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The distribution of fractures in the underground rock mass is complex, so it is of
great significance to study the parameter characteristics of fracture seepage for
geothermal exploitation, land subsidence, and other fields. Based on the Weier-
strass-Mandelbrot function, several X-shaped fracture models with different
roughness are established, and the fracture seepage law under different roughness
and inlet pressure is studied. At the same time, the center (cross-region) of the
X-shaped fracture is selected as the research object, and the seepage difference
characteristics of the cross-region under the two inlet modes of adjacent flow and
convective flow are compared and analyzed. The results show that the outlet ve-
locity of fracture fluid is inversely proportional to the fractal dimension and is
directly proportional to the inlet pressure.
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Introduction

In recent years, fracture seepage has become a research hotspot in academia. It has
been applied in the fields of natural gas and oil exploitation [1], geothermal exploitation [2-4],
coal mining [5, 6] and extraction of coal bed methane [7, 8], land subsidence [9], induced
earthquakes [10, 11], disposal of nuclear waste and pollutants [12, 13], etc. Nowadays, the
profound evolution of the international situation and the turbulent global energy supply and
demand pattern have forced mining to go deeper [14-19], the research on the seepage law of
cracks in rocks and coal seams has become more and more important. According to a large
number of statistics, the basic units of underground medium fractures are divided into single
fractures and cross fractures.
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Scholars have done a lot of research on rock fracture seepage based on the afore-
mentioned two basic fracture elements. Liu et al. [20] studied the effects of different fractal
dimensions, fracture width, and inlet pressure on fracture flow characteristics by numerical
simulation of a single fracture. Zhao et al. [21] conducted numerical simulation of sin-
gle-phase laminar flow and studied the seepage characteristics of single fracture in different
projection directions. Xieet al. [22] combined with 3-D printing technology to establish solid
cross-fracture models with different fractal dimensions, quantitatively evaluated and dis-
cussed the pressure drop loss and competitive diversion behavior of two fractures with dif-
ferent fractal dimensions. Tang et al. [23] selected the Y-shaped fracture as the research ob-
ject, carried out numerical simulation research on it, and analyzed the essence of fracture
competitive diversion from the perspective of fluid streamline. Ma et al. [24] developed dis-
continuous Galerkin and continuous Galerkin methods for compressible single-phase and
two-phase flows in porous media, and the flow behavior of single-phase and two-phase fluids in
fractured porous media were predicted. Liu et al. [25] studied a series of non-linear flow behav-
iors of fluid passing through the intersection of fractures by numerical simulation of discrete
fracture elements. However, for the cross fractures in the underground rock mass fracture net-
work, its inflow modes are usually very complex. For example, the fluid in the underground
medium can flow into the fracture from two adjacent fracture inlets, or from both ends of a
fracture branch. The different inflow modes will have a significant impact on the fluid seepage
characteristics in the cross fractures, which still needs to be discussed in depth.

In this study, the Weierstrass-Mandelbrot function is used to construct X-shaped
fractures, and two inflow modes are selected to study the changes of seepage characteristics
of X-shaped fractures with different fractal dimensions and different inlet pressures. Com-
bined with the numerical simulation software, four fracture conditions with five pressure con-
ditions in each condition are established, and the behavior of convective flow and concentra-
tion in the X-shaped fracture cross-region is mainly discussed. The research results can pro-
vide new insights for evaluating the fluid flow behavior of underground fracture network.

Model building

In this paper, the X-shaped fracture which is often found in the geological commu-
nity is used as the starting point, and four working conditions are set up (the fractal dimen-
sions of the two fractures are the same as 1.0, 1.1, 1.2, 1.3.). For the inlet of each working
condition, a total of five pressure conditions are set: 50 Pa, 100 Pa, 150 Pa, 200 Pa, and 250
Pa, and the outlet pressure is 0. The intersection angle of the cross fracture is maintained at
90° , the fracture average aperture and straight length are set as 0.5 mm and 100 mm. As for
the selection of inlet, there are two cases: adjacent and convective flow, as shown in fig.
1(a)-1(c), and where each cross-section of the X-fracture is marked, as shown in fig. 1(d).
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Figure 1. Two inflow modes: adjacent and convective flow; (a) discrete fracture network,
(b) adjacent flow, (c) convective flow, and (d) labeling of each cross section of the X-fracture
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The Weierstrass-Mandelbrot function is expressed as [20, 22]:

W)=Y (1-e"")e /b (1)
where b is a real number greater than 1, which reflects the degree of deviation of the curve from
the straight line, ¢, is any phase angle and D € (1,2) is the fractal dimension. Selecting the real
part of function W(t) (cosine function) as the fractal function can get the following expression:

C(t)=ReW(t)= >  (I1-cosh"t)/b* ™" (2)
It is well known that it is a continuous, in derivable fractal curve with fractal dimen-
sion D, in which the fractal dimension satisfies the following relationship:

Dig _(Ej <D<Dy (3)
where B is a constant and Dy is the Hausdorff-Besicovitch dimension. Take B = 1.4 in fractal
unction C(t), and MATLAB is used to generate fractal curves to construct the X-fracture model
under four working conditions, as shown in fig. 2.
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Figure 2. The X-fracture model based on fractal function; (a) Pattern 1, (b) Pattern 2,
(c) Pattern 3, and (d) Pattern 4

The COMSOL Multiphysics 6.0 software was used to conduct numerical simulation
of all working involved conditions, and the density and dynamic viscosity of the fluid were
set to 1-10° kg/m® and 1.01-10°° Pa:s.

Result and discussion

Analysis of fracture seepage characteristic parameters with different roughness

According to the numerical simulation results, the relationship between fracture
seepage velocity and inlet pressure and fracture fractal dimension under the conditions of
adjacent flow and convection is discussed.
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In the adjacent flow and convection mode, the seepage characteristic curve is shown
in fig. 3. It is not difficult to find that when the inlet pressure is constant, with the increase of
fractal dimension, the roughness of the fracture also increases, and the fluid average velocity
of the seepage outlet section of the fracture shows a downward trend. Moreover, with the
increase of pressure, the gap of fracture outlet velocity with different fractal dimensions is
also increasing. This means that when the fracture roughness increases, the direction change
increases the seepage length of the fluid, when the fluid-flows into the fracture with large
roughness, the more energy it consumes, and the less speed it flows out of the fracture. When
the fractal dimension of the crack is fixed, the average velocity of the fluid at the crack outlet
increases linearly with the increase of the inlet pressure, which indicates that the increase of
the inlet pressure also represents the increase of the energy of the water flow, the velocity of
the fluid is larger.
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Figure 3. Flow velocity at crack outlet under adjacent and convection flow mode; (a) flow velocity of
cross section D and H in adjacent flow and (b) flow velocity of cross section A and D in convective flow

Analysis of seepage characteristics in
the intersection region under adjacent and convective flow modes

The region formed with sections B, C, F and G as the boundaries is defined as the
intersection region. In the adjacent and convective flow mode, due to the complex seepage
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Figure 4. Schematic diagram of the influence of the intersection region on the four
branch fractures (fractal dimension is 1.0, the inlet pressure is 50 Pa, and the inlet mode is
adjacent flow)

behavior of the fluid in the cross-region, a series of kinematic behaviors such as confluence

and opposite impact will occur after the fluid-flows into the cross-region, which will lead to
sharp changes in the fluid velocity in the cross-region and spread to the four branch fractures
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with the cross-region as the center, a range area affected by the cross-region is formed, which
is divided into four parts (Zone 1, Zone 2, Zone 3, Zone 4), as shown in fig. 4. Taking the
fractal dimension of the fracture as 1.0, the inlet pressure as 50 Pa and the inflow mode as the
adjacent flow as an example, the relationship between the average velocity of the fluid near
the cross-region and the distance from the cross-region is drawn.

Velocity gradient is the change rate of fluid velocity. It is usually used as one of the
important indicators to evaluate whether a place is a potential animal habitat, which affects
the foraging of fish and the selection of breeding sites. At the same time, it can also be used to
describe the spatial change of velocity to characterize the complexity of water flow [26-28].
There is the relation:

grad(v) = VeV

(4)

where V; and V, are the average velocity of cross-section 1 and cross-section 2, respectively, V,
> V4, and L is the distance between cross-section 1 and cross-section 2.

For the adjacent flow mode, Zone 1 and Zone 3 are the areas where the fluid-flows
when it is about to flow into the cross-region (upstream area), and Zone 2 and Zone 4 are the
areas where the fluid-flows when it leaves the cross-region (downstream area). From the
cross-region to the four branches, calculate the flow velocity gradient when the fluid ap-
proaches the cross-region, as shown in fig. 5. It can be seen from the figure that for Patterns 1,
2, and 4, when the fluid is about to enter the cross-region, its velocity increases slowly with
the increase of inlet pressure. After flowing out of the cross-region, the fluid speed decreases
rapidly, and the decline speed is about five times the growth speed when the fluid enters the
cross-region. As for Pattern 3, the change of velocity gradient is more complex due to the
short distance of the first straight line that spreads around the cross-region, fig. 6, and its
change law with inlet pressure is different from that of the other three Patterns. But on the
whole, it can still be seen that the velocity gradient in the upstream area is smaller than that in
the downstream area under various pressures, and with the increase of inlet pressure, the
growth rate of velocity gradient in the upstream area is smaller than that in the downstream
area. In the convective mode, the variation of velocity gradient with inlet pressure under dif-
ferent conditions is similar to that of adjacent flow, which will not be repeated here.
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Figure 5. Flow velocity gradient vs inlet pressure of adjacent flow; (a) Pattern 1, (b) Pattern 2,
(c) Pattern 3, and (d) Pattern 4

Cloud analysis of cross-region seepage parameters in
adjacent and convective flow modes

In order to deeply explore the difference of seepage characteristics in the
cross-region under adjacent and convective flow mode, take the X-fracture with fractal di-
mension of 1.0 and inlet pressure of 50 Pa as an example, the velocity contours are drawn, as
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Pattern 3 (1.2-1.2)

| | = The first straight line

‘) | s The second straight line

s The main influencing zone v

Figure 6. Partial enlargement of cross-region under Pattern 3

shown in fig. 7(a). It can be seen that in the convective mode, a low-velocity region similar to
a square is formed in the cross-region of its X-fracture, and in this low-velocity region, the
fluid velocity increases linearly around the equal spacing, forming a multi-layer annular ve-
locity contour. Take the X-fracture with fractal dimension of 1.0 and inlet pressure of 50 Pa as
an example, the streamline diagram of the cross-region is drawn. It can be seen from fig. 8(a)
that when the fluid-flows in the form of convection, the fluid flowing in the opposite direction
in the cross-region will collide, resulting in kinetic energy loss. After the collision, the kinetic
energy of the two branches of the fluid will be redistributed and flow out of the cross-region
at residual velocity, respectively. The greater the velocity of the fluid, the greater the kinetic
energy loss, the smaller the Kkinetic energy after the collision, the smaller the residual velocity.
It can be seen that the Kinetic energy loss of the fluid in the center of the cross-region is the
largest, and its residual velocity is also the smallest. When the fluid diffuses from the center
of the cross-region to the surrounding area, the kinetic energy loss of the fluid is smaller than
that of the center area because its velocity before the collision is not as large as that of the
center, and its residual velocity after the collision is also larger than that of the center area, the
impact of the fluid on the opposite direction is also smaller. Therefore, the velocity distribu-
tion of the fluid takes the center of the cross-region as the origin and spreads around, forming
a multi-layer annular velocity cloud.
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Figure 7. Velocity contours in convective and Figure 8. Streamlines in convective and

adjacent flow mode (Pattern 1-50Pa); adjacent flow mode (Pattern 1-50Pa);
(a) convective flow and (b)adjacent flow (a) convective flow and (b) adjacent flow
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In the adjacent flow mode, the flow line diagram of the cross-region is drawn when
the fractal dimension is 1.0 and the inlet pressure is 50 Pa, as shown in fig. 8(b). It can be
seen that when the fluid of the two inlet branches of the X-fracture flow into the
cross-region, for the upper half of the X-fracture, the fluid flow direction is the left inlet
branch flows in and the right outlet branch flows out, and the flow line forms a concave arc
shape. For the lower part of X-fracture, similarly, the fluid streamline forms a convex arc
shape. When the fluids at the two inlets enter the cross-region, the upper and lower fluids
intersect, especially the upper and lower arc-shaped parts with the largest curvature inter-
sect the most strongly, that is, the central part of the X-shaped fracture cross-region. The
straight line connecting the left and right endpoints of the cross-region is defined as straight
line N, and the midpoint O of the line N is the point where the upper and lower fluids inter-
sect most violently, the fluid velocity is the largest and the Kinetic energy is the largest.
Taking this as the center point, it spreads around, a saddle-shaped high-speed area is
formed. Taking point O as the center point, which spreads to both sides of the straight line
N, the fluid velocity gradually decreases to the minimum at the left and right endpoints, this
is because the intersection intensity of the fluid gradually weakens from the O point to the
left and right sides, so that the increase of the kinetic energy of the fluid gradually decreas-
es, and the velocity also gradually decreases.

Conclusion

Based on the X-fracture constructed by the Weierstrass-Mandelbrot function, the
numerical simulation study of different inlet pressures and different fractal dimensions in
adjacent flow and convection modes was carried out, and the seepage characteristic parame-
ters of the fracture fluid were analyzed. In the convective and adjacent flow modes, the outlet
velocity of the fracture fluid is inversely proportional to the fractal dimension and proportion-
al to the inlet pressure. In the vicinity of the cross-region, the influence of the cross-region on
the upstream fluid is smaller than that on the downstream fluid. With the increase of the inlet
pressure, the velocity in the upstream area increases slowly, and the velocity in the down-
stream area decreases rapidly. In the adjacent flow mode, the intersection area has a weak
influence on the upstream fluid and a strong influence on the downstream fluid. The flow
velocity gradient in the downstream area is 5 times that of the upstream area, and the same is
true in the convection mode.In the convective flow mode, the fluids collide in the opposite
flow in the cross-region, forming a multi-layer annular low-velocity area in the cross-region;
in the adjacent flow mode, when the fluid enters the cross-region, two fluids converge, and a
saddle-shaped high-speed zone is formed.
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Nomenclature

D — fractal dimension, [—l
grad(v)— velocity gradient, [s™] Greek symbol

L — distance, [mm] @n —any phase angle, [°]
\" — average velocity, [mms™]
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