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Abstract: With the development of coal mining, the use of elbows has diversified the forms of
underground backfill pipelines, which has inevitably complicated the transportation characteristics
of filling slurry in the pipeline, thus affecting the entire backfilling system. The objective of this study
is to numerically investigate the running state of cemented paste backfilling (CPB) slurry and coarse
particles at different velocities by transporting in bend pipes. To better understand the transportation
state of CPB slurry in pipeline, a computational fluid dynamics (CFD) model—mixture model was
developed to study the transportation of CPB slurry. The volume distribution of coarse particles in
slurry under different pipe types and different flow rates, as well as the velocity profiles of slurry at
different positions, were simulated and analyzed, and the pressure losses under different pipe types
were compared. The results show that the distribution of coarse particles varies with the tube type,
and the effect of coarse particles on the position of tube wall changes with the increase in velocity.
The high-speed zone of CPB slurry will move toward the outer wall of the elbow with the increase in
velocity. The pressure loss of CPB slurry in the vertical-horizontal pipeline is larger than that in the
horizontal-vertical pipeline, and the difference is larger in the bend section. This study provides a
theoretical and meaningful reference for CPB slurry backfilling operations in different bends.

Keywords: cemented paste backfill slurry; computer fluid dynamics; numerical simulation; mixture
model; coarse particle; bend pipes

1. Introduction

Backfilling goaf in the mining area can effectively prevent surrounding rock burst
and control gorcock activities. This kind of green and sustainable development method is
favored by the global mining industry. With the continuous mining of mineral resources,
deep mining has become an inevitable path to obtain mineral resources [1]. Deep mining
ultimately leads to the complexity of the backfilling line. In this process, it is inevitable to
consider the use of elbow. Connecting the elbow provides the layout of the backfilling pipe
with flexibility. However, the use of elbow makes the slurry direction change suddenly dur-
ing transportation, which increases the complexity of slurry flow in the pipeline. Therefore,
it is of critical importance to study the motion state of CPB slurry in the bend to reveal its
influence on the pipe.

Because of the convenience and intuitiveness of computer software, computational
fluid dynamics (CFD) is largely favored by researchers. Yang et al. [2] conducted numerical
simulation on the flow of cemented coal gangue-fly ash backfill slurry in a straight pipe
and a bend pipe and found that the slurry resistance loss in the bend pipe was much larger
than that in the straight pipe. Zhang et al. [3] studied the high concentration of cement
tailing backfill slurry and found that when the slurry solid content reaches over 70%, it

Processes 2022, 10, 1454. https:/ /doi.org/10.3390/pr10081454

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr10081454
https://doi.org/10.3390/pr10081454
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr10081454
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10081454?type=check_update&version=1

Processes 2022, 10, 1454

20f19

conforms to the Bingham model. The resistance loss of slurry is positively correlated with
concentration and flow rate. However, these simulations regard the slurry flow as a whole
and uniform fluid, which is a single-phased one. For backfill slurry without settlement
characteristics, the above research can meet the requirements of backfill pumping capacity,
flow optimization ratio, and pipeline system design. However, for slurry composed of
particles of different sizes, the solid concentration in the transportation process is not
uniform in the cross section, resulting in relevancy between the particle and the pipe
wall [4,5]. The literature [6] also claims that the wear rate and the position of severe wear
are directly related to the movement of solid particles. Hence, for backfilling slurry with
subsidence risk, the multiphase flow model can better capture the flow information of each
phase in the pipeline.

While existing pipeline numerical simulations mostly focus on gas—solid and solid-liquid
flow elbow, CPB belongs to the category of solid-liquid two-phase flow. Singh et al. [7-9]
numerically studied the influence of particles in different slurries on 90° elbow. Their results
show that the head loss increases with the slurry velocity and concentration. The wall wear
rate increases greatly with the increase of velocity, solid concentration, and particle size. The
wear of the outer wall of the bend is greater than that of other parts, and with the increase of
velocity, the settlement wear at the bottom of the pipe will shift to the outer wall of the pipe.
Zhou et al. [10] used a computational fluid dynamics—discrete element method (CFD-DEM)
to study the hydraulic bend transporting coarse particles with a Cy of 5% and explained that
the pressure loss and erosion rate of slurry are different under different velocities and pipe
shapes. Moreover, other researchers have carried out studies on different elbow angles. Xie
et al. [11] simulated different bending angles using the Euler-Lagrange method and found that
the erosion degree of pipe decreases with the increase of pipe diameter and bending angle.
Chen et al. [12] established a 3D network simulation of CPB slurry flow in an L-shaped pipe
using COMSOL Multiphysics software. Their results show that the increase of inlet velocity
and the decrease of particle size are beneficial to the slurry uniformity in the pipeline. Through
the summary of the above literature, it was found that both study on the gas—solid two-phase
flow and solid-liquid two-phase flow are primarily focused on pipeline studies with particle
size less than 1 mm with low concentration. However, coarse aggregate (>5 mm) is unavoidable
for the CPB slurry, which improves the strength, durability, and deformation performance of
the backfilling body [13]. For the solid-liquid two-phase flow such as paste backfilling slurry,
the flow law is mainly affected by the solid content and flow rate [14]. Wang et al. [1] used
COMSOL software to study the sedimentation of particles in backfill slurry and found that
the sedimentation rate of particles was positively correlated with particle size but negatively
correlated with slurry concentration and flow rate. In addition, Nguyen et al. [15] showed that
the effect of particles on the pipe wall depends on the particle size. The wear surface changes
from W shape to U shape with the increase of particle size. Therefore, it is not appropriate to
apply the results of fine particle size to large particles. It can be concluded that the study of
particles in the filling engineering is of vital importance for the slurry transportation process. In
addition, owing to the difference in the characteristics of backfilling materials, the resistance loss
of different backfilling materials varies with the velocity. These above factors are closely related
to pipeline wear [8]. Overall, the motion state and volume distribution of large particle size in
the flow and velocity distribution of CPB slurry directly affect the wall surface situation of the
pipe, which needs to be further studied and understood. Furthermore, most studies on CPB
slurry transportation in pipelines are limited to one of the pipe types, and comparative studies
for different type pipes are not carried out as in this paper, which can provide comprehensive
thinking and consideration for researchers or practitioners.

The CFD approach is introduced in this study, and the flow states of CPB slurry
in 3D horizontal-vertical pipeline and 3D vertical-horizontal pipeline were numerically
studied using the mixture model in Fluent software. The volume fraction distribution of
coarse particles in bend, horizontal, and vertical sections of pipes and CPB slurry cross-
section velocity distribution in the two-pipe types were obtained. Finally, the pressure
losses of the two types of tubes were compared. Through more direct observation and
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analysis of CPB slurry flow state under two-pipe types, a deeper understanding on the
influence of CPB slurry and particles on the pipeline during transportation can be obtained,
which can’t be easily observed in experiments or tests. This study provides a theoretical
basis for deep backfilling in coal mines, but also proposes the possibility of backfilling
pipeline optimization.

2. Governing Equation

As stated earlier, CPB belongs to the study of solid-liquid two-phase flow. Two models,
namely the Eulerian-Lagrange model and the Eulerian-Eulerian model, are among the
most prevalent numerical research methods of solid-liquid two-phase flow. The Eulerian—
Lagrange method uses the Eulerian method to solve the fluid continuous phase theory, and
Lagrange’s law is used to directly track and solve the motion of each individual particle.
Since this model considers each particle as a completely discrete system, it takes a lot of
computing power to analyze the position, velocity, stress, and diffusivity of each particle
during particle tracking [16]. Therefore, this method is suitable for the discrete phase with
low volume fraction in the fluid [17]. In contrast to the Eulerian-Lagrange method, the
solid-liquid phase is regarded as a continuous phase that penetrates each other and has
the same governing equation in the Eulerian—Eulerian model, which is more suitable for
fluid study with a volume fraction of the discrete phase over 5% [18-20]. Obviously, the
discrete phase volume fraction in the CPB that we studied is much larger than the above
requirements. In addition, the mixture model, which belongs to the Eulerian—Eulerian
model, is a simplified two-phase (multiphase) flow model which can simulate multiphase
flow by solving the momentum, continuity, and energy of the mixed phase, the volume
fraction equation of the second phase, and the algebraic expression of the relative velocity
(if any). As per the ANSYS Fluent User’s Guide, the mixture model is more appropriate
for the simulation with poor comprehension of law of drag force between phases as well
as the dispersed phase of broad distribution, with the further advantage of better stability.
Ultimately, the mixture method was adopted in this study on account of the determination
of fewer variables in this model.

2.1. Continuity Equation

The continuity equation for the mixture is:

]
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«y is the volume fraction of phase.

2.2. Momentum Equation

The momentum equation for the mixture can be obtained by summing the individual
momentum equations for all phases. It can be expressed as:

T —
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%
where 7 is the number of phases, F is a body force, and i, is the viscosity of the mixture:
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v 4y k is the drift velocity for secondary phase:
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Virk = Uk — Um (6)

2.3. Volume Fraction Equation for the Secondary Phases

From the continuity equation for the secondary phase, the volume fraction equation
for secondary phase can be obtained as follows:

0 — — n . -
aj("‘;?ﬁp) + v'(“ﬁppvm) = _v'(“}’ppvdr,p) + Zqzl Mygp — Mpg (7)

2.4. Granular Properties

Since the concentration of particles is an important factor in the calculation of the
effective viscosity of the mixture, one may use the granular viscosity to get a value for the
viscosity of the suspension. The volume-weighted average for the viscosity would now
contain shear viscosity arising from particle momentum exchange owing to translation
and collision.

The collisional and kinetic parts, along with the optional frictional part, can be added
to give the solids shear viscosity:

Hs = Ms,col + Hskin T Hs, fr (8)

(1) collisional viscosity
The collisional part of the shear viscosity is modeled as [21]:

4 0,2
Hs,col = g“spsdsgo,ss(l + ess) (F) )

(2) kinetic viscosity
The expressions for the kinetic viscosity are modeled as [22]:

dsps\/OsTT 2
Mskin = 65{735_763 1T+ 5(1 + ess)(3ess — 1)asgo,ss (10)
ss

(3) optional frictional part viscosity [23]:

Ps sin ¢

SN

(11)

2.5. Solid Pressure
The total solid pressure was calculated and included in the mixture momentum equations:

N
Ps,totul = Zq:l Pq (12)
where p; is present in the section for granular flows.

3. Numerical Procedure
3.1. Geometry Model and Meshing

The simulation was performed in a 90° bend with an inner diameter (D) of 150 mm.
According to the suggestion from the literature [24], L/D > 10 was adopted in the simulation
to make sure that the high-concentration slurry developed fully in the straight pipe. The
radius of curvature (R) is 600 mm according to most of the data selected for the backfilling
pipeline. Figure 1a,b display the geometry of the two types of elbow pipes. The elbow
is placed horizontally on the (X, Y) plane and (Y, Z) plane, and the flow direction of the
inlet is set in the positive direction of X and the opposite direction of Y. Accordingly, the
flow direction of the outlet is opposite to the direction of Y and positive direction of Z. A
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hexahedral structured mesh was used to divide the pipe wall and a boundary layer was set
at the inlet/outlet with a growth rate of 1.2. Because the flow of slurry in the bend is more
complex and changeable than that in the straight pipe, the bend is refined in the meshing
process. Figure 1c,d show a cross-sectional view of the mesh at the inlet and the meshing of
the bend pipe with an enlarged view.

000 50000 100000 (mm) ig outlet
[ — E 000 50000 100000 (mem)
(a) Horizontal-Vertical bend pipe (b) Vertical-Horizontal bend pipe

(c) Cross-section at the inlet

outlet wall section

——» outlet
(d) Bend pipe with enlarged view

Figure 1. Geometry and meshing of bend pipe.



Processes 2022, 10, 1454

6 of 19

In order to ensure the balance between calculation time and simulation accuracy, five
different grid numbers, ranging from 100,000 (G1) to 380,000 (G5), were used to check the
mesh independence. Through simulating transportation of CPB slurry in the pipeline at
1.6 m/s, the pressure drop between the inlet and outlet of the elbow under different grids
was calculated. Figure 2 shows the deviation between the predicted pressure drop for
different grids. As can be seen from the illustration, the pressure drop value tends to be
stable without influencing by grid any more when the number of grids reaches more than
150,000. In other words, when the number of grids exceeds G3, the correlation between
pressure loss of slurry in the pipeline and the number of grids gradually decreases with
the increase of the number of grids. According to the above comprehensive analysis, we
selected the mesh model with a grid number of 183,645 (G3) for subsequent steps.

21.91
21.90 —=0
21.89
21.88
21.87
21.86
21.85
21.84
21.83
21.82
21.81

21.80
0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000

pressure trop (kPa)

number of elments

Figure 2. The pressure drop varies with the number of elements.

3.2. Boundary Conditions and Solution Strategy

The running state of slurry was simulated as steady flow. The 3D pipe was defined
with inlet, wall, and outlet. Inlet velocities were setas 1.2 m/s, 1.6 m/s,2.0m/s,2.4m/s,
2.8 m/s, and 3.2 m/s, which are commonly used in paste backfilling [25]. A mixture model
was considered for this simulation, in which slurry mixed with fine particles and water
was set as the primary phase, and coarse particles were set as the secondary phase with the
26% of initial volume fraction. In this model, the dynamic characteristics of coarse particles
interspersed in other phases are considered to be dispersed [26]. All particle sizes in the
dispersed phase in the mixture model were simplified into unified spherical size with no
interaction between them [27]. Its application depends on the assumption that the density
of each phase is constant and that the two phases have the same pressure field. Thus, coal
gangue particles larger than 5 mm in CPB slurry were regarded as coarse particles (CP) with
an average value of 10 mm. The remaining materials, including coal gangue less than 5 mm,
fly ash, cement, and water, were regarded as fine-grained slurry (FGS), whose rheological
properties are in accord with Bingham fluid [2,3]. According to the literature [28], the three-
parameter Herschel-Bulkley model is better than the two-parameter Bingham model [29]
at predicting the flow characteristics of the fluid. Therefore, the Herschel-Bulkley model
was adopted for fine-grained slurry in this study. By calculating the Reynolds number, CPB
slurry behaves as laminar flow, so laminar flow is used in this simulation process. Table 1
shows the detailed resolution strategy used during the simulation.
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Table 1. Boundary conditions and parameters setting.
Inlet Velocities
Boundary Conditions Wall No-slip
Outlet Pressure-out
Fluid type Steady (considering the acceleration of gravity)
Viscous model Laminar
Multiphase model Mixture
. Density (kg/m®) 1600
Primary phase Viscosity Herschel-Bulkley
Phases Density (kg/m®) 2300
Secondary phase Diameter (mm) 10
Volume fraction (%) 26
Convergence 104

3.3. Model Validation

Pressure loss of slurry passing through elbow belongs to local pressure loss, which
can be calculated using the following Formula (13):

/ v?
AL =2% 13)

where Ap’; is the local pressure loss, v is the average velocity, p is the density of slurry,
whose value in the formula can be seen in Ref. [30].
As per the literature [31], in smooth transitional bends:

¢=8Cag (14)

where ¢’ is the resistance coefficient of 90° elbow, which is related to the diameter of the
pipe and the radius of curvature of the elbow, and its value is 0.13.
The pressure loss of the bend pipeline (Ap’) in horizontal-vertical pipeline is [32]:

Ap = fxLxAp' (15)

where L is the length of pipeline, f is the drag coefficient, which changes with the Reynold
number [33].

Figure 3 illustrates the comparison of the results for all the six velocities of 1.2 m/s,
1.6 m/s, 2.0 m/s, 24 m/s, 2.8 m/s, and 3.2 m/s. From the graph, it can be observed
that the predicted values of pressure loss show better agreement with the results calcu-
lated by equations. The maximum deviation between simulation and formula results is
well within 5%.

20
18
16
14
12

g
= 10
S s

6

4

2 [ o

0

1.2 1.6 2 2.4 2.8 3.2
velocity (m/s)
«=@==Simulation values Calculated values

Figure 3. Comparison of pressure drop.
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4. Results and Discussion
4.1. Volume Fraction Distribution of CP
4.1.1. Volume Fraction Distribution of CP in Horizontal-Vertical Bend

As can be seen from Figure 4, under the six velocities, CP gradually began to precipitate
after the uniform slurry was pumped into the pipeline for a certain distance (X = 0.6 m),
which can be clearly seen at the position of X = 1.6 m («x = 90°). The CP volume fraction
of slurry at different speeds presents an obvious distribution at the entrance of the elbow
(e =90° to & = 60°); the volume fraction of CP at the inner wall of the elbow is high, while
it is low at the outer wall. In other words, in horizontal-vertical pipelines, the bottom of
horizontal pipelines and the inner wall of the first half of the bend are more likely to be
worn by coarse particles because of CP deposition. When passing through the bend outlet
(0 =0°), CP gradually shifts to the lateral wall of the pipe. It can also be seen from the volume
fraction distribution of the CP cross-section at different positions of horizontal-vertical bends
at different speeds that the volume fraction of CP presents a trend of vortex circulation as
the angle of the bends changes at a certain speed; the volume fraction of the inner wall of
the elbow gradually decreases, while the volume fraction of the outer wall of the elbow
gradually increases, ultimately resulting in dynamic change with obvious stratification of the
volume fraction of CP at the entrance of the elbow (& = 90°) to a relatively uniform volume
fraction distribution pattern at the exit of the elbow (& = 0°). The particles spread from the
bottom of the pipe to the cross-section of the whole pipe, which means that the particles
have a large transverse velocity [34]. The reasons for this phenomenon are mainly ascribable
to the change of flow direction for slurry in horizontal-vertical pipe flow. The flow track
of the slurry will follow the change of direction of the tube wall. The velocity direction of
the slurry located at the outer wall of the pipe changes first, and the velocity is dispersed in
different directions owing to the confinement of the pipe wall, which leads to the decrease
of the velocity of the slurry located on the outer wall of the pipe. By this time, the velocity
direction of slurry at the inner wall of the pipe does not change. The above process results in
the transfer phenomenon that relatively high concentrations of CP located at the inner wall
bent pipe shift to the lateral bend until the volume fraction of CP at the inner and outer walls
are evenly distributed.

Owing to the change in velocity, the location and volume fraction of CP precipitation
at the inlet of the pipeline are also different. At V =1.2 m/s, CP deposition can be clearly
observed at 0.6 m from the inlet, but this phenomenon is not obvious at the velocity of
2.4 m/s and above. In addition, we can also observe that the volume fraction of CP in the
upper part of the pipeline does not change much at different velocities. Therefore, with the
increase of velocity, CP is mainly distributed in the middle and bottom of the pipeline cross
section at the entrance of the pipeline. It can also be seen from « = 90° (at X = 1.6 m) that
the volume fraction of CP at the bottom of the pipeline tends to decrease with the increase
of velocity. The above behavior can be interpreted as the velocity increasing the overall
motion state of CPB slurry, which weakens the sinking speed of CP and makes more CP
wrapped in the slurry toward the front of the pipeline. Moreover, the volume fraction of CP
at the same bend angle (x) changes gradually with increasing velocity. Taking 75° and 60°
as an example, the volume fraction of CP in the inner wall of the elbow gradually decreases
with the increase of velocity. This phenomenon can be explained as follows: the increase in
speed speeds up the CP’s motion, thus facilitating its circulation around the bend, allowing
more CP to be suspended in the pipe. From the cross-section figure of « = 0°, it can be
clearly observed that with the increase of flow rate, the slurry at the outlet of the pipeline
becomes more uniform.
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. Value range
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Figure 4. Cross-sectional contours of volume fraction distribution of CP at horizontal-vertical bend pipe.
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4.1.2. Volume Fraction Distribution of CP in Vertical-Horizontal Bend

When CPB slurry is transported in vertical-horizontal pipelines, the overall uniformity
of the CP distribution of slurry remains good owing to the gravity acceleration in the vertical
pipeline, which can be observed through the position at the pipe entrance (Y = 1.6 m) and
the bend entrance (& = 0°), as shown in Figure 5. CP gradually precipitates toward the
outer wall of the pipe when it passes through the bend section. At first, CP with low
volume fraction appeared in the inner wall of the elbow (x = 45°), and then it continued to
precipitate to form a clearly observable precipitation layer on the outer wall of the elbow
(e =75°). Likewise, when the slurry passes through the bend section, it can be observed that
CP forms a vortex movement that diffuses to both sides of the wall surface and is gradually
deposited to the bottom. When the slurry transitions from vertical pipe to horizontal pipe,
CP begins to precipitate to the bottom of the pipe as the slurry flow becomes gradually
smooth. Correspondingly, the CP region with low volume fraction appears in the upper
part of the pipeline. These phenomena can be readily observed at the position of Z=1.6 m
with the low velocities from V=1.2m/s to V =2 m/s. In other words, the acceleration of
gravity plays a negative role in the horizontal tube, accelerating the downward movement
trend of CP.

After the operation state of CP in the whole vertical-horizontal pipeline is explained,
the changes of CP in the pipeline at different speeds will be described. In a vertical pipeline,
the change of velocity has little influence on CP distribution. This may be attributable to
the uniform distribution of CPB slurry at the beginning of operation. At this point, the
CPB slurry can be considered as a whole because of good wrapping of fine-particle slurry
to CP. Apparently, the increase in velocity slowed CP precipitation in the first half of the
bend (x = 0° to « = 45°). However, when the slurry passes through the latter half of the
bend (ox = 60° to & = 90°), the deposition of CP to the outer wall of the pipe increases with
the increase of the velocity, which is especially observable at o = 75°. As can be seen from
the figure, the low volume fraction area of CP near the inner wall of the elbow gradually
decreases with the increase of velocity, but the deposition area of CP on the outer wall of
the elbow increases. In other words, the increase in velocity accelerates the circulation of
CP in the bend, causing more CP to shift toward the pipe wall. The above verification
can also be obtained from the gradual decrease of CP volume fraction in the elbow center
with the increase of velocity. It can also be inferred from the above observation that in
the vertical horizontal conveying pipeline, the outer wall position at the rear part of the
elbow is more vulnerable to CP impact and results in pipeline wear. When it comes to the
horizontal position, the phenomenon is the same as that of the horizontal position in the
horizontal-vertical pipeline. With the transportation of slurry in the horizontal pipe, more
and more CP is deposited at the bottom of the pipeline. This deposition can be improved
with the increase of speed, but it is also necessary to guard against particle wear at the
bottom of the horizontal pipe.

4.2. Velocity Distribution
4.2.1. Velocity Distribution of CPB Slurry in Horizontal-Vertical Bend Pipe

It can be seen from the Figure 6 that, at initial velocities, the velocity distribution
of CPB slurry at cross-section presents a symmetric distribution when it just entered the
horizontal pipeline (x = 0.6 m); the velocity value decreases from the center to the periphery,
which is similar to previous studies on the flow state of CPB slurry in the horizontal pipeline.
When the slurry reaches the inlet of elbow x = 1.6 m (x = 90°) following the horizontal
pipe, there is a difference in the cross-sectional of velocity distribution. When the velocity
is lower, such as V = 1.2 m/s, the cross-sectional velocity distribution of slurry is no longer
symmetrically distributed. The maximum velocity value originally located in the center is
shifted upward, and more areas of low-velocity zone or even the velocity stagnation zone
appear at the bottom of the pipeline. This is because at low velocity, CP particle gravity is
greater than external resistance, resulting in settlement, which changes the overall structure
of slurry. More fine particles float in the middle and upper layers of the pipe, and more
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coarse particles precipitate at the bottom of the pipe. This deviation continues to intensify
through the bend pipe section at x = 75° and « = 60°. However, when arriving at « = 45°
and « = 30°, the low-speed area of the inner wall of the pipe begins to decrease until the
outer surface is uniform. This process of movement can also be explained by the change of
velocity direction of CPB slurry and CP in the bend described in the previous section, as
shown in Figure 7 for the specific change of speed direction. After the eddy movement in
the bend is over, the velocity gradually returns to the standard pipe “plunger flow” state,
suchasY =1.6m.

Next, CPB slurry states were compared at different flow rates. At the initial flow, the
flow state CPB slurry is basically the same at different velocities, as can be seen from the
pictures at x = 0.6 m without any conspicuous difference. The velocity distribution of the
cross-section was basically consistent. However, when CPB slurry reaches the position of
X=1.6m (& =90°), discrepancy gradually emerged in the cross-section velocity distribution
of the slurry owing to velocity difference. With the increase of velocity, the velocity
distribution at this position gradually changes from the velocity offset state indicated by
V =1.2m/s to the ideal “plunger flow” state indicated by 3.2 m/s. Obviously, the increase
in velocity reduced the velocity of the CP settling to the bottom of the pipe and promoted
the overall uniform flow of CPB slurry. Furthermore, the increased velocity also speeds
up the recovery of CPB slurry after passing through the bend pipe. As shown in Figure 6,
Y = —0.6 m (o = 0°), the central velocity distribution of CPB slurry at this position showed a
faster recovery degree with the increase of velocity. More notably, with increasing velocity,
the CPB slurry has a significantly larger area of higher speed at the center of the cross
section near the exit (y = —1.6 m) than at the entrance (x = 0.6 m). In other words, the
velocity promotes the motion of the CPB slurry after the bend pipe, which has not been
observed in previous studies and literature, which may be caused by the gravity of the
vertical pipe, while this phenomenon is not apparent at low speeds.

4.2.2. Velocity Distribution of CPB Slurry in Vertical-Horizontal Bend Pipe

Just as CP is evenly distributed in the vertical pipe, CPB slurry keeps a good “plunger
flow” flow state in the vertical pipe (see Figure 8). As CPB slurry passes through the elbow,
the high-velocity zone in the center displays a shift toward the outer wall of the elbow. In
addition, the maximum velocity of slurry passing through the elbow is smaller than that
of straight pipe. For example, when the velocity is 2 m/s, = 0° is the critical surface of
straight pipe and bend pipe, the maximum velocity of CPB slurry at the center of the cross
section is 4.47 m/s. When « = 15°, the maximum cross-sectional velocity is 3.91 m/s. It can
be considered that the bend changed the flow direction of CPB slurry and slowed down
the flow velocity of CPB slurry. As the slurry flows out of the elbow, the high-velocity area
begins to expand gradually, and the maximum velocity also begins to increase. Moreover,
as with the velocity trace in the horizontal-vertical bend, the velocity direction of slurry in
the vertical-horizontal bend will also be cycled due to the change of the bend direction.
The slurry outside the vertical pipe first impinges on the outer wall of the elbow and then
whirls toward the inner wall of the elbow. Finally, it is of concern that as CPB slurry flows
through the horizontal pipe, the high-velocity area that was located just below the center
of the pipe begins to shift from the upper part of the pipe, which is directly related to
the deposition of CP in the horizontal pipe. Furthermore, when the slurry flows in the
horizontal pipe, its maximum velocity near the outlet (Z = 1.6 m) is significantly higher
than that near the inlet (Y = 1.6 m) in the vertical pipe. The reason may be that CP has been
partially deposited at the bottom of the horizontal pipe near the outlet, and the reduction of
CP in the upper part of the slurry reduces the friction resistance caused by coarse particles
in the upper slurry, making the flow smoother.
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Figure 5. Cross-sectional contours of volume fraction distribution of CP at vertical-horizontal bend pipe.
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Figure 6. Cross-sectional contours of velocity distribution of CPB at horizontal-vertical bend pipe.
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Figure 7. The path lines of the velocity at the bend pipe.

The cross-section diagram of vertical pipe velocity (Y = 1.6 m) illustrates that the
high-velocity area located in the center of the pipe will expand with the increase of velocity.
The high-velocity zone in the center will expand more and more as the CPB slurry moves
down following the vertical pipe. The velocity cross-sections of the elbow and horizontal
pipe also reveal the influence of inlet velocity on the velocity distribution of slurry in the
pipe. When the inlet flow rate reaches 3.2 m/s, the CPB slurry returns to the standard
“plunger flow” condition more quickly in the horizontal pipe.
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Figure 8. Cross-sectional contours of velocity distribution of CPB at vertical-horizontal bend pipe.
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4.3. Pressure Loss in Different Pipe Shape

Studying slurry pressure loss in a pipeline is an essential step in the filling system.
By studying the pressure loss, the operation of slurry in different pipelines can be directly
fed back so as to optimize the initial pumping power of the pipelines. Table 2 shows the
pressure loss of CPB slurry in two types of pipe shapes and bend sections at different
flow rates.

Table 2. Pressure loss in different pipe shape.

Ap (kPa) Ap’ (kPa)
Velocity (m/s) Horizontal-vertical bend pipe Horizontal-vertical bend pipe section
1.2 15.900 2.718
1.6 28.595 5.362
2 44346 8.240
24 58.194 11.202
2.8 72.052 14.201
3.2 86.086 17.151
Velocity (m/s) Vertical-horizontal bend pipe Vertical-horizontal bend pipe section
1.2 31.980 6.611
1.6 48.967 11.796
2 67.371 17.148
24 85.424 22.934
2.8 104.164 29.747
3.2 124.521 37.262

4.3.1. Pressure Loss of Bend Pipe

After generating the chart of the pressure loss value, it was found that the pressure loss
in the pipeline increases linearly with the increase of speed, which is consistent with the
literature [2,3]. Accordingly, velocity has a very important influence on the slurry pressure
loss in the pipeline. The pressure loss of CPB slurry in the two pipe types at different flow rates
was compared, as shown in Figure 9. The pressure loss of CPB slurry in vertical-horizontal
bends is always greater than that in horizontal-vertical bends, and the gap gradually widens
with the increase of velocity from 16.08 kPa at 1.2 m/s to 38.435 kPa at 3.2 m/s. Thus, CPB
slurry undergoes more state changes in vertical-horizontal bends. The main reason for such a
difference is that when the slurry flows in the vertical pipe which needs to overcome the work
done by gravity, so that part of kinetic energy is converted into potential energy, resulting
in the decrease of velocity. This change can also be observed in the comparison between
Figures 7 and 8. This decrease in velocity affects subsequent slurry transport, increasing
settlement of the particle in the bend and horizontal section, resulting in increased pressure
loss throughout the pipeline.

140
120
100

80

60

Ap (kPa)

40

20

1.2 1.6 2 2.4 2.8 3.2
velocity (m/s)
e horizontal-vertical bend pipe vertical -horizontal bend pipe

Figure 9. Pressure loss of two types of bend pipe.
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4.3.2. Pressure Loss of Bend Pipe Section

Compared with the pressure loss of the whole pipe (Ap), the pressure losses (Ap’) of
the horizontal-vertical bend pipe section (shown in Figure 10) accounted for 17.1% and
of the vertical-horizontal bend pipe section accounted for 20.7% at the velocity of 1.2 m/s.
With the increase of velocity, the proportion of pressure loss in the bend section increases
gradually. At the speed of 3.2 m/s, they accounted for 19.9% and 29.9%, respectively. It
is noteworthy that the pressure loss in the horizontal-vertical bend section increased by
2.8%, and that in the vertical-horizontal bend section increased by 9.2%, as the speed
increased from 1.2 m/s to 3.2 m/s. In other words, with the increase of velocity, the
pressure loss of CPB slurry in the vertical-horizontal bend pipe section showed a trend of
sharp increase compared with that in the horizontal-vertical bend pipe section. As can be
seen from the above comparison, the vertical-horizontal bend section may consume more
energy. It can be seen from Figures 4 and 5 that at the same speed, the slurry tends to be
uniform after passing through the bend in the horizontal-vertical pipe, while in the vertical-
horizontal bend, particle precipitation appears in the bend part. This phenomenon makes
the pressure loss in the bend part of the latter larger than that of the former. Moreover,
particle precipitation causes more particles to come into contact at the elbow, which is
exacerbated by the increase in velocity, resulting in a sharp increase in pressure loss at
this stage.

40
35
30
25

20

Ap' (kPa)

15

10

1.2 1.6 2 2.4 2.8 3.2

velocity (m/s)
e horizontal-vertical bend pipe section vertical-horizontal bend pipe section
Figure 10. Pressure loss of two types of bend pipe section.

5. Conclusions

By numerical simulation of CPB slurry transportation in two kinds of pipelines, the
volume fraction distribution of coarse particles in CPB slurry and the cross-sectional velocity
distribution of CPB slurry in different pipelines was studied. In the end, the pressure loss
of CPB slurry and the pressure loss of the elbow in different pipelines were compared. The
following conclusions can be drawn:

1.  In a horizontal-vertical pipeline, CP deposition increases the risk of wall wear at
the bottom of the horizontal pipe and inner wall of the first half of the bend, and an
increase in velocity can delay this trend. With the movement of slurry, CP will form
an obvious eddy current in the latter half of the elbow and the vertical pipe, making
CP move to the outer wall of the elbow and the vertical pipe to achieve a relative
uniform distribution.

2. Ina vertical-horizontal pipeline, CP in the vertical pipeline is evenly distributed and
is not affected by velocity. The outer wall of the latter half of the elbow is affected
by CP deposition, which increases with the increase of velocity. The increase of
velocity attenuates CP precipitation at the bottom of the horizontal pipe but has a
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negative effect on the latter half of the elbow. Therefore, measures should be taken to
increase the abrasion resistance of the outer wall of the latter half of the elbow at high
flow rates.

3. In the horizontal-vertical pipeline, the velocity distribution of CPB slurry in the
horizontal pipe and the vertical pipe presents a symmetrical state with high value in
the middle and low value on both sides and forms a zero-value velocity zone near the
pipe wall, which is the standard “plunger flow” state. However, at a low flow rate,
the velocity distribution of CPB slurry at the bottom of the horizontal pipe and the
inner wall of the bend will be affected because of the precipitation of CP, increasing
the risk of CPB blockage in the pipe.

4. In vertical-horizontal pipelines, the velocity distribution of the cross-section will shift
with the change of pipe shape, and the difference of velocity distribution values will
increase with the increase of velocity. In this pipeline, special attention should be paid
to CPB slurry movement in the horizontal pipe, where CP deposition can increase
clogging, and increased flow rate can mitigate this behavior.

5. Compared with the horizontal-vertical pipeline, the pressure loss in the vertical—-
horizontal pipeline will always be greater than the former with the increase of velocity,
and the gap in the bend section will be larger. The mechanism of this requires more
detailed research in the later stage.
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