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ABSTRACT

Deep-sea mining uses risers for mineral transport. However, the pipeline may incline and vibrate due to
the wind and current (Avi, 2018). Study on the influence of pipe vibration types on the internal flow
field characteristics is significant. Considering the two-phase flow in the pipeline and the turbulence
caused by vibration, in this paper, a numerical method coupled with moving particle semi-implicit
method (MPS) and discrete element method (DEM) is adopted, this method has advantages in dealing
with violent flow problem. The MPSDEM-SJTU solver independently developed by the CMHL is used
to simulate pipes with different vibration direction. According to results of numerical simulation, the
pipeline pressure loss fluctuates with time. In addition, the influence of vibration direction on flow field
characteristics such as fluid velocity, solid particle volume fraction and particles flow state are also
analyzed. The results of numerical simulation can provide a reference for the optimization of hydraulic
lifting system.
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NOMENCLATURE
&p local volume fraction
u Velocity vector [m/s]
Up Aerodynamic force vector [Pa ]
Pine  Volume force [N]
T, Radius of the particle's scope[m]
L, Moment of inertia [kg M3
w,  Angular velocity [rad]
E™  Hydrodynamic vector [N]
E#  Drag force [N]
V, Volume of solid particles [m?]
vy Velocity of solid particles [m/s]
By Interface momentum exchange coefficient

MPS  Moving Particle Semi-implicit Method
DEM Discrete Element Method
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1. INTRODUCTION

In recent years, with the advancement of deep-sea mining, long-distance pipelines have been widely
used for mineral transportation, and the problem of solid-liquid two-phase transportation has become a
research hotspot (Oh et al., 2015). During deep-sea mining, pipelines may tilt and vibrate due to the
combined influence of wind, waves, and currents. Unlike the static pipeline transport on land, it is
obvious that the inclination and vibration of the pipeline make the flow field characteristics inside the
pipeline change, and the study of the flow filed change is of great significance for improving the
hydraulic lifting system.

The transportation process inside pipelines is complex and variable, making the study difficult. Hashemi
et al. (2016) used the experimental method to summarize the empirical rules, but the repeatability of this
method is low, and the economic cost is high. In addition, when applied to the working condition of
high Reynolds number like vibrating pipes, the results are difficult to conform to the real situation.
Therefore, numerical simulation methods have emerged, but for vibrating pipelines, the application of
numerical simulation methods is very difficult. Especially in the selection of interaction models between
solid particles and liquid, and there is a contradiction between the accuracy of humerical simulation and
the computational complexity.

Numerical simulation methods can be mainly divided into two types: Euler method and Lagrangian
method. The Euler-Euler method (Messa and Malavasi, 2015) uses the Euler method for both solid and
liquid phases, which requires less computation but cannot accurately calculate the motion details of
particles. The Euler-Lagrangian method (Jafari et al., 2014) can ensure the accuracy of solving solid
particles, but it has high requirements for grids. The Lagrangian-Lagrangian method uses the Lagrangian
method for both solid and liquid phases. This type of method can accurately describe the collision
process between particles, mainly including two coupling methods: SPH-DEM (Martin et al., 2014) and
MPS-DEM (Li et al., 2019). At present, many scholars have adopted the above methods to study the
two-phase flow problems. Messa et al. (2014) used the dual fluid method to simulate the hydraulic
transportation of mud and successfully predicted the pressure drop and concentration distribution, but
this method failed to simulate the friction stress which plays an important role in the transportation
process. Avi et al. (2018) used the CFD-DEM method to simulate the particle transport process in
horizontal pipelines, but this method has limitations on grid size. Liu et al. (2023) used the source
smoothing method to deal with this problem, so that the particle diameter can be larger than the grid
size. However, for two-phase flow problems at high Reynolds number, the calculation accuracy still has
high requirements for the grid quality. In comparison, meshless methods can solve these problems
effectively.

In this paper, the Lagrangian-Lagrangian coupling method: MPS-DEM method is used to simulate
inclined vibration pipelines. At present, some teams have used the MPS-DEM method to simulate flow
phenomena and have got results. Harada et al. (2019) used the MPS-DEM method to simulate the
formation process of ripples on the seabed and used the MPS method to simulate the flow field. In this
paper, the control equations for liquid and solid particles, as well as the coupling method between solid
and liquid phases are introduced. In addition, the change of flow field under different forms of vibration
are analyzed, the numerical simulation results can provide reference for deep-sea mineral transport
problems.
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2. NUMERICAL METHOD
2.1 Liquid Phase

The control equations of liquid phase based on MPS method are continuity equation and N-S equation,
and the equation in Lagrangian form can be written as Eq. 1-3.
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Where, &, and u are local volume fraction and fluid velocity vector respectively. Hp is dynamic
viscosity, p;n: is Volume force caused by momentum exchange between solids and liquids. The MPS
method uses kernel functions to discretize the computational domain, and information is also transmitted
between particles through kernel functions. In this paper, an improved singularity free kernel function
proposed by Zhang et al. (2014) is used. Compared with the improved kernel function, when the particle
spacing is small, it avoids nonphysical oscillations of pressure and improves the stability of the
calculation. The kernel function can be written as Eq .4.
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Where, 1, represents the radius of the particle's scope, and particles with a spacing less than 7, will be
determined as neighboring particles.

2.2 Solid Phase

In this paper, the motion equation of the solid phase is calculated by the DEM method. The control
equation of the DEM method is Newton's second law, which can be written as Eq. 5-6.
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Where, the subscripts p and q represent two solid particles respectively. m,, I,, v, and w,, represent
the mass, moment of inertia, velocity, and angular velocity of solid particles, respectively. F,, and T,
are the mutual force and torque generated by contact between two particles. Fpi"f is the hydrodynamic
vector of liquid acting on solid particles.

For the contact force between two particles, in this paper, the soft sphere model proposed by Cundall et
al. (1979) is used, as shown in Figure 1.
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Figure 1. Schematic diagram of soft ball model.

The contact model consists of damping, springs, and sliding plates, which simulate the damping, particle
deformation, and frictional force between particles during the collision process respectively. § is the
amount of overlap between two spheres, and the larger &, the greater the force it is subjected to.

2.3 Interaction Between Two Phases
The interaction between solid and liquid phases is achieved through the transfer of force between the

two phases. The force acting on the solid phase is calculated. In this paper, only the relatively large drag
and buoyancy forces are considered.

The drag force de is determined by the local volume fraction of solid particles and the relative velocity
with the liquid, it is calculated by the Eq. 7.

B
de BE] _pgp (”p - vp)Vp (7)

Where, V, and v,are the volume and velocity of solid particle p respectively. &, and u, are the local
volume fraction at the center of the solid particle p and the average velocity of the liquid respectively.
Py is the interface momentum exchange coefficient.

The hydrodynamic vector of liquid acting on solid particles is composed of drag force and buoyancy, it
is calculated by Eqg. 8.

N
B =—-=Vpg (8)
p

According to the law of conservation of momentum, the reaction force acting on liquid particles from
solid particles is calculated by Eq. 9.

f,int — l(Fint VVS(lT'i — rPD > (9)
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3. NUMERICAL SETUP
3.1 Pipe Model

The pipe model is shown in Figure 2, its length is 4m, and radius is 0.1m. In this paper, the vibration of
the pipeline is generated by external excitation. The amplitude distribution along the length of the
pipeline can be expressed as Eg. 10.

w(x) = Acos (nLLx) sin(wt) (10)

Where, A is the amplitude, w is the frequency, L is the length of pipeline. Considering that the length of
deep-sea mining pipelines can reach several thousand meters, in order to simplify the model, a pipeline
with length of 4m was selected for analysis, and it can be approximately assumed that the amplitude
distribution is the same along the pipeline length. So, the motion of pipeline can be simplified as a simple
harmonic vibration:

w(x) = Asin(wt) (11)
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Figure 2. Pipe model. Figure 3. Boundary condition.

Figure 3 shows the boundary conditions, the pipe wall is composed of two types of boundary particles.
The Wall particles forms the inner wall of the pipe, and its pressure is calculated by the pressure Poisson
equation; the role of ghost particles is to provide support for the wall particles to prevent them from
spilling outward.

3.2 Parameters Setup

The parameters of solid and liquid particles are shown in Table 1. The velocity of liquid is 1m/s.

In this paper, three working conditions are set up, as shown in Table 2. The pipeline in Casel does not
vibrate and tilt 40 degrees. In Case2, the direction of vibration is perpendicular to the direction of gravity
and along the Y-axis. In Case3, the direction of vibration is the same as that of gravity and along Z-axis.
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Table 1. Parameters of Solid and Liquid particles.

Solid phase Liquid phase
Parameters value Parameters value
Density (kg/m?®) 2500 Density (kg/m?3) 1025
Diameter (m) 0.015 Kinematic viscosity le-6
Young's modulus 100 Particle distance (m) 0.01
Poisson's ratio 0.2 Time step (ms) 0.1
Frictional coefficient 0.2 — —
Time step (ms) 0.001 — —

Table 2. Working conditions.

Case Vibration direction Period Amplitude Angle

Casel — — 50°

Case2 Along Y-axis 1s 0.08m 50°

Case3 Along Z-axis 1s 0.08m 50°
4. RESULTS

4.1 Influence of Vibration on Pipeline Flow Field

In this section, a comparative analysis is conducted between Case 1 and Case2 to investigate the impact
of vibration on the flow field.

4.1.1 Flow State of Solid Particles

Figure 4 shows the flow state of solid particles in pipelines under different cases. As can be seen from
the figure, due to the influence of its own gravity, the solid particles accumulate near the inlet of the
pipe under both cases, this is because that the kinetic energy the solid particles get from the fluid particles
cannot completely offset the influence of gravity, causing some of the solid particles to return to the
inlet of the pipe. However, it is obvious that the distribution of solid particles in casel is more uniform
than that in case2, especially in the upper part of the pipe, this indicates that pipe vibration along the Y-
axis aggravates the accumulation of solid particles and is more likely to cause pipe blockage. In addition,
it also can be seen that the vibration causes the solid particles to move towards the pipe wall. The number
of solid particles near the pipe wall in case 2 is significantly more than that in case 1.



Renxiang Li, Fengze Xie and Decheng Wan

(a) Casel

(b) Case2

Figure 4. Flow state of solid particles.

4.1.2 Volume Fraction

Figure 5 shows the comparison of volume fractions of solid particles at radial distances in different cases.
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Figure 5. Distribution of volume fraction.
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Obviously, the volume fraction distributions of solid particles under casel and case2 are similar. At the
lowest radial distance, i.e., at the bottom of the pipe, the volume fraction is largest. As the radial distance
increases, the volume fraction decreases. It is noteworthy that vibration increases the maximum radial
distance that solid particles can reach.

4.1.3 Velocity

Figure 6 shows the velocity distribution of solid particles. Overall, the velocity of stationary pipes is
greater than that of vibrating pipes. In casel, the maximum velocity of solid particles is located near the
center of the pipe. But in case2, vibration causes fluctuations in velocity distribution, and the maximum
velocity of solid particles is located near the wall. This may lead to violent friction and collision between
the pipe wall and solid particles.

(a) Casel 06

Velocity Magnitude

(b) Case2

Figure 6. Distribution of velocity.

Figure 7 shows the distribution probability of radial velocity. The probability of radial velocity
distribution is approximately the same in two cases, the probability decreases with increasing or
decreasing of radial velocity. However, the vibration causes the radial velocity of solid particles
increases significantly, solid particles tend to collide with the pipe wall, which increases the loss of
kinetic energy and aggravates the particle accumulation.
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Figure 7. Distribution probability of radial velocity.
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4.2 Influence of Vibration Direction on Pipeline Flow Field
In this section, a comparative analysis was conducted on the results of case2 and case3.
4.2.1 Flow State of Solid Particles

Figure 8 shows the flow state of particles with different vibration directions. When the direction of
vibration is the same as the direction of gravity, and after the flow field is fully developed, flow of
particles will exhibit the characteristics of heterogeneous suspended flow and particles will fill the entire
pipeline. In addition, there is still a certain amount of particle accumulation near the pipeline inlet.

(a) Case2

(b) Case3

Figure 8. Flow state of solid particles.
4.2.2 Volume Fraction

Figure 9 shows the volume fraction distribution of solid particles when the vibration direction is different.
When the vibration direction is along the Y-axis, the volume fraction continuously decreases with the
increase of radial distance, and the distance between the solid particles and the bottom of the pipeline
does not exceed 80mm. When the vibration direction is along the Z-axis, the distribution of solid
particles becomes more uniform, and the volume fraction first increases and then decreases with the
increase of radial distance.
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Figure 9. Distribution of volume fraction.

4.2.3 Pressure Loss

Figure 10 shows the pressure loss of liquid when the vibration direction is different. Within a period,
pressure fluctuates with time.
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Figure 10. Pressure loss.

The peak and average values of pressure loss in case3 are significantly greater than those in case2, this
is because in case3, the distribution of solid particles is more uniform, and the kinetic energy exchange
between liquid and solid particles is more frequent, resulting in an increase in pressure loss.
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5. CONCLUSIONS

In this paper, by using MPS-DEM method, the influence of vibration and different vibration directions
on the flow field is analyzed and obtained the following three results:

(1) The vibration along the Y-axis causes a significant increase in the radial velocity of solid particles,
resulting in a loss of kinetic energy and the accumulation of particles at the inlet of the pipeline, which
can easily lead to pipeline blockage.

(2) When the vibration direction is perpendicular to the gravity direction, the particle velocity fluctuates,
and the maximum velocity is located near the pipe wall.

(3) When the direction of vibration is the same as that of gravity, the volume fraction of particles first
increases and then decreases with the increase of radial distance. The distribution of particles in the
pipeline becomes uniform, and the exchange of kinetic energy between liquid and solid increases,
leading to an increase in pressure loss of the liquid.
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