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The water-sediment two-phase flow in the rough fracture is one of the main causes of
water-sediment inrush. In this study, numerical simulation models of the water-sediment
two-phase flow in the smooth and rough fractures were established by ANSYS Fluent
software based on the seepage theory; the mechanical properties of the water-sediment
two-phase flow under different conditions were systematically investigated, and the
influence laws of the surface morphology of the fracture on sediment volume
concentration, sediment particle size, and sediment particle mass density were
analyzed. In addition, the influence laws of the sediment volume concentration,
sediment particle size, and sediment particle mass density on the absolute value of the
pressure gradient, mean velocity of the fluid, and fluid turbulent kinetic energy were also
illustrated from the perspective of sediment particle distribution. Research shows that
during the water-sediment flow in the smooth fracture, the absolute value of pressure
gradient Gp, the sediment volume concentration ®, the sediment particle size D,,, and the
sediment mass density p, are approximately linear, and the linearity of G, and D,, is the
lowest; during the water-sediment flow in the smooth fracture, the mean velocity v of the
continuous-phase fluid rarely changes with @, Dy, and p,. However, during the water-
sediment flow in the rough fracture, v is greatly affected by ®, D, and p,,. During the water-
sediment flow in the smooth fracture, the fluid turbulent kinetic energy kt decreases with
the increase of p, and ® and decreases with the decrease of p,. During the water-
sediment flow in the rough fracture, k; is significantly affected by ®, Dp, and p,, which was
manifested in the changes of curve shapes and deviation of the extreme points.

Keywords: water-sediment, two-phase flow, fracture characteristics, seepage characteristics, fluid turbulent
kinetic energy

1 INTRODUCTION

Although coal resources are abundant in Northwest China, coal mining in this area is relatively
difficult because of the fragile ecological environment and the thick sediment layer on the coal
seam [1-4]. During the exploitation process of shallow coal seams, most faults are directly
connected with overburden aquifers; in some extreme cases, subsidence areas may be directly
connected with aquifers. At this point, the surface sediment layers and aquifers will be mixed;
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when the mixture flows underground, water-sediment inrush
accidents will be induced [5-9]. Therefore, water-sediment
flow characteristics in fractures should be comprehensively
investigated so as to understand the disaster-causing
mechanism of water-sediment inrush accidents and prevent
the occurrence of water-sediment inrush accidents.

The physical and mechanical characteristics of the water-
sediment mixture and the fracture surface characteristics are
two key factors affecting the water-sediment two-phase flow
[10, 12]. The characteristics of the water-sediment mixture,
such as sediment volume concentration, sediment particle size,
and sediment particle density, have been studied through
laboratory experiments and theoretical analysis [13-17].
Jiang et al. investigated the flowing properties of crushed
red sandstone with different particle sizes. It was concluded
that the broken rocks with finer particles were likely to become
unstable [13]. Through a self-developed seepage test system,
Zhang et al. conducted the indoor tests and determined the
optimal sand-filtration rate [18]. Pu et al. analyzed the
influence of particle size grading on water-sediment seepage
and found that the flow and height of the water-sediment
mixture can be effectively reduced by decreasing the height of
the aquifer by drilling [19].

The water-sediment mixtures show significant differences
in fractures with different surface characteristics. In the initial
stage of the research, parallel smooth fractures were
prefabricated in these experiments. With the gradual
progress of technology, the water-sediment two-phase flow
in rough fractures has been studied, and some results have
been achieved [20-24]. Researchers also have studied the
influence of fracture aperture, directions, and amounts of
fractures on the water-sediment two-phase flow [25-28]. In
real working conditions, the factors affecting the water-
sediment two-phase seepage are much more complex than
those in the indoor seepage tests. For example, vortexes around
the concave fracture surface greatly affect the pressure,
sediment  concentration  distribution, and  energy
consumption during the water-sediment flow in fractures
[29-36]. Although pressure gradient and flow rate can be
used to analyze and invert the whole flow process in the
laboratory tests, the evolution of water-sediment two-phase
seepage in fractures cannot be illustrated. Therefore, it is
necessary to adopt the numerical simulation method to
study the water-sediment two-phase seepage in fractured
rock masses.

In this study, considering the principle of water-sediment two-
phase seepage, the mechanical models of water-sediment two-
phase flow in smooth and rough fractures were established, and
the numerical simulation experiment was performed by ANSYS
Fluent. In addition, the influence of sediment volume
concentration, sediment particle size, sediment mass density
on pressure gradient, mean velocity distribution, and turbulent
kinetic energy distribution was analyzed comprehensively. This
study aims to reveal the disaster-causing mechanism of the water-
sediment inrush and provide a reference for the precursor
research of water-sediment inrush.

Water-Sediment Two-Phase Seepage

2 EXPERIMENTAL PRINCIPLE AND MODEL
OVERVIEW

2.1 Principles of Water-Sediment

Two-Phase Flow

2.1.1 Euler-Lagrange Method

The material description (or Lagrangian description) and spatial
description method (or Eulerian description) are the main
methods describing the motion of a continuous medium. In
this study, the volume fraction of the sediment phase was less
than 10%; thus, water was treated as the continuous phase and
sediment particles were treated as the discrete phase. Specifically,
the water phase was described by the conservation equation and
transport equation of the turbulence in the Euler coordinate
system, and the sediment movement was simulated by the
discrete phase model (DPM) in the Lagrange coordinate
system [37, 38]. It should be noted that the temperature
change of the flow field [38] was ignored and water was
treated as an incompressible fluid in this study.

2.1.2 Continuous Phase Governing Equations

As mentioned previously, water is treated as the continuous
phase, and its flow is governed by the law of conservation.
The governing equations included the mass conservation
equation and momentum conservation equation. The former
can be expressed by Eq. 1.

op 0 ([ .\ _
E‘}' a—X(PV) = Sm (1)

The latter can be expressed by Eq. 2.

a(pv)

ot

+§~<pW>=§-§+P§+§DPM, (2)

where Y is the stress tensor, 3 = 0;;€;é;; g is the acceleration of
gravity; and Sppys is the momentum source term reflecting the
interaction between the sediment particle and water.

2.1.3 Discrete Phase Governing Equations

Both the rotation and moving of sediment particles should be
considered to study the water-sediment flow in fractures.
Based on the momentum theorem and the moment of
momentum theorem, the governing equations of the
discrete phase particles can be expressed by Eqs 3-5 in the
Lagrange coordinate system:

X,
. i 3
TR (3)
Vo 9P, —p) . -
mp?:FDi +mPT+Fi, (4)
dw,;
Ii;ﬁ*'sijklklewl =M, (5)

where Q; is the angular velocity component of the water
relative to the particle; Fp; is the drag force component;
Re, is the Reynolds number of the particle; Cp is the
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FIGURE 1 | Flow domains of fractures. (A) Smooth fracture; (B) rough fracture.
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FIGURE 3 | Grids of the rough fracture. (A) Grids of the rough fracture; (B) boundary grids of the rough fracture.

dragging force coefficient; and M; is the torque applied to the
particle and is proportional to the angular velocity of the
particle.

2.2 Models of the Water-Sediment

Two-Phase Flow in Fractures

In the numerical simulation of water-sediment flow in fractures,
three basic assumptions are proposed as follows: (1) water is
incompressible, and its density is a constant; (2) the sediment
particle is assumed to be a rigid sphere of fixed radius, without
obvious damage; and (3) the flow rate is uniformly distributed

around the cross section of the fracture inlet, and the fluid velocity
of the discrete phase sediment particle is the same as that of the
continuous phase particle.

Figure 1 shows the computational domains of the smooth and
rough fractures. In Figure 1A, the water-sediment flow in the area
is defined by two parallel smooth fracture surfaces. The distance
between the two surfaces is /, and the length of the fracture is L.
The projection of the upper and lower surfaces on the OX;X,
section is a straight line. The boundary of the flow domain Q
comprises the inlet section OD;, the upper surface D;D,, the
outlet surface D, D3, and the lower surface D;O. In Figure 1B, the
water-sediment flow in the area is defined by two coincident
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TABLE 1 | Material properties.

Water Sediment particles
Density/kg-m— 998.2 2650
Dynamic viscosity/kg-m~".s™ 1.003 x 107° —
Elastic modulus/GPa - 55.9
Poisson’s ratio — 0.13
Particle size/mm - 0.04

surfaces. The projections of the upper and lower surfaces on the
OX ;X section are broken lines, dividing the fracture surface into
50 equal broken line segments FLY and FLY, where i = 1,...50.
The boundary of the flow domain Q consists of the inlet section
OC,, upper surface U3 FL¥, outlet section C,C;, and lower
surface U, FL¢.

ANSYS Fluent 17.0 numerical simulation software was used to
establish models of the water-sediment two-phase flow in smooth
and rough fractures. Since the boundary of the smooth fracture
model was relatively regular, structured grids were used for
division in the ANSYS ICEM CFD. The evenly distributed
grid nodes were arranged at the inlet to make the sediment
particles uniformly distributed along the X, direction. In
addition, the Stress-Omega RSM turbulence model was used
in this study. It was required that y" (the dimensionless
distance to the wall) at the first layer of grid nodes near the
wall was approximately 1; thus, fine grids were arranged. After
calculation, y* was checked. To ensure the accuracy and efficiency
of the calculation results, after the grid independence test, the
boundary layer grid size was set as 0.005 mm, and the global grid
size was 0.08 mm. Figure 2 shows the final division result.

Considering the severe bending of the wall boundary of the
rough fracture model, hybrid grids were chosen for division in the
meshing module on ANSYS Workbench, as shown in Figure 3.
Multilayer structured grids were arranged in the boundary layer,
and unstructured quadrilateral-dominant grids were used in
other domains. After the division, y* was checked and a grid-
independent test was conducted. The total number of the grids
was 145,000, as shown in Figure 3A. Figure 3B shows the grids in
the boundary layer.

The parameters were adjusted according to the results of the
laboratory test, and the material properties were determined,
as shown in Table 1. Similarly, the interaction parameters
between the sediment particle and the wall were determined.
The friction coefficient, normal restitution coefficient, and
tangential restitution coefficient were 0.45, 0.2, and 0.9,
respectively. The interaction parameters among sediment

Water-Sediment Two-Phase Seepage

particles were fixed. The static friction coefficient, sliding
friction coefficient, and restitution coefficient were 0.3, 0.2,
and 0.05, respectively.

2.3 Numerical Simulation Schemes and
Methods

In this study, the sediment volume concentration, sediment
particle size, and sediment mass density were taken as variables
to investigate the evolution characteristics of the pressure gradient,
mean velocity distribution, and turbulent kinetic energy
distribution of the water-sediment two-phase flow under two
fracture surface conditions. When a variable was used, the other
two variables were fixed. Table 2 shows the specific values.

In particular, the inlet segment (X; = 5mm), the middle
segment (X; = 50mm) of the smooth fracture surface, the
bending segment (X; = 5mm), and the parallel segment (X; =
50.5 mm) of the rough fracture surface were selected as the typical
segments to comprehensively study the change laws of mean
velocity distributions. Similarly, the inlet velocity was fixed as
0.869 m/s, the observation time node ¢ was 0.3 s, and the number
of variables was reduced.

3 ANALYSIS OF THE NUMERICAL
SIMULATION RESULTS

3.1 Change Law of the Absolute Value of the

Pressure Gradient

Pressure gradient is one of the main parameters describing the
seepage, which can reflect the pressure change along the flow
direction. Figure 4 shows the absolute value of pressure
gradient-sediment volume concentration (G,-®) curves. In
Figure 4A, when the water-sediment flowed in the smooth
fracture, with a gradual increase of ®, G, decreased linearly
from 6.51kPam™ to 6.39kPam™, decreasing by 1.72%. In
Figure 4B, during the flow of water-sediment in the rough
fracture, with a gradual increase of ®, G, first increased and
then decreased. When @ increased from 0 to 1.02%, G, sharply
decreased from 191.68 kPam ™" to 181.57 kPa m ™", decreasing by
5.27%. When @ increased from 1.02 to 4.06%, G, gradually
increased from 181.57 kPam™" to 185.08 kPam™’, increasing by
1.93%. Through comparisons, it can be found that under the same
conditions, the absolute value of the pressure gradient of the
water-sediment flow in the rough fracture was about 40 times that
in the smooth fracture. In addition, the change characteristics of
the absolute value of the pressure gradient with the volume

TABLE 2 | Parameters in the numerical simulation.

No Variables
Sediment volume concentration Sediment Sediment
(@) particle size (p) mass density (D)
I 1.02%, 2.07%, 3.04%, 4.06% 2650 kg/m® 2650 kg/m®
Il 2,650 kg/m® 0.01 mm, 0.02 mm, 0.08 mm, 0.12 mmm 2650 kg/m®
I 2,650 kg/m® 2,650 kg/m® 1,500 kg/m?®, 2,650 kg/m?®, 3,500 kg/m?®, 4,500 kg/m?®

Note: The italic values are the variables.
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FIGURE 4 | Absolute value of the pressure gradient-volume concentration of sediment particle curves. (A) Smooth fracture; (B) rough fracture.
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FIGURE 5 | Absolute value of the pressure gradient-sediment particle size curves. (A) Smooth fracture; (B) rough fracture.
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concentration of sediment particles were different under different
fracture conditions. It indicates that the fracture surface
morphology affects the influence of the volume concentration
of sediment particles on the pressure gradient.

Figure 5 shows the absolute value of the pressure
gradient-sediment particle size (G,-D,) curves. In Figure 5A,
during the water-sediment flow in the smooth fracture, G,
gradually decreased in a nonlinear form with the increase of
D,. As D, increased from 0 to 0.12mm, G, quickly decreased
from 6.51kPam™' to 6.34kPam™', decreasing by 2.61%. In
Figure 5B, during the water-sediment flow in the rough
fracture, G, first decreased, then increased, and decreased
again. As D, increased from 0 to 0.12mm, G, rapidly
decreased from 191.68kPam™' to 171.76 kPam™', decreasing
by 10.39%. It can be found that during the water-sediment
flow in the rough fracture, when the sediment particle size is
small, the pressure loss increases with the increase of the particle
size; when the sediment particle size is relatively large, the

pressure loss decreases with the increase of the particle size.
Through the comparisons, it can be found that the absolute value
of the pressure gradient varies with the change of the sediment
volume concentration under two types of fractures. It proves that
the surface morphology of fractures affects the influence of
sediment particle size on the pressure gradient.

Figure 6 shows the absolute value of the pressure
gradient-sediment particle mass density (Gp-p,) curves. In
Figure 6A, when the water sediment flowed in the smooth
fracture, with the increase of p, Gp decreased in an
approximately linear form. As p, increased from 0 kg/m® to
4,500 kg/m’, Gp rapidly decreased from 6.51kPam™' to
6.33kPam™’, decreasing by 2.84%. In Figure 6B, during the
water-sediment flow in the rough fracture, Gp was smaller than
that in the single-phase flow, and it first increased and then
decreased with the increase of p,. When p, was 4,500 kg/m”, the
minimum Gp was obtained. Through the comparison, it is found
that the absolute value of the pressure gradient during the water-
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sediment flow in the rough fracture is about 30 times that in the
smooth fracture under the same conditions. In addition, the
absolute value of the pressure gradient varies with the
sediment particle mass density. It indicates that the surface
morphology of the fracture affects the impact of sediment
particle mass density on the pressure gradient.

In summary, under the conditions of two types of surface
fractures, the absolute value of the pressure gradient with different
sediment particle volume concentrations, sediment particle sizes, and
sediment particle mass density in the two-phase flow was smaller
than that in the single-phase flow. Under the smooth fracture surface,
the absolute value of the pressure gradient changed linearly with the
change of sediment particle volume concentrations, sediment particle
sizes, and sediment particle mass density, while this value has
different changing trends under the rough fracture.

3.2 Variation Law of the Mean Fluid Velocity
Distribution

The mean velocity distribution is one of the important technical
indicators for the study of seepage problems. Figure 7 and
Figure 8 show the mean velocity distributions of the
continuous-phase fluid on typical cross sections of smooth and
rough fractures under various sediment volume concentrations.
In Figure 7A, at a cross section of X; = 5 mm, the water-sediment
fluid was not fully developed on the smooth fracture surface. In
Figure 7B, the flow became fully developed. Through the
comparison, it can be found that the mean velocity
distributions on the two sections rarely change with the
sediment volume concentration @, and they were
symmetrically distributed along the center line of X, = 0.9 mm.

In Figure 8, when the water sediment flowed in the rough
fractures, the mean velocity distributions of the continuous-phase
fluid presented remarkable differences. In Figure 8A, v showed
the asymmetric M-shaped distribution at the cross-section of X;
= 50 mm, with two extreme points, and the peak values were
within 1.2 mm < X, < 1.5 mm. In Figure 8B, there were multiple
extreme points at the cross section of X; = 50.5 mm, and the peak

values were near the center line X, = 1.4 mm. Compared with
other positions, v has the greatest change with @ near the wall.

As shown in Figure 7 and Figure 8, v of the continuous-phase
fluid was dramatically different under two types of fracture
conditions. The maximum v in the rough fracture was about
three times that in the smooth fracture. In addition, the
distribution curves are different. During the continuous-phase
fluid flow in the smooth fracture, v-X, curves are rectangular or
semi-sine shaped, while they are M-shaped during the
continuous-phase fluid flow in the rough fracture.

Figure 9 and Figure 10 show the mean velocity distribution of
the continuous-phase fluid on the typical cross sections of the smooth
and rough fractures under different sediment particle sizes. In
Figure 9A, when the water sediment flowed in the smooth
fracture, the fluid was not fully developed at the cross section of
X; = 5mm. In Figure 9B, the fluid became fully developed at the
cross section of X; = 50 mm. It can be observed that v rarely changed
with D, under two types of cross sections and the distribution of v was
symmetrical along the center line of X, = 0.9 mm.

Figure 10 shows that when the water sediment flowed in the
rough fracture, v of the continuous-phase fluid was greatly
influenced by D,. Different v-X, curves varied significantly. In
Figure 10A, on the cross section of X; = 50 mm, v first increased
and then decreased with the increase of X,, and the maximum
value was between 1.2 and 1.5 mm. In Figure 10B, at the cross
section of X;=50.5mm, v also first increased and then decreased
with the increase of X,. In addition, there was an upward
fluctuation at X, = 2.1 mm, and the peak value was within
1.2mm < X; < 1.5 mm.

Figure 11 and Figure 12 show the mean velocity distribution of
the continuous-phase fluid on the typical cross sections of the smooth
and rough fractures under different sediment particle mass densities,
respectively. In Figure 11, at the cross sections of X; =5 mmand X; =
50 mm, v rarely changed with the sediment particle size, and v was
symmetrically distributed along the center line of X, = 0.9 mm.

In Figure 12, v was greatly affected by the sediment particle
size during the flow in the rough fracture, and multiple extreme
points can be observed. On the section of X, = 50 mm, v of the
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fluid particle at each position was significantly affected by the
sediment volume concentration, and the maximum v was in the
range of 1.2 mm < X, < 1.5 mm. On the section of X, = 50.5 mm,
the peak value was near the center line of X, = 1.4 mm.

In summary, in the smooth fracture, the changes of the
sediment particle volume concentration, sediment particle
mass density, and sediment particle size rarely affect the mean
velocity distribution of the continuous-phase fluid, while these
influencing factors significantly affect the mean velocity
distribution of the continuous-phase fluid in the rough fracture.

3.3 Variation Law of the Turbulent Kinetic
Energy

The turbulent kinetic energy is an indicator to measure the
development and decline of turbulence. Figure 13 and

Figure 14 show the distribution of turbulent kinetic energy of
the continuous-phase fluid on typical cross sections of smooth
and rough fractures at various sediment particle volume
concentrations. As shown in Figure 13A, on the section of X
= 5mm in the smooth fracture, k, first increased and then
decreased with X,, and k, reached the maximum at X, =
0.9 mm. The distribution curves of k, are symmetrical along
with X, = 0.9 mm under various ®. In particular, within X, =
0.15-0.45 mm and X, = 1.35-1.65 mm, there was a significant
negative correlation between ® and k.. It indicates that the
movement of sediment particles can inhibit the turbulent
kinetic energy of the continuous-phase fluid. However, on the
section of X; = 50 mm, the k,~X, curves are M-shaped, as shown
in Figure 13B. Differing from the situation on the section of X; =
5 mm, k; reached a minimum value at X, = 0.9 mm. At this point,
® affected k; in the entire X, interval, namely, the greater the ®,
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the smaller the k;. It can be observed that the distribution of kX,
curves was approximately symmetrical along X, = 0.9 mm.

As presented in Figure 14, the distribution of k, on the
cross section of the rough fracture can be greatly affected by
the sediment particle volume concentration ®, which was
manifested as the deviation of the extreme point position. In
Figure 14A, on the section of X; = 50 mm, k, fluctuated in the
interval of 0 mm < X, < 2 mm and gradually decreased within

2mm < X, < 2.8 mm. In Figure 14B, on the section of X; =
50.5 mm, k; gradually increased in the interval of 0.5 mm < X,
< 0.8 mm and fluctuated in the interval of 0.8 mm < X, <
2.3 mm. It can be observed that the maximum k, was in the
interval of 1.0 mm < X, < 1.3 m on both sections. In addition,
the fluctuations of k, can be found on both sections,
indicating that the turbulence intensity was higher in the
rough fracture.
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As shown in Figure 13 and Figure 14, the turbulent kinetic
energy of the fluid in the rough fracture was an order of
magnitude higher than that in the smooth fracture under
the same conditions. The distribution of fluid turbulent
kinetic energy in the X, direction was numerically different,
and the distribution curves were completely different during
the water-sediment flow in the smooth and rough fractures.
The impacts of the sediment volume concentration in the
smooth fracture on the continuous-phase fluid turbulent
kinetic energy had significant laws, while no obvious laws
were observed in the rough fracture.

Figure 15 and Figure 17 show the distribution of turbulent
kinetic energy of the continuous-phase fluid on typical cross
sections of smooth and rough fractures under various sediment
particle sizes. In Figure 15A, on the section of X; = 5 mm of the
smooth fracture, k, first increased and then decreased with X,,
and the maximum k, was obtained at X, = 0.9 mm. The sediment
particles significantly reduced k; in the intervals of 0.15 mm < X,
< 0.45 and 1.35 mm < X, < 1.65 mm, but the influence laws were
different. In the interval of 0.15 mm < X, < 0.45, the distribution
curves of k, were basically consistent, and D, had no obvious
influence on k;, while in the interval of 1.35 mm < X, < 1.65 mm,
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k. gradually decreased with the decrease of D,. When D, was
0.01 mm, the distribution curve of k, was symmetrically
distributed along X, = 0.9 mm. When the values of D, were
0.04, 0.08, and 0.12 mm, the distribution curves of k; were
asymmetrical along X, = 0.9 mm. On the section of X;
5mm, k, was slightly affected by D, in intervals other than X,
= 0.15-0.45 mm and X, = 1.35-1.65 mm, and the curves were
relatively consistent.

In Figure 15B, on the section of X; = 50 mm, k, changed with
X5 in an M shape and reached the minimum at X, = 0.9 mm. At
this point, D, had effects on k; in the entire X, interval, and k,
gradually decreased with the decrease of D,,. The influence laws of
D, on k; were different in the intervals of X, < 0.9 mm and X; >

0.9 mm. In the interval of X, < 0.9 mm, the distribution curves of
k; were nearly consistent with various D,, indicating that D, had
no obvious effect on k,. However, in the interval of X, > 0.9 mm,
k; gradually reduced with the decrease of D,. When D, was
0.01 mm, the distribution curve of k; was symmetrical along with
X5 = 0.9 mm, and the curves are asymmetrical with a D,, of 0.04,
0.08, and 0.12 mm.

To illustrate the cause of the asymmetry in Figure 15, the
distributions of sediment particles in fractures were given, as
shown in Figure 16. The size of the sediment particle was
doubled, and the concentration was diluted by one-tenth in
order to clearly show the distribution of particles in the
fracture. It can be observed that the sediment particles of
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0.01 mm had no contact with the upper and lower walls of the
fracture and were distributed symmetrically along X, = 0.9 mm.
The sediment particles of 0.04, 0.08, and 0.12 mm were gradually
shifted downward under the action of gravity, and some of them
settled on the bottom wall. This is because the sediment particles
with smaller sizes have better flowability and are not easy to settle
under the action of gravity, while the sediment particles with
larger sizes have larger Stokes numbers and are easily affected by
gravity. According to the aforementioned analysis, the sediment
particles of 0.01 mm were symmetrically distributed along with
X, = 09mm, and the turbulent kinetic energy of the fluid
subjected to them was also symmetrically distributed along X,
= 0.9 mm. The sediment particles of 0.04, 0.08, and 0.12 mm were

asymmetrical along with X, = 0.9 mm and so was the turbulent
kinetic energy.

In Figure 17, the turbulent kinetic energy distribution of the
continuous-phase fluid on the cross section of the fracture was
greatly affected by sediment particle size, which was manifested as
the deviation of the extreme points. On the section of X; =
50 mm, k, was relatively large in the interval of X, < 2 mm, while
it was smaller in the interval of X, > 2 mm. On the section of X; =
50.5 mm, k; was relatively small when X, < 0.8 mm, and it was
larger when X, > 0.8. The distribution of the fluid turbulent
kinetic energy was disordered on the aforementioned two cross
sections, indicating that the fluid pulsation was severe in the
rough fracture and the turbulence intensity was high. Through
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the comparison of Figure 15 and Figure 17, it is found that the
impacts of the sediment particle size on the fluid turbulent kinetic
energy are completely different in smooth and rough fractures,
and the difference is nearly an order of magnitude.

Figure 18 and Figure 19 show the distribution of turbulent
kinetic energy of the continuous-phase fluid on typical cross
sections of the smooth fracture and rough fracture under various
sediment mass densities.

In Figure 18A, on the section of X; = 5 mm of the smooth
fracture, k, first increased and then decreased and reached the

maximum when X, = 0.9mm. Obviously, the effects of the

sediment volume concentration on k; were very significant in
the intervals of 0.15mm < X, < 045 and 1.35mm < X, <
1.65 mm, where k, decreased with the increase of p,. It was
indicated that the movement of sediment particles can inhibit
the turbulent kinetic energy with the increase of p,. During the
single-phase flow, when p, was 1,500 kg/m”>, k, was distributed
symmetrically along X, = 0.9 mm. When the values of p, were
2650 kg/m®, 3500 kg/m>, and 4,500 kg/m’, k, in the interval of
0.15 mm < X, < 0.45 mm was smaller than that in the interval of
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1.35 mm < X, < 1.65 mm, indicating that the sediment particle in
the interval of 0.15 mm < X, < 0.45 mm had a greater impact on
the turbulent kinetic energy. This is because the sediment
particles are more affected by gravity as the mass density
increases, and they are easily deposited on the lower wall. In
the intervals except for 0.15 mm < X, < 0.45 and 1.35 mm < X, <
1.65 mm, the distribution curves of k, were basically consistent
and were symmetrical along X, = 0.9 mm. It indicated that k, was
slightly affected by the sediment particle mass density in these
intervals. In Figure 18B, on the section of X; = 50 mm, k- X,
curves were M-shaped, and p,, affected k; in the whole X, interval.
The larger the p,, the smaller the k. In the single-phase flow,
when p, was 1,500 kg/m?, k, was symmetrically distributed along
X, = 0.9 mm. When the values of p, were 2650 kg/m’, 3500 kg/
m?, and 4,500 kg/m’, k; under X, < 0.9 mm was smaller than that
under X, > 0.9 mm. It indicates that the sediment particles with
the aforementioned mass densities have a greater influence on the
turbulent kinetic energy in the interval of X, < 0.9 mm. This is
because the sediment particles are more affected by gravity and
easily deposited on the lower wall, as the mass density of sediment
particles increases.

In Figure 19, the distribution of k, was greatly affected by p,
during the water-sediment flow in the rough fracture. The
extreme points were shifted. On the section of X; = 50 mm, k,
was larger in the interval of X, < 2 mm than that in the interval of
X, > 2 mm. On the section of X; = 50.5 mm, k, was smaller when
X, < 0.8 mm. It can be observed that the distribution of k; was
disordered on both the cross sections, suggesting that the fluid
pulsation was violent in the rough fracture and the turbulence
intensity was high.

In summary, under the conditions of the same sediment
mass density, same sediment size, same sediment volume
concentration, and same inlet velocity, the influence of
sediment mass density on fluid turbulent kinetic energy

exhibits completely different laws in smooth and rough
fractures, with the difference of nearly an order of magnitude.

4 CONCLUSION

In this study, ANSYS Fluent software was used to perform
numerical simulations on the water-sediment two-phase flow
in smooth and rough fractures. Then, the influences of the
sediment volume concentration, sediment particle size, and
sediment mass density on pressure gradient, mean velocity
distribution, and turbulent kinetic energy distribution were
analyzed. The following conclusions were obtained:

(1) During the water-sediment flow in the smooth fracture,
the absolute values of pressure gradient G,, the sediment
volume concentration ®, the sediment particle size D,,
and the sediment mass density p, are approximately
linear, and the linearity of G, and D, is the lowest. In
other words, G, decreases with the increase of ®, D,, and
pp- During the water-sediment flow in the rough fracture,
the pressure loss of sediment particles is reduced. When
® is 1.02%, G, is the smallest. When ® > 2.07%, G,
changes slightly. When D, is small, the pressure loss
increases with the increase of D,. When D, is relatively
large, the pressure loss decreases with the increase of D,,
and G, first increased and then decreased with the
increase of p,.

During the water-sediment flow in the smooth fracture, the
mean velocity v of the continuous-phase fluid rarely changes
with @, D,, and p,. However, during the water-sediment flow
in the rough fracture, v is greatly affected by ®, D), and p,,
which can be observed through the changes of curve shapes
and deviations of extreme points.

)
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(3) During the water-sediment flow in the smooth fracture, the
fluid turbulent kinetic energy k, decreases with the increase of
pp and ® and decreases with the decrease of p,. During the
water-sediment flow in the rough fracture, k; is significantly
affected by ®, D,, and p,, which was manifested in the
changes of curve shapes and the deviation of the extreme
points. This is obtained based on the distribution of sediment
particle sizes and Stokes number.
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