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Abstract: The continuous accumulation of tailings in tailings reservoirs not only causes environmental
pollution but may also cause geological disasters. The paste-filling mining method is an effective
way to address the accumulation of tailings, and it is necessary to study the flow characteristics of the
pipeline transportation process—a core process of this method. However, limited by factors such as
test conditions, equipment, and cost, the research in this field mainly focuses on the flow performance
of conveying materials and the influence of single conveying conditions on the resistance of filling
pipelines. The pipeline transportation of paste is a systematic project, and its pipeline transportation
characteristics are not only determined by the characteristics of the slurry itself but also related to the
geometric characteristics of the pipeline. In this study, an orthogonal test and numerical simulation
were used to study the influence of five parameters—i.e., the filling gradient, the curvature radius of
the elbow, the inner diameter of the pipeline, the paste flow rate, and the paste concentration—on
pipeline transportation characteristics, and they were sorted according to their levels of influence. The
results show that, during the pipeline transportation process, the slurry concentration has the greatest
influence on the resistance loss and the maximum wall shear stress of the pipeline, and the slurry
flow rate has the greatest influence on the maximum flow rate at the elbow. The numerical simulation
results were compared and analyzed using rheological theory. The maximum difference rate was 11%,
and the average difference rate was 6%. Numerical simulation results indicate that the pipe wall near
the outer diameter side of the inlet section and the center of the elbow section wears easily during the
paste-conveying process. The results enrich the theory of paste pipeline transportation, improve the
understanding of the influence of various parameters on paste transportation characteristics, and
provide a reference for paste pipeline design.

Keywords: environment-friendly mine; paste backfill; pipeline transportation; resistance along line;
orthogonal test; computed fluid dynamics

1. Introduction

In traditional mining methods (open-field method, caving method, etc.), a special
tailings pond accumulation concentrator needs to be built for discharged tailings from the
surface subsidence above the mined-out area [1–3]. Excessive accumulation of tailings
will not only cause serious damage to the ecological environment around the tailings
reservoir but may also cause debris flow and dam breaking of the tailings reservoir [4,5].
Compared with other mining methods, the backfill mining method can effectively solve
the environmental problems caused by goaf collapse and the accumulation of tailings [6].
In the backfill mining method, a cementing agent and water are used to convert the tailings
discharged from the concentrator into a backfill slurry to fill the goaf formed by mining
activities [7]. After condensation, the backfill slurry forms a solid structure with a certain
strength in the goaf, effectively limiting the deformation of the goaf [8,9]. This not only
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reduces the stock of tailings in the tailings pond but also prevents the surface subsidence
caused by the deformation of the goaf and, to a certain extent, alleviates the pressure on
the environment caused by human mining activities [10].

Pipeline transportation is the main way to transport the filling slurry from the surface
to the goaf. A safe, stable, and efficient operation is the premise for the normal produc-
tion of a mine. For this reason, some scholars have focused on the problem of pipeline
transportation in mines around the world and explained in detail the necessity of studying
this problem [11]. When investigating the composite filling material, the rheological prop-
erties of the material have been studied in depth [12,13]. Some scholars have found that
the rheological behavior of the filling slurry is related to the evolution of its mesoscopic
structure [14,15], and the evolution process of slurry’s microstructure under shear action
has been investigated using environmental electron scanning microscopy (ESEM) and
computer image processing [16,17]. Some studies have shown that the solid particles in the
filling slurry undergo shear-induced migration under the action of shear stress [18,19].

When filling slurry is being transported from the ground to the goaf, the pipeline
transportation resistance is the main factor influencing the transportation state of the filling
slurry [20]. The mechanism and law of filling pipeline transportation resistance have
become a topic of focus in filling mining research. According to M. Mooney and other
scholars, during pipeline transportation, there is wall-slip behavior [21–23], which greatly
reduces the resistance that the paste faces during transportation [24]. Chen et al. studied
the influence of paste concentration, total tailings content, and other factors on pipeline
transportation resistance using L-tube tests and loop tests [25–27].

Due to the complexity of the filling slurry flowing in the pipeline, according to the
results of existing research, the transportation parameters are mainly determined using the
following three methods:

1. On the basis of a large number of field test data, and combined with the corresponding
fluid mechanics theory, the empirical formula of transportation resistance is obtained
through the combination of practical experience and theoretical derivation. Then, the
transportation parameters are determined using the empirical formula.

2. On the basis of the Bingham model, the transportation parameters are determined by
rheological theory and experiments.

3. With the semi-industrial loop pipe test of slurry transportation carried out, the
transportation parameters are determined through calculation and analysis of the
test results.

However, considering the diverse mine conditions, the complex theoretical calcula-
tions, and the costly semi-industrial tests, the above three methods for determining pipe
flow transportation parameters have certain limitations. The emergence of computational
fluid dynamics has solved the above limitations to a certain extent [28]. Today, with the
continuous updating and development of computational fluid dynamics software, it has be-
come common to use this software to simulate the flow process of filling slurry in pipelines
for studying the law of slurry pipeline transportation [29]. FLUENT is used to identify the
part of the pipeline that will easily wear during the paste transportation process [30,31],
the flow effects of different cementitious slurry materials in the transportation pipeline [32],
and the transportation state of the slurry in the elbow [33]. Cheng et al. used COMSOL
Multiphysics to study the rheological properties and wall-slip characteristics of waste
rock–tailings cemented paste during pipeline transportation [34] and established a paste–
pipeline resistance calculation model with time and temperature effects [35]. Chen et al.
studied the optimization of pipeline transportation parameters by combining the L-tube
test and the numerical simulation of two-phase flow [36].

The research results of the scholars above show that the characteristics of the trans-
ported slurry, such as rheological properties and slurry concentration, are crucial for deter-
mining the pipeline transportation parameters. However, in the filling mining method, the
pipeline transportation process of the slurry is a systematic project. The transportation char-
acteristics of the pipeline are determined not only by the characteristics of the transported
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slurry, but also by the geometric state of the filling pipeline (e.g., filling gradient, elbow
curvature radius, inner diameter of the pipeline), slurry transportation speed, and other
factors. Therefore, in this paper, computational fluid dynamics software is used to simulate
the transportation of filling slurry in a pipeline. The orthogonal test principle is used to
comprehensively analyze the influence of five parameters—i.e., the filling gradient, the
curvature radius of the bend pipe, the inner diameter of the pipe, the paste flow rate, and
the paste concentration—on the resistance loss along the pipeline, the maximum wall shear
stress of the pipeline, and the maximum flow rate at the bend pipe during the pipeline
transportation process. The results of the numerical simulation are verified and analyzed
using the theoretical calculation method, and the optimal transportation scheme is obtained
according to the numerical simulation results, providing a theoretical reference for the
design of a mine’s paste-filling pipeline.

2. Materials and Methods
2.1. Project Overview

Huangjindong Mine is an old mine with 100 years of mining history. The vein is of
good quality and high value. At present, it has a comprehensive production capacity of
2000 t/d. However, the upward-stratified dry-filling method used in the actual mining has
safety, economic, and technical problems—for example, high resource loss rate and low
production efficiency, and the fact that the tailings storage capacity will soon be exhausted.
In view of these problems faced by the mine, the authority of the coal mine decided to
replace dry filling with unclassified tailings-paste backfill. The improved filling process is
shown in Figure 1. A slurry pump pumps the low-concentration tailings discharged from
the beneficiation plant to the thickener, where the tailings are flocculated with a flocculant.
The high-concentration full-tailed mortar obtained after flocculation sedimentation and the
cementation powder stored in the cementitious material warehouse are properly mixed
in the mixing barrel to prepare a qualified paste-filling slurry, which is transported to the
underground goaf through the pipeline.
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Figure 1. The entire tailings paste-filling process flow.

2.2. Materials

The low-concentration (25–30%) full tailings slurry used in this test was taken from the
Huangjindong concentrator, as shown in Figure 2. Laboratory tests helped to determine the
physical properties and the chemical composition of the whole tailings. The particle size
composition of the gold mine tailings was analyzed using a BT-9300ST laser particle size
analyzer, and the results are shown in Figure 3. Table 1 presents the physical properties,
while Figure 4 shows the chemical compositions.
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The cementing powder used in the test was a slag-based cementitious material pre-
pared by grinding the slag produced during the smelting of pig iron or other metals and
adding an alkali activator. Table 2 presents the composition and ratio of the raw materials.

Table 2. Composition and ratio of the new type of cementing powder.

Raw Material Name Blast Furnace Slag Bender Clinker Lime Gypsum Activating Agent Total

Basic ratio 70–80% 0–5% 3–5% 8–10% 2–3% 100%

3. Paste Rheological Parameter Test Experiment

Rheology refers to the study of the flow of fluids and the science of deformation.
The research results have a certain reference value for the design of a paste pipeline
transportation process. Some rheological parameters can also judge the fluidity of a paste
to a certain extent. According to the actual situation of the mine, paste slurry with a
cement–sand ratio of 1:6 was selected as the test object, and the viscosity and yield stress of
different concentrations of paste were tested.

3.1. Test Instruments and Methods

As shown in Figure 5, an Anton Paar rotary rheometer was used to measure the
rheological parameters of the test slurry. The test process was as follows:
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(1) At the beginning of the test, the prepared high-concentration cemented tailings
filling slurry was poured into a beaker, and the beaker was placed on an MC72 rheological
operating table. The buckle was tightened to fix the beaker and prevent it from rotating
with the rotor of the rheometer. The rotation was completed in 180 s.

(2) Using the RheoWin software interface, the rheometer’s rotor rotation was set, and
the data were transmitted in real time. The computer saved the data measured in the
experiment, and the data analysis was completed later using RheoWin software.

(3) After each test of the filling slurry sample, the rotor of the rheometer was cleaned
to prevent any change in the concentration of the slurry to be tested due to an increase in
water or slurry aggregates, as such changes would cause the experimental data to deviate.

3.2. Measurement Results

The results of the rheological parameters of the selected filling slurry are shown in
Table 3. According to the data in Table 3, the yield stress and plastic viscosity of the slurry
increased with the increase in its concentration.
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Table 3. Rheological parameters test results.

Cement–Sand Ratio Slurry Concentration (%) Yield Stress (Pa) Plastic Viscosity (Pa·s)

1:6

56 55 0.513
58 73 0.905
60 119 1.023
62 173 1.691
64 238 1.965

4. Numerical Simulation and Results of Paste Pipeline Transportation
4.1. Scheme of the Numerical Simulation

In this paper, the orthogonal test method is used to simulate the pipeline transportation
of paste slurry with a cement–sand ratio of 1:6. In the simulation scheme, five influencing
factors are included: filling gradient, elbow curvature radius, the inner diameter of the
pipeline, slurry flow rate, and paste concentration. Four levels are set for each factor. The
numerical value of each level design is shown in Table 4, and the orthogonal table of the
numerical simulation scheme is shown in Table 5. The letters A, B, C, D, and E represent the
filling gradient, the curvature radius of the bend pipe, the inner diameter of the pipe, the
slurry flow rate, and the slurry concentration, respectively, and the numbers 1-4 represent
the levels of each factor.

Table 4. Orthogonal test scheme.

Researching Factors Level

A Filling gradient 2 3.5 4 4.5
B Curvature radius of bend pipe r (m) 1 2 3 4
C Inner diameter of pipe d (mm) 110 130 150 170
D Slurry flow rate v (m/s) 1.8 2.0 2.2 2.4
E Slurry concentration (%) 56 58 60 62

Table 5. Orthogonal table of numerical simulation schemes.

Orthogonal Test Program
Column Number

A B C D E

1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 2 1 2 3 4
6 2 2 1 4 3
7 2 3 4 1 2
8 2 4 3 2 1
9 3 1 3 4 2
10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 4 1
16 4 4 1 3 2

4.1.1. Numerical Simulation Parameter Calculation

Before the numerical simulation, the material property parameters of the paste slurry
should be calculated and measured, and the simulated pipeline transportation parameters
should be reasonably verified. The numerical simulation parameters are summarized in
Table 6. The process of calculation and verification is as follows:

(1) Generalized Reynolds number
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Re =
ρVD

µe
(1)

where:
ρ is the density of the filling slurry (kg/m3);
V is the flow rate of the filling slurry (m/s);
D is the inner diameter of the filling pipeline (m);
µe is the effective viscosity of the filling slurry (Pa·s).
The generalized Reynolds number is an important parameter to distinguish the flow

state of slurry. According to previous research, during pipeline transportation, when the
generalized Reynolds number is less than 2300, the slurry shows laminar flow; when the
Reynolds number is between 2300 and 4000, the slurry displays excessive flow; and when
the Reynolds number is greater than 4000, the slurry shows turbulent flow. According to
Formula (1), the slurry flow state under 16 schemes is laminar flow.

Table 6. Numerical simulation parameters.

Test
Times

Filling
Gradient

Curvature
Radius of
Bend Pipe

(R/m)

Inner
Diameter

of Pipe
(mm)

Slurry
Flow
Rate
(m/s)

Slurry
Concen-
tration

(%)

Slurry
Density
(kg/m3)

Slurry
Viscosity

(Pa.s)

Yield
Stress
(Pa)

Reynolds
Number

1 2 1 110 1.8 56 1555 0.140 55 2203
2 2 2 130 2.0 58 1586 0.247 73 1672
3 2 3 150 2.2 60 1619 0.279 119 1917
4 2 4 170 2.4 62 1653 0.461 173 1464
5 3.5 1 130 2.2 62 1653 0.461 173 1026
6 3.5 2 110 2.4 60 1619 0.279 119 1533
7 3.5 3 170 1.8 58 1586 0.247 73 1968
8 3.5 4 150 2.0 56 1555 0.140 55 1337
9 4 1 150 2.4 58 1586 0.247 73 2015

10 4 2 170 2.2 56 1555 0.140 55 2161
11 4 3 110 2.0 62 1653 0.461 173 789
12 4 4 130 1.8 60 1619 0.279 119 1359
13 4.5 1 170 2.0 60 1619 0.279 119 1975
14 4.5 2 150 1.8 62 1653 0.461 173 969
15 4.5 3 130 2.4 56 1555 0.140 55 1471
16 4.5 4 110 2.2 58 1586 0.247 73 1556

(2) Physical property parameters of slurry

The physical parameters of the slurry mainly include density and concentration. In
this study, slurry with a cement–sand ratio of 1:6 and concentrations of 56%, 58%, 60%, and
62% was numerically simulated. The density and concentration parameters are shown in
Table 5.

(3) Rheological parameters of slurry

The rheological parameters used in numerical simulation include slurry viscosity and
yield stress. The rheometer determines the apparent viscosity of the slurry by measuring
the shear stress and the velocity gradient of the slurry. However, when analyzing the flow
of a non-Newtonian fluid in a pipeline, it is easier to measure the flow rate and the pressure
drop of the slurry than the shear stress and the velocity gradient of the slurry. The viscosity
related to the slurry flow rate and the pressure drop is the effective viscosity of the slurry.
Therefore, the apparent viscosity of the slurry obtained using the indoor rheological test is
transformed into the effective viscosity of the slurry. According to the Bingham effective
viscosity formula (Formula (2)) in the literature [10], the apparent viscosity is the test value.

µe =
η

(1− 4
3 a+ 1

3 a4
) (2)
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where:
µe is the effective viscosity (Pa.s);
η is the apparent viscosity (Pa.s).
The parameter values used in the numerical simulation are shown in Table 6.

4.1.2. Pipeline Model

In this study, the numerical simulation method was used to study the gravity flow
transportation of the Huajiawan pit mouth section of Huangjindong Mine. The surface
filling borehole of the Huajiawan pit mouth is +209 m ~ −20 m, and the pipeline length
is 230 m. According to the Reynolds number similarity criterion, when slurry flows in
the pipeline, if the Reynolds number is kept consistent, the simulation results will not be
changed when the model is similarly treated. Therefore, when modeling, the field filling
pipeline can be simplified to an L-shaped pipeline, and the vertical pipeline length can
be reduced 10-fold, to 23 m. To keep consistent with the pipeline lying in the filling site,
the vertical pipe section was fixed at 23 m during modeling, and the filling double line
was changed by changing the horizontal pipe section. One of the scheme pipeline model
diagrams is shown below Figure 6.
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5 3.5 1 130 2.2 62 1653 0.461 173 1026 

6 3.5 2 110 2.4 60 1619 0.279 119 1533 

7 3.5 3 170 1.8 58 1586 0.247 73 1968 

8 3.5 4 150 2.0 56 1555 0.140 55 1337 

9 4 1 150 2.4 58 1586 0.247 73 2015 

10 4 2 170 2.2 56 1555 0.140 55 2161 

11 4 3 110 2.0 62 1653 0.461 173 789 

12 4 4 130 1.8 60 1619 0.279 119 1359 

13 4.5 1 170 2.0 60 1619 0.279 119 1975 

14 4.5 2 150 1.8 62 1653 0.461 173 969 

15 4.5 3 130 2.4 56 1555 0.140 55 1471 

16 4.5 4 110 2.2 58 1586 0.247 73 1556 

4.1.2. Pipeline Model 
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230 m. According to the Reynolds number similarity criterion, when slurry flows in the 

pipeline, if the Reynolds number is kept consistent, the simulation results will not be 

changed when the model is similarly treated. Therefore, when modeling, the field filling 

pipeline can be simplified to an L-shaped pipeline, and the vertical pipeline length can be 

reduced 10-fold, to 23 m. To keep consistent with the pipeline lying in the filling site, the 

vertical pipe section was fixed at 23 m during modeling, and the filling double line was 

changed by changing the horizontal pipe section. One of the scheme pipeline model dia-
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Figure 6. Schematic diagram of the pipeline model.

4.2. Numerical Simulation Results

The resistance loss im (Pa/m) is defined as the ratio of the pressure difference at both
ends of the pipeline to the length of the pipeline, and the calculation formula is Formula
(3). The length of the pipeline, the inlet pressure, and the outlet pressure of the pipeline
obtained with numerical simulation can be substituted into Formula (3) to determine the
resistance loss of the filling slurry flowing through the filling pipeline. The calculation
results are summarized in Table 7 and Figure 7.

im =
∆P
L

(3)

where:
∆P is the total pressure difference between the inlet and the outlet of the pipeline (Pa);
L is the total length of the pipeline (m).
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Table 7. Results of pipe resistance loss along the path under each simulation scheme.

Test Scheme
Column Number Maximum Wall

Shear Stress (Pa)
Maximum Velocity at
the Bend Pipe (m/s)

Resistance Loss of
the Pipeline (Pa/m)A B C D E

1 1 1 1 1 1 228 2.57 2992
2 1 2 2 2 2 283 2.83 4303
3 1 3 3 3 3 530 3.04 5537
4 1 4 4 4 4 687 3.36 7399
5 2 1 2 3 4 557 3.11 8960
6 2 2 1 4 3 407 3.37 7857
7 2 3 4 1 2 279 2.51 2894
8 2 4 3 2 1 166 2.75 2533
9 3 1 3 4 2 349 2.43 3632

10 3 2 4 3 1 251 3.03 2159
11 3 3 1 2 4 548 2.81 11034
12 3 4 2 1 3 315 2.46 5934
13 4 1 4 2 3 354 2.76 4202
14 4 2 3 1 4 451 2.47 7113
15 4 3 2 4 1 273 3.35 3349
16 4 4 1 3 2 306 3.16 5456

5. Analysis and Discussion
5.1. Analysis of Factors Influencing Paste Flow Characteristics
5.1.1. Analysis of the Influence of the Resistance Loss of the Pipeline

The degrees of influence of the filling gradient, the elbow curvature radius r, the inner
diameter d of the pipeline, the slurry flow velocity v, and the slurry concentration on the
resistance loss along the pipeline are different. To identify the main factors influencing



Sustainability 2023, 15, 6904 10 of 26

the resistance loss along the pipeline, the range analysis of each factor was carried out on
the resistance loss im obtained from 16 groups of numerical simulation schemes. Table 8
and Figure 8 presents the results. Through the curve fitting of the average values of
the resistance loss along the way at different levels obtained in the range analysis, the
relationship between the average resistance loss along the way under each factor was
determined (see Table 9).

Table 8. Range analysis results of each parameter.

Parameter Level Filling Gradient Curvature Radius of
Bend Pipe (m)

Inner Diameter of
Pipe d (mm)

Slurry Flow Rate v
(m/s)

Slurry
Concentration (%)

C1 20,231 19,787 27,339 18,932 11,033
C2 22,243 21,431 22,547 22,072 16,285
C3 22,759 22,814 18,814 22,112 23,530
C4 20,121 21,322 16,654 22,237 34,506
c1 5058 4947 6835 4733 2758
c2 5561 5358 5637 5518 4071
c3 5690 5704 4704 5528 5882
c4 5030 5330 4163 5559 8627

Extreme difference R 660 757 2671 826 5868
Influence degree Slurry concentration > inner diameter of pipe > slurry flow rate > filling gradient > curvature radius of bend pipe
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Figure 8. The influence of each parameter on the resistance loss of the pipeline.
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Table 9. Fitting relationships between different influencing factors and drag loss along the path.

Variable Relationship Fitting Relationship Correlation Coefficient

im1/(Pa/m)—filling gradient (N) im1 = −5.598e−09 × e(5.746*N) + 4454*e(0.06357×N) 0.97
im2/(Pa/m)—curvature radius of bend

pipe (r/m) im2 = −3.746 × e(1.431×r) + 4541 × e(0.08883×r) 0.99

im3/(Pa/m)—inner diameter of pipe (d/mm) im3 =2.427e+04 × e(0.01189×d) + 27.22 ×
e(0.02088×d) 0.99

im4/(Pa/m)—slurry flow rate v (m/s) im4 = 5762 × e(−0.01875×v) − 4.779e + 15 ×
e(−16.32×v) 0.95

im5/(Pa/m)—slurry concentration c (%) im5 = 0.0785 × e(0.1872×v) − 6.51e + 11e(−0.4057×v) 0.95

The results of extreme analysis show the following:

(1) The influence of various factors on the resistance loss along the pipeline

The values of extreme difference in the filling gradient, the elbow curvature radius R,
the inner diameter d of the pipe, the flow velocity v, and the slurry concentration are 660,
757, 2671, 826, and 5868, respectively. The larger the extreme difference, the greater the influ-
ence of the factor on the resistance loss along the pipeline. Therefore, the influence of each
parameter on the resistance loss along the pipeline, in reducing order, is as follows: slurry
concentration > the inner diameter of the pipeline > flow rate > filling gradient > elbow
curvature radius.

(2) The influence of the filling gradient

With the increase in the filling gradient, the resistance loss along the way changes
into an exponential function, and an inflection point appears when the filling gradient is 4.
When the filling gradient is between 2 and 4, the resistance loss increases with the increase
in the filling gradient. When the filling gradient is between 4 and 4.5, the resistance loss
decreases with the increase in the filling gradient, because when the filling gradient exceeds
4, the total resistance of the pipeline exceeds the gravity of the paste itself, and the paste
cannot be transported by gravity. Therefore, to fill the stope when the filling gradient is
greater than 4, pump-filling must be carried out.

(3) The influence of the elbow curvature radius

Due to the complexity of underground mining conditions, when the filling pipeline
is arranged, an elbow is often used to splice the pipeline. Therefore, the influence of the
geometric shape of the elbow on the resistance loss along the way is also particularly
important. According to the results of the numerical simulations, the resistance loss along
the elbow also changes exponentially with the increase in the curvature radius of the elbow,
and the inflection point appears when the curvature radius of the elbow is 3 m. When the
curvature radius of the elbow is between 1 m and 3 m, the resistance loss will increase with
the increase in the curvature radius. When the curvature radius of the elbow is between
3 m and 4 m, the resistance loss will decrease with the increase in the curvature radius. This
is because when the radius of curvature increases, the circumference of the bend increases,
and the contact force line between the slurry and the pipe wall increases, increasing the
resistance along the pipeline. However, as the radius of curvature increases, the slurry
velocity gradient decreases, reducing the resistance along the pipeline. According to the
results of the numerical simulations, when the curvature radius of the elbow is 1 m, the
resistance loss along the path is the smallest.

(4) The influence of the inner diameter of the pipe

There is a negative correlation between the inner diameter d of the pipeline and the
resistance loss along the pipeline. The resistance loss along the pipeline decreases with the
increase in the inner diameter d of the pipeline. When the inner diameter d of the pipeline
is between 110 mm and 150 mm, with the increase in the inner diameter of the pipeline, the
reduction rate of the resistance loss along the pipeline is greater. When the inner diameter
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d of the pipeline is between 150 mm and 170 mm, the reduction rate of the resistance loss
along the pipeline is relatively flat.

(5) The influence of flow velocity

The relationship between the flow velocity v and the resistance loss along the pipeline
is an exponential function. When the flow rate is 1.8 m/s ~ 2.0 m/s, the increase in the
resistance loss along the way is larger, and when the flow rate is 2.0 m/s ~ 2.4 m/s, the
increase in the resistance loss along the way is significantly reduced.

(6) The influence of slurry concentration

The slurry concentration c is positively correlated with the resistance loss along the
pipeline. As the slurry concentration c increases, the yield stress and the plastic viscosity
of the slurry increase, leading to an increase in resistance loss along the pipeline. When
the slurry concentration is between 56% and 58%, the increase in resistance loss along
the pipeline is small. When the concentration is between 58% and 62%, the increase in
resistance loss along the pipeline is greater.

The correlation coefficients of the fitting curves of each parameter are greater than 0.95,
indicating that the error of predicting the slurry transportation characteristic values with
these curves is small. Therefore, these parameter fitting models can provide a reference for
the selection of filling slurry pipeline transportation parameters.

5.1.2. Maximum Wall Shear Stress of the Pipeline

The wall shear stress of the pipeline is the shear stress generated by the paste on
the wall interface when it is moving along the pipeline, and the wall shear stress of the
pipeline can reflect the wear rate of the paste on the pipe wall from the side. Therefore,
the degree of wear of the pipeline can be analyzed by studying the wall shear stress of the
pipeline. When the wall stress concentration and part of the shear stress are large, the wear
of the pipeline will be more serious. At this time, it is necessary to thicken the pipe wall
or optimize the wear resistance of the pipe wall material. Range analysis can be used to
analyze the influence of each parameter on the maximum wall shear stress of the pipeline.
The range analysis results of each parameter are shown in Figure 9 and Table 10.

The results of the range analysis show the following:

(1) The influence of various factors on the maximum wall shear stress of the pipeline

The range values of the filling times, the elbow curvature radius R, the inner diameter
d of the pipe, the flow velocity v, and the slurry concentration are 86, 59.5, 35.75, 110.75, and
331.25, respectively. The degree of influence of each parameter on the maximum wall shear
stress of the pipeline is relatively small. The influence of each parameter on the maximum
wall shear stress of the pipeline, in reducing order, is as follows: slurry concentration >
flow velocity > filling gradient > elbow curvature radius > the inner diameter of the pipe.
The slurry concentration has the greatest influence on the maximum wall shear stress of
the pipeline, while the pipe’s inner diameter has the least influence on it.

(2) The influence of the filling gradient on the maximum wall shear stress of the pipeline

When the filling gradient is less than 3.5, the maximum wall shear stress of the pipeline
decreases with the increase in the filling gradient. When the filling gradient exceeds 3.5, the
maximum wall shear stress of the pipeline fluctuates with the increase in the filling gradient.
When the gradient increases from 3.5 to 4, the maximum wall shear stress increases with
the increase in the filling line, and when it increases from 4 to 4.5, the opposite is true.

(3) The influence of the curvature radius on the maximum wall shear stress of the pipe

The maximum wall shear stress of the pipe fluctuates with the change in the curvature
radius of the elbow. When the curvature radius of the elbow increases from 1 m to 2 m, the
maximum wall shear stress decreases. When the curvature radius of the elbow increases
from 2 m to 3 m, the maximum wall shear stress increases. However, when the curvature
radius of the elbow increases from 3 m to 4 m, the maximum wall shear stress decreases.
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Figure 9. The influence of various parameters on the maximum wall shear stress of the pipeline. 
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Table 10. Range analysis results of each parameter of the maximum wall shear stress.

Parameter
Level

Filling
Gradient

Curvature
Radius of
Bend Pipe

(m)

Inner
Diameter of
Pipe d (mm)

Slurry Flow
Rate v (m/s)

Slurry Con-
centration

(%)

C1 1728 1488 1489 1273 918
C2 1409 1392 1428 1351 1217
C3 1463 1630 1496 1644 1606
C4 1384 1474 1571 1716 2243
c1 432 372 372.25 318.25 229.5
c2 352.25 348 357 337.75 304.25
c3 365.75 407.5 374 411 401.5
c4 346 368.5 392.75 429 560.75

Extreme
difference R 86 59.5 35.75 110.75 331.25

Influence
degree

Slurry concentration > slurry flow rate > filling gradient >
curvature radius of bend pipe > inner diameter of pipe
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(4) The influence of the inner diameter of the pipe on the maximum wall shear stress of
the pipe

When the inner diameter d of the pipe is less than 130 mm, the maximum wall shear
stress of the pipe is negatively correlated with it. However, when the inner diameter d of
the pipe is greater than 130 mm, the maximum wall shear stress of the pipe increases with
the increase in the pipe’s inner diameter d.

(5) The influence of flow velocity on the maximum wall shear stress of the pipe

There is a positive correlation between the maximum wall shear stress of the pipe and
the flow velocity v. When the flow rate is 1.8–2.0 m/s or 2.2–2.4 m/s, the maximum wall
shear stress growth rate is relatively small.

(6) The influence of slurry concentration on the maximum wall shear stress of the pipeline

The slurry concentration c is approximately proportional to the maximum wall shear
stress of the pipeline. The maximum wall shear stress of the pipeline increases with the
increase in the slurry concentration c. When the slurry concentration is between 56% and
58%, the maximum wall shear stress of the pipe increases slightly.

The slurry concentration has the greatest influence on the maximum wall shear stress
of the pipeline, while the pipe’s inner diameter has the least influence on it. The optimal
wall shear stress parameter combination is that the filling gradient is 4.5, the curvature
radius of the elbow is 1 m to 2.5 m, the pipe’s inner diameter is 110 mm to 150 mm, the
slurry flow rate is 1.8 m/s, and the slurry concentration is 56–58%.

5.1.3. Maximum Velocity at Elbow

Statistics of the field situation of paste pipeline transportation indicate that the wear
of the outer wall of the elbow of the transportation pipeline is often larger. This is not
only because the shear stress of the transportation pipeline at the elbow is larger, but also
because when the paste passes through the elbow, its speed and direction change, leading
to a greater impulse at the elbow, because of which the elbow wall has greater wear. When
the geometry of the elbow is fixed, according to the engineering practice experience, the
maximum flow velocity at the elbow is positively correlated with the wear rate at the pipe
wall. Through the range analysis of the maximum velocity results at the elbow under
each scheme, the degree of influence of the five pipeline parameters on it and the optimal
parameter combination range can be obtained. The range analysis results of each parameter
are shown in Table 11.

Table 11. Range analysis results of each parameter of the maximum velocity at elbow.

Parameter
Level

Filling
Gradient

Curvature
Radius of

Bend
Pipe (m)

Inner
Diameter of
Pipe d (mm)

Slurry Flow
Rate v (m/s)

Slurry Con-
centration

(%)

C1 11.8 10.87 11.91 10.01 11.7
C2 11.74 11.7 11.75 11.15 10.93
C3 10.73 11.71 10.69 12.34 11.63
C4 11.74 11.73 11.66 12.51 11.75
c1 2.95 2.7175 2.9775 2.5025 2.925
c2 2.935 2.925 2.9375 2.7875 2.7325
c3 2.6825 2.9275 2.6725 3.085 2.9075
c4 2.935 2.9325 2.915 3.1275 2.9375

Extreme
difference R 0.2675 0.215 0.305 0.625 0.205

Influence
degree

Slurry flow rate > inner diameter of pipe > filling gradient > curvature radius of
bend pipe > slurry concentration

Analysis of Figure 10 shows the following:
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(1) The influence of various factors on the maximum velocity at the elbow
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Figure 10. The influence of each parameter on the maximum flow velocity at the elbow. 
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Figure 10. The influence of each parameter on the maximum flow velocity at the elbow.

The range values of the filling gradient, the elbow curvature radius R, the inner
diameter d of the pipe, the flow velocity v, and the slurry concentration are 0.2675, 0.215,
0.305, 0.625, and 0.205, respectively. The flow velocity has the greatest influence on the
maximum flow velocity at the elbow. There are no significant differences in the influence
of the other parameters on the maximum flow velocity at the elbow. The order of influence
is as follows: flow velocity > the inner diameter of the pipe > filling gradient > elbow
curvature radius > slurry concentration.

(2) The influence of the filling gradient on the maximum flow velocity at the elbow

When the filling gradient is less than 3.5, any change in the filling gradient has little
effect on the maximum flow velocity at the elbow. As the filling gradient increases from
3.5 to 4, the maximum flow velocity at the elbow decreases. However, when the filling
gradient increases from 4 to 4.5, the maximum flow velocity at the elbow increases.

(3) The influence of the elbow curvature radius on the maximum flow velocity at the elbow
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When the curvature radius of the elbow increases from 1 m to 2 m, the maximum
velocity at the elbow increases. When the curvature radius of the elbow exceeds 2 m, the
increase in the maximum velocity curvature radius at the elbow has a gentle effect on the
maximum velocity at the elbow.

(4) The influence of the pipe’s inner diameter on the maximum flow velocity at the elbow

When the inner diameter of the pipeline is less than 120 mm, the influence of the inner
diameter of the pipeline on the maximum velocity at the bend is small. When the inner
diameter of the pipeline increases from 120 mm to 150 mm, the maximum velocity at the
bend decreases. However, when the inner diameter of the pipeline increases from 150 mm
to 170 mm, the change trend of the maximum velocity at the bend is the opposite.

(5) The influence of flow velocity on the maximum flow velocity at the elbow

When the flow velocity v is less than 2.2 m/s, the pipe flow velocity is approximately
proportional to the maximum flow velocity at the elbow, and the growth rate is relatively
fast. When the flow rate is greater than 2.2 m/s, the maximum flow rate at the elbow
gradually slows down with the increase in the flow rate.

(6) The influence of slurry concentration on the maximum velocity at the elbow

When the slurry concentration is between 56% and 58%, the maximum velocity at
the bend decreases with the increase in the concentration. When the slurry concentration
exceeds 58%, the maximum velocity at the bend increases with the increase in the slurry
concentration. However, when the slurry concentration exceeds 60%, the maximum velocity
at the bend increases, and the rate of increase in the maximum wall shear stress of the
pipe decreases.

When the filling gradient is 4, the curvature radius of the elbow is 1 m, the pipe’s
inner diameter is between 140 mm and 160 mm, the slurry flow rate is 1.8 m/s, the slurry
concentration is 58%, and the maximum flow rate at the elbow of the filling slurry has less
erosion influence on the pipe wall.

5.2. Calculation and Analysis of Resistance Loss along the Way, Based on Rheological Theory

Engineering practice shows that the paste can generally be regarded as a Bingham
fluid, and its constitutive relation expression is as shown in Formula (4).

τ = τ0 + η·(dv

dy
) (4)

where:
τ is the shear stress when the paste flows (Pa);
τ0 is the initial shear stress required for the paste to flow (Pa);
η is the plastic viscosity of the paste (Pa·s);
dv/dy is the shear rate of paste flow (s−1).
On the basis of the theory of non-Newtonian fluid mechanics, assuming the idealized

laminar flow of the paste in the pipe, a simple force analysis of the paste flow in the pipe is
carried out, as shown in Figure 11.
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Figure 11. Analysis diagram of motion force in the paste pipeline.
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Taking a micro-element cylinder of length L and radius r, according to the mechanical
equilibrium equation:

(p + ∆p)πR2 = pπR2 + 2πRLτw (5)

That is:
τw =

R∆p
2L

(6)

Taking a cylinder of radius r and length L, the pressure loss in the pipe is still regarded
as the shear stress on the cylindrical surface. Then, Formula (7) can be obtained and
simplified into Formula (8):

∆pπr2 − 2πrLτ = 0 (7)

τ =
r∆p
2L

(8)

Formula (8) and Formula (6) can be combined to obtain Formula (9):

τ

τw
=

r
R

(9)

Formula (4) can be substituted into Formula (8) to obtain Formula (10):

dv
dR

=
1
η
(

∆pr
2L

− τ0) (10)

The distribution function of the flow velocity in the tube can be obtained by integrating
Formula (10) into R:

V =
1
η
[
∆p
4L

(R2 − r2)− τ0(R − r)] (11)

When the paste flows in the pipeline, the boundary conditions r = R and V = 0 are set.
The average flow velocity V of the paste pipeline transportation process can be obtained
according to the Buckingham formula (Formula (12)).

8V
D

=
τw

η
[1 − 4

3
τ0

τw
+

1
3
(

τ0

τw
)

4
] (12)

where:
τw is the shear stress generated when the paste flows through the pipe wall (Pa);
τ0 is the initial shear stress required for the paste to flow (Pa);
D is the inner diameter of the pipe (m);
V is the average velocity of the paste pipeline transportation process (m/s).
Since (τ0/τw)4 is a high-order term, the value is small and can be ignored. Formula (12)

can be simplified to obtain Formula (13):

τw =
4
3

τ0 + η
8V
D

(13)

Finally, the calculation Formula (14) of the resistance loss along the paste pipeline can
be obtained by combining Formula (13) and Formula (8):

im =
∆p
L

=
16τ0

3D
+

32Vη

D2 (14)

According to Formula (14), the inner diameter of the pipeline, slurry flow rate, yield
stress, and plastic viscosity parameters of the 16 schemes are used in the calculation, and
the theoretical value of the resistance loss along the paste pipeline transportation can be
obtained. The resistance loss determined using numerical simulations was compared and
analyzed, as shown in Table 12 and Figure 11.
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Table 12. Comparison of resistance loss values between theoretical calculation and numerical simulation.

Simulation
Program

Theoretical
Calculation

(Pa/m)

Numerical
Simulation

(Pa/m)

Difference Rate Variance
(%)(Pa/m)

1 3324 2992 332 10%
2 3949 4303 354 9%
3 5114 5537 423 8%
4 6664 7399 735 11%
5 9033 8960 72 1%
6 7553 7857 303 4%
7 2797 2894 97 3%
8 2347 2533 185 8%
9 3455 3632 178 5%
10 2061 2159 98 5%
11 10,844 11,034 191 2%
12 5844 5934 89 2%
13 4360 4202 158 4%
14 7344 7113 232 3%
15 2885 3147 262 9%
16 4998 5456 459 9%

It can be seen from Table 12 and Figure 12 that the maximum difference rate between
the numerical simulation value and the theoretical calculation value is 11%, and the average
difference rate is only 6%. Therefore, the resistance loss value along the path through the
numerical simulation calculation is essentially consistent with the theoretical calculation
value, verifying the rationality and accuracy of the numerical simulation calculation results.
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5.3. Discussion on the Comprehensive Optimal Transportation Scheme
5.3.1. Parameter Combination of the Comprehensive Optimal Scheme

Table 13 summarizes the optimal parameter combination ranges, with the resistance
loss along the pipeline, the maximum wall shear stress of the pipeline, and the maximum
flow velocity at the elbow as the discriminant factors. Although the maximum flow velocity
at the elbow and the maximum wall shear stress of the pipeline are the discriminant factors
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when the filling times are 4 and 4.5, the combination results are better. However, the
resistance along the pipeline is too high for the slurry to achieve gravity-assisted transport.
When the filling line is 2 and the flow rate is 1.8 m/s, there are two relatively better solutions.
However, compared with the flow rate of 2.0 m/s, the lower flow rate is more likely to
cause the paste to accumulate in the pipeline and block it. Therefore, the filling line is 2, the
curvature radius of the elbow is 1 m, the inner diameter of the pipe is 150 mm, the slurry
flow rate is 2.0 m/s, and the slurry concentration is 58%.

Table 13. Optimal parameter combinations under different discriminant factors.

Discriminant Factors Filling
Gradient

Curvature Radius
of Bend Pipe

(R/m)

Inner Diameter of
Pipe (d/mm)

Slurry Flow
Rate v (m/s)

Slurry
Concentration (%)

Resistance loss along
the pipeline 2 1 150~170 2.0 56~58

Maximum wall shear stress
of pipeline 4.5 1~2.5 110~150 1.8 56~58

Maximum velocity at
bend pipe 4 1 140~160 1.8 58

Comprehensive optimal
value 2 1 150 2.0 58

5.3.2. Pressure Analysis in the Pipeline

According to the Bernoulli equation, the pressure of the paste in the pipeline can be
divided into static pressure and dynamic pressure. The static pressure is generated by the
gravitational potential energy of the paste itself and is proportional to the density of the
paste and the height difference between the position and the horizontal liquid level. The
dynamic pressure is generated by the flow rate of the paste during the movement and
is proportional to the square of the flow rate when the paste moves in the pipeline. The
following shows the total pressure and the dynamic pressure in the pipeline when the
comprehensive optimal scheme parameter combination is two times the filling line, the
curvature radius of the elbow is 1 m, the inner diameter of the pipeline is 150 mm, the
slurry flow rate is 2.0 m/s, and the slurry concentration is 58%.

It can be seen from Figures 13–15 that the total pressure at the inlet of the pipeline
is 163,678 Pa, the total pressure at the outlet of the pipeline is 25 Pa, the resistance loss of
the whole pipeline is 163,653 Pa, and the resistance along the pipeline is 3556 Pa/m. The
gravitational potential energy of the paste was calculated using Formula (15) and found to
be 357,485.4 Pa, which is much larger than the resistance loss of the whole pipeline under
this scheme. Therefore, paste self-flow transportation can be achieved.

ρgh = 1586 × 9.8 × 23 = 357484.4 Pa (15)

where:
ρ is the density of the paste (1586 kg/m3) when the paste slurry concentration is 58%;
g is the acceleration due to gravity (9.8 m/s2);
h is the height of the vertical section of the pipeline (23 m).
It can be seen from Figures 16–18 that the dynamic pressure in the initial section of the

pipeline’s inlet is small, but as the gravitational potential energy gradually transforms into
kinetic energy, the velocity of the paste gradually increases, as does the dynamic pressure.
The paste continues to flow downward, and the “boundary effect” begins to take form
at the pipe wall. The dynamic pressure value at the pipe wall decreases rapidly to zero,
and high dynamic pressure concentration occurs at the center of the pipe. When the paste
flows through the elbow, the dynamic pressure around the inner diameter side of the elbow
is small, and the high-dynamic-pressure area is mainly concentrated in the lower half of
the center of the elbow section near the outer diameter side of the elbow. Therefore, in
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engineering practice, the outer diameter side of the elbow section of the filling pipeline
tends to be seriously worn.

Sustainability 2023, 15, x FOR PEER REVIEW 21 of 27 
 

paste and the height difference between the position and the horizontal liquid level. The 

dynamic pressure is generated by the flow rate of the paste during the movement and is 

proportional to the square of the flow rate when the paste moves in the pipeline. The fol-

lowing shows the total pressure and the dynamic pressure in the pipeline when the com-

prehensive optimal scheme parameter combination is two times the filling line, the cur-

vature radius of the elbow is 1 m, the inner diameter of the pipeline is 150 mm, the slurry 

flow rate is 2.0 m/s, and the slurry concentration is 58%. 

It can be seen from Figures 13–15 that the total pressure at the inlet of the pipeline is 

163,678 Pa, the total pressure at the outlet of the pipeline is 25 Pa, the resistance loss of the 

whole pipeline is 163,653 Pa, and the resistance along the pipeline is 3556 Pa/m. The grav-

itational potential energy of the paste was calculated using Formula (15) and found to be 

357,485.4 Pa, which is much larger than the resistance loss of the whole pipeline under 

this scheme. Therefore, paste self-flow transportation can be achieved. 

1586 9.8 23 357484.4gh Pa =   =   (15) 

where: 

ρ is the density of the paste (1586 kg/m3) when the paste slurry concentration is 58%; 

g is the acceleration due to gravity (9.8 m/s2); 

h is the height of the vertical section of the pipeline (23 m). 

 

Figure 13. Total pressure distribution at the inlet section of the pipeline. 

 

Figure 14. Total pressure distribution of the pipe bend section. 

Figure 13. Total pressure distribution at the inlet section of the pipeline.

Sustainability 2023, 15, x FOR PEER REVIEW 21 of 27 
 

paste and the height difference between the position and the horizontal liquid level. The 

dynamic pressure is generated by the flow rate of the paste during the movement and is 

proportional to the square of the flow rate when the paste moves in the pipeline. The fol-

lowing shows the total pressure and the dynamic pressure in the pipeline when the com-

prehensive optimal scheme parameter combination is two times the filling line, the cur-

vature radius of the elbow is 1 m, the inner diameter of the pipeline is 150 mm, the slurry 

flow rate is 2.0 m/s, and the slurry concentration is 58%. 

It can be seen from Figures 13–15 that the total pressure at the inlet of the pipeline is 

163,678 Pa, the total pressure at the outlet of the pipeline is 25 Pa, the resistance loss of the 

whole pipeline is 163,653 Pa, and the resistance along the pipeline is 3556 Pa/m. The grav-

itational potential energy of the paste was calculated using Formula (15) and found to be 

357,485.4 Pa, which is much larger than the resistance loss of the whole pipeline under 

this scheme. Therefore, paste self-flow transportation can be achieved. 

1586 9.8 23 357484.4gh Pa =   =   (15) 

where: 

ρ is the density of the paste (1586 kg/m3) when the paste slurry concentration is 58%; 

g is the acceleration due to gravity (9.8 m/s2); 

h is the height of the vertical section of the pipeline (23 m). 

 

Figure 13. Total pressure distribution at the inlet section of the pipeline. 

 

Figure 14. Total pressure distribution of the pipe bend section. Figure 14. Total pressure distribution of the pipe bend section.

Sustainability 2023, 15, x FOR PEER REVIEW 22 of 27 
 

 

Figure 15. Total pressure distribution at the outlet section of the pipeline. 

It can be seen from Figures 16–18 that the dynamic pressure in the initial section of 

the pipeline’s inlet is small, but as the gravitational potential energy gradually transforms 

into kinetic energy, the velocity of the paste gradually increases, as does the dynamic pres-

sure. The paste continues to flow downward, and the “boundary effect” begins to take 

form at the pipe wall. The dynamic pressure value at the pipe wall decreases rapidly to 

zero, and high dynamic pressure concentration occurs at the center of the pipe. When the 

paste flows through the elbow, the dynamic pressure around the inner diameter side of 

the elbow is small, and the high-dynamic-pressure area is mainly concentrated in the 

lower half of the center of the elbow section near the outer diameter side of the elbow. 

Therefore, in engineering practice, the outer diameter side of the elbow section of the fill-

ing pipeline tends to be seriously worn. 

 

Figure 16. Dynamic pressure distribution at the inlet section of the pipeline. 

 

Figure 17. Dynamic pressure distribution in the pipe bend section. 

Figure 15. Total pressure distribution at the outlet section of the pipeline.



Sustainability 2023, 15, 6904 21 of 26

Sustainability 2023, 15, x FOR PEER REVIEW 22 of 27 
 

 

Figure 15. Total pressure distribution at the outlet section of the pipeline. 

It can be seen from Figures 16–18 that the dynamic pressure in the initial section of 

the pipeline’s inlet is small, but as the gravitational potential energy gradually transforms 

into kinetic energy, the velocity of the paste gradually increases, as does the dynamic pres-

sure. The paste continues to flow downward, and the “boundary effect” begins to take 

form at the pipe wall. The dynamic pressure value at the pipe wall decreases rapidly to 

zero, and high dynamic pressure concentration occurs at the center of the pipe. When the 

paste flows through the elbow, the dynamic pressure around the inner diameter side of 

the elbow is small, and the high-dynamic-pressure area is mainly concentrated in the 

lower half of the center of the elbow section near the outer diameter side of the elbow. 

Therefore, in engineering practice, the outer diameter side of the elbow section of the fill-

ing pipeline tends to be seriously worn. 

 

Figure 16. Dynamic pressure distribution at the inlet section of the pipeline. 

 

Figure 17. Dynamic pressure distribution in the pipe bend section. 

Figure 16. Dynamic pressure distribution at the inlet section of the pipeline.

Sustainability 2023, 15, x FOR PEER REVIEW 22 of 27 
 

 

Figure 15. Total pressure distribution at the outlet section of the pipeline. 

It can be seen from Figures 16–18 that the dynamic pressure in the initial section of 

the pipeline’s inlet is small, but as the gravitational potential energy gradually transforms 

into kinetic energy, the velocity of the paste gradually increases, as does the dynamic pres-

sure. The paste continues to flow downward, and the “boundary effect” begins to take 

form at the pipe wall. The dynamic pressure value at the pipe wall decreases rapidly to 

zero, and high dynamic pressure concentration occurs at the center of the pipe. When the 

paste flows through the elbow, the dynamic pressure around the inner diameter side of 

the elbow is small, and the high-dynamic-pressure area is mainly concentrated in the 

lower half of the center of the elbow section near the outer diameter side of the elbow. 

Therefore, in engineering practice, the outer diameter side of the elbow section of the fill-

ing pipeline tends to be seriously worn. 

 

Figure 16. Dynamic pressure distribution at the inlet section of the pipeline. 

 

Figure 17. Dynamic pressure distribution in the pipe bend section. Figure 17. Dynamic pressure distribution in the pipe bend section.

Sustainability 2023, 15, x FOR PEER REVIEW 23 of 27 
 

 

Figure 18. Dynamic pressure distribution at the outlet section of the pipeline. 

5.3.3. Flow Velocity Analysis of the Elbow 

The flow velocity diagram of the bend section (Figure 19) shows that the velocity of 

the paste at the entrance of the bend is roughly axisymmetric and circular in distribution. 

The high-velocity area is mainly concentrated in the central area of the circle, and the ve-

locity decreases gradually from the center to the outer wall. In the middle section and at 

the outlet section of the elbow, the high-velocity area (velocity > 2.3 m/s) in the pipeline 

gradually moves to the outside of the pipeline, the high-velocity area is convex on the left 

and concave on the right, and the inner outer wall of the pipeline forms a crescent-shaped 

low-velocity area (velocity < 0.4 m/s), while the velocity on the outer wall of the elbow is 

no longer zero. From the left outer wall of the pipeline to the right outer wall of the pipe-

line, the flow rate of the paste first increases and then decreases. Nearly half of the paste 

in the pipe section is in a high-flow-rate area, with a flow rate greater than 2.2 m/s, and it 

is mainly concentrated in the outer half of the elbow center. Therefore, when the filling 

pipe elbow is being processed, it should be ensured that the outer wall of the elbow (left) 

is thick or wear-resistant. 

  

(a) (b) 

Figure 18. Dynamic pressure distribution at the outlet section of the pipeline.

5.3.3. Flow Velocity Analysis of the Elbow

The flow velocity diagram of the bend section (Figure 19) shows that the velocity of
the paste at the entrance of the bend is roughly axisymmetric and circular in distribution.
The high-velocity area is mainly concentrated in the central area of the circle, and the
velocity decreases gradually from the center to the outer wall. In the middle section and at
the outlet section of the elbow, the high-velocity area (velocity > 2.3 m/s) in the pipeline
gradually moves to the outside of the pipeline, the high-velocity area is convex on the left
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and concave on the right, and the inner outer wall of the pipeline forms a crescent-shaped
low-velocity area (velocity < 0.4 m/s), while the velocity on the outer wall of the elbow
is no longer zero. From the left outer wall of the pipeline to the right outer wall of the
pipeline, the flow rate of the paste first increases and then decreases. Nearly half of the
paste in the pipe section is in a high-flow-rate area, with a flow rate greater than 2.2 m/s,
and it is mainly concentrated in the outer half of the elbow center. Therefore, when the
filling pipe elbow is being processed, it should be ensured that the outer wall of the elbow
(left) is thick or wear-resistant.
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5.3.4. Pipe Wall Shear Stress Analysis

The shear stress of the pipe wall can reflect the degree of wear of the pipe from the side.
By analyzing the shear stress that the pipe wall in different parts of the pipeline is likely
to face, these parts can be reinforced in advance to avoid serious wear. The distribution
of wall shear stress at the inlet, on the bend, and at the outlet of the pipe is shown in
Figures 20–22, respectively.
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As the paste enters the inlet of the pipe, the shear stress on the pipe wall in this area
changes greatly due to the poor stability, abrasion, and the jet effect of the slurry. Then, as
the flow state of the paste stabilizes, the shear stress on the pipe wall gradually reduces and
becomes essentially constant. When the paste moves to the elbow, due to the change in the
movement direction of the paste, the local shear stress gradually increases and the shear
stress is no longer evenly distributed. The larger-shear-stress area is mainly distributed in
the lower part of the elbow wall, and the maximum wall shear stress increases to 371 Pa.
There is also a large area of local shear stress at the connection between the elbow section
and the horizontal section of the pipeline. When the paste enters the horizontal pipeline,
the movement of the paste gradually stabilizes, and the wall shear stress returns to a small
and uniform state again. The shear stress at the outlet is 97.8 Pa. Due to the large wall shear
stress at the inlet and bend of the pipeline, the pipeline wear at these locations is more
serious in engineering practice. It is necessary to thicken the pipelines at these two locations
to ensure the safe and efficient transportation of slurry.
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6. Conclusions

(1) The numerical simulation results of the pipeline paste transportation process show
that the order of the influence of each parameter on the resistance loss along the pipeline
is slurry concentration > the inner diameter of the pipe > flow rate > filling gradient >
elbow curvature radius, the order of the influence of each parameter on the maximum
wall shear stress of the pipe wall is slurry concentration > flow rate > filling gradient >
elbow curvature radius > the inner diameter of the pipe, and the order of influence of each
parameter on the maximum flow velocity at the elbow is slurry inlet velocity > the inner
diameter of the pipe > filling gradient > elbow curvature radius > slurry concentration.

(2) On the basis of the theory of paste rheology, the resistance loss along the pipeline
under 16 working conditions in numerical simulations was calculated, and the theoretical
calculation results were compared with the numerical simulation results. The maximum
difference rate was found to be 11%, and the average difference rate was 6%. It is feasible
to use computational fluid dynamics software as a research tool to simulate the paste
transportation process.

(3) Combined with the actual situation of the mine, considering the resistance loss
along the pipeline, the maximum wall shear stress of the pipeline, and the maximum flow
rate at the elbow, the optimal scheme obtained was as follows: filling double line 2, an
elbow curvature radius of 1 m, an inner diameter of the pipeline of 150 mm, a slurry flow
rate of 2.0 m/s, and a slurry concentration of 58%. The results of the analysis of the optimal
scheme show that the wear of the pipe wall at the entrance of the pipeline and the center of
the elbow section near the outer diameter side is more serious during the paste-conveying
process. Therefore, the two pipe walls need to be thickened or made wear-resistant.

(4) Due to the large amount of paste required for the industrial testing of paste-
filling pipeline ring transportation, the inability to reuse the paste, the complex pipeline
disassembly and assembly, the single test parameters, and the low repeatability, the study
of the complex transportation characteristics of paste via a pipeline is difficult. In this work,
the effects of filling times, the curvature radius of the elbow, the inner diameter of the
pipeline, the paste flow rate, and the paste concentration on the flow characteristics of paste
in pipeline transportation were studied using an orthogonal test and numerical simulation,
which can provide a reference for the design of a filling pipeline in engineering practice.
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