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Abstract: To investigate the permeability characteristics in the in-situ fractured coal body around the
perimeter of gas extraction boreholes, the steady-state permeability of fractured coal bodies with
different gradations was tested using the fractured rock permeability test system. By controlling
the axial displacement and permeability pressure, the permeability parameters were obtained un-
der different porosities. The interactions between the permeability parameters and the process of
permeability destabilisation are discussed. The results show that the permeability characteristics of
the broken coal body obey the Forchheimer relationship: As the axial displacement increases, the
permeability resistance of the fluid increases and the non-Darcy property of the sample becomes
more significant. With the decrease in the porosity of the sample and the increase in the power index
n, the permeability k decreases and the non-Darcy factor β increases. The final fractal structure of
the sample will be changed by particle fragmentation and migration during the loading process of
the sample with different levels, and the internal pore structure of the sample will further affect the
penetration of the penetration channel. A critical characteristic value for the seepage instability in
broken coal bodies is given, and an expression for determining the seepage instability by permeability
and non-Darcy factors is proposed. The results indicate that a negative non-Darcy factor is not a
necessary condition for permeability instability, and the critical Reynolds number for the permeability
instability in broken coal bodies was determined from the perspective of the Reynolds number. The
conclusions of this study can provide theoretical support for the theoretical study of permeability
and the permeability of pre-smoking coal seams.

Keywords: gas extraction; fractal characteristics; fractured coal bodies; non-Darcy flow; Reynolds
number; flow pattern distribution

1. Introduction

Gas extraction is the basis of mine gas management [1]. Drill holes can be divided into
an unloading zone area, a stress concentration zone area, and an original stress zone area
according to the stress characteristics along the drilling direction [2]. In the unloading zone
area, the stress exceeds the strength of the coal body, causing the coal body to be fractured
while remaining in its original position, forming a special structure coal body, i.e., an
in-situ fractured coal body [3,4]. In the drilling and extraction process, due to the presence
of the special structure of this in-situ fractured coal body, it is important to investigate
the evolution of its permeability parameters and the seepage instability characteristics,
providing an important theoretical reference value for the gas transportation behaviour
around the hole and the improvement of gas extraction efficiency. However, influenced by
the high permeability pressure downhole, the gas continuously moves towards the interior
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of the borehole under the pressure of the peripheral coal body, resulting in deformation
and damage phenomena such as erosion, opening, extension, and penetration, with severe
deformation of the pore structure, leading to strong non-linear characteristics of seepage
flow [5,6].

The in-situ crushed coal body around the perimeter of a borehole is composed of
crushed coal bodies that are stuck together to form different grain sizes [7,8]. A series
of studies have also been conducted by many experts to investigate the influence of the
structure of perforated crushed coal bodies on their permeability properties. By using
NMR techniques and non-Darcy models, Liu et al. [9] and Ma et al. [10] quantified the
pore structure and hydraulic properties of the fractured rock mass and obtained the flow
characteristics of non-Darcy flow in the rock mass, showing that the seepage in the rock
mass no longer follows Darcy’s law but follows the Forchheimer equation. Based on seepage
tests, Li et al. [11] established a non-linear kinetic equation for seepage in fractured rocks,
finding the equilibrium state in which the seepage system in fractured rocks tends to the
compacted state and analysing the stability of the equilibrium state. Dusabemariya et al. [12]
concluded that the non-Darcy flow characteristics of fractured rocks are related to the
porosity of the fractured rock. Using mechanical systems and specially developed devices,
Wu et al. [13] and Lv et al. [14] measured the seepage characteristics of fractured sandstones
during the process of non-Darcy seepage and calculated the permeability and non-Darcy
seepage β factor using the steady-state seepage method. Wang et al. [15] investigated the
seepage characteristics of fractured rocks with different grain sizes and porosities. Steady-
state percolation tests were conducted on fractured rocks of five grain sizes. By binary
fitting of the experimental data, Liu et al. [16] obtained the relationship between non-Darcy
permeability parameters and porosity and grain size. By studying the effects of different
porosity and grain size coupling mechanisms on the seepage characteristics of fractured
rocks, Qiu et al. [17] found that the relationship between permeability and both porosity
and grain size could be expressed as an exponential function.

In order to more accurately study the permeability characteristics of an in-situ frac-
tured coal body, a porous medium, researchers used the fractal theory to describe the
microstructure of porous media [18–20]. Based on the fractal theory and Talbot classifi-
cation theory, to prepare test samples, Li et al. [21] investigated the seepage evolution of
fractured rock bodies under triaxial stress using a triaxial seepage test apparatus. Kara-
can et al. [22] proposed a method to predict the permeability and porosity of coal bodies in
mining areas based on the fractal scale and the principle of fluid flow in porous media. A
laboratory compaction test system was used to perform loading tests on crushed rocks with
different particle sizes. Based on the crushing characteristics and particle size distribution
of the samples, Kong et al. [23] discussed the fractal behaviour of particle sizes and the
energy dissipation during the loading of fractal scale characteristics to provide a reference
for further analysis of their permeability. Based on the experiments and combined with
fractal theory, Sarkar et al. [24] proposed a fractal-dimension-based method of calculation
for the rock-crushing particle size model. Fractal theory was used to provide a better
analysis of the particle size characteristics of negatively crushed rocks, and Lei et al. [25]
characterised the permeability evolution. Using this model to fully couple coal deforma-
tion with gas flow, Liu et al. [26] developed a fractal permeability model and found that
the pore fractal dimension varied with the effective stress through porosity and that the
macroscopic permeability of coal was proportional to the fractal dimension. Combining
the structural fractal dimension calculated by the incremental fractal constitutive method,
Liu et al. [27] concluded that the fractal dimension of the pore structure and volume can
quantitatively describe the specific surface area of porous media and is proportional to
the specific surface area. As the fractal dimension of the structure increases, the resistance
to fluid flow increases and the theoretical permeability decreases. Using fractal geometry
theory and related methods to simulate the pore curvature and roughness of coal bodies,
Xiao et al. [28] established a model relating the permeability of porous media to structural
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parameters such as the pore area fractal dimension, the pore curvature fractal dimension,
and so on.

Several results have been obtained from the above studies on the permeability char-
acteristics of crushed coal bodies, but less research has been conducted on the interaction
between the permeability parameters of crushed coal bodies and seepage stability during
the permeation process. In the present work, an in-situ percolation test on the crushed
coal body around different particle sizes and different axial displacement boreholes was
designed to obtain the deformation and seepage instability of the crushed coal body. The
evolution of the porosity and permeability was then determined based on the permeability
parameters measured in the test. Finally, the relationships between the Reynolds number,
osmotic pressure, and seepage stability during infiltration were investigated.

2. Theory

During the extraction of gas resources, the stress concentration around the borehole is
likely to cause damage to the coal body, further forming many pores and fracture networks;
these “ring” pores and fractures are called the fracture field of the borehole. The gas flow
in the coal body around the borehole enters the borehole through the fissure field, which is
a necessary channel for the flow of extracted gas. Damage to the coal around the borehole
is mainly in the form of dispersion and fractures, and the fracture network on the inner
wall of the borehole is also characterised by fissure alignment and fissure size. A realistic
view of coal damage around a borehole disturbed by stress concentration is displayed in
Figure 1.
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Figure 1. Realistic view of coal damage around a borehole disturbed by stress concentration.

The current research into gas flow within the fracture field of the coal body around the
borehole belongs to the field of dual medium flow, where the pore and fracture structures
around the borehole are considered as two separate permeable media [29]. The flow process
can also be divided into three main stages:

1© Gas in the coal body around the borehole enters the pore space under the effect of
concentration difference, forming the gas diffusion phenomenon; following Fick’s law of
diffusion, the flow equation is J = −D

(
∂C
∂X

)
.

2© Gas in the pore space enters the fissure under the action of pore pressure difference,
forming the gas infiltration phenomenon; following Darcy’s law, the flow equation is
v = − kD

µ
∂p
∂x .

3© Gas in the fissure converges into the extraction borehole under the action of the
negative extraction pressure, forming the sinking gas phenomenon.
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3. Materials and Methods

To study the flow pattern of gas in the fracture field around the extraction borehole,
coal samples from high-gas mines were selected and triaxial seepage tests on fractured coal
bodies were conducted using the grading theory to prepare multiple sets of samples with a
certain initial porosity and considering different stresses and different permeability pressures.

3.1. Materials
3.1.1. Research Background

The sample was taken from Shaanxi Huangling No. 2 Coal Mine Co., Ltd. (Yanan,
China) with a shaft area of 351.94 km2, resource reserves of 970 Mt, recoverable reserves of
640 Mt, and a mine service life of 70 years. Engineers used the extraction ventilation method,
with a central parallel ventilation system, with the main and secondary risers feeding the
mine and the west return riser returning the mine. The main mining seam 3# coal, with a
thickness of 6.34 m, has an inclination of 0◦ to −5◦, with an average inclination of +0.5◦

in the direction of the N1101 tape chute cutting. The 3# coal seam is black, lumpy, locally
powdery, and shiny. Yuwu Coal Company was designed as a high-gas mine with a gas
content of 10.0496 m3/t. The absolute gas outflow from the mine in the last three years is
294.38 m3/min and the relative gas outflow is 21.08 m3/t. The old top of the 3# coal seam
is sandy mudstone, 9.78 m. The direct top is mudstone, 2.25 m. The old bottom is sandy
mudstone, 8.4 m. The direct bottom is siltstone—fine-grained sandstone, 6.10 m.

3.1.2. Material Preparation

The gas extraction borehole is affected by stress concentration, which will produce a
“ring” rupture area, where the perimeter of the borehole is mainly composed of fractured
coal. The fractured coal body, as the main channel of gas influx into the borehole, has a
high porosity and a high permeability. The test sample was taken from Shaanxi Huangling
No. 2 coal mine, and its bulk density was found to be 1566 kg/m3 by coring. Considering
that, in engineering practice, the crushed coal body around the hole consists of multiple
scale particle sizes, the crushed coal was sieved into four particle size intervals of 2.5~5 mm,
5~10 mm, 10~15 mm, and 15~20 mm using a sorting sieve [30]. In addition, to overcome
the dimensional catastrophe, the mass fraction of particles within each particle size interval
was calculated according to Talbot’s continuous grading theory, i.e.,

P =

(
d
D

)n
× 100% (1)

where P is the percentage of a particle size less than diameter d; d is the current particle size
of the sample, mm; D denotes the largest particle size in the composition of the sample,
mm; and n represents the Talbot power index.

According to the size of the test permeameter, the total mass of a single group of sam-
ples is 800 g, and four groups of samples with a Talbot power index of 0.2, 0.4, 0.6, and 0.8 are
taken to form different grading structures, and Equation (1) can be calculated to obtain
the percentage of each particle size interval at different Talbot power indices, as shown in
Figure 2, and the preparation of four sets of samples of crushed coal bodies is shown in
Figure 3.
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Figure 2. Distribution of the four particle sizes of crushed coal bodies.
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Figure 3. Preparation of four sets of samples of crushed coal bodies.

3.2. Methodologies
3.2.1. Experiment Design

The permeation test of the crushed coal body around the borehole was conducted by
the steady-state permeation method, and the magnitude of the permeation pressure was
easy to control during steady-state permeation. Meanwhile, the porosity of the sample
can be controlled by controlling the axial displacement, suggesting that the porosity of
the sample could be controlled, and the gradient of the permeation pressure to which
the sample was subjected could also be controlled to remain consistent; therefore, axial
displacement control was adopted in the present research [31].

The porosity of the crushed coal body at each stage can be determined from the axial
displacement S at that stage, as given by the following:

φ = 1− m0

ρ0 A(H − S)
(2)

where m0 is the total mass of the crushed coal sample, kg; ρ0 is the density of the coal
sample, kg/m3; A stands for the internal bottom area of the cylinder, m2; H stands for the
initial height of the sample, m; and S represents the axial control displacement, m.

The percolation rate can be calculated from the flow rate as follows:

V =
Q
A

(3)

where V is the percolation velocity, m/s; Q is the flow rate through the sample, m3/s; and
A is the cross-sectional area of the sample, m2.

Let the height of the sample at a certain stage be Hs, the osmotic pressure at the inlet
of the permeameter be the set value P1, and, since the outlet end is together with the
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atmosphere, the osmotic pressure at the outlet end P2 = 0. Therefore, the osmotic pressure
gradient Gp in the sample can be calculated as [32] follows:

Gp =
P2 − P1

Hs
= − P1

Hs
(4)

Existing research shows that [33] the seepage behaviour in the fractured coal body
obeys the Forchheimer relationship, and herein, the steady-state permeability method was
adopted. The acceleration of the fluid is 0; therefore, the Forchheimer equation can be
simplified to the following:

−Gp =
µ

k
V + βρV2 (5)

where k is the permeability and β is the non-Darcy factor.
According to the osmotic pressure gradient and the corresponding seepage velocity

during the test, the permeability k and the non-Darcy flow β factor can be fitted according
to Equation (5).

3.2.2. Experimental Equipment

The permeation test of the crushed coal body around the borehole was conducted
using the crushed rock permeation test system, which mainly consists of a pressure machine,
a crushed rock permeation meter, a permeation pressure control pump, a data recording
system, pipelines, and metering instrument accessories. The crushed coal body triaxial
permeation test system is illustrated in Figure 4.
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To obtain the permeation characteristics of the crushed coal body at different axial
displacements, four stages of a displacement of 3, 6, 9, and 12 mm were applied axially,
and four stages of a permeation pressure of 0.5, 1.0, 1.5, and 2.0 MPa were applied under
each stage of axial displacement. To acquire the seepage data of the crushed coal samples
under different pressure gradients, during the test, the data-logging system recorded the
axial pressure F and axial displacement S applied by the press, as well as the permeation
pressure P and the flow rate Q through the specimen during each stage of permeation in
real time and saved them.

3.2.3. Experimental Procedure

During the test, the axial pressure and displacement of the crushed coal body could
be adjusted by the press, and when the predetermined value was reached, the permeation
pump could be turned on to control the size of the permeation pressure, and the steady-
state permeation of the crushed coal body under different permeation pressures could be
tested. The specific test procedure is as follows:
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• Load the crushed coal sample into the penetrometer and complete the assembly of the
system according to the schematic diagram. Record the initial height of the specimen
and set the pressure and displacement to 0;

• Control the press to apply axial pressure and control the pressure (displacement) to a
predetermined value;

• Turn on the osmotic pressure control pump to adjust to a predetermined osmotic
pressure level for the permeation test, which needs to be maintained for more than
15 s at each level of osmotic pressure, and record the flow and pressure values of the
import and export during the permeation process;

• Turn off the osmotic pressure control pump, remove the pressure to take out the
specimen, clean the permeameter, and conduct the next set of tests according to
experimental needs;

• To reduce the test error, for each group of specimens, repeat the test three times. The
test results consist of the average of the three tests;

• Through use of the aforementioned test method, the permeability characteristics of the
crushed coal body can be measured at different axial pressures and different porosities.

After each completed set of measurements on one specimen had been recorded, its
stress-strain data were obtained through the computer data acquisition system, and then
the previous steps were repeated for the other specimens, and each set of data could be
recorded until the test was completed.

4. Results and Discussion

To study the permeability characteristics of the crushed coal grains around the extrac-
tion borehole, a fractal-percolation test study was conducted independently to determine
the distribution of permeability velocity at various levels of displacement and to clarify
the relationship between the permeability parameters of the crushed coal body. Based on
the deformation characteristics of the permeable skeleton of the crushed coal body, the
process of seepage destabilisation of the crushed coal body around the extraction borehole
is then discussed.

4.1. Permeation Velocity Distribution Pattern at Each Level of Displacement

The seepage velocity distribution of the fractured coal body at different degrees of
compression needs to be further investigated. Four axial displacements of F1, F2, F3, and F4
(3 mm, 6 mm, 9 mm, and 12 mm) were set in the test, and seepage pressures of 2.0 MPa,
4.0 MPa, 8.0 MPa, and 12.0 MPa were selected for the infiltration test study. By collating the
test results, the seepage velocity data at different axial displacements and different osmotic
pressures could be obtained, and the relationship between the seepage velocity and the
osmotic pressure gradient at different axial displacements were plotted according to the
data (Figure 5).

As can be seen from Figure 5, as the absolute value of the osmotic pressure gradient
increases, the flow rate of the fluid increases (albeit to a lesser extent). At the beginning of
loading, a trend of increasing flow velocity is evident, while with the increase in displace-
ment, the rate of increase in the flow velocity decreases significantly. This is because as the
axial displacement increases, the pore channels in the specimen are gradually compacted
and the particles are fractured under pressure, causing the structure of the specimen to
adjust and causing blockage or dimensional changes in the fluid channels of the specimen.
The flow of the fluid will bear small particle sizes to the outlet from the specimen, and this
transport process will also lead to changes in the flow path and local pore structure changes.
The combination of these factors will affect the overall percolation velocity, causing a
decrease in the increase in percolation velocity and causing a non-linear increase.
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The fitted curves of the permeation velocity versus the permeation pressure gradient
are also consistent with non-linearity through the different axial displacement stages,
i.e., the permeation process in the fractured coal body exhibits non-Darcy percolation. An
analysis of the fitted functions reveals that the fitted results for the permeability velocity and
osmotic pressure gradient are consistent with the Forchheimer equation and are consistent
for different axial displacements. At the same time, the power index, which characterises
the grading structure, exerts a certain influence on the permeation of the specimens, and
the deviation from Darcy’s law is more significant when the power index is 0.2 than 0.8.
This is because with a lower power index, the proportion of small- and medium-grain-size
intervals in the crushed coal body will increase, and the pore structure will be denser,
making non-Darcian phenomena more obvious. In summary, it can be concluded that the
permeability characteristics of fractured coal bodies show non-Darcian behaviour and obey
the Forchheimer relationship.

4.2. Relationships between Permeability Parameters of Crushed Coal Bodies

The pore structure characteristics of the crushed coal specimen are important factors
affecting the permeability of the specimen, such as the number of pores, individual pore
size, pore distribution characteristics, the degree of pore connectivity, etc. Porosity is used
as the main parameter to characterise the pore characteristics, and the effect of porosity on
permeability can be obtained by studying the four sets of test results, as shown in Figure 6.



Fractal Fract. 2023, 7, 574 9 of 17

Fractal Fract. 2023, 7, x FOR PEER REVIEW 9 of 17 
 

 

can be concluded that the permeability characteristics of fractured coal bodies show 

non-Darcian behaviour and obey the Forchheimer relationship. 

4.2. Relationships between Permeability Parameters of Crushed Coal Bodies 

The pore structure characteristics of the crushed coal specimen are important factors 

affecting the permeability of the specimen, such as the number of pores, individual pore 

size, pore distribution characteristics, the degree of pore connectivity, etc. Porosity is 

used as the main parameter to characterise the pore characteristics, and the effect of po-

rosity on permeability can be obtained by studying the four sets of test results, as shown 

in Figure 6. 

 

Figure 6. The permeability and porosity of crushed coal samples with different grading structures. 

As illustrated in Figure 6, the permeability of the crushed coal body increases as the 

porosity increases (albeit to a decreasing extent because when the porosity is larger, the 

internal pore penetration is enhanced, the flow rate and flow rate through the specimen 

changes less, and the permeability of the specimen changes less, while when the porosi-

ty of the specimen is smaller, the internal pore structure of the specimen is relatively 

dense, and the permeability of different grading structures shows greater variability, the 

larger the power index n, the greater the permeability of the specimen, which further il-

lustrates that the permeability of the crushed coal body is not only related to the porosi-

ty but is also related to the power index n). 

The relationship between the porosity and non-Darcy factor is given in Figure 7, 

which shows that as the porosity increases the non-Darcy factor decreases, and when 

porosity is low, the non-Darcy factor of the specimen is larger, indicating that the lower 

the porosity, the lower the penetration of the internal channels of the specimen, leading 

to a high resistance to percolation channels, leading to a more pronounced non-Darcy 

phenomenon in the fractured coal body. However, the curve exhibits local undulations, 

while the non-Darcy factor of the specimen decreases as the power index n increases. 

The reasons for these phenomena are closely related to the dislocation, fragmentation, 

and dislodgement of particles in porous media and depend on the reorganisation of the 

specimen particles and the evolution of the internal pore structure. Seepage instability 

occurs when the non-Darcy factor is negative. The absence of a negative non-Darcy fac-

tor in this experiment does not mean that seepage instability did not occur during the 

test, and the subsequent instability characterisation also indicates that seepage instability 

did occur during the test. 

Figure 6. The permeability and porosity of crushed coal samples with different grading structures.

As illustrated in Figure 6, the permeability of the crushed coal body increases as the
porosity increases (albeit to a decreasing extent because when the porosity is larger, the
internal pore penetration is enhanced, the flow rate and flow rate through the specimen
changes less, and the permeability of the specimen changes less, while when the porosity
of the specimen is smaller, the internal pore structure of the specimen is relatively dense,
and the permeability of different grading structures shows greater variability, the larger
the power index n, the greater the permeability of the specimen, which further illustrates
that the permeability of the crushed coal body is not only related to the porosity but is also
related to the power index n).

The relationship between the porosity and non-Darcy factor is given in Figure 7, which
shows that as the porosity increases the non-Darcy factor decreases, and when porosity is
low, the non-Darcy factor of the specimen is larger, indicating that the lower the porosity, the
lower the penetration of the internal channels of the specimen, leading to a high resistance
to percolation channels, leading to a more pronounced non-Darcy phenomenon in the
fractured coal body. However, the curve exhibits local undulations, while the non-Darcy
factor of the specimen decreases as the power index n increases. The reasons for these
phenomena are closely related to the dislocation, fragmentation, and dislodgement of
particles in porous media and depend on the reorganisation of the specimen particles and
the evolution of the internal pore structure. Seepage instability occurs when the non-Darcy
factor is negative. The absence of a negative non-Darcy factor in this experiment does not
mean that seepage instability did not occur during the test, and the subsequent instability
characterisation also indicates that seepage instability did occur during the test.
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Figure 7. Non-Darcy factors and porosity of crushed coal samples with different grading structures.

The combined effect of porosity on the permeability and non-Darcy factor shows
that a decrease in the porosity leads to multiple closed permeable channels, resulting in a
sharp decrease in permeability k. Meanwhile, the difference in the power index n of the
gradation leads to different permeability resistances of the specimens, triggering changes in
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the β values; therefore, further consideration of the relationship between the permeability
and non-Darcy factors is shown in Figure 8.
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Figure 8. Non-Darcy factors and permeability of fractured coal samples with different grading structures.

Figure 8 shows that the non-Darcy factor of the specimen decreases as the permeability
increases, which also indicates that when the permeability of the specimen is greater,
the specimen allows more fluid to pass through and the resistance to fluid is less. In
contrast, when the permeability is small, the pore structure of the specimen is denser and
the resistance to fluid flow is larger, and the non-Darcy factor is more pronounced; the
variation pattern shows consistency at different power indices n.

4.3. Deformation Characteristics of the Permeable Skeleton of a Fractured Coal Body

As the axial displacement and porosity change, the permeability characteristics of
the specimen will be affected. The reason for this is that with the increase in the axial
displacement, the permeability skeleton of the specimen is deformed, and an adjustment
of the pore structure occurs. In the initial small displacement stage, due to the large
porosity of the crushed coal specimen, the bearing capacity of the specimen’s skeleton
is weak at this time, and the stress required to reach the predetermined displacement
is small, and the deformation is mainly attributed to the relatively high coal content in
the large particle size zone of the specimen at this time, and the contact between the
particles is in the form of point-to-point and point-to-face contact, readily generating
local stress concentrations, followed by a rupture and crushing of the particles. With the
continued control of displacement, in the previous stage of the specimen, there was a
certain degree of compaction and structural adjustment, and the bearing capacity of the
specimen’s skeleton increased. The stage after the loading process of the mutual grinding
particles’ particle shape becomes relatively uniform; this process of particle breakage is then
diminished. As the load is increased, the contact between the particles becomes dense and
the small particles fill the gaps between the large particles to form a stable pressure-bearing
structure, and the force required to produce the required deformation increases significantly.
The deformation of the specimen affects the number and connectivity of the permeation
channels, increasing the resistance to the fluid and changing its flow regime.

In the Forchheimer formula, the viscous resistance can be expressed as a linear compo-
nent of the permeation velocity and the inertial resistance as a non-linear component to
obtain the relationship between the viscous resistance, the proportion of inertial resistance,
and the permeation velocity, as shown in Figure 9.
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comparison groups. (a) Suspended dense structure crushing samples; (b) contrasting structural
crushing samples.

As shown in Figure 9, the specific gravity of the force applied to the fluid during
infiltration is always greater than the inertial force resistance, while the specific gravity of
the viscous force resistance decreases and the specific gravity of the inertial force resistance
increases as the infiltration velocity increases. This is because the viscous resistance and
inertial resistance increase although the fluid increases at six years of age, but the rate of
increase in the inertial resistance is greater than the rate of increase in the viscous force
resistance. The sum of the two resistances is the osmotic pressure gradient, and when the
non-linear specific gravity exceeds 0.5, the non-Darcy flow dominates, i.e., the Forchheimer
equation better describes the osmotic state, in good agreement with the fitted relationship
between the osmotic velocity and the osmotic pressure gradient.
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4.4. A Discussion of Seepage Destabilisation Processes in Fractured Coal Bodies
4.4.1. Derivation of the Seepage Instability Conditions for Fractured Coal Bodies

The state of gas transport in a coal seam is closely related to the geological structure
of the seam. As the permeability in a fractured coal body is much greater than that of the
original coal, it is susceptible to seepage instability, which can lead to accidents affecting
mine safety. Therefore, the seepage instability process in fractured coal bodies needs to be
discussed based on the theory and combined with previous test results to determine the
characteristics of their seepage instability.

According to the setting of the test process, there is no acceleration of the fluid at
various points in the specimen during the steady-state seepage experiment, and its flow
rate is considered consistent as V. The osmotic pressure boundary body conditions can be
expressed as follows: {

P|x=0 = P1
P
∣∣x=H s = P2 = 0 (6)

Bringing the initial and boundary conditions into the dimensionless one-dimensional
non-linear kinetic equations, the expression for the system at equilibrium can be obtained
as follows: {

∂V
∂x = 0

a1
∂P
∂x + a2V + a2V2

= 0
(7)

where a1 = P0ρβ2k2

µ2ca
, a2 = βHs

ca
, ca is the acceleration factor.

The total equilibrium state of the system can be simplified according to the boundary
conditions of the system as follows:

P(x) =
P1(1− x)

P0
(8)

The speed conditions are divided into three cases, which are as follows:

• when 1+ 4ρβk2 p1
µ2 Hs

< 0, the percolation velocity after dimensionless evolution converges
to negative infinity, i.e., V does not take a value;

• when 1 + 4ρβk2 p1
µ2 Hs

= 0, V = − 1
2 ;

• when 1 + 4ρβk2 p1
µ2 Hs

> 0;

V = −1
2
± 1

2

√
1 +

4ρβk2 p1

µ2HS
(9)

When β < 0, satisfying 1 + 4ρβk2 p1
µ2 Hs

< 0, the motion of the characteristically non-Darcy
seepage system is unstable, and the system is not in equilibrium. This means that the
fractured coal body will undergo the seepage instability in this case. Therefore, the non-
Darcy flow β coefficient that occurs during the test is less than zero, which can imply
that the fractured coal body exhibits seepage instability. Therefore, the conditions for the
occurrence of instability in the fractured coal body are as follows:

1 +
4βk2ρGp

µ2 < 0 (10)

From Equation (10), the discriminant equation in the event of the seepage instability
in a fractured coal body can be obtained analytically, i.e.,

βk2 > − µ2Hs

4ρ0Gp
(11)
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The reason for the negative value is that the Gp value is negative, which means that
when the product of the square of the non-Darcy factor and the permeability is greater than
the value of the other parameters, the seepage is deemed to be unstable.

4.4.2. Analysis of Seepage Instability Parameters in Fractured Coal Bodies

This discriminant is used to judge the state of seepage at each stage, including axial
displacements S of 3, 6, 9, and 12 mm, to ascertain whether seepage instability occurs at
each stage. The results are summarised in Table 1.

Table 1. Permeability stability of crushed coal bodies with different grading structures.

Sample Number
(Talbol Exponent)

Seepage
Pressure P

(MPa)

Seepage
Velocity V

(m/s)

Reynolds
Number

Calculation Re

Determination of
Seepage’s Loss

of Stability

Group A
(n = 0.2)

0.5 6.119 × 10−6 1.688 NO
1.0 8.304 × 10−6 2.291 YES
1.5 1.122 × 10−5 3.095 YES
2.0 1.340 × 10−5 3.698 YES
2.5 1.457 × 10−5 4.020 YES

Group B
(n = 0.4)

0.5 2.870 × 10−5 2.451

YES
1.0 3.176 × 10−5 2.712
1.5 3.729 × 10−5 3.185
2.0 4.210 × 10−5 3.596
2.5 4.589 × 10−5 3.919

Group C
(n = 0.6)

0.5 6.410 × 10−6 4.895

YES
1.0 6.847 × 10−6 5.229
1.5 7.284 × 10−6 5.563
2.0 7.575 × 10−6 5.785
2.5 8.449 × 10−6 6.453

Group D
(n = 0.8)

0.5 1.164 × 10−4 1.222 NO
1.0 1.458 × 10−4 1.531 NO
1.5 1.605 × 10−4 1.685 YES
2.0 2.082 × 10−4 2.185 YES
2.5 2.426 × 10−4 2.5459 YES

The seepage instability of the percolation test is shown in detail in Table 1: as the
osmotic pressure increases and the flow rate increases, the specimens are more likely to
experience seepage instability. When seepage instability occurs, the instability must occur
at higher osmotic pressures, whereas when the seepage instability occurs at higher osmotic
pressures, it does not necessarily occur at lower osmotic pressures, i.e., a higher level of
osmotic pressure is a necessary condition for the seepage instability to occur. At the same
time, seepage instability occurs differently in specimens from different grades of fractured
coal bodies, and there is a certain difference in the stability of specimens at different
power indices n of the same osmotic pressure, indicating that there is a certain relationship
between the seepage state and the gradation of the specimen. From the perspective of the
Reynolds number, it is not difficult to find that the Reynolds number of different groups of
specimens is greater than 1.685 when seepage instability occurs, so the relationship between
the Reynolds number and seepage instability is further discussed.

The distribution of the Reynolds number for each group of specimens at different
osmotic pressures can be obtained from the Reynolds number of different graded specimens
at different instabilities, as shown in Figure 10.
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Figure 10. Reynolds number distribution at instability for each group of specimens. (a) n = 0.2 sets of
sample; (b) n = 0.4 sets of sample; (c) n = 0.6 sets of sample; (d) n = 0.8 sets of sample.

As illustrated in Figure 10, when the power index n is known, with the increase in
osmotic pressure, the Reynolds number at instability generally increases. Taking Figure 10a
as an example, the Reynolds number of the sample at different axial displacements varies
widely, and the Reynolds number of the sample at an axial displacement of 12 mm is much
greater than that at other displacements. This is mainly because, as the axial displacement
increases, the porosity of the sample decreases, leading to a reduction in the effective flow
path of the fluid, resulting in an increase in the Reynolds number. Combining the four sets
of results in Figure 10 shows that the Reynolds number increases with increasing osmotic
pressure, but when the power index n is varied, there is an inconsistency in the Reynolds
number at instability at different axial displacements. When the power index is taken
as 0.4, 0.6, or 0.8, the Reynolds number at greater axial displacements is smaller than that
at instability at lower displacements, which indicates that the variation of the Reynolds
number is not only related to the axial displacement but is also related to the power index
of the sample.

Generally, the Reynolds number increases with the increase in the axial displacement,
but there are also cases where the axial displacement is large and the Reynolds number is
small. This situation is more obvious when the power exponent n is 0.6, and the Reynolds
number at the axial displacement of 12 mm is obviously smaller than that at the displace-
ment of 3 mm. This is because the Reynolds number is related to the flow state of the fluid,
and the axial displacement is not the only reason that affects the flow of the fluid inside the
crushed coal body, and the permeability characteristics are determined by many common
influences. The Reynolds number increases first and then decreases with the increase in the
power index. When the power index n is 0.4, the Reynolds number is larger than the other
groups. When the power index n is 0.8, the overall Reynolds number is smaller than that
of the other groups, and infiltration and a loss of stability also occur for a small Reynolds
number, which also shows that infiltration and the loss of stability are not only related to
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the size of the Reynolds number but also related to the pore structure and other factors of
the sample.

5. Conclusions

By measuring the permeability parameters of a crushed coal body system, the pore
pressure gradient and the evolution of the system’s permeability were investigated. The
analysis focused on the flow distribution characteristics of the crushed coal body system
and the determination method of flow sorrow, and the main conclusions obtained are
drawn as follows:

• The permeation properties at different axial displacements show that the permeation
properties of the crushed coal bodies obey the Forchheimer relationship, while the
non-Darcian nature of the samples becomes more significant with increasing axial
displacement, and the power index, which characterises the grading structure, also has
an effect on the permeation of the samples. This is because as the axial displacement
increases and the power index decreases, the pore structure of the sample becomes
denser and the resistance of the fluid to permeation is larger, resulting in a non-linear
shift in flow rate;

• The porosity of crushed coal is the main factor affecting its permeability. With the
decrease in porosity, the sample’s permeability k decreases and the non-Darcy factor
β increases. At the same time, with the increase in n, that is, the complexity of the
coal crushing degree, the permeability of the sample generally decreases, and the
non-Darcy factor increases. This is because the initial internal pore structure of the
samples with different grades is different, and the fracture and migration of grains
during the loading process will affect the change of the final fractal structure of the
samples for a while and will even lead to the penetration of the seepage channels
inside the samples;

• The deformation of the permeable skeleton and the destruction of particles during
the pressure-bearing process allows the pore structure to be adjusted, affecting the
number and connectivity of permeable channels and the increase in resistance to the
fluid, allowing a non-Darcy flow to dominate, i.e., the Forchheimer equation can better
describe the state of permeability;

• Through the discussion of the stability process of the seepage loss of crushed coal, the
discrimination formula of permeability k and the non-Darcy factor β was obtained.
The negative non-Darcy factor is not a necessary condition for the seepage’s loss of
stability, but a high osmotic pressure is a necessary condition for the seepage’s loss of
stability. From the point of view of the Reynolds number, it is not difficult to find that
the Reynolds number increases with the increase in osmotic pressure, and the increase
in the gradation power index leads to the Reynolds number of the sample increasing
first and then decreasing. The Reynolds number of different groups of samples is
greater than 1.685 when the seepage loss is stable.
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