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Abstract: The pipeline hydraulic transport is an important component of the deep-sea mineral
resources. The characteristics of particle dynamics with coarse particles is investigated by using
the CFD-DEM method in the vertical and inclined pipeline. The normal pipeline and abnormal
pipeline mentioned in this paper refer to vertical pipeline and inclined pipeline, respectively. The
particles of the normal pipeline mainly move in the middle of the pipeline, while the particles
mainly concentrate on the pipeline wall in the abnormal pipeline. The velocity difference of the
abnormal pipeline between liquid and particle is much greater, which can be prone to cause
particle aggregation. Finally, the pipeline to be blocked can be easy to be caused by the particle
aggregation in the wall of abnormal pipeline. An appropriate increase in liquid velocity can
improve the phenomenon.

1. Introduction

With the decreasing reserves of terrestrial mineral resources, marine-rich resources such as manganese
nodules and hydrates are expected to become essential support for the future energy strategy of countries
around the world. Therefore, it is crucial to master deep-sea mineral resources' mining and transportation
technology. Efficient and environmentally friendly deep-sea mining projects have become an important
part of the development of marine resources 1. The normal pipeline and abnormal pipeline mentioned
in this paper refer to vertical pipeline and inclined pipeline, respectively.

How to transport the rich mineral resources in the deep sea from the seabed of several kilometers to
the land is one of the urgent problems faced by the current deep-sea mineral projects. It is recognized
that the safest and most promising is the hydraulic conveying system. The core of the deep sea hydraulic
conveying is to study the particle dynamics formed by the two phases flow in the pipeline 1. Many
researchers have conducted extensive experiments on the hydraulic conveying of normal pipelines. A
device to simulate deep-sea mining systems was established, and obtained the sedimentation velocity of
manganese nodules through experiments, and the relationship between the nodules concentration and
the velocity difference between liquid and particle was found Bl The velocity and particle volume
fraction transitioning regimes were measured to study the stability of vertical tubes and provide
recommendations for transport parameters 1. Dai et al. ® analyzed the particle dynamics with different
liquid velocities and particle diameter es in the ascending process through a vertical hydraulic lifting
pipeline. In addition, some researchers have studied the movement of particles in abnormal pipelines,
but most studied fine particles ©1.
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Over the past decade, numerical simulation has become a meaningful way to obtain motion
information of particles and fluids in normal pipelines ["l. Researchers began studying particle transport
characteristics in normal pipelines using the CFD-DEM method. Motion characteristics of particles and
flow field information in a normal pipeline are studied . They found that particles tend to flow in the
middle of the pipeline, which was not found in the experiment. The particle clustering on the suspension
settlement of high-concentration particles was studied by Yao et al. P!, The characteristics of the
hydraulic conveying in normal pipelines was studied %, However, few researchers have studied the
particle transport characteristics of abnormal pipelines. It is challenging to keep the pipeline vertical due
to the influence of external forces in hydraulic conveying. Therefore, study the hydraulic transportation
characteristics of is important to in abnormal pipelines.

The particles transported by deep-sea mining pipelines are coarse. Coarse particles transported by
pipeline means D/d < 10 1 where D and d mean the pipeline and particle diameter, respectively. Since
the general CFD-DEM method requires a particle size smaller than the mesh size, it is difficult to solve
the problem of coarse particle transport. Therefore, we proposed a new numerical method for solving
coarse particles and successfully implement it on CFDEM platform 221,

This paper mainly studies particle dynamics and flow field information with coarse particles in
normal and abnormal pipelines using the optimized CFD-DEM method in the context of deep-sea
mining. In Sect. 2, the CFD-DEM method is introduced. The computational model is set up in Sect. 3.
Sect. 4 is the analysis of results. Finally, the Sect.5 summarizes the particle dynamics and flow field
information of normal and abnormal pipelines.

2. Numerical methods

2.1. Liquid phase description
Flow field is solved by the mass and momentum conservation equations 3I:

V-u =0 1)
o(gu,)
ot

where & is the liquid volume fraction, u;and p are the velocity and density of liquid, respectively, P
means the liquid pressure, Fp is the solid-liquid interaction force, and i is the liquid shear stress tensor.

+V-(<9,,o|u,u,)=—g,VP+V-(g,1.'|)+g,p,g+Fpl , (2)

2.2.Solid phase equations
Position and velocity information of a single particle is obtained by solving momentum and angular
momentum equations [*4I:

dup
m, & =F, +F,,+mg, 3)
do
Ot ¥

where m, and u, mean the mass and the velocity of particles, respectively. Fi, and Fcon mean the solid-
liquid force and the particle-particle/wall collision force, respectively. /, and @, mean the moment of
inertia and the angular velocity, respectively. M is the particle-particle/wall torque. These physical
quantities are commonly used in particle dynamics.

2.3.Liquid-solid interaction
There are many empirical force models between solid and liquid. In this paper, the main empirical force
models are drag force model and pressure gradient force model [:

Fo=F+F, ®)

where Fq and F, mean the drag and the pressure gradient forces, respectively. More details can be found
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in ['%. An new numerical method can be found in Refs ['?],

3. Numerical setup

A pipeline with a diameter of 200 mm inner diameter and 1.5 m long is formed in Figure.1. The essence
of an abnormal pipeline is the angle between the pipeline and the direction of gravity. In this paper, the
abnormal pipeline is formed by changing the direction of gravity by 45<based on the normal pipeline.
The Table 1 is the parameters of the numerical simulation. The particles initially rest on the bottom, then
rises with the liquid force.

Table 1. The numerical Parameters of hydraulic collection

Parameters Values
Water properties
Density pi 1000 kg/m?®
Viscosity v 1.0 x 10° m%/s
Velocity uo 2-3m/s
Particle properties
Density p, 2450 kg/m?3
Diameter d, 10 mm
Young's modulus E 1.0 x 10° Pa
Poisson's ratio v 0.45

Figure 1. Geometry: (a) front meshes, and (b) inlet meshes.
4. Analysis of results

4.1. Method validation

The CFD-DEM method is verified based on the CFDEM platform in this part. The minimum fluidization
velocity (MFV) is compared between the numerical and theoretical results with different viscosities [*51,
Particle density is pp = 2200 kg/m?, and particle size is 10 mm. Liquid defaults to the normal temperature
water and the viscosity of x4 = 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 kg/(m. s). Under the action of fixed
fluid velocity at the inlet, particles at the bottom begin to fluidize. When the pressure change value in
the pipeline is a constant, the fluid velocity is the MFV. The MFV between numerical and theoretical
results is in Figure 2. The results of numerical simulation are close to the experimental results, so the
new numerical method can be used to obtain particle dynamics with coarse particles.
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Figure 2. MFV between numerically and theoretically calculated.

4.2. Qualitative results

To measure the particle and liquid data at a steady state, we set up a monitoring area with a height of
0.1 mat 0.75 m long in pipeline. Parameter variations such as liquid, particle velocity, and local volume
fraction in the region are obtained.

This part qualitatively analyzes the variation of particle local volume fraction at 0.75 m of normal
and abnormal pipelines lengths. The contours of the local volume fraction distribution of particles at
0.75 m of the cross-section of the normal and abnormal pipelines in Figure 3 at an inlet liquid velocity
of 2 m/s, respectively. Overall, the local concentration distribution of particles in the normal pipeline is
uniform, and this transport state is what we hope in engineering in Figure 3a. The particles of the normal
pipeline mainly move in the middle of the pipeline, so the local concentration distribution of particle in
the wall is small in the normal pipeline. However, in the abnormal pipeline, the particles of the abnormal
pipeline mainly concentrate on the pipeline wall in Figure 3b. The state in which particles concentrate
on the pipeline wall is particularly easy to lead to pipeline damage, which is not an ideal conveying
mode. Because of the complex marine environment, abnormal pipeline transportation is common.
Therefore, how to ensure the uniform transport of particles in abnormal pipeline is a research topic to
be solved at present.
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Figure 3. Particle volume fraction cloud map: (a) normal pipeline, and (b) abnormal pipeline.
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4.3. Quantitative analysis of the particle

This section mainly analyzes the variation of particle local volume fraction and slip velocity at 0.75 m
of normal and abnormal pipelines lengths. In this part, we investigate the variation in the velocity
difference between liquid and particle by changing liquid velocities. We study the variation of the
velocity difference at different liquid velocities in normal and abnormal pipelines, respectively. The
velocity difference of the abnormal pipeline between liquid and particle is much greater, which can be
easy to cause particle aggregation in Figure 4. Large slip velocity will lead to poor followability of
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particles, which can easily cause particle aggregation and cause pipeline blockage in the abnormal
pipeline.

—O— Vertical pipe: slip velocity
Llp —/\— Inclined pipe: slip velocity

Slip velocity (m/s)

2.0 2:2 24 2.6 2.8 3.0
Fluid velocity(m/s)

Figure 4. The variation of velocity at liquid velocity in the normal and abnormal pipelines.

The local concentration distribution of particles decreases with the increase of fluid velocity in Figure
5a. The local concentration distribution of particles is also more uniform in horizontal direction, and it
is not easy to pipeline blockage. The particles gather at the wall is very high in Figure 5b. This is
consistent with the phenomenon in Figure 3b. In addition, we find that the minimum inlet velocity
required for abnormal pipelines is significantly greater than that of normal pipelines, and particle
aggregation occurs easily in abnormal pipelines. Therefore, Once the pipeline is inclined, an appropriate
increase in liquid velocity is required in practice.
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Figure 5. The changes of average local volume fraction of particles.

5. Conclusions

The characteristics of particle dynamics with coarse particles is investigated by using the CFD-DEM
method in vertical and inclined pipelines. The normal pipeline and abnormal pipeline mentioned in this
paper refer to normal pipeline and inclined pipeline, respectively.

o Firstly, the particles of the normal pipeline mainly move in the middle of the pipeline, while the
particles of the abnormal pipeline mainly concentrate on the wall. Uniform distribution of
particles in the pipeline is an ideal conveying condition.

e Secondly, the slip velocity of particles in abnormal pipelines is significantly greater than that in
normal pipelines, which is easier to cause particle aggregation.

o Finally, the radial variation of the concentration distribution of particles in normal and abnormal
pipelines is analyzed, respectively. Compared with normal pipelines, abnormal pipelines are
prone to particle aggregation and cause pipeline blockage, which is a problem that we need to
solve in engineering.
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