluid drag force generally becomes smaller in
Fig. 16. The normalized fluid drag force is less than 1 at the normalized
distance of 9 so that the particle does not rise. Thus, the range of nor-
malized horizontal distance that the particles can be sucked is no more
than 8 at the fluid velocity of 1.15 and particle size of 1.3. Of course,
increasing the fluid velocity and reducing the particle size can expand
the range of the horizontal distance of the particle rise. However, these
measures will bring energy loss and economic costs. In addition, it is
worth noticing that the normalized fluid drag force at the normalized
horizontal distance of 1.75 is larger than that at the distance of 1. The
particle is located below the center of the inlet when the normalized
distance is 1, and the particle is located below between the inlet and
the wall at the normalized distance of 1.75. As a consequence, when
the fluid velocity of the inlet is constant, the particles located between
the inlet and the wall are more easily sucked. Therefore, the suction
influence range between the inlet and wall is more optimized.
Compared with fixed collection devices, mobile devices for hydraulic
collection are recommended to make particles place below between
the inlet and wall, which indicates a mobile suction device is needed.

In summary, the rising process of coarse particles during the
hydraulic collection is qualitatively analyzed. The spiral phenomenon
of the coarse particle rise is found and explained from the perspective
of force analysis. Moreover, the changes in normalized fluid drag force
and particle rise time are investigated at different normalized fluid
velocities and particle sizes. Finally, the influence of the horizontal dis-
tance between the coarse particle and the inlet on particle rise is
discussed.

V. CONCLUSION

In this paper, the FDM based on the CFDEM platform is used to
study the motion and mechanical characteristics of coarse particles
during hydraulic collection, and the influence of the horizontal dis-
tance between particles and the inlet on the hydraulic collection of
coarse particles is also considered.

(i) First, the motion characteristics of coarse particles during
hydraulic collection are analyzed. The changes in particle
velocity, trajectory, and qualitative force analysis are consis-
tent during hydraulic collection. The spiral phenomenon of
the coarse particle is found in numerical results and in good
agreement with our previous experimental results.10 The
numerical results show that the centripetal force Fcen causes
the spiral phenomenon of the particle during hydraulic
collection.

(ii) Second, the changes in the normalized fluid drag force and
the rise time of particles are investigated at different fluid
velocities and particle sizes. The results show that the rise of
particles during hydraulic collection results from competi-
tion between the fluid drag force and the relative gravity. As
the normalized particle size and fluid velocity increase,
respectively, the normalized fluid drag force generally
increases. However, gravity plays a dominant role after the
normalized particle size increases to 1.3. To save energy and
improve efficiency, the normalized particle size of 1.3 is
recommended.

(iii) Finally, we investigate the influence of different horizontal
distances between the particles and the inlet on the hydrau-
lic collection of coarse particles. The results show that the
influence range of the flow field is limited, and the normal-
ized fluid drag force generally decreases with the increase of
horizontal distance. Otherwise, a greater fluid velocity is
required. Moreover, the range of normalized horizontal dis-
tance that the particles can be sucked is no more than 8 at
the fluid velocity of 1.15 and particle size of 1.3, and the suc-
tion influence range between the inlet and the wall is more
optimized. Thus, mobile collection devices are recom-
mended to make particles placed below the inlet and wall
during hydraulic collection.
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FIG. 15. Horizontal distance between particles and the inlet of the suction pipe.

FIG. 16. Variation of average normalized fluid drag force at different horizontal dis-
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