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Abstract: Fracture and stress environments significantly affect the flow of coalbed methane. Under
stress, fracture deformation and damage occur, which change the original fracture characteristics and
lead to changes in gas flow characteristics. The change in gas pressure gradient makes the fluid flow
obviously nonlinear. Using linear flow theory to describe the fracture flow leads to a large error in
predicting coalbed methane productivity. In this study, seepage tests on fractured coal are carried
out under different stresses and gas pressure gradients, the nonlinear flow and changes in related
parameters are analyzed, and the applicability of the nonlinear flow equation is evaluated. The
resulting seepage of the gas flow in the fracture under stress is obviously nonlinear, which gradually
increases with increasing effective stress and gas pressure gradient. When the Forchheimer equation
is used to characterize the nonlinear seepage in fractures, the coefficients increase with increasing
effective stress. The permeability, nonlinear factor, and critical Reynolds number decrease with
increasing effective stress. When the Izbash equation is used for this case, the linear coefficient ranges
from 1015 to 1016, and the nonlinear coefficient ranges from 1.064 to 1.795. The coefficients are related
to the effective stress through a power function. Both the Forchheimer and Izbash equations can
characterize the flow in rough fractures in coal during stress loading. However, the Forchheimer
equation better reveals the mechanism of flow transformation from linear to nonlinear in fractures.

Keywords: coalbed methane; rough fracture; stress loading; pressure gradient; nonlinear seepage

1. Introduction

Coalbed methane (CBM) is a type of unconventional clean energy with abundant
reserves that is attracting global attention for its environmental benefits compared with
traditional energy sources [1,2]. A coal body is a typical fractured porous medium. CBM
seepage mainly occurs in the fracture network, and its seepage capacity is mainly affected
by the gas pressure gradient, external load, and fracture structure characteristics [3–5].
Therefore, exploring the seepage characteristics of coalbed methane in fractures has impor-
tant engineering practical significance for efficient extraction of coalbed methane.

As the basic unit of a fracture network, a single fracture is the basis of exploring the
seepage mechanism of a fractured rock mass [6,7]. To study the fluid flow in fractures,
Boussinesq assumed that the flow in smooth parallel plates was laminar and derived the
relationship between fluid flow in fractures and the cubic power of the aperture according
to the Navier–Stokes equation [8]. The theory is widely used to analyze laboratory seepage
and predict reservoir permeability. With continuous improvement in research methods,
it has been found that fractures in an actual rock mass are not smooth. The structural
characteristics of fractures in a rock mass and the combined influence of environmental
factors cause a tortuous flow path, resulting in a complicated and changeable fluid flow
state [9–11]. Guo et al. [12] have carried out experimental flow tests on shale fractures,
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and the results show that as the fracture roughness increases, the aperture widens and the
seepage capacity increases. When the upper and lower fracture surfaces are misaligned, the
seepage capacity increases by one to two orders of magnitude. Javadi et al. [13] analyzed
the nonlinear fluid flow law by changing the fracture aperture and contact area. The above
studies show that the fracture characteristics affect the flow capacity.

The flow in a fractured rock mass is not only affected by the fracture characteristics
but also by the stress state of the rock mass and the fluid pressure gradient. Singh KK
et al. [14] studied nonlinear fluid flow in granite under high confining pressure and high
inlet pressure. Su et al. [15] carried out a flow test on marble fractures under different
effective stresses and found nonlinear fluid flow under high confining pressure. Li et al. [16]
analyzed the nonlinear flow characteristics of methane gas in shale fractures by conducting
shale fracture seepage tests under stress loading and unloading paths. Xia et al. [17] con-
ducted differential tests on the nonlinear seepage of sandstone under acidic and saturated
environments during stress loading and unloading and found that the nonlinear seepage
characteristics of sandstone fractures after acidification were more obvious.

The existing literature is mostly focused on nonlinear fluid seepage through fractured
rock masses in sandstone, shale, and marble, whereas seepage in rough fractures in coal is
rarely studied in terms of the influence of fracture structure, environmental factors, and
fluid properties. In addition, field tests, laboratory tests, and simulations have found that
the nonlinear aspects of flows can be described by the Forchheimer equation [18] and
Izbash equation [19], but the scope of application of both has not been clarified [20–22].

This study carries out seepage tests under different effective stresses and gas pressure
gradients for rough fractures in coal. We analyze the variation in the equivalent hydraulic
fracture aperture and nonlinear factor with effective stress, and evaluate the applicability
of the nonlinear flow equation and variational laws of related parameters. The nonlin-
ear flow through a single fracture is characterized under varying stress loading and gas
pressure gradients.

2. Seepage Test on Rough Fractures in Coal under Stress Loading
2.1. Sample Preparation

The test sample was taken from a large coal block with good integrity in the Xichen-
zhuang Coal Mine, Jincheng City, China. By using the X-ray diffraction method to analyze
the mineral components in coal, it was found that the selected coal samples are mainly
composed of minerals such as kaolin, illite, pyrite, calcite, and dolomite. The proportion of
each mineral component is in the following order: kaolin (64.96%) > illite (16.22%) > quartz
(9.11%) > dolomite (5.71%) > calcite (2.7%) > pyrite (1.3%). A ZS-100 rock coring machine
was used to extract the core along the bedding direction of the raw coal sample, and a
cylindrical sample with a size of 50 × 50 × 50 mm was obtained. This was cut and polished
into a standard cylindrical sample with an unevenness of less than 0.05 mm at both ends.
A coal sample with a rough fracture surface was prepared through the method used by Li
et al. [17] to obtain a rough fracture surface in shale. The polished coal sample was placed
horizontally between the base wedge supports of a self-made Brazilian splitting device, and
the tool was aligned with the central axis of the sample. Then, the Brazilian splitting device
was placed on the loading test bench, and an appropriate loading speed was selected to
make the tool gradually increase its contact with the sample until the specimen was split.
The coal sample with prepared rough fractures is shown in Figure 1.

2.2. Fracture Structure of the Sample

The fractures in an actual coal rock mass are often uneven and have a certain roughness,
which further affect the mechanics and seepage characteristics of the coal rock mass [23–25].
At present, researchers often use the joint roughness coefficient (JRC) to describe the
roughness of rock fractures. This parameter was first proposed by Barton [26] through
extensive observation of contour lines in rough rock, and 10 standard contour lines were
provided (with the JRC range of 0–20). Subsequent researchers have usually extracted and
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compared the actual fractures in coal and rock bodies with these 10 standard JRC contour
lines to determine the JRCs of fractures (joints). This method has been widely applied in
the study of rock joints, and many empirical equations for calculating rock parameters have
been developed on the basis of JRC curve fitting [27–30].
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Figure 1. Coal sample with rough fracture surface.

To obtain the morphology of rough fracture surfaces in coal, a high-precision 3D mor-
phology scanner was used to scan and denoise the upper and lower surfaces of the sample.
Then, the scanned data were imported into the visualization software Paraview 4.3.1, and
the fracture surface morphology was reconstructed using Delaunay filters (Figure 2). An
internal interception function was used to obtain 10 contour lines evenly distributed on
the fracture surfaces, and feature contour line data were saved. The fracture surface JRCs
of four coal samples were calculated using the empirical JRC equation proposed by Jang
et al. [29]. The results showed that the fracture surface of sample C1 was the roughest
among the four samples, with a JRC of 29.957, followed by samples C2 and C4 at 28.604
and 27.262, and finally sample C3 at 25.988, indicating the smoothest surface.
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2.3. Test Scheme

By carrying out mechanical tests under triaxial stresses, Biot [31] found that the
effective stress obtained under high pore-water pressure was lower than that in an actual
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situation. Consequently, the effective stress coefficient α was introduced by Terzaghi [32] to
obtain the modified effective stress expression applicable to a fractured rock mass:

σ′ = σ − αP (1)

where σ′ is the effective stress (MPa), and σ is the confining pressure applied to the
sample (MPa).

When the influence of fracture structure is considered, the effective stress can be taken
as the macroscopic average for the fractured rock mass, and the effective stress coefficient α
can be regarded as 1 for simplicity. The gas flow pressure in the fracture can be regarded as
the average of the inlet pressure and outlet pressure [22],

P =
1
2
(Pin + Pout) (2)

where Pin is the gas pressure at the inlet of the sample (MPa), and Pout is the gas pressure at
the outlet of the sample (MPa).

When Equation (2) is substituted into Equation (1), the effective stress expression can
be written as

σ′ = σ − 1
2
(Pin + Pout). (3)

The rough fracture seepage test for coal was carried out using an RLW-2000M multi-
field rock seepage test device produced by DOLI Company in Germany. Before the test, the
upper and lower surfaces of the sample should be spliced together and placed between
the upper and lower pressure heads with permeable pores. It is necessary to ensure close
contact between the indenter and the end face of the specimen and to cover it with a
heat-sensitive heat shrink tube. Using a high-temperature hair dryer, tightly wrap the
heat shrink tubing around the specimen and pressure head to prevent gas from being
transported out from the side during the test process. Finally, the process is finished by
placing the sample into the cavity of the seepage testing device.

Experimental errors can be minimized owing to the stable nature of nitrogen at room
temperature and its difficulty in adsorbing onto the coal matrix. Therefore, nitrogen
was used as the test gas in this study. In order to explore the flow characteristics in
rough fractures in coal under different effective stresses and gas pressure gradients, each
experiment was conducted under 10 different effective stresses (1–19 MPa). Under each
effective stress, the inlet gas pressure was gradually increased from 0.1 MPa to a certain
value, as shown in Figure 3. During the test, in order to prevent gas from seeping into the
hydraulic oil, it is necessary to ensure that the confining pressure is always greater than the
gas pressure.
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3. Analysis of Test Results
3.1. Flow–Pressure Gradient Curve

Because of the compressibility of gas, the volume of gas at different pressures is
different. In this study, the gas is assumed to conform to Boyle’s law, the temperature is
constant, and the average gas flow in the fracture is obtained from the gas state equation.

Figure 4 shows the relationship between the gas flow, effective stress, and gas pressure
gradient. When the effective stress is constant, the gas flow in the fracture gradually
increases with increasing gas pressure, but its growth rate decreases, and the gradients of
fluid flow and fluid pressure significantly deviate from the linear growth law. This does not
meet the linear trend of Darcy’s law, indicating that nonlinear flow occurs in the fracture.
When the gas pressure is constant, the gas flow in the fracture gradually decreases with
increasing effective stress, but its decrease rate decreases mainly because the fracture is
gradually closed under the effective stress, resulting in an increase in the contact area and a
significant change in the flow path.
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By comparing the flow rate changes of the four coal samples, it can be seen that under
the same effective stress and gas pressure condition, the gas flow rate of coal sample C1
is always the largest, followed by sample C2, C4, and C3. This is because the fracture
flow capacity is positively correlated with the initial roughness of the fracture surface. In
addition, Figure 4 also shows that all four coal samples have better flow capacity under
lower effective stress. Meanwhile, as the gas pressure gradually increases, the gas flow in
the fracture deviates from linear growth, showing strong nonlinearity. When the effective
stress is high, the continuous increase in effective stress causes the equivalent hydraulic
aperture of the fracture to close rapidly, the contact areas of the upper and lower fracture
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surfaces to increase rapidly, the number of flow channels to decrease substantially, the
flow channel to become more tortuous, the flow capacity to decrease significantly, and the
degree of nonlinearity to increase.

3.2. Nonlinear Seepage Characteristics Based on the Forchheimer Equation

The experimental results show that the variation in gas flow rate with effective stress
and gas pressure gradient is not only linear, but also significantly nonlinear. This is because
Darcy’s law is based on a linear relationship between seepage velocity and pressure drop
in porous media. It is reliable for low flow rates or simplified parallel smooth plate models,
for which the relationship between gas flow rate and gas pressure gradient is linear, but
cannot describe nonlinear flow. For rough fractures and high gas pressure conditions, the
flow will have nonlinear characteristics, and Darcy’s law is not suitable in this case. In
past engineering practice, the linear Darcy law has often been used to estimate gas flow
growth, which leads to overestimation and a lack of accuracy. Therefore, this study focuses
on nonlinear seepage to provide theoretical guidance for engineering practice.

At present, the Forchheimer equation and Izbash equation are often used to describe
the nonlinear flow in fractures [20,33,34], namely,

dP
dl

= −
(

aQ + bQ2
)

(4)

a =
µ

kAh
, b =

βρ

A2
h

, (5)

where a and b are fitting parameters, with a being the pressure drop due to linear effects
(kg·s−1·m−5) and b the pressure drop due to nonlinear effects (kg·m−8); k is the initial
permeability of the fracture (m2); Ah is the flow area of the fracture (m2); β is the inertia
coefficient; and µ is the dynamic viscosity (Pa·s).

Figure 5 shows the relationship between the fitting coefficients a and b and the effective
stress. Both a and b increase with increasing effective stress, indicating that the change in
effective stress has a significant impact on both the linear and nonlinear components.
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To quantify the degree of nonlinear flow in rough fractures in coal under effective
stress and a gas pressure gradient, the ratio of the linear term to the nonlinear term in the
Forchheimer equation is defined as the nonlinear factor Pr:

Pr =
aQ

aQ + bQ2 =
1

1 + bQ/a
(6)
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When Pr is less than 0.9, Equation (6) indicates that the flow has changed from linear to
nonlinear. When Pr = 0.9–1, the fluid motion is close to linear Darcy flow, and the nonlinear
effect can be ignored [35].

The relationship between the nonlinear factor and the gas pressure gradient is shown
in Figure 6 for each of the four single fracture coal samples. The trends of the four nonlinear
factors with changing gas pressure are basically consistent, as follows: 1⃝ Under the
same effective stress, the nonlinear factor decreases with increasing gas pressure gradient,
indicating that the degree of nonlinearity gradually increases. 2⃝ In the initial stage of stress
loading, the nonlinear factor decreases significantly with increasing pressure gradient,
and eventually becomes stable. The reason is that in the initial loading stage, the fracture
roughness is higher and the initial fracture surface area is larger. Therefore, under stress,
the contact area of the upper and lower fracture surfaces is still small, there are more flow
channels, and the degree of nonlinearity is low. 3⃝ When the stress load reaches a higher
level, the nonlinear factor decreases significantly with increasing pressure gradient. The
reason for this may be that under the high effective stress, the local stress of the fracture
surface is high enough, and the contact area of the upper and lower fracture surfaces is
large, resulting in significantly fewer flow channels, more tortuous flow channels, and more
obvious nonlinear effects. This is consistent with the conclusion of Xia et al. [36] based on
their experiments. The above analysis shows that the pressure drop due to nonlinearity
cannot be ignored under effective stress with a high gas pressure gradient. Therefore, the
fluid motion in this case cannot be described only by the Darcy equation.
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The Reynolds number Rec is commonly used to distinguish the gas flow pattern in
fractures when transitioning from linear to nonlinear flow [37]:

Re =
ρQ
µw

(7)

To accurately calculate the critical Reynolds number when the gas flow in the fracture
begins to change from linear to nonlinear, the nonlinear factor Pr = 0.9 is taken as the
threshold for dividing linear and nonlinear flow, and the corresponding Reynolds number
is the critical Reynolds number:

Rec =
aρ(1 − Pr)

bµwPr
(8)

Figure 7 shows the curve of the critical Reynolds number changing with effective stress.
The calculated critical Reynolds number Rec is in the range of 3.59–28.96 and decreases
with increasing effective stress. As the effective stress increases, the flow in the fracture
changes more easily from laminar to turbulent, and the nonlinear component increases.
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The geometry of the fracture surface is closely related to the flow capacity, and the
aperture is the most intuitive parameter for measuring the flow capacity of the fracture.
However, the cubic flow calculation is not accurate owing to the roughness, the contact
between the upper and lower fracture surfaces, and the uneven mechanical pore size
distribution. Therefore, a nonlinear correction factor f is usually introduced to describe the
contact between broken surfaces, rough protrusions, and fluid properties. This expands the
application of the cubic law [38,39]:

Q =
we3

h
12µ

1
f

dP
dl

(9)

where eh is the mechanical hydraulic aperture.
Combining the modified cubic law with the Forchheimer equation yields the equiva-

lent hydraulic aperture, considering the roughness of the fracture surface and the nonlinear
effect on the gas [38]:

eh = (
12µ

wa
)

1/3
(10)

Figure 8 shows the relationship between the equivalent hydraulic aperture and effec-
tive stress. The equivalent hydraulic aperture of each of the four coal samples is inversely
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proportional to the effective stress. In the initial stage of effective stress loading, the dif-
ference between the peak and valley of the fracture surface is relatively large, and it is
sensitive to effective stress. When the effective stress on a coal specimen is loaded to a
certain value (9–11 MPa for C1, 5–7 MPa for C2, 7–9 MPa for C3, and 7–9 MPa for C4), the
equivalent hydraulic aperture decreases more rapidly. This is the critical value for effective
stress sensitivity. With the gradual loading of the effective stress, the contact area of the
fracture surface of each sample increases significantly, and the decrease rate of the equiva-
lent hydraulic aperture decreases gradually. The influence of stress on the fracture flow
capacity was evaluated according to the damage rate of the equivalent hydraulic aperture
defined by Li [40]. The calculated damage rates were 42.03% for sample C1, 53.61% for C2,
36.67% for C3, and 45.61% for C4.
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Figure 9 shows the relationship between coal sample permeability and effective stress.
During effective stress loading, the permeability of the four coal samples is inversely pro-
portional to the effective stress, that is, the permeability decreases gradually with increasing
effective stress. When the effective stress is 1 MPa, C1 has the highest permeability, followed
by C2, C4, and C3 in descending order. When the effective stress rises to 19 MPa, C1 has
the highest permeability, followed by C3, C4, and C2.
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3.3. Nonlinear Seepage Characteristics Based on the Izbash Equation

The Izbash equation is based on the premise that an actual engineering situation
involves a power relationship between the fluid pressure gradient in the fracture and the
fluid flow rate [41,42]:

−dP
dl

= λQm, (11)

where λ and m are empirical constants. When 1 < m ≤ 2, the fluid motion in the fracture
changes from linear to nonlinear. When m = 1, the fluid motion is linear Darcy flow, the
nonlinear effect can be ignored, and Equation (11) can be considered the linear Darcy
law [43].

The experimental data were fitted using the Izbash equation, and the fitting results are
shown in Table 1. The R2 values are greater than 0.95, showing that the Izbash equation
also well describes nonlinear flow in fractures.

Table 1. Fitting parameters of nonlinear coefficients of Izbash equation.

Sample Number Effective
Stress/MPa λ (1015) m R2

C1

1 3.878 1.288 0.950
3 4.136 1.334 0.968
5 4.118 1.345 0.994
7 5.015 1.41 0.992
9 6.369 1.503 0.998

11 8.088 1.571 0.995
13 9.964 1.584 0.968
15 22.617 1.667 0.968

C2

1 2.868 1.219 0.969
3 4.238 1.282 0.983
5 4.671 1.309 0.994
7 5.232 1.481 0.996
9 8.537 1.537 0.962

11 11.233 1.531 0.970
13 16.548 1.618 0.965
15 18.135 1.613 0.968

C3

1 7.131 1.064 0.946
3 6.861 1.133 0.953
5 9.728 1.183 0.967
7 12.835 1.239 0.966
9 18.523 1.255 0.953

11 19.368 1.284 0.994
13 25.703 1.302 0.998
15 25.754 1.361 0.999

C4

1 1.622 1.017 0.970
3 2.332 1.04 0.970
5 2.433 1.072 0.970
7 3.567 1.091 1.000
9 4.493 1.192 0.999

11 4.596 1.235 0.988
13 7.115 1.273 1.000
15 10.864 1.429 0.963

According to the Izbash equation, the coefficient m represents the degree of deviation
from linearity of the gas flow. The closer m is to 1, the closer the degree of nonlinearity
of the fluid flow is to Darcy’s law. Therefore, to better show the influence of the change
in effective stress on the coefficient m, we fitted the test data with the Izbash equation, as
shown in Figure 10. We can see from Figure 10 that the coefficient m changes basically in the
same way with the effective stress for all four coal samples and increases with increasing
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effective stress. When the effective stress is 7–9 MPa for C1 and C2, 3–5 MPa for C3, and
9–11 MPa for C4, the coefficient m increases significantly with increasing effective stress,
and the degree of nonlinearity is significantly enhanced.
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Figure 10. Fitting curve between coefficient m of Izbash equation and effective stress.

Figure 11 shows the fitting curve between coefficient λ and effective stress. The number
λ increases gradually with increasing effective stress. Among the four coal samples, λ for
sample C2 has the highest growth rate of 86.85, followed by that of C4 at 61.86, C1 at 56.98,
and C3 with the lowest growth rate of 52.02. The reason may be that the flow capacity of
the fracture depends on the geometry of the fracture surface. In the initial stage of effective
stress loading, the peak–valley difference of the fracture sample is large, the contact area
of the upper and lower fracture surfaces is small, and the flow capacity is still large. With
further increases in the effective stress, the fracture surface closes quickly, and the flow
capacity decreases significantly.
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Figure 12 depicts the relationship between the equivalent hydraulic aperture and
effective stress. During gradual loading of effective stress, the equivalent hydraulic aperture
has a monotonically inverse relationship with the effective stress for all four coal samples.
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The damage rates of the equivalent hydraulic aperture are 63.27% for sample C2, followed
by 53.22% for C4, 46.95% for C1, and 40.57% for C3.
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3.4. Discussion

The Forchheimer equation can be derived from the Navier–Stokes equation, which
has a clear theoretical basis, and each parameter has a clear physical significance. In
addition, the Forchheimer equation can indirectly obtain the permeability at all levels of
effective stress and determine the magnitudes of nonlinear flow parameters. The Izbash
equation is an empirical fitting equation established on the basis of many experiments.
It lacks the subtle characterization of nonlinear flow parameters and is used more in
engineering practice. The coefficients of the Forchheimer and Izbash equations correspond
to the nonlinear flow in rough fractures in coal. In the Forchheimer equation, Pr < 0.9
corresponds to m > 1 in the Izbash equation, which indicates that fluid flow in the fracture
is nonlinear, while Pr = 0.9–1 corresponds to m = 1, indicating that the fluid motion in the
fracture is close to linear Darcy flow. From the data fitting in Figure 13, we can see that
the fluctuation range of R2 for the Izbash equation is larger than that of the Forchheimer
equation. Therefore, the Forchheimer equation is more suitable than the Izbash equation
for describing nonlinear flow in rough fractures. In general, both the Forchheimer and
Izbash equations can characterize the nonlinear flow in rough fractures in coal during stress
loading, but the Forchheimer equation better reveals the cause of nonlinear flow when
determining the degree of nonlinearity.
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However, there are still some shortcomings in the current research study. Due to
the limitations of the experimental equipment, the research results ignore the influence
of intermediate principal stress on the nonlinear seepage law of rough fractures and
cannot truly reflect the stress environment on site. Our future research work will focus on
the mechanism of nonlinear flow formation in rough fractures under true triaxial stress
conditions and the measurement of the degree of nonlinear flow.

4. Conclusions

The flow characteristics of coalbed methane are significantly affected by fracture
morphology and stress environment. This study carried out seepage tests in rough fractures
under different effective stresses and gas pressure gradients, and analyzed the gas flow
variation in rough fractures and the evolution from linear to nonlinear seepage. This
revealed the mechanism of generation of nonlinear flow in rough fractures in coal during
stress loading. The main findings and conclusions are as follows:

(1) Under stress loading, the gas flow patterns in rough fractures in coal show obvi-
ous nonlinear seepage characteristics, and the nonlinearity gradually increases with
increasing effective stress and gas pressure gradient.

(2) When the Forchheimer equation is used to characterize gas transport in the rough
fracture, the coefficients a and b increase gradually with increasing effective stress, and
the relationship between the permeability and the effective stress is a monotonically
inverse power function. The nonlinear factor Pr and critical Reynolds number Rec can
effectively determine the degree of nonlinear flow due to inertial effects, and both
gradually decrease with increasing effective stress.

(3) The Izbash equation was used to characterize the gas transport in the rough fractures.
The linear coefficient λ ranged from 1015 to 1016 for the four samples, and the nonlinear
coefficient m ranged from 1.064 to 1.795. This coefficient had a power relationship with
the effective stress. When the effective stress was gradually loaded, the equivalent
hydraulic aperture of the four coal samples was inversely proportional to the effective
stress.

(4) Both the Forchheimer and Izbash equations can characterize the flow in rough frac-
tures in coal during stress loading. However, the Forchheimer equation better reveals
the mechanism of transformation of fluid flow from linear to nonlinear in rough
fractures when determining the degree of nonlinearity.
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