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ABSTRACT

Solid–liquid two-phase flow with dense coarse particles in the pipeline exists widely in energy and resources engineering, especially in the
prospective hydraulic lifting scenario of deep-sea mining. In this paper, the coarse particles’ transportation behavior in a vertical pipe is
investigated based on an optimized Eulerian–Lagrangian method proposed in our previous work. The coarse particle transportation in the
vertical pipe is characterized as multi-processes and multi-physical effects and is not fully captured due to the limitations on experimental
apparatus, experimental measurement techniques, and numerical simulation techniques. Little research has been done on the local character-
istics of the flow and their effect on the hydraulic lifting performance. The characteristics of the internal flow field, particle retention, and
hydraulic lifting efficiency are disturbed under the condition of the continuous supply with the constant inlet two-phase concentration and
velocity. The simulation results illustrate that particle transportation process can be roughly divided into three stages, single phase flow stage,
mixing stage, and stable transportation stage, and shows a dilute-dense non-continuous flow pattern due to particle retention. Based on para-
metric studies, the retention phenomenon is alleviated by the increase in the water inlet velocity and almost disappears at approximately
12 000 of the Reynolds number, where the flow pattern transition occurs. Finally, the hydraulic lifting performance, such as a critical lifting
condition and the friction loss, is analyzed and the transition of flow pattern is discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0084263

I. INTRODUCTION

Solid–liquid two-phase flow with coarse particles in the pipeline
exists widely in energy and resources engineering,1–4 such as the coal
and mining industries,5–10 the gas hydrates exploitation,11–13 and so
on. For example, deep-sea mineral resources have attracted consider-
able attention due to increased energy demand in various coun-
tries.14,15 The hydraulic lifting is currently the most promising mining
method for offshore mineral resources with benefits of high recovery
rate, high productivity, and practical operation.4 The manganese nod-
ules on the deep sea bottom are transported to the mining ship
moored at sea level through a hydraulic lifting system, which is shown
in Fig. 1. The internal flow through the pipeline contains seawater and
nodules, which is a typical dense two-phase mixed flow.

Nodule particles are estimated to be in the range of tens of milli-
meters.16 According to C�u~nez et al.17 and C�u~nez and Franklin,18

different flow instabilities and patterns have been identified for the solid-
liquid two-phase flow with coarse particles (d=D > 0:1, where d/D is
the ratio of particle diameter to pipe diameter). The transportation of

coarse particles in the pipeline requires careful consideration of
numerous factors, such as the particle concentration, particle and
water properties, particle diameter, as well as particle–water, parti-
cle–particle, and particle–wall interactions.19 The motion characteris-
tics, flow resistance, and stable transport law of two-phase solid–
liquid flow with dense coarse particles in the pipeline are the key basis
for optimizing hydraulic lifting programs. Due to the limitations on
observation and modeling of dense coarse particles’ flow behaviors,
the satisfactory progress is challenging. In engineering practice of
transportation, the lifting distance can reach hundreds to thousands
of meters. Limited information such as the flow rates and pressure
difference can be obtained by using some sensors in the pipe.
However, it is of great difficulties in monitoring the flow behaviors.
In addition, numerical simulation of the transportation process in
such a long pipeline is limited by the high computational cost. Hence,
laboratory test or numerical simulation in a moderate small scale is
usually adopted. In previous work, rich results were obtained on the
flow characteristics of fine suspended particulates in water.20–27
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However, the ratio of coarse particles to pipeline diameter is around
0.1–0.2. It poses a challenge to efficient and stable transportation to
meet the operational requirements of coarse and fine particle mixing
and continuous large-scale transportation (without blockage or flow
instabilities). To address the problem of hydraulic lifting of coarse
particles, many researchers investigated the minimum lifting velocity
of particles with a single particle diameter (5–50mm),28 the settling
velocity of coarse particle clusters,29 two-phase flow characteristics,30

and the influence of particle shape on the hydraulic lifting process31

through experimental and numerical simulation methods, and pro-
posed the optimization parameters required for stable transportation
in hydraulic lifting process. The effect of particle concentration,
pipeline diameter, water velocity, and other factors on the radial par-
ticle distribution within the pipe has been achieved.4,7,32,33 In addi-
tion, the flow assurance is also important for the hydraulic lifting. It
is found that irregularly shaped coarse particles and higher particle
concentration increase the possibility of particle blockage in the
pipeline.31 Through a combination of theoretical analysis and labo-
ratory experiments, Van Wijk et al.34,35 investigated the possible
blockage caused by fine particles bypassing coarse particles when
transporting solid–liquid mixtures with particles of a certain size
distribution. They established a frictional stress model between the
solid–liquid mixture and the pipe wall by drawing on the theory of
internal friction angle and friction coefficient of geotechnics.

The coarse particles’ transportation in the vertical pipe is charac-
terized as multi-processes and multi-physical effects and is not fully
captured due to the limitations on experimental apparatus, experimen-
tal measurement techniques, and numerical simulation techniques.
Current research on the hydraulic lifting of coarse particles is still
immature and needs to be investigated further for capturing more
information on the flow field and the motion feature of the particles.
For example, the local characteristics of the flow in the continuous lift-
ing process is still not fully understood, mainly because less attention
is paid to the changing characteristics of the flow field in engineering,
and the current experimental measurement techniques are difficult to
achieve the local characteristics of the flow in the pipeline, such as local
concentration, velocity, and flow field. In addition, there are a few
studies on the analysis of the hydraulic lifting performance, such as
the lack of common and simple relationships for predicting local

parameters and the lack of formula for calculating critical hydraulic
lifting velocity. Therefore, it is necessary to reveal the flow mechanism
of the solid–liquid flow with coarse particles and to clarify the main
control factors and the regularity of the internal flow.

In general, for most industrial-scale solid–fluid coupling systems,
including hydraulic lifting in deep-sea mining mentioned above or
proppant transport in petroleum engineering, three characteristic
scales exist:36,37 microscale, mesoscale, and microscale. Corresponding
appropriate numerical approaches are available to investigate the two-
phase flow characteristics for each scale. At the macroscale, the macro-
scopic motion behavior of the two-phase flow is focused on, where
variables of both the two phases are obtained by solving locally aver-
aged Eulerian transport equation.38,39 For simulating particles at the
micro-scale, we track individual particles trajectories by calculating
their instant velocities; the latter velocities are calculated via solving
Newton’s law.40 The forces on particle are obtained by the surface inte-
gral of the particle and the non-slip boundary condition is fulfilled at
the particle surface. Hence, this method is also called particle-resolved
direct numerical simulation (PR-DNS). At the meso-scale, point parti-
cle model is used for the solid–liquid interaction, where the interaction
forces are calculated based on force models and the non-slip boundary
condition is not fulfilled at the particles surface. In our previous work,
a review of numerical methods describing solid–liquid two-phase
flows was given, and the capabilities of various numerical approaches
were summarized.37 The macroscale simulation methods, such as the
two-fluid model (TFM),41 are widely used in engineering designs due
to low computational cost. However, the microscale and mesoscale
behaviors of the hydraulic lifting process are also crucial for engineer-
ing designs such as the particle–particle interactions, particle sizes, and
the particle composition.

In this work, an optimized Eulerian–Lagrangian method pro-
posed in our previous work37 is utilized to elucidate the solid–liquid
two-phase flow with coarse particles in a vertical pipe based on the
background of the hydraulic lifting process in deep-sea mining. On
the one hand, we intend to illustrate the local characteristics of the par-
ticles, such as the particle retention. On the other hand, we aim to ana-
lyze the two-phase flow field characteristics in the vertical pipe and the
hydraulic lifting performance. The previous work presents a suitable
method for the numerical simulation of the solid–liquid two-phase
flow with coarse particles, addressing the hydraulic lifting process of
dense coarse particles.

The remainder of this paper is as follows: in Sec. II, a short reca-
pitulation is given to summarize the numerical model, such as the gov-
erning equations of fluid and solid phases, fluid–particle coupling
force, and numerical issues. In Sec. III, the model is validated by an
experiment. In Sec. IV, problem and numerical settings for the coarse
particles transportation in a vertical pipe are described. Section V
focuses mainly on the local particles characteristics and the two-phase
flow field. Finally, conclusions are drawn in Sec. VI.

II. MODEL DESCRIPTION
A. Solid phase equations

The translation and rotation of each particle can be calculated by
the following equations based on Newton’s second law:42

m
dv
dt

¼ Fpf þ Fc þmg; (1)

FIG. 1. Sketch of the hydraulic lifting method.
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I
dx
dt

¼ M; (2)

where m, v, I ¼ md2=10, and x are the particle mass, translation
velocity, the moment of inertia, and angular velocity; d is the particle
diameter; Fpf is the particle–fluid interaction force such as the drag
force and pressure gradient force; Fc is the contact force; g is the grav-
ity acceleration; andM indicates the friction torque. The contact force
can be decomposed into normal Fcn and tangential Fct components
and is calculated based on the soft model,43 which is shown in Fig. 2.
The soft model refers to the fact that particles can deform during a
contact and the deformation is taken into account in force models.

The normal component Fcn is defined as

FcnB!A ¼ knd
3
2
n � gnvAB � n

� �
n; (3)

and the tangential component Fct is defined as

FctB!A ¼
ktjdtj > lFcnB!A; � ljFcnB!Aj vslipABjvslipABj ;

ktjdtj � lFcnB!A; � ktdt � gtvslipAB;

8><
>: (4)

where FcnB!A and FctB!A are the contact force (normal and tangential
component) of particle B to particle A, respectively. n and t represent
the normal and tangential directions, and k, g, and d are the spring
coefficient, the damping coefficient, and the particle deformation or
particle overlaps, respectively. l is the friction coefficient. More details
about the soft model can be found in Refs. 25 and 44.

B. Fluid phase equations

The fluid phase motion is governed by the volume-averaged
incompressible Navier–Stokes (N–S) equation37

@af
@t

þr � afuð Þ ¼ 0; (5)

@

@t
afuð Þ þ r � afuuð Þ � u

@af
@t

þr � afuð Þ
� �

�r � afsfð Þ

¼ �afr
Prgh
qf

� af
q
qf

� 1
� �

g� af
qf

g � hrq� fp
qf

; (6)

where af is the volume fraction of the fluid, u is the mass-averaged
fluid velocity, q ¼ afqf þ ð1� af Þqp is the mixture density, qf and
qp are the fluid and particle density, respectively. sf is the viscous
stress tensor of the fluid, fp is the source term describing momentum
transfer between the solid phase and the fluid phase, h is the position
vector, Prgh ¼ P � qg � h is the relative motion pressure, which is used
to make the definition of boundary conditions easier as well as to
reduce the false velocity caused by hydrostatic pressure under non-
orthogonal grids,45 and P is the fluid pressure. The third term of the
left-hand side of Eq. (6) can help to maintain the boundedness of the
solution variable and promote better convergence.46,47 The viscous
stress tensor of the fluid is expressed as

sf ¼ �f ruþruTð Þ � 2
3
�fr � uI; (7)

where �f is the kinematic viscosity of the fluid phase and I is the iden-
tity matrix. The Reynolds-averaged Navier-Stokes (RANS) k� e
model is used for the fluid phase but the turbulence modulation by
particles is ignored, as done from previously researchers’ work.48–50

C. Fluid–solid interaction

The fluid–solid interaction force exerted on a particle can be
modeled as a combination of drag force, pressure gradient force, vir-
tual mass force, Basset force, and other force.2 The drag force, the pres-
sure gradient force, and the virtual mass force are most important in
the solid–liquid two-phase flow with coarse particles.37 Therefore, in
this work, we consider the above three forces for fluid–solid interac-
tion, which can be expressed as

FIG. 2. The diagram of the soft particle model: (a) collision between two particles and (b) collision between a particle and a wall.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 033305 (2022); doi: 10.1063/5.0084263 34, 033305-3

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0084263/16630016/033305_1_online.pdf

https://scitation.org/journal/phf


Fpf ¼ Fd þ Fp þ Fv; (8)

where Fd is the drag force, Fp is the pressure gradient force, and Fv is
the virtual mass force.

The drag force is important and is given based on the
EugunWenYu model51

Fd ¼ kd u� vð Þ; (9)

kd ¼
af < 0:8 Vp 150

1� afð Þ
af

lf
d2

þ 1:75
qf ju� vj

d

� �
;

af � 0:8 Vp
3
4
Cd

qf ju� vj
d

a�2:65
f ;

8>>><
>>>:

(10)

Cd ¼ Re < 1000
24 1þ 0:15Re0:687ð Þ

Re
;

Re � 1000 0:424;

8><
>: (11)

Re ¼ qf ju� vjd
lf

; (12)

where kd is the momentum transfer coefficient between different
phases, Vp is the particle volume, Cd is the drag coefficient, Re is the
relative particle Reynolds number, and lf is the viscosity of the fluid
phase.

The pressure gradient force and the virtual mass force are calcu-
lated from the fluid field

Fp ¼ �VprP; (13)

Fv ¼ �qfVp

2
Du
Dt

� dv
dt

� �
; (14)

where Du=Dt is the material derivative of the fluid.

D. Optimization treatment

The optimization treatment of this method is briefly illustrated
here. First, the barycentric coordinates are introduced into the particle
localization in this paper to overcome the shortcomings of interaction
method. Second, a virtual mass distribution function (VMDF) is pro-
posed for calculating coarse particle volume fraction. Third, a weighted
function method (WFM) relating the particle size is given for the
interpolation between the Eulerian and Lagrangian field for coarse
particles. Fourth, the optimized method is applicable to both the fine
and coarse particle in two-phase flow.37

III. NUMERICAL VALIDATION

An experiment case is given, and the experimental apparatus
includes four parts: vertical pipe, circulating water system, control sys-
tem, and image acquisition device (as shown in Fig. 3). The vertical
pipe has an inner diameter of 50mm and a height of 3m. An electro-
magnetic flowmeter is installed in the middle of the pipe to measure
the flow rate. 700 particles of diameter 6mm (600) and 13mm (100)
are mixed and placed at the bottom of the pipe initially. The initial
height of the mixed particles is about 150mm. The pump is turned on
to form a transportation water flow. The particles are glass beads with a
density of 2600 kg=m3. The water density and viscosity are 1000 kg=m3

and 0.001 Pa � s, respectively. The particle movement is imaged as the
flow rate increasing.

As the flow rate increases slowly from 0 m3=h, the mixed par-
ticles remain static initially. When the flow rate reaches 0.12 m3=h,
several particles start to move on the upper part of the particle bed.
When the flow rate reaches 0.28 m3=h, some of the particles of diame-
ter 6mm have moved to the upper part of the bed. Then, the particles
of diameter 6mm are completely separated from the particle bed with
obvious segregation when the flow rate reaches 0.35 m3=h. The par-
ticles of diameter 6mm are in a fluidized state, while the particles of
diameter 13mm have not reached the fluidized state. When the flow

FIG. 3. The experimental apparatus,
which includes four parts: vertical pipe, cir-
culating water system, control system,
and image acquisition device. The initial
height of the mixed particles (6 and
13mm) is about 150mm.
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rate reaches 0.7 m3=h, the expansion height of the particle bed
increases and the particles of diameter 13mm reach the fluidized state.
The simulation results and the experimental results are given in Fig. 4,
where the total height and the coarse particles (13mm) height are
shown. The comparison between the simulation results and the experi-
mental results shows that the method is capable to capture the main
flow behaviors of hydraulic lifting.

IV. NUMERICAL SETUP

It is difficult to handle hydraulic lifting equipment directly and to
perform the expensive tests due to the specificity and complexity of
the deep-sea environment. In the hydraulic lifting process, the system
is affected not only by the mining vessel and ship but also by the forces
of gravity, pressure, oceanic hydrodynamics, and so on. Therefore, the
transportation of particles in the vertical pipeline of the hydraulic lift-
ing system is simulated to explore the characteristics and effects of the
internal flow in this section. In the hydraulic lifting process, the con-
centration of particles usually exceeds 10�3 vol.%. The vol.% means
the percentage of the particle volume in the total volume of the two
phases. As a result, the four-way coupling,52 where both the fluid–solid
interaction and particle–particle interaction are considered, is used.

Manganese nodules on the deep seabed have complex forms and
broad particle size distributions. Some of the nodules are larger than
50mm, which will result in high power consumption and even block-
age. Consequently, the nodules are broken into smaller particles (about
5–30mm) before transporting into the vertical pipe, but not exces-
sively broken, as too small nodules may be discharged as slude.4,53 We
assume that the size of the particles corresponds to a normal distribu-
tion, which is described by the expectation (d) and the variance (r) of
the normal distribution. According to the literature research4,31,54–56

and project design in “Chinese Academy of Sciences Strategic Leading
Science and Technology Project,” the particle inlet volume fraction (or
concentration) ap0 is 0.06–0.15 vol.%, and the water inlet velocity u0 is
1–5m/s. The particle density is about 1500–2500 kg=m3. The Young’s
modulus E and Poisson’s ratio � of the particles are 1.0 �1010 Pa
and 0.11. The density of water is 1000 kg=m3, and water viscosity
is 0.001Pa � s. The unit of the particle concentration in this paper
is vol.%.

Fluid phase equations (5) and (6) are discretized in a three-
dimensional Eulerian grid with the finite volume method (FVM). The
second-order Gauss–Green integral method is used to discretize the
gradient term, the second-order upwind scheme is used for the diver-
gence term, and the Laplacian term is treated with Gauss–Green inte-
gral method with non-orthogonal correction. For the time
discretization, a second-order scheme is adopted. Fluid velocity and
pressure are decoupled using the pressure implicit with splitting of
operators (PISO) algorithm, and then, the corresponding linear alge-
braic systems can be obtained for velocity components and pressure
correction values. The discretized algebraic equations of the pressure
Poisson equation and momentum equation are solved by the algebraic
multigrid method and smother solver in open-source code
OpenFOAM.46 The discretized algebraic equations of the diffusion
equations added in the VMDF method are solved by preconditioned
conjugate gradient (PCG) method. The time step for the fluid phase is
determined by setting the Courant number less than 0.5. Particle
motion is solved within the Lagrangian framework, and Eqs. (1) and
(2) are integrated using the implicit Euler scheme. The leapfrog inte-
gration algorithm is used to calculate the velocity of the particle due to
the particle collisions.57 In general, the time step for the particle simu-
lation should be much smaller than the fluid time step. In this paper,
the time step for the particle simulation is same to that of fluid phase
because the barycentric tracking method is used in the particle track-
ing, where the particle tracking is divided into many steps by the inter-
section of the particle trajectory and the cell face.58 The related fields
are decomposed into multiple blocks using the decomposePar tool,
and each separate block in the decomposed fields is run on the cluster
of the BeiJing High Performance Computing (HPC) with 64 AMD
EPYC 7452 CPU 2.35GHz and 256 GB RAM using OpenMPI (an
implementation of the standard message passing interface).

A vertical pipe with an internal diameter of D¼ 200mm and a
length of H¼ 6 m as indicated in Fig. 5 is defined in the present docu-
ment. Three cylinder regions with the same diameter with the vertical
pipe are set to store the simulation data, which are located at z¼ 0.2
m, z¼ 3.0 m, and z¼ 5.8 m. The mixture of the particles and water
enters the vertical pipe from the bottom and exits from the top. An O-
grid is established for the computational domain using ANSYS ICEM.
After the cell independence test, the number of cells is 240 000 with
21, 41, and 601 nodes in the radial, hoop, and axial direction. The ratio
of the average particle diameter to the cell size is about 1.5. The pipe
wall is set to be zero value for the water velocity and zero gradient for
the relative motion pressure Prgh. The outlet face (upper z-direction) is
set to be zero value for the relative motion pressure and zero gradient
for the water velocity, and the inlet face (lower z-direction) is set to a
fixed velocity for the water and zero gradient for the relative motion
pressure. The velocity of the particles at the inlet is defined as zero.
The particle volume fraction or concentration at the inlet, which is
used to indicate the number of particles entering the pipe in engineer-
ing, needs to be modified to the particle numbers per second:

Np ¼
p
4
D2u0ap0

ðdmax

dmin

f ðxÞdxðdmax

dmin

f ðxÞp
6
x3dx

; (15)

where Np is the particle numbers per second, dmin and dmax are the
minimum and maximum particle diameter, respectively, and f(x) is

FIG. 4. Comparison between the simulation results and the experimental results of
the particle height at different volume flow rates. “Total” means the total height of
the particles. “Coarse” means the height of the particles with a diameter of 13mm.
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the probability density function of particle size distribution, and is
expressed as

f ðxÞ ¼ 1
2pr

exp �ðx � dÞ2
2r2

� �
; (16)

where d is the average particle diameter. At the initial condition, the
vertical pipe is full of water with zero value for the velocity, particle
concentration, and relative motion pressure.

In the actual hydraulic lifting process, the length of the vertical pipe
is larger than 1000m. It is impractical to model with a 1:1 ratio given the
simulation consumption. In fact, the particles are mixed with water dur-
ing an initial period after entering the vertical pipe and will tend to be
stable after being completely mixed uniformly. Hence, only a certain
length of the pipe is required to make the particle transportation reach a
steady state. Figure 6 gives the particle concentration, particle vertical
velocity, and slip velocity at different locations of the vertical pipe when
the transportation reaches a stable condition with a pipe length of 20m.
The slip velocity us in this paper is defined as us ¼ u� v. The parame-
ters are given in Table I. It is shown that the particle transportation
becomes stable at about z > 3 m. As a result, the pipe length in this
paper is set as 6m for reducing the computation cost.

V. RESULTS AND DISCUSSION
A. Internal flow field analysis

Velocity and particle concentration are two main parameters for
investigating the solid–liquid two-phase flow. Furthermore, slip

velocity is another important factor for coarse particles due to poor
following performance of the coarse particles. Based on the numerical
simulation results, the flow field information in the vertical pipe under
different parameters is obtained. First, a standard case is taken as an
example to provide insight into the coarse particles transportation in
the hydraulic lifting process. All parameters used in the standard case
are identical to Table I, with the exception of the length of the pipe,
which is set as 6m. Figure 7 presents twelve images at different times
and regions during the lifting process. The horizontal direction is the z
axis, and the vertical direction is the y axis. In order to capture differ-
ent flow behaviors in the length direction, we selected two sections,
0–2 m and 3–5 m in the z direction. The color of these particles
denotes their sizes. The time-varying curve of the volume-averaged

FIG. 6. Comparison of particle concentration, particle vertical velocity and slip
velocity at different locations of the vertical pipe when the transportation reaches a
stable condition with a pipe length of 20 m.

TABLE I. Parameters used in the numerical simulation of the hydraulic lifting of
coarse particles with different pipe lengths.

Parameters Values

Geometry of the vertical pipe
Diameter 200mm
Length 20m

Particle properties
Density qp 2000 kg=m3

Average diameter d 15mm
Variance r 2mm
Inlet concentration ap0 0.08 vol.%
Young’s modulus E 1.0� 1010 Pa
Poisson’s ratio � 0.11
Coefficient of restitution for
particle–particle/wall a=aw

0.02=0.01

Coefficient of friction for
particle–particle/wall l=lw

0.10=0.09

Water properties
Density qf 1000 kg=m3

Viscosity lf 1:0� 10�3 Pa � s
Inlet velocity u0 2m/s

FIG. 5. The vertical pipe with an inner diameter of 200mm and a length of 6 m.
The mixture of the particles and water enters the pipe from the bottom.
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slip velocity, particle vertical velocity, and the particle concentration at
the three regions (Fig. 5) are also illustrated in Fig. 7. The volume-
averaged value is defined as

husi ¼
���� 1Nc

XNc

i¼1

us;i

���� ; hapi ¼ 1
Nc

XNc

i¼1

ap;i; hvpi ¼ 1
Nc

XNc

i¼1

vz;i;

(17)

where husi; hapi, and hvpi are the volume-averaged slip velocity, particle
concentration, and particle vertical velocity, respectively, Nc is the total
cell number in the selected domain (regions 1, 2, and 3), and us;i; ap;i,
and vz;i are the slip velocity, particle concentration, and particle vertical
velocity (z-direction) in cell i, respectively. At the beginning of the
hydraulic lifting, particles mix with the water and go upwards. The parti-
cle concentration at the top of the particle group (see T¼ 1 s in Fig. 7) is
lower than the middle part. It may result from particle segregation that
fine particles move faster than the coarse particles. It can be clearly seen
that the particle concentration inside the pipe is significantly greater
than that at the inlet of the pipe. This phenomenon is called particle
retention, which is very obvious in the transportation of coarse particles.
The particle retention will be discussed in detail in Sec. VB. The vertical
pipe is filled with particles at the time of approximately 4 s. Then, the
two-phase flow in the vertical pipe has reached a stable state and the
overall particle numbers in the pipe are almost unchanged. For example,
the slip velocity, particle vertical velocity, and particle concentration in
region 3 (Fig. 7) become stable with time after the time of approximately
4 s. In this paper, the stable state is defined as that the time-averaged

value is unchanged over time. However, the time series of value such as
the particle concentration is pulsating. The pulsation process appears to
be explained by three factors. First, the turbulence irregularity of the
water movement in the vertical pipe makes the velocity of the water pul-
sating. Hence, the drag force on the particle is also pulsating. Second, the
pulsation results from the dynamic change of the force on the particles
due to the change of the particle concentration. Third, collisions between
particles or particles and the wall are instantaneous, resulting in instanta-
neous changes in the total forces of the particles.

According to the time-varying curve trend illustrated in Fig. 7
and combined with the numerical results of the particle distribution,
the particle transportation process in the vertical pipe can be roughly
divided into three stages: single phase flow stage (stage I), mixing stage
(stage II), and stable transportation stage (stage III). Figure 8 shows

FIG. 7. The particle distribution in the vertical pipe in hydraulic lifting at the time of 1, 3, 5, 7, 9, and 13 s. The color of these particles denotes their sizes.

FIG. 8. Volume-averaged particle concentration in the vertical pipe (region 3). The
curve can be divided into three stages over time: single phase flow stage (stage I);
mixing stage (stage II); stable transportation stage (stage III).
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the three stages. (I) Stage I: Single phase flow stage. At the initial condi-
tion, the vertical pipe is free of particles. The particle concentration in
the pipe is zero until the particles reach the selected region. Hence, this
stage is called single phase flow stage. (II) Stage II: Mixing stage. The
mixing stage means the initial mixing between the particles and water.
Once the particles reach the selected region, the appearance of the par-
ticles increases the particle concentration from zero to a certain value,
which results in the changes in the water velocity and the force on the
particles. As such, certain instability occurs, such as a sudden increase
or decrease in particle velocity. (III) Stage III: Stable transportation
stage. The hydraulic lifting tends to be stable with time-averaged value
unchanged with time. At the stable transportation stage, the particles
show a dense-dilute flow pattern, as shown in the T¼ 13 s in Fig. 7.
According the experiments of Zhang et al.,37 the dilute-dense flow pat-
tern is obvious in the two-phase flow with coarse particles. Figure 9
provides a brief illustration of the particle distribution in the vertical
pipe to show the underlying mechanisms of the dense-dilute flow pat-
tern. First, due to the density difference between the coarse particles
and the water, velocity of the particles is lower than the carrying water,
which makes the particle retention in the pipe [Fig. 9(a)]. The particle
retention in the pipe increases the local particle concentration and the
water velocity because the flow area of water is reduced. Then, the
drag forces on the particles increase and the particles move upward
faster. As the particles move upwards, the gaps between the particles
become larger. Then, the flow area of the water, and the water velocity
decreases, which results in the decrease in the drag force. The particle
vertical velocity and particle local concentration correspondingly
decrease. Second, the particle size segregation can also lead to the
dilute-dense flow pattern, as shown in Fig. 9(b). During the hydraulic
lifting, the fine particles will move around the coarse particles. To
show the particle size segregation, the concentration of the particles of
sizes of 5–10mm in the particle group is studied. Figure 10 gives the
distribution of the ratio of the concentration of fine particles to the
total particle concentration along the central axis of the pipe at times
of 12and 13 s, which is in the stage III. The position of z=H ¼ 0

indicates the bottom of the pipe, and the position of z=H ¼ 1:0 indi-
cates the pipe outlet. The ratio of fine particle concentration to total
particle concentration at times of 12 and 13 s shows an almost inverse
distribution. This means that the fine particles move upwards in the
pipe over the coarse particles, which results in the change of the total
particle concentration and the particle forces. Hence, the particle
group shows a dilute-dense flow pattern.

Figure 11 gives radial distribution of the particle concentration
and the particle vertical velocity at the middle of the vertical pipe
(z¼ 3 m). The position of x=R ¼ 0 indicates the center of the pipe,
and the position of x=R ¼ 61:0 indicates the pipe wall. The red dot
line in Fig. 11 is the time-averaged value. At the time of 12 s, the local
particle concentration in the range of x=R < 0 is larger than that of
x=R > 0. However, the local particle concentration in the range of
x=R < 0 is smaller than that of x=R > 0 by the time of 15 s. The time-
averaged value of the local particle concentration and the vertical par-
ticle velocity in the radial direction is almost the same.

Figure 12 is the contour of particle concentration and water
velocity at longitudinal section of the vertical pipe (section y¼ 0). In
order to make the contour clear, the display scale of the x axis and the
z axis has been modified from 1:1 to 1:2. From left to right, the con-
tours are the instantaneous value at the time of 1 s, the instantaneous

FIG. 9. Different stages of development for the dilute-dense flow pattern of the solid–liquid two-phase flow with coarse particles: (a) particle retention and (b) particle size
segregation.

FIG. 10. Distribution of the ratio of the concentration of fine particles to the total
particle concentration along the central axis of the pipe at times of 12 and 13 s.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 033305 (2022); doi: 10.1063/5.0084263 34, 033305-8

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0084263/16630016/033305_1_online.pdf

https://scitation.org/journal/phf


value at the time of 11 s, and the time-averaged value. The particles
height is about 2.2m at the time of 1 s, and there are no particles in the
interval of z¼ 2.2 m–6m of the pipe. The particle concentration at the
top and bottom of the particle group is significantly smaller than the
middle area, which is similar to Fig. 7. The particles in the middle area
of the particle group are concentrated on the right side of the pipe (x
axis positive direction) at the time of 1 s. This is because the particles
are in a dilute-dense state during the transportation process. At the
time of 11 s, the vertical pipe is full of particles and the transportation
reaches a steady state, which clearly shows a dilute-dense flow pattern.
From the bottom to the top of the pipe, the particle concentration
areas alternately appear along the z-direction of the pipe. The appear-
ance of a concentrated area of particle is detrimental to the hydraulic
lifting process. The interaction between particles and the interaction
between particles and the pipe wall will increase, which cause more
energy consumption and increase flow resistance. The water velocity is
exactly the same in the area of z¼ 2.2–6m in Fig. 12(b). However, in
the area of the mixture of particles and water, the motion of water is
disturbed due to the interaction between water and particles, which
cause a maximum water velocity of 3m/s. Compared with the instan-
taneous value, the time-averaged value of the particle concentration
and water velocity is uniformly distributed in the pipe. It means that
the particle transportation in the pipe is stable. The instantaneous
value can better reflect the true transportation process.

B. Analysis of retention of particles

It is found that the local particle concentration in the vertical
pipe is greater than the inlet particle concentration at the bottom of
the pipe (Fig. 7). For the standard case, the particle concentration at
the inlet is 0.08, while the time-averaged local particle concentrations
in regions 1, 2, and 3 are approximately 0.093, 0.102, and 0.104. This
phenomenon is called a particle retention in the hydraulic lifting.59

The reason for particle retention is that when particles move along the
water, the particles cannot follow the water entirely due to the greater
density of particles than water. It produces a velocity slip between the
particles and the water, which will make the particles accumulate in
the vertical pipe, and then produce the particle retention. The particle

retention in hydraulic lifting is a very important cause of pipe block-
age.34 To further analyze the particle retention process in hydraulic
lifting, Fig. 13 shows the change of the local particle concentration
under different parameters, such as the inlet water velocity, inlet parti-
cle concentration, particle density, and so on. The data of the local par-
ticle concentration are extracted from the region 2 with time-averaged
value of the volume-averaged results. From the time-varying curve of
the particle concentration in Fig. 8, the hydraulic lifting process tends
to be stable with time. Hence, the data in the stable transportation
stage (stage III) of the particle transportation are used because of the
short duration of the stage I and stage II. All parameters have the same
values as in Table I except for the current parameters in the figure.

As shown in Fig. 13(a), the local particle concentration decreases
from 0.15 to 0.10 as the water inlet velocity increases from 1 to 5m/s
with particle inlet concentration of 0.10. The local particle concentra-
tion is always larger than the inlet particle concentration over the
range of water inlet velocity u0 ¼ 1–5m/s. The local particle concen-
tration decreases faster in the u0 interval from 1 to 2.5m/s. However,
when the water inlet velocity is further increasing, the decrease in local
particle concentration slows down and gradually tends to be a constant
value. That is, the particle retention phenomenon alleviates with the
increase in the water inlet velocity, and almost disappears at a higher
water inlet velocity. It should be noted that, regardless of the water
inlet velocity, the lower limit of the particle local concentration is the
inlet particle concentration. This is because the particles depend upon
the traction of the water to rise, and the driving energy of the move-
ment of the particles comes from the water. Therefore, the particle
velocity is less than or equal to the water velocity. Although at some
transient moments, the particle vertical velocity is greater than the
water velocity due to particle collisions. The overall velocity of particle
movement after time averaging is still less than or equal to the water
velocity. In other words, the particles will stagnate or move only at the
same velocity as the water by moving upward in the vertical pipe. The
particle retention is an important factor for particle clogging occur-
rence in the vertical pipe. High-speed internal flow provides the com-
paratively large axial force, so properly increasing the water inlet
velocity can alleviate this phenomenon. However, higher water inlet
velocity requires more energy input and correspondingly higher

FIG. 11. The radial distribution of the (a) particle vertical velocity and (b) particle concentration at the middle of the vertical pipe (z¼ 3 m) in hydraulic lifting. The red dot line is
the time-averaged value.
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economic cost, which is also a factor to be considered. It is found that
at the water inlet velocity of about 2–3m/s, the turning point of the
particle local concentration curve appears, which may be chosen as the
most economical water inlet velocity. There are many kinds of particle
materials in hydraulic lifting, including polymetallic nodules and sul-
fides. The main difference lies in the density. Therefore, five different

densities of particles, namely, 1500, 1750, 2000, 2250, and 2500
kg=m3, are considered and discussed in this section. Figure 13(c)
shows the variation of particle local concentration in region 2 for dif-
ferent particle densities. The particle density has a great influence on
the particle local concentration in the vertical pipe. As the density of
particle increases, the local concentration of particle gradually

FIG. 12. The contour of (a) particle concentration and (b) water velocity at longitudinal section of the vertical pipe (y¼ 0). The contours in (a) and (b) are the instantaneous
value at the time of 1 s, the instantaneous value at the time of 11 s, and the time-averaged value from left to right. The scale ratio is x : z ¼ 1 : 2 (a) and (b), respectively.
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increases. The gravitational force of the particles increases due to the
increase in the particle density, while the water drag forces on the par-
ticles remain unchanged when other conditions remain the same. In
this way, the overall ascending force on the particles decreases, which
results in a decrease in the velocity of the particles and a deterioration
in the follow capability of the particles. The particles variance r indi-
cates the particle size distribution. The higher the variance, the more
scattered the particle size distribution.When the variance is 0, it means
that the particle sizes are uniformly distributed. The variance of parti-
cle size is not influential to local particle concentration.

C. Analysis of hydraulic lifting performance

The hydraulic lifting process is affected by several factors (qf ; lf ,
d, qp, D, g, u0; ap0). The vertical velocity of the particles in the vertical
pipe vp;z during the stable transportation stage (stage III) in Fig. 6 can
be written as

vp;z ¼ f qf ; lf ; d; qd;D; g; u0; ap0
� �

: (18)

Choosing qf ; u0, and d as unit system, the dimensionless expression
of Eq. (18) can be written as:60

vp;z
u0

¼ f
qfu0d
lf

;
qp
qf

;
d
D
;

ffiffiffiffiffi
gd
u20

s
; ap0

0
@

1
A; (19)

where vp;z
u0

is the ratio of the vertical velocity of particles in the pipe to

the water inlet velocity; qfu0dlf
is the transport Reynolds number, which

characterizes the ratio of inertial force to viscous force;
qp
qf
is the density

ratio; dD is the relative particle diameter; and
ffiffiffiffi
gd
u20

q
is the Froude number,

which represents the ratio of inertia force to gravity.
First, the relationship between the vertical velocity of particles

and dimensionless parameters in Eq. (19) is analyzed. The hydraulic
lifting process is similar to the physical process of particles settling in
water. The analogous analysis can be made by the process of particle
settling. Single particle is subject to gravity, buoyancy, and resistance
when settling in static water, which will undergo the transition process
from accelerated to uniform settling velocity. The terminal velocity of
a single particle settling in still water is calculated as60

vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 qp � qfð Þgd

3qfCd

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qp
qf

� 1

r ffiffiffiffiffiffiffiffi
4gd
3Cd

s
: (20)

FIG. 13. Effect of (a) water inlet velocity, (b) particle inlet concentration, (c) particle density, and (d) particles variance on the local particle concentration. The data are extracted
from the region 2 with time-averaged value of the volume-averaged results.
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The relationship between the relative particle vertical velocity

and density ratio is assumed to be vp;z
u0

�
ffiffiffiffiffiffiffiffiffiffiffiffi
qp
qf
� 1

q
, and the relationship

with the Froude number is vp;z
u0

�
ffiffiffiffi
gd

p
u0

. Xia et al.59 investigated the min-
imum fluidization velocity of particles in a fixed bed, which requires
the introduction of a ð1� d

DÞ2 correction when a circular tube wall
surface is present. Therefore, the relationship between the relative par-
ticle vertical velocity and the relative particle diameter is assumed to

be vp;z
u0

� ð1� d
DÞb, where b is a constant. Van Wijk et al.35 derived a

model for the disturbance settling terminal velocity based on the fluid
resistance at the particle boundary and gave experimental verification.
Inspired by the work of VanWijk et al.,35 it is assumed that the relative
particle vertical velocity is related to the particle inlet concentration as
vp;z
u0

� ð1� ap0Þe, where e is a constant. Since the values of vp;z
u0

range
from 0 to 1, Eq. (19) is rewritten as

vp;z
u0

¼ 1� a

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qp
qf

� 1

r
1� d

D

� �b ffiffiffiffiffi
gd

p
u0

 !c

ð1� ap0Þe; (21)

where a, b, c, and e are constants. Subsequently, a multiple regression
analysis is performed on expression (21) based on the numerical simu-
lation results. The fitting yields a¼ 4.4, b¼ 7.8, c¼ 1, and e¼ 7.9. The
fitted correlation coefficient R2¼ 0.95. Then, the specific form of the
expression (21) is

vp;z
u0

¼ 1� 4:4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qp
qf

� 1

r
1� d

D

� �7:8 ffiffiffiffiffi
gd

p
u0

 !
ð1� ap0Þ7:9: (22)

When the upward motion velocity of the particle group is below
zero, it means that the particle group cannot move up continuously
under such conditions. Assuming Eq. (22) equal to zero gives

u0;cr ¼ 4:4ð1� ap0Þ7:9 1� d
D

� �7:8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qp � qfð Þgd

qf

s
; (23)

where u0;cr is the critical hydraulic lifting velocity. Only when the
water inlet velocity is greater than this critical velocity, the particles
can continuously move upward. There is a clear physical meaning for
Eq. (23). The last term on the right-hand side of Eq. (23) is similar to
the terminal settling velocity of a single particle in static water. The
second and third terms on the right-hand side are the particle concen-
tration correction as well as the pipe wall correction. However, the
actual particles are not standard spherical. For safety considerations, a
safety factor S needs to be multiplied. As such, the critical velocity is
derived by the following form:

u0;cr ¼ 4:4Sð1� ap0Þ7:9 1� d
D

� �7:8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qp � qfð Þgd

qf

s
: (24)

The safety factor can be set as 2.3.61 The relationship between u0;crffiffiffiffiffiffiffiffiffiffiffiffi
ðs�1Þgd

p
and particle inlet concentration ap0 based on formula (24) and the
experimental results from Jin et al.62 is shown in Fig. 14, where
s ¼ qp=qf is the density ratio. It shows a good comparison between
the calculated and experimental results, which proves the accuracy of
the formula (24). Formula (24) can be used to predict the critical
velocity in the vertical pipe during hydraulic lifting.

Assuming that all parameters are the same as those in Table I,
the variation of the critical hydraulic lifting velocity u0;cr and the
amount of particles lifted Q with the inlet particle concentration ap0 is
shown in Fig. 15. The amount of particles lifted is expressed as

Q ¼ p
4
D2u0ap0qp: (25)

The most important parameters in the design of the hydraulic lifting
are the water inlet velocity and the particle inlet concentration. The
critical hydraulic lifting velocity decreases with the increase in the
particle inlet concentration, but the amount of particles lifted tends to
increase and then decrease with the increase in ap0. Based on the
aforementioned results, to consider the economy and stable operation,
the particle inlet concentration and water inlet velocity should be con-
trolled within an appropriate range. It is recommended that the parti-
cle inlet concentration is around 0.01, and the water inlet velocity is
around 2–3m/s.

Second, the hydraulic gradient in the hydraulic lifting is analyzed.
Xia et al.59 proposed an equation to calculate the hydraulic gradient of
the hydraulic lifting, which consists of three parts: hydraulic gradient
due to the flow of water, if , hydraulic gradient from the presence of
the particles, ip, and the hydraulic gradient associated with particle col-
lisions, ic. The total hydraulic gradient it of the mixture (water and

FIG. 14. Comparison between the predicted results and the experimental results.

FIG. 15. The variation of the critical hydraulic lifting velocity u0;cr and the amount of
particles lifted Q with the inlet particle concentration ap0.
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particles) can be expressed as it ¼ if þ ip þ ic. The hydraulic gradient
produced by the flow of water is calculated by if ¼ ku20=ð2gDÞ, where
k is coefficient of friction, which can be defined by Moody diagram63

based on Reynolds number and relative roughness of the vertical pipe.
An additional static pressure drop will occur for the two-phase flow
due to the higher density of the particles to that of water. As a result,
the hydraulic gradient from the presence of the particles can be
expressed as ip ¼ apðqp=qf � 1Þ. It is recommended by Xia et al.59

that the effect of the particle collisions cannot be neglected in two-
phase flows with particle concentration greater than 0.04. The hydrau-
lic gradient associated with particle collisions is derived from the
decrease in potential energy of the two-phase.59 In this paper, the com-
putational model above is simplified by considering the sum of if and
ic as the hydraulic gradient of mixture and assuming that it can be
expressed as

im ¼ CP
u20
2gD

; (26)

where im is the hydraulic gradient of the mixture and CP is the coeffi-
cient of friction for the mixture. The pressure drop of the mixture in a

unit length of the vertical pipe during the hydraulic lifting process can
be written as64

DP
H

¼ ap qp � qfð Þg þ
sm
D

; (27)

where H is the length of the selection pipe section and sm is the fric-
tional resistance of the pipe wall to the solid–liquid mixture. Then, sm
is expressed as

sm ¼ DP
H

� ap qp � qfð Þg

 �

D: (28)

The coefficient of friction for the mixture CP in this paper is defined
by

CP ¼ sm
1
2qfu

2
0
: (29)

The change of the coefficient of friction for the mixture (CP) under
different parameters, such as the water inlet velocity, particle inlet
concentration, particle density, and so on, is shown in Fig. 16. Similar
to Fig. 13, the data are extracted from the region 2 with time-averaged

FIG. 16. Effect of (a) water inlet velocity, (b) particle inlet concentration, (c) particle density, and (d) particles variance on the coefficient of friction for the mixture. The data are
extracted from the region 2 with time-averaged value of the volume-averaged results.
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value of the volume-averaged results. The values of all parameters are
the same as in Table I except for the current parameters in the figure.
Similar to the trend of the local particle concentration, the coefficient
of friction CP decreases with increasing water inlet velocity. The rate of
reduction of the friction coefficient is first fast and then slows, and
finally, CP tends to be a constant value [Fig. 16(a)]. The turning point
of the friction coefficient curve is still at the water inlet velocity of
approximately 2–3m/s. From the perspective of reducing the energy
loss in the hydraulic lifting process, it is also appropriate to take the
water inlet velocity approximately 2–3m/s. The variation of CP at dif-
ferent particle inlet concentrations is shown in Fig. 16(b). With the
increase in particle inlet concentration, the friction coefficient
increases slightly. The smaller the water inlet velocity, the greater the
effect of particle inlet concentration on the friction coefficient. This is
because the probability of collision between particles and the fre-
quency of collision between particles and the wall increases with the
increase in particle inlet concentration, which results in the increase in
energy loss. The friction coefficient increases with the increase in the
particle density [as shown in Fig. 16(c)]. Hence, higher particle density
results in more energy loss. The variance of particle size is also not
influential to the friction coefficient [Fig. 16(d)].

Similar analysis at the beginning of Sec. VC is taken, and the fric-
tion coefficient CP can be expressed as

CP ¼ 8:6

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qp
qf

� 1

r
1� d

D

� �15:4 ffiffiffiffiffi
gd

p
u0

 !2:3

ð1� ap0Þ�8:9; (30)

where the correlation coefficient R2¼ 0.98. Then, the total hydraulic
gradient it of the mixture can be calculated as

it ¼ im þ ip ¼ CP
u20
2gD

þ ap
qp
qf

� 1
� �

: (31)

To explain the physical meaning of the above equation clearly, Eq. (27)
is transformed as follows:

DP
H

1
qf g

¼ ap
qp
qf

� 1
� �

þ sm
D

1
qf g

¼ ap
qp
qf

� 1
� �

þ CP
u20
2gD

:

(32)

Equation (31) is equivalent to Eq. (32), that is, the pressure gradient
of solid–liquid two-phase flow in the vertical pipe is expressed in
terms of the height of the water column. Xia et al.59 built an experi-
mental apparatus to investigate particle settling, particle fluidization,
and hydraulic lifting process. The diameter of the pipe in the experi-
mental device is 100mm, and the water is replaced by tap water. The
particles are made of cement and slag, with a diameter of 15mm and a
density of 2000 kg=m3. The pressure gradient in the vertical pipe was
measured. Figure 17 shows the comparison between the total hydrau-
lic gradient calculated using Eq. (31) and the experimental results of.59

Although there are some errors, the overall agreement is good. If the
height of the hydraulic lifting is L, the head of the lifting pump needs
to be greater than itL. Figure 18 gives the variation of the total hydrau-
lic gradient with the water inlet velocity and the particle inlet concen-
tration. The values of physical parameters are the same as those in
Table I. The total hydraulic gradient in hydraulic lifting gradually

decreases with the increase in the water inlet velocity. The decreasing
speed shows a trend of fast and then slows at about 2–3m/s of the
water inlet velocity. In addition, the total hydraulic gradient increases
approximately linearly with the increase in particle inlet concentration.
The local particle concentration in the vertical pipe also increases with
the increase in the inlet particle concentration [Fig. 13(b)], which may
result in a risk of pipe clogging. As a result, the inlet particle concentra-
tion in field case should not be too large.

D. Flow pattern transition

The flow pattern in vertical and horizontal pneumatic conveying
systems is studied in depth now.65–67 However, little research has been
done on the solid–liquid two-phase flow in the vertical pipe. Here, the
flow pattern theory in pneumatic conveying is used to analyze the flow
pattern transition in this article. Traditionally, the flow patterns can be
divided into two main groups: dilute and dense. The dense flow pat-
tern is usually divided into specific flow patterns such as slugging, bub-
bling, fluidizing, and pluging. Each of these flow patterns might occur
for a wide range of flow conditions during the process of a specific
conveying system. Figure 19 summarizes all possible flow patterns for
the gas-solid two phase flow in the vertical pipe. The Reynolds number
and Archimedes number can be used for the transition velocity attrib-
uted to vertical two-phase systems. The Reynolds number is a power
function of the Archimedes number at the transition of flow pat-
terns.66 The formula is as follows:

Re ¼ mArn; (33)

where Re ¼ qfu0d=lf is the Reynolds number defined in Eq. (19),
Ar ¼ gqf ðqp � qf Þd3=l2f is the Archimedes number and can also be
written as ðqp=qf � 1ÞRe2Fr2; Fr ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

gd=u20
p

is the Froude number
defined in Eq. (19). The dense-dilute flow pattern of the solid–liquid
two-phase flow in this paper is similar to the flow pattern of slug flow
or turbulent fluidization in gas–solid flow as show in Fig. 19.
According to the research of Rabinovich and Kalman,65 the transition
velocity attributed to gas–solid conveying might be coupled with the
equivalent transition velocity of fluidized bed systems to take into
account the solid concentration. Then, the Reynolds number is modi-
fied as, which can give better prediction of the flow pattern transition,

FIG. 17. Comparison between the predicted results and the experimental results59

of the total hydraulic gradient.
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Re� ¼ Re 1� e
1� e

ap0
1� ap0


 �
; (34)

where e is void fraction and can be calculated by 1� ap;l; ap;l is the
local particle concentration.

At the transition between the slug flow and the dilute group flows
(cluster flow, annular flow, and suspension flow), the following power
law relationship was achieved:65

Re� ¼ 0:75Ar0:56: (35)

Equation (35) can be written as

qfu0;trd
lf

1� e
1� e

ap0
1� ap0


 �
¼ 0:75

gqf ðqp � qf Þd3
l2f

" #0:56
; (36)

where u0;tr is the transition velocity. From Fig. 11(a), the local particle
concentration is around 0.08–0.14 with the particle inlet concentration
ap0 of 0.08. Hence, the void fraction e is set as 0.88. All parameters in
Eq. (36) have the same values as in Table I. The transition velocity u0;tr
is calculated as 2.24m/s. Then, when the water inlet velocity is approx-
imately 2.24m/s, the solid–liquid two-phase flow in the vertical pipe

changes the flow pattern. In general, the transition between the slug
flow and the dilute group flows is characterized by rapid decrease in
the local particle concentration with increasing water inlet veloc-
ity.65,68,69 The transition from the dense-dilute flow pattern to the
dilute group flow pattern may happen at the point where the local par-
ticle concentration decreases from fast to slow. As a result, the transi-
tion velocity is around 2–3 m/s [as shown in Fig. 13(a)]. The modified
Reynolds number Re� is approximately 12 000 at this condition.

VI. CONCLUSION

In this work, an optimized Eulerian–Lagrangian method is uti-
lized for investigating dense coarse particle transportation in a vertical
pipe, which is a typical process of the hydraulic lifting in deep-sea min-
ing. The in-house codes of the Eulerian–Lagrangian method are algo-
rithmically implanted in the open-source FVM tools OpenFOAM and
are validated in this work. The problem of particle transportation pro-
cess in a vertical pipe is proposed and formulated. Various groups of
cases are designed to elucidate the process. Embedded physical mecha-
nisms are comprehensively discussed to provide deeper insights, and
quantitative correlation curves are obtained for the critical lifting con-
dition and hydraulic gradient.

FIG. 18. Change of the total hydraulic gradient with (a) water inlet velocity and (b) particle inlet concentration.

FIG. 19. Schematics of different flow patterns for the gas–solid two phase flow in a vertical pipe.
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(i) The movement characteristics of particles such as particle con-
centration and particle velocity in the vertical pipe are obtained.
According to the time-varying curve trend of the particle concentra-
tion and combined with the numerical results, the particle transporta-
tion process in the vertical pipe can be roughly divided into three
stages: single phase flow stage (stage I), mixing stage (stage II), and sta-
ble transportation stage (stage III). The single phase flow stage and the
mixing stage only take up a small part of the whole time. Hence, we
focus on the stable transportation stage. During the stable transporta-
tion stage, the time series of value such as the particle concentration is
pulsating, which may result from the turbulence irregularity of the
water movement, the dynamic change of the force on the particles
caused by the change of the particle concentration, and collisions
between particles. In addition, the particles show a dense-dilute flow
pattern in the vertical pipe due to the particle retention and the particle
size segregation. The particle retention results from the density differ-
ence between the particles and water and is detailed analyzed under
different conditions. (ii) The water inlet water velocity and inlet parti-
cle concentration have a great influence on hydraulic lifting. The parti-
cle retention phenomenon alleviates with the increase in the water
inlet velocity and almost disappears when the water inlet velocity is
larger than 3m/s. The large inlet particle concentration may promote
the occurrence of clogging. (iii) The non-dimensional relationship
between the relative particle vertical velocity and other parameters
such as the Froude number and the density ratio is obtained based on
the dimensional analysis and analogous analysis of the particle settling
process. Two formulas for predicting the critical hydraulic lifting
velocity and the total hydraulic gradient, respectively, are given and
proven. In order to balance the stability and economy of hydraulic lift-
ing for deep-sea mining, it is recommended to control the water inlet
velocity at approximately 2–3m/s and the inlet particle concentration
at approximately 0.01. Based on the flow pattern transition in this
work, the flow pattern of the solid–liquid and the gas–solid two-phase
flow may be different. In our future work, the flow pattern of the solid-
liquid two-phase flow will be investigated in depth.
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