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As resource extraction moves deeper underground, backfill mining has received a lot of attention from the industry as a very
promising mining method that can provide a safe workplace for workers. However, the safe and efficient transport of fill slurry
through pipelines still needs more exploration, especially in the bend section. In order to investigate the flow characteristics
and velocity evolution of the slurry in the bend section of the pipe, a three-dimensional (3D) pipe model was developed using
the computational fluid dynamics software Fluent, and nine sets of two-factor, three-level simulations were performed.
Furthermore, a single-factor analysis was presented to investigate the effects of the two main influencing factors on the shifting
of the maximum velocity of the slurry towards the distal side in the bend section, respectively. Then, the response surface
analysis method was applied to the two-factor analysis of the maximum velocity shift and the weights of the two influencing
factors were specified.

1. Introduction

Some of the world’s biggest mining operations are currently
at the stage of deep mining. For instance, the mining depth
of coal resources has reached 1,500m, the respective depth
for the exploitation of geothermal resources has exceeded
3,000m, and the mining depth of nonferrous metals has
reached 4,350m, while the exploitation of oil and gas
resources has reached an astonishing depth of 7,500m [1].
Based on forecasts made for the next ten to fifteen years,
50% of iron ore resources, 33% of nonferrous metal or min-
eral resources, and 53% of coal resources will be exploited at
a mining depth of 1,000m and below [2]. However, after the
resource is mined out at such depths, significant geotechni-
cal issues may increase. The vertical original rock stress
caused by gravity and the tectonic stress generated by the
addressed tectonic movement are basically exceeding the
compressive level of the rock mass and the stress concentra-

tion level due to excavation, especially when large-scale min-
ing activities take place. According to results of stress
measurements in deep mining operations located in South
Africa, at a depth ranging from 1 to 5 km, the ground stress
can range from 50 to 135MPa [3]. Other than that, accord-
ing to surveys, in China alone, there are 1,600 coal gangue
dumping fields, with a total volume of 4.5 billion tons, occu-
pying a wide surface area [4].

The backfill mining method is a relatively new mining
approach that can not only dispose of hazardous solid on
the surface but also provide the operators underground a
safe working space by supporting the adjacent rock mass
or layers [5, 6]. In addition, a case study shows that the sur-
face reclamation rate after filling and mining is up to 37.6%
higher than that of other mining methods [7].

Therefore, with the further increase in environmental
awareness, backfill mining has received unprecedented
attention and many related practices were executed [8–10].
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Furthermore, the continuous transport capacity of the pipe-
line system makes itself a superior transportation method
that is being applied broadly [11, 12]. Accordingly, an inten-
sive investigation was conducted in this research field [13].

For instance, Zhang et al. [14] analyzed the factors that affect
the backfilling pipeline resistance of the tailing slurry, in
order to accurately calculate the pressure loss. In another
experimental and modeling study done by Qi et al. [15],
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Figure 1: Coal gangue particle size distribution.
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Figure 2: Fly ash particle size distribution.
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the pressure evolution in pipe flow of cemented backfill is
investigated. Liu et al. [16] compared experimental and sim-
ulation data in an effort to study the pipe flow characteristics
of the cemented paste backfill slurry considering hydration
effects.

In addition to the experimental study of the flow charac-
teristics of fluids in pipes, many scholars adopted the

numerical simulation method to reduce material and time
costs [17–21]. In a research paper, Zhang et al. [22] pre-
dicted the erosion in a sharp bend geometry by applying a
comprehensive CFD-based erosion prediction procedure,
while Nuno and his colleagues [23] employed a computa-
tional fluid dynamics (CFD) model to analyze the laminar
transients in pressurized pipes and proved that the strongest
link between the wall shear stress and the axial component
of the velocity occurs in the region close to the pipe wall as
well as that the time shift between the wall shear stress and
the local instantaneous flow acceleration increases signifi-
cantly as time elapses.

The bend is an indispensable part of all pipeline trans-
portation systems, and it is also the most easily worn or
clogged place in the whole pipeline system. Although
numerous experimental or simulation studies related to
pipeline transportation are being carried out as described
above, the velocity study of gangue fly ash high-
concentration slurry in the bend part is still very limited.
Thus, in this paper, computational fluid dynamics software
was employed to reproduce the velocity characteristics of
the slurry flowing through the bend part and to analyze
how the influencing factors affect the offset of the velocity
in the bend section of the pipe.

2. Material and Rheological Properties

The raw coal gangue used in this paper was collected from a
coal mine located in Jining city, Shandong province, China.
And after two stages of crushing, the processed coal gangue
particle size is presented in Figure 1. From this figure, we can
see that around 80% of the coal gangue particles are in sizes
below 10mm, and the particles smaller than 5mm account
for 54% of the total.

Fly ash (FA) is a byproduct produced during coal com-
bustion in thermal power plants, with a large specific surface
area and high adsorption activity. The particle size distribu-
tion of the fly ash being used in this paper is shown in
Figure 2. And it is clear from this graph that the median par-
ticle diameter is 41 microns.

In addition to the size of the particles of the filling mate-
rial which can have an influence on the properties of the
slurry, the physical properties and chemical composition of
the material are also factors that cannot be ignored. Never-
theless, the aforementioned properties of the filling material
are not fixed; for example, the type of coal burned in a ther-
mal power plant or even the manner and degree of burning
of the coal can cause changes in the compounds of the fly
ash particles. Hence, before preparing the filling material,
the chemical composition of the particles needs to be speci-
fied in combination with an accurate measurement of the
particle size distribution.

Table 1: Chemical composition of coal gangue and fly ash.

Classification Composition Loss SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2O K2O

Gangue Percentage (%) 17.8 51.92 3.87 19.03 1.0 1.18 0.75 0.54 1.47

Fly ash Percentage (%) 10.33 43.84 27.40 4.01 12.13 1.09 — — —
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Figure 3: Rheological features of slurry.
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The physical and chemical properties of coal gangue and
fly ash are shown in Table 1. The main phase of coal gangue
is SiO2, and the high content of SiO2 indicates a decent com-
pressive strength of the backfill mass. The content of the
CaO in the fly ash accounts for 12.13%, and that defines
the fly ash as a C type.

In the present study, fly ash and ordinary Portland
cement (OPC) are mixed together as the binding agent in
producing the backfill slurry, and the mixing ratio of FA
and OPC by weight is 2 to 8, while the crushed coal gangue
particles are used as aggregates.

After weighing the raw materials according to the
planned proportion, the desired slurry with 76% solid con-
centration was mixed for 1min at the speed of 100 r/min,
then immediately transferred to rheological tests. The shear
stress and shear rate relationships are demonstrated in
Figure 3. However, the rheological curve shows a significant
difference from that of a Newtonian flow; it is a nonlinear
curve and needs critical stress to start the moving of the
slurry flow. And according to some scholars’ research, a suit-
able rheological model is the foundation that can achieve
accurate prediction of flow characteristics [24–26]. There-
fore, in this present paper, the Herschel-Bulkley model is
adopted based on previous research studies [27–31].

3. Simulation Model

In order to reduplicate the flow characteristics of the CGFA
slurry at the bend section of the pipeline, a 3D numerical
model was developed as plotted in Figure 4. This model con-
sists of three main parts (vertical section, bend section, and
horizontal section), and the vertical section and the horizon-
tal section were all set to be 10m to ensure that a fully devel-
oped and stable slurry flow can be formed before or after
passing through the bend section. The radius of the bend
is 0.5m. To facilitate the collection of fluid velocity informa-
tion in the subsequent simulation experiments, a measure-
ment line Y = X was set up in the bend section. An
observation plane at the measurement line position, as well
as at theX = 7mandZ = 0mpositions, was set up.

An appropriate discretization is a foundation for the
subsequent simulation; therefore, it is vital to have a fine
mesh for the targeted computational domain [32]. There
are three main types of adaptive mesh generation
approaches that are most commonly used in engineering
applications: the triangulation method [33], the advancing
front method [34], and the quadtree/octree method [35, 36].
Among these three types of methods, the triangulation
method is automatic, robust, and easy to control mesh density.
When the triangulation method is applied, the computation
convergence can be ensured and the meshing results are opti-
mized greatly. For this reason, triangular prisms are used in
this paper. The independence of the mesh was proven since
simulated pressures no longer exhibit nonnegligible differ-
ences when changing themesh density.Moreover, considering
the more complex flow conditions of the boundary layer fluid,
five inflation layers were deployed to capture the boundary
layer effects accurately (see Figure 5).

In the present paper, we focus on the effect of the
slurry transport velocity and pipe diameter on the maxi-
mum offset ratio. For that purpose, three-level experiments
on the two main factors are performed in the CFD simu-
lation software, and the detailed simulation scheme is pre-
sented in Table 2.

Figure 5: Mesh of the fluid domain.

Table 2: Model setting.
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Figure 6: Velocity contour of the observation plane Z = 0m.
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Figure 7: Velocity contour of the observation plane X = 7m.

5Geofluids



Y

Z X

ANSYS
R19.0

Velocity
velocity contour of plane ×05

[m s–1]
0.000e+000

2.471e+000

2.059e–001

4.118e–001

6.117e–001

8.236e–001

1.029e+000

1.235e+000

1.441e+000

1.647e+000

1.853e+000

2.265e+000

2.677e+000

2.883e+000

3.088e+000

3.294e+000

2.059e+000

Figure 8: Velocity contour of the observation plane at the bend.
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4. Results and Discussion

Following the setting of all parameters, the simulations are
run, and hereinafter, the influence that the various pipe
diameters and slurry flow velocities have on the velocity off-
set is analyzed. The velocity contours on the observation
planes aforementioned are plotted to show the velocity evo-
lution when the slurry flows through the bend section of the
pipe. Then, a single-factor analysis and a two-factor com-
bined analysis are used to show how the two main influenc-
ing factors change the flow pattern of the slurry.

Since the distribution of velocity in the pipe and the ten-
dency of deflection in the bend section are similar under dif-
ferent variables, in this paper, only the velocity contours are
shown when the pipe diameter is 0.15m and the slurry flow
velocity is 2.5m/s as demonstrated in Figures 6–8.

Figure 6 depicts a contour of velocities as the slurry flows
through the pipe, from which we can clearly see the distribu-
tion of velocities and the large excursions that occur in the
bend part of the pipe.

It can be seen that generally in the core section of the
slurry flow, the velocity is larger than the margin layers close
to the pipe wall. The reason behind this phenomenon is that,
unlike in a Newtonian flow, the viscosity of the backfill
slurry in the present study is relatively larger, and the slip
velocity is positive near the pipe walls, whereas it is negative
in the middle portion of the pipe cross-section. The same
phenomenon was discussed in a study by Kumar et al.
[37], in which they investigated the flow of highly concen-
trated iron ore slurry through a horizontal pipeline. There-
fore, when the backfill slurry flows in a pipe, it forms a
plug-like flow that has a special flow pattern with a distin-
guishing characteristic that the central section of the flow
moves faster compared to its ambient flow section [38, 39].
And this velocity disparity is more intuitive and prominent
in Figure 7.
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Table 3: Coded run scheme.

Run Factor 1: diameter Factor 2: velocity Response: offset ratio

1 0.000 1.000 7.5

2 -1.000 0.000 13.8

3 0.000 -1.000 7.1

4 -1.000 -1.000 13.4

5 -1.000 -1.000 13.4

6 -1.000 1.000 13.4

7 1.000 -1.000 9.3

8 0.000 0.000 10

9 1.000 0.000 9.7

10 0.000 0.000 10

11 0.000 0.000 10

12 1.000 1.000 9.3

13 0.000 1.000 7.5

14 -1.000 -1.000 13.4

15 1.000 0.000 9.7

16 0.000 0.000 10

Table 4: Fit summary.

Source
Sequential
p value

Adjusted
R2

Predicted
R2

Linear 0.0070 0.4621 0.2643

2FI 0.7769 0.4213 0.0054

Quadratic <0.0001 0.9163 0.7622 Suggested

Cubic 0.9600 0.8964 -2.7962 Aliased
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When the slurry flows through the elbow section of the
pipeline, the slurry flow direction changes 90°, which
denotes from vertical negative to horizontal. During this
process, despite the fact that the slurry flow generally follows
the original flow pattern attributed to the dominating role
that the inertial force plays, the velocity profile changes dra-
matically. The largest velocity moves from the central region
of the slurry flow to the pipe bottom as illustrated in
Figure 8. The large difference between Figures 7 and 8 repre-
sents a huge change in velocity in the bend section, and an
in-depth study of the change in velocity in the bend section
is of great significance for the pipeline transport of the
slurry.

Figure 9 shows the velocity profile reproduced from the
velocity information collected on the measurement line.
The diameters were normalized to facilitate the comparison
of the velocity offset under different pipe diameters. From
this figure, it can be seen that the positions where the highest
velocities occur in the slurry are shifted towards the distal
side of the bend which is consistent with the velocity con-
tours presented above (see Figure 8). However, the slurry
deflections at different combinations of the flow velocity
and pipe diameter show a marked difference.

The offset ratio of the maximum velocity position
(OROMVP) varies with the conveying velocity, and the
changing tendency between different investigated velocity-
diameter combinations shows vast variance (see Figure 10).

For instance, the OROMVP value of the slurry that flows
in a pipe with a 0.15m diameter is much larger than that
of the other two counterparts. When the pipe diameter is
0.21m or 0.15m, the OROMVP reveals a gentle change with
transport velocity, which implies that the maximum velocity
of the slurry occurs at the same position when the slurry
passes the bend section no matter what the transport veloc-
ity is. However, the OROMVP changes greatly with various
flow velocities; when the pipe diameter is 0.18m, it increases
with the slurry conveying velocity until the conveying veloc-
ity reaches 2.5m/s, and then the OROMVP decreases with
the further increase of conveying speed.

Figure 11 demonstrates the effects of the pipe diameter
on the OROMVP, and for all the three investigated groups,
the largest OROMVP appears when the pipe diameter is
0.15m. In terms of the slurry being transported at 2.5m/s,
the OROMVP decreases with the increasing conveying
velocity although the speed of reduction becomes very slow
when the pipe diameter exceeds 0.18m. For the slurry that
flows at 2m/s, when the pipe diameter is in the interval of
0.15m to 0.18m, the OROMVP decreases with the rising
pipe diameter, while when the pipe diameter is larger than
0.18m, the OROMVP gradually increases with the increas-
ing pipe diameter. And not only the tendency but also the
values of the OROMVP of the slurry with a 3m/s conveying
velocity show a minor difference from that of the slurry with
a 2m/s conveying velocity.

A comparative analysis of Figures 10 and 11 shows that
the 0.18m diameter is special since, at this point, the
OROMVP exhibits characteristics that clearly differ from
other counterparts. Perhaps, designing the conveying system
with a pipe diameter of about 0.18 meters can make the
slurry velocity more stable when slurry flows through the
bend section.

From the analysis in the previous section, it is clear that
both the slurry transport velocity and the pipe diameter have
a significant effect on the OROMVP, but it is not well
explained how these two influences work together and what
the respective weights of their contributions to the offset are.
Therefore, the following parts will deal with this issue.

In order to determine the weights of the flow velocity
and pipe diameter on OROMVP in the bend section, the
response surface methodology (RSM) was adopted and run
in a professional software program named Design-Expert
(Stat-Ease Inc.). Response surface methodology [40] is a col-
lection of mathematical and statistical techniques that can
analyze all the dominant factors and how they influence

Table 5: Coefficients in terms of coded factors.

Factor Coefficient estimate df Standard error 95% CI low 95% CI high VIF

Intercept 9.52 1 0.2953 8.86 10.18

A: diameter -2.19 1 0.2387 -2.72 -1.66 1.15

B: velocity -0.0584 1 0.2387 -0.5903 0.4736 1.15

AB 0.0707 1 0.2983 -0.5940 0.7354 1.16

A2 2.92 1 0.3568 2.12 3.71 1.13

B2 -1.49 1 0.3568 -2.29 -0.6997 1.13
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the dependent variables [41]. A central composite design
with two independent variables (namely, the pipe diameter
and slurry velocity) at three levels was performed by apply-
ing the Design-Expert 12.

The historical data RSM design and the response for this
study can be found in Table 3. After 16 runs in total, the fit
summary of different fitting models’ accuracy and practical-
ity is listed in Table 4, from which the most suitable model
was automatically presented (denotes quadratic model in
this present paper). And the adjusted R2 and predicted R2

indicate that the selected model has excellent accuracy.
The coefficient estimate represents the expected change

in response per unit change in the factor value when all
remaining factors are held constant while the intercept in
an orthogonal design is the overall average response of all

the runs. The coefficients are adjustments around that aver-
age based on the factor settings, and the coefficients of all the
independent variables are documented in Table 5. Based on
the value of the estimated coefficient, the weights of each
independent variable on the response variable were deter-
mined and the pipe diameter has a much more notable influ-
ence on the OROMVP than flow velocity. And the most
influencing term is A2, namely, the diameter-square.

The accuracy of the regression model was also ascer-
tained since the experimental data and the model response
are evenly distributed around the diagonal line in
Figure 12. The actual value of the offset ratio represents
the measured result for each experimental run while the pre-
dicted value is evaluated from the independent variables in
the regression model.

In this paper, the three-dimensional plots and the two-
dimensional contour depicted in Figures 13 and 14 were
studied to investigate the behavior of the OROMVP from
the interactions of the two operational variables.

The 3D plot, overall, appears to have a smooth saddle
shape showing the effect of the combination of the flow
velocity and pipe diameter on the OROMVP. It can be
inferred from this figure that the effect of the pipe diameter
in adjusting OROMVP at the bend section overwhelms that
of the flow velocity as the OROMVP reflects a more pro-
nounced change under the influence of varying the pipe
diameter. The minimum OROMVP always occurs at a pipe
diameter close to 0.18m, when the pipe diameter varies from
0.21m to 0.15m, regardless of the flow velocity. Corre-
spondingly, among all two-factor combinations of the flow
velocity and pipe diameter, the OROMVP of the combina-
tion at a flow velocity of 2.5m/s has been maintained as
the largest. In the present paper, among all the investigated
flow velocity and diameter combinations, the OROMVP of
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the 0.15m diameter and 2.5m/s flow velocity group ranks
the highest. When the pipe diameter is close to 0.19m and
the slurry transport velocity is more than 3m/s or less than
2m/s, the optimal OROMVP can be achieved. However, this
conclusion was reached only considering the reduction of
the OROMVP, and if more factors need to be included, such
as filling efficiency or economics, a more comprehensive
investigation is required.

5. Conclusion

Given the strong correlation between the velocity offset of
the fluid flowing through the bend part and the damage to
the bend, this paper focuses on the flow characteristics of
the fluid in the bend part. In the present research, rheo-
logical parameters of the slurry were acquired by con-
ducting a series of lab tests, and then the computational
fluid dynamics simulation was operated to reproduce the
fluid flow in the bend section, followed by an analysis of
how the two influencing factors affect the OROMVP indi-
vidually, and investigate how the two independent vari-
ables determine the OROMVP in the bend section by
the response surface method. The following conclusions
can be drawn:

(i) Although both the transport velocity and the pipe
diameter have a significant effect on the OROMVP
in the bend section, their weights differ significantly;
in other words, the variation in the pipe diameter is
more determinative

(ii) The critical conveying velocity for the slurry should
be around 2.5m/s since all the investigated samples
show that conveying velocities above or below
2.5m/s lead to a decrease in the OROMVP in the
bend section. Therefore, in order to clarify the effect
of conveying velocity on the OROMVP, further
studies for the extended velocity range need to be
conducted

(iii) The 3D response surface demonstrates the good
performance of the 0.19m diameter pipe in reduc-
ing the OROMVP of the slurry passing through
the bend section. Therefore, under the premise of
satisfying the mine filling efficiency, it is recom-
mended to adopt 0.19m pipes for slurry transporta-
tion to reduce damage such as abrasion of the pipe
at the bend part
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