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Abstract. In this paper, based on the Eulerian Lagrangian model, the non-phase change
flow process of the coarse particle slurry in the horizontal pipeline is studied. The
particle motion state is tracked, the dynamic characteristics of the coarse particle slurry
in the pipeline transportation are explored, and the resistance characteristics of the
pipeline and the operation stability under different conditions are analyzed. The
comparison of the results of velocity distribution, concentration distribution and
pressure curve with the empirical formula and experimental data shows that the
simulation results are in good agreement with the calculation results of wasp formula
and the experimental values of Roco&Balakrishnam, and the simulation can better
describe the flow characteristics in the basin. In addition, the flow characteristics of
particles are further analyzed according to the key factors such as the flow stability, the
transition process and the critical deposition velocity of particles in different positions
of the pipeline.

1. Introduction

The solid-liquid two-phase flow is often called slurry. The slurry pipeline transportation with powder or
sand particles is very common in the long-distance transportation of bulk materials [1]. Among them,
the particle size of powder particles is between 0.002-0.06 mm, which belongs to the category of fine
particles in transportation, while the particle size of sand particles is between 0.02-2 mm, and larger than
0.2 mm, which is considered as coarse particle transportation [2]. In the process of transportation, the
slurry has high turbulence effect in the high velocity basin, and the solid particles are almost evenly
distributed in the whole pipeline section. However, the decrease of flow velocity will lead to the increase
of particle concentration at the bottom of the pipeline and the complexity of transportation. When the
flow velocity decreases to a certain value, the coarse particles will settle to form a dense sliding riverbed,
which will eventually become a fixed riverbed after continuous accumulation. At this time, the mud
velocity is called the critical deposition velocity [3]. The formation of bed will cause the pipeline to
wear and block. In addition, the complex movement state of coarse particles in the pipeline at low speed
will also aggravate the instability of transportation. Therefore, a complete description of its pipeline
transportation flow state is very important for the study of stable transportation of coarse-grained mud.
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At present, the research on pipeline water transportation focuses on the use of Eulerian model to
describe the state of solid-phase flow and Reynolds average Navier Stokes method to simulate the
turbulent properties of carrier fluid [4]. Ling et al [5] proposed a simplified three-dimensional algebraic
sliding mixing (ASM) model combined with K - € turbulence model for the numerical calculation of
mud flow. This model can only predict the average pressure gradient above the critical deposition
velocity. Ekambara et al. [6] Based on the theory of particle flow mechanics, used ANSYS-CFX to
simulate the slurry transportation process in horizontal pipeline, and obtained the simulation results
consistent with the experimental data, but it is only limited to the transportation of fine-grained slurry.
Kaushal et al. [7] used the Eulerian Eulerian model to simulate the slurry flow of high concentration
dispersed particles, and predicted the pressure drop and concentration distribution of continuous phase
fairly accurately, but failed to capture the flow of single particles. In a word, the method based on the
Euler lan model can accurately capture the flow situation in the whole basin, but it cannot accurately
describe the interaction between particles and liquid, nor can it accurately display the flow
characteristics of discrete particles.

According to the characteristics of coarse particles, Lagrangian model is used to track the
independent particles, and the simulation process can reproduce the behaviour of particles in the pipeline
to the greatest extent. After coupling the solver with the liquid phase under the Eulerian model, the
particle dynamics characteristics are further refined by using the high-order data, and a complete
pipeline transportation simulation scheme of coarse particle slurry under the Eulerian Lagrangian
framework is proposed.

2. Mathematical model

In the Eulerian Lagrangian model, the single particle trajectory is solved by the Lagrangian method,
while the fully developed liquid turbulence is solved on the background of the Eulerian grid. The two
phases are fully coupled by the condition of uniform volume fraction and exchange momentum.

2.1. Conservation equation

In the case of complete turbulence, the K - € equation of the turbulence model should be considered first,
while in the case of turbulence, the drag force and the turbulent diffusion force have a significant impact
on the numerical calculation results of each phase, so the drag force and the turbulent diffusion force
equation should also be considered [8].

In addition, the flow process satisfies the conservation of momentum and mass, but the Lagrangian
method is introduced to study particles. In order to solve the equation of motion of the fluid in the liquid
instead of solving the flow around a single particle, the volume filter operator is applied to the Navier
Stokes equation, so that the point variables (fluid velocity and pressure, etc.) can be replaced by
smoother, locally filtered fields. The conservation equations of mass and momentum is modified.

(1) Turbulence model

The k—¢ equation is suitable for most engineering turbulence models, and its expression is as
follows:

The transport equation of turbulent Kinetic energy k,
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Where C1e=1.44; C2=1.92; 5=1.0; se=1.3

(2) Equations of drag force and turbulent diffusion force

The momentum transfer between phases is mainly dominated by drag force, and its equation is as
follows:

3 1
Fo :ZCDaspl E|u| _us|(ul _us) 3)

The model of turbulent diffusion force in fluent software is based on the average value of Favre of
inter phase traction force. The equation is as follows:

3C, v Vo, Ve
Fp=——2—" 05|PS(U|—US)(—I— Sj 4)
4d, o a, o,
Where o, =0.9.
(3) Volume filtration continuity equation
The volume filtration continuity equation is as follows:
0
a(gfpf)+v-(5fpfuf):0 (5)
(4) Momentum equation
The momentum equation is as follows:
a inter mfr
a(gf,ofuf )+V-(gfpfuf U )=V-(r— R )+&pg—F™ +F (6)

2.2. Particle flow model

Lagrangian model is used to track particles, mainly to solve the displacement and stress of single
particles. The displacement of a single particle indicated by subscript p is calculated by Newton's second
law of motion, which is

m dUp _ finter Fcol m ©)
=t Mg

P dt

Wherem, =7p,d> /6.

In addition, the experimental results show that during the solid-liquid coupling, there is no near wall
lift for the finer particles, while the near wall lift related to the coarser particles is related to Magnus
effect, Saffman force or other lifting forces. Although the lift effect may have some effect on the average
motion of particles, these effects are not enough to affect the coupling process. In addition, the other
influencing factors of interphase exchange, including the added mass term and basset effect term, are
ignored, and only the non-negligible effects caused by the pressure gradient force and viscous stress of
volume filtration fluid are considered [8]. The angular momentum of particles is only due to particle
collisions as follow:
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Where Tangential component of collision force of particle j acting on particle p, and | p = 10

In order to correctly calculate the collision situation without too small time step, when Fluent is used
for simulation, r_, =154t . In addition, the collision near the wall is treated as a particle with infinite

col

mass and zero radius, which is

col _ col
ft, boa — Mg ‘ fn, b—a 1:ab ©)
u
ab, t
Where tab = | | , and uab, t uab _uab, n-
ab, t

3. Numerical scheme

3.1. Physical model

ICEM CFD was used to establish spiral welded steel pipe with diameter d = 100mm and length L = 3M
(> 20d) in order to meet the full development of the basin and to meet the experimental conditions. In
the Eulerian Lagrangian model, because particles enter the computational domain in discrete state, in
order to fully capture the spatial scale range associated with turbulence, a 25 layer boundary layer with
exponential growth rate of 1.2 is established, and the grid size is about the same as the average particle
size. In addition, the height of the first floor from the wall is expressed as the dimensionless parameter
Y +, where y + <5, in order to obtain better calculation results. The total number of generated grids is
586731. The section view of the pipe grid is shown in Fig. 1

Figure 1. Cross section of pipe mesh

3.2. Boundary condition

The periodic boundary conditions expand along the X direction. The velocity distribution at the entrance
is defined to simulate the entrance more accurately, so that the boundary layer has developed completely
at the entrance. The power law of seven component energy is used to describe the entrance profile [9],
and its distribution is as follows:
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In this simulation, two groups of working conditions are carried out to observe the simulation,
Winax = 5m/s incase A, W, ., = 1.2m/s in case B_ max=1.2m/s, R,,,,, IS the radius of the pipe, r is
the distance from the center line of the pipe, defined as + = /x2 + y2, and the initial velocity of the
foundation phase and the discrete phase are the same

3.3. Numerical solution and convergence scheme

In order to study the detailed musicale physical information of dredged materials in horizontal pipelines,
the NGA framework for the calculation of high-order turbulence is used to realize the finite difference
scheme of mass, momentum and kinetic energy [10]. Navier Stokes equation is used to solve the second-
order spatial precision mesh with convection and viscosity terms. In addition, the second-order accurate
semi implicit crank Nicolson method is used to advance the time. The time step is constant 0.001s, and
the time distribution of flow variable is calculated in 100s.

The distribution of particles is based on the liquid phase. For each particle, its position, velocity and
angular velocity are solved by the second-order Runge Kutta scheme. When the particle response time
becomes smaller than the simulation time step, the sub step is further used to ensure the stability, and
the coupling between the liquid and solid particles occurs in the form of volume fraction. In order to
interpolate the fluid variable to the particle position, the second-order trilinear interpolation scheme is
used. The particle data are effectively pushed back to the "O" grid by using the two-step simultaneous
softening diffusion operation. This strategy has been proved to be convergent under mesh refinement.
For each case, the simulation runs long enough to reach a statistical standstill. The results are collected
after aboutt = 50, where dimensionless timet=tv,/D.

4. Results

Fig. 2 and Fig. 3 are the profiles of particle concentration and liquid velocity of the pipeline cross section
at the axial position separated along the 0.3m interval under condition a respectively. It can be observed
that there are obvious differences in the particle concentration distribution and liquid velocity
distribution between the first and sixth axial positions. The contour map from the seventh axial position
to the eleventh axial position is almost the same, so the flow pattern in this area has been fully developed.
In order to ensure the accuracy and reliability of the analysis results, the concentration and velocity
simulation values mentioned later are obtained at the tenth section of the pipeline.

r 2.750e-001

r 1.375e-001

I 0.000e+000

Figure 2. Particle concentration distribution of the cross section
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Figure 3. Liquid velocity distribution of the cross section

4.1. Distribution of overflow logistics to diffusion
The particle concentration distribution diagram of condition a and condition B is shown in Fig. 4, Fig.
5, Fig. 6 and Fig. 7. The concentration distribution shows asymmetry. Due to the particle deposition, a
large particle concentration is observed in the lower part of the vertical axis of the center, while a small
particle concentration is observed in the upper part of the pipeline. In both simulations, the flow consists
of different regions controlled by hydrodynamics.

To facilitate analysis and discussion, these different layers are described by different dashed lines in
the figure. The flow region in case B can be divided into three parts: region 1, region 2 and region 3.
The particle concentration distribution shows that the particles are almost completely located in the
lower half of the tube. Area 1 is the range of Y '= 0 to y' = 0.095, which corresponds to the fixed bed at
the bottom of the pipe. The particles in the bed are piled up intensively and experience continuous
contact, and the particle concentration is almost constant, so it is not conducive to the average movement
of the fluid. Area Il is directly above the bed and extends to the watershed with particle concentration
of about 25%, corresponding to the area with y '=0.095 to y' = 0.172. The region is composed of strongly
colliding particles and highly turbulent liquid. Particles can be lifted from the bed by strong turbulent
vortex, or ejected by other particles colliding with the bed. Finally, zone 3 is located away from the bed,
with a fairly small average particle concentration and particles remaining suspended due to fluid velocity
fluctuations.

In case a, the difference between flow regions is not as obvious as that in case B. In this case, there
is no fixed bed at the bottom of the pipeline, so the flow field is only divided into two regions: region
two and region three. For the convenience of observation and comparison, the transition interface
between zone 2 and zone 3 under condition a corresponds to zone 1 and zone 2 under condition B, which
isy '=0.095.

In comparison with the experimental data, condition a is in good agreement with Roco &
balakrishnam. In addition, the trend of particle concentration observed in the second area of the bottom
of the pipeline is faster than that of the simulation results, and the simulation results are reversed near
the wall. The difference is due to the error caused by the inaccuracy of the near wall modeling, and the
result may be caused by the neglect of the lifting force.
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Figure 4. Particle concentration distribution curve in case A
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Figure 5. Cloud of particle concentration distribution in case A
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Figure 6. Particle concentration distribution curve in case B
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Figure 7. Cloud of particle concentration distribution in case B

4.2. Radial diffusion distribution of overflow
The speed curves of condition a hand condition B are shown in Fig. 8 and Fig. 9. Due to the suspension
of fine particles and the sedimentation of coarse particles, the particle velocity is asymmetric in the
radial vertical direction, and the upper velocity is slightly larger than the lower velocity, and the velocity
distribution in condition a is in good agreement with the experimental results of Roco & balakrishnam.
In case B, the particle velocity in area | is very small and almost constant, and it begins to increase
in area Il and the trend is consistent with case a. In zone 1, at low flow velocity, turbulence is no longer
dominant at the bottom of the pipe, and the shear stress of the flowing liquid cannot overcome the
submerged weight of the particles, so the particles settle and form a fixed bed.

o 1 2

3
v(m/s)

Figure 8. Particle velocity distribution curve in case A
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Figure 9. Particle velocity distribution curve in case B

4.3. High order statistical results
In order to further understand the particle behavior and related dynamic information, in order to better
explore the flow situation of the pipeline, the full development area of the two conditions simulation is
intercepted, and the higher-order statistical data is extracted for analysis.

(1) Variance analysis of particle volume fraction

The variance of particle volume fraction is shown in Fig. 10. For case B, the maximum concentration
fluctuation is located at the interface between zone 2 and zone 3. In region 3, the fluctuation decays
rapidly due to the suspension of particles and the dilution of flow. Area 1 is a fixed bed area. The Fig.
11 shows that the variance value of its volume fraction is very small, which indicates that there is no
obvious concentration fluctuation in this area. It is further confirmed that particles accumulate
intensively in this area and maintain continuous rigid contact. In contrast, the fluctuation of
concentration in case A cannot be ignored at the bottom of the pipe, which indicates that the flow at the
bottom of the pipe is dominated by turbulence at a higher speed

...............................
.................

0 0.005 0o 0.015 0.02
(£:7)

Figure 10. Particle concentration variance profile curve

Generally speaking, the concentration fluctuation range of case A and B reaches the peak value when
the transition area develops to the suspension area, which may be caused by the strong collision of
particles at the interface of region 2 and region 3, and the flow has the property of high collision shear
flow, which is also an important factor affecting the stability of pipeline transportation. In addition, it is
found that the fluctuation of particles is more obvious when operating below the critical deposition speed,
which indicates that the lower operation speed makes the working condition more unstable. Therefore,



FMIA 2020 IOP Publishing
Journal of Physics: Conference Series 1600 (2020) 012005  doi:10.1088/1742-6596/1600/1/012005

the pipeline transportation of coarse particles under the condition of lower than the critical deposition
speed should be avoided as far as possible in practice.

(2) Particle velocity variance analysis

The variation of velocity variance in different directions of particles under condition A and condition
B is shown in Fig. 11 and Fig. 12. The thick solid line represents the particle velocity variance along the
axial direction, the thin solid line and the dotted line represent the particle velocity variance along the
radial vertical direction and the radial horizontal direction respectively. It can be seen from the above
that the velocity fluctuation of the two working conditions reaches the peak value at the interface from
the transition area to the suspension area and close to the top of the pipe. The peak value at the junction
of the transition area is caused by the high turbulence intensity in the transition area and the high impact
shear flow of particles, while the peak value at the top of the pipe is caused by the shear action of the
wall. In addition, after entering the suspension area, the particle concentration decreases, and the
suspension and flow dilution properties of a few particles make the velocity fluctuation continuously
decrease, which also shows that the flow near the center of the pipe is the most stable.

In terms of specific numerical value, the fluctuation range of velocity along the axial direction of the
two conditions is the largest, which is related to the particles shooting into the pipeline along the axial
direction. The velocity fluctuation range along the radial vertical direction is larger than that along the
radial horizontal direction, which shows that the velocity distribution under the two conditions has
certain symmetry in the radial horizontal direction. In addition, Fig. 12 shows that there is almost no
velocity fluctuation at the bottom of the pipe under case B, and the side also reflects the flow state of
particles with very low Reynolds number after dense accumulation at the bottom of the pipe, which
further proves the formation of fixed bed at the bottom of the pipe.

The overall average value of velocity variance in condition a is far lower than that in case B, which
indicates that the stability of operation in condition a is higher than that in case B, and the particle flow
in case B is affected by more factors, which aggravates the instability in the transportation process.

1

0.8
)
E 0.6
B

0.4

0.2

D 1 1 1 1 1 1 T T T 1 1 1 1 1 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01
(u'u'/v?)

Figure 11. Particle velocity variance profile curve in case A
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Figure 12. Particle velocity variance profile curve in case B

4.4. Pressure drop

The experimental pressure drop curves of condition a, condition B and Roco & balakrishnam are shown
in Fig. 13. In order to ensure that the curve is the curve of the fully developed area of the basin, the
average pressure of five sections after the seventh section mentioned above is selected for simulation. It
can be observed that the average pressure drop in condition a is 610 PA / m, while the average pressure
drop in the experiment is 666.3 PA / m, which may be caused by the error caused by neglecting the
viscosity flow on the pipe surface in the simulation calculation or the inaccurate modeling near the wall.
In addition, the average pressure drop of case B is 813 PA / m. It can be seen that there is great resistance
in the basin when operating near or below the critical deposition speed, so this kind of condition is very
unfavorable to the transportation of particle pipeline in the actual project.
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2.2 2.4 2.6 2.8 3
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Figure 13. Mean pressure curve along horizontal centreline

5. Conclusion

In this paper, the simulation results are consistent with the experimental results under the same initial
conditions as the experiment, which verifies the correctness of the Eulerian Lagrangian model. Through
the simulation results under different working conditions, it is further shown that the simulation of Euler

11
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lan Lagrangian model can describe the flow of solid-liquid two-phase flow with coarse particles in the
pipeline transportation process more completely. On this basis, the following conclusions are drawn:

(1) By changing the velocity variable, observe and compare the simulation results. When the velocity
is lower than the critical deposition velocity, the particles accumulate at the bottom of the pipeline, the
concentration of particles at the bottom of the pipeline increases sharply, and the velocity drops sharply,
forming a fixed bed area.

(2) Through the statistical analysis of the high-order data, it is found that the fluctuation range of
particle velocity and particle volume fraction reaches the peak value at the top near the wall and at the
junction of the transition area and the suspension area, and the minimum value is near the center of the
pipeline, so as to obtain the relatively stable area in the pipeline transportation. In addition, when the
velocity is lower than the critical deposition velocity, the average fluctuation range of particle
concentration and velocity is large, and the transportation stability is very poor under this condition,
which is easy to cause pipeline transportation failure.

(3) By comparing the experimental value, simulation value and empirical formula of unit pressure
drop, the simulation result can better predict the pressure drop change compared with wasp model.
Combined with the above concentration and velocity distribution, a fixed bed is formed at the bottom
of the pipeline under the condition of lower than the critical deposition velocity, which reduces the
effective pipe diameter in the transportation process, increases the resistance along the pipeline, and also
increases the risk of pipeline blockage. Therefore, it should be avoided as much as possible in the actual
project.
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