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ABSTRACT: Shale gas reservoirs are rich in microscale fractures.
In this paper, the characteristics of gas percolation in microscale
fractures are taken as the research object. By coupling the actual
gas equation, the multi-component gas equation, and the bulk gas
diffusion equation, analytical solutions of the comprehensive
percolation equation are obtained. Through mathematical model
research, the following conclusions are obtained: (a) after
considering the slip flow of the solid surface, the mass flow rate
of multi-component gas under different pressure conditions
increases by about 20−10,000%. (b) Different from continuous
flow and slip flow, the mass flow rate of bulk gas diffusion decreases
with pressure increase. (c) The intersection pressure is 31 MPa.
When the pressure increases from 0.5 MPa to the pressure at the
intersection point, the mass flow rate of integrated flow increases
with decrease of the methane content. (d) When the pressure
continues to increase from the intersection point pressure, the mass
flow rate of integrated flow decreases with decrease of the methane
content.

1. INTRODUCTION
1.1. Literature Review. Shale gas is quietly changing the

global energy landscape.1,2 Shale gas has the characteristics of
wide distribution, abundant reserves, high efficiency and
cleanliness, and great development potential.3 Therefore,
large-scale commercial development is bound to change the
energy structure of the entire world4 and even affect the global
economy, geopolitics, and military structure.5 According to
statistics from U.S. Energy Information Administration in
2023:6 China’s total shale gas reserves are 144 trillion cubic
meters, accounting for 20% of the world’s total reserves.7,8

Although China has abundant shale gas reserves, shale gas
development started later than the United States and Canada.9

In 2015, China has formed Fuling, Changning-Weiyuan, and
Yanchang shale gas production areas, with a total production
capacity of 7.5 billion cubic meters.5,10 The proportion in the
energy structure reaches about 10%.10,11 Methane is mainly
stored in dark or high-carbon shale in free and adsorbed
state.12−15 Shale gas reservoir in the United States is 1000−3000
m deep, and the surface is mostly plain.16 The porosity of shale
core analysis in major producing areas in the United States is 2.0
to 14.00%, with an average of 4.22 to 6.51%;17 the permeability
is 1 nD−1 mD.18−24 Many scholars have carried out a lot of

research from the perspectives of experimental testing, micro-
observation, and model establishment.25−28 The matrix has a
wide pore size distribution, rich organic matter content, and
complex shale pore structure.29−31 Zhang et al.32 studied
samples taken from two shale reservoirs and one coal reservoir in
the United States. Wang et al.33 found that the gas adsorption
volume is 0.94−4.29 cm3/g. Wang et al.34 found that the
maximum absolute adsorption capacity is between 0.50 and 3.41
cm3/g. Chen et al.35 and Zhao et al.36 studied the adsorption
characteristics in shale nanoscale pores through molecular
dynamics simulation. Li et al.37 experimentally studied and
predicted Langmuir adsorption pressure and volume through
comprehensive polynomial simulations. Chen et al.38 studied
the adsorption characteristics of Longmaxi shale through a
specific gravity test method.39 Due to large micro-porosity and
high specific surface area of organic matter, the methane
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adsorption content also increases with the increase of the TOC
content.40−46 Loucks et al.47 conducted a further detailed study
on the pore structure types of shale and plotted the pore
structure spectrum. Zou et al.17 used field emission electron
microscope scanning combined with the Nano-CT technology
to discover the microscale pore structure in the shale reservoirs
in the Sichuan Basin in China for the first time. Yang et al.48

classified the pores in shale reservoirs into five categories
through scanning electron microscopy. Yang et al.24 calculated
the fractal dimensions of shale samples through nitrogen
adsorption experimental data. Since then, many scholars49−52

have quantitatively described the relationship between the shale
mineral composition and pore structure of different reservoirs
through fractal characteristics. Sakhaee-Pour and Bryant53

established a non-cyclic shale pore structure model. Sun et
al.54,55 used the Markov Chain Monte Carlo method and SEM
images to obtain a digital core characterizing the three-
dimensional pore structure of the shale matrix. Hou56 used a
field emission electron probe micro-analyzer and a high-
resolution three-dimensional X-ray microscopic imaging system
to reconstruct the shale matrix in three dimensions. Javadpour et
al.22 used 152 cores from nine shale gas reservoirs in North
America to conduct a pulse decay permeability test. Many
scholars57−60 in the field of physical chemistry have carried out
detailed research on the flow of gas in microscale tubes.
Klinkenberg61 and Beskok and Karniadakis62 proposed a model
that can simultaneously couple four flow mechanisms in one
equation. Civan63 made further corrections to the rarefied
coefficient and gas slip coefficient.64 Darabi65 revised the Singh
et al.66 studied gas flow characteristics in microscale tubes,
linearly superimposed diffusion and convection flux. Wu et al.67

and Xiong et al.68 believed that the presence of adsorbed
methane on the pore surface narrowed the porosity and the
pores for free phase gas transport. Wu et al.69 established a
mathematical model of shale gas surface diffusion. Many
scholars70−78 consider different factors and derive a large
number of apparent permeability models through various
methods.26,79 Liu26 conducts in-depth research on the multi-
scale gas migration model and the cooperative mechanism of the
migration process under the condition of multi-physics
coupling.

1.2. Summaries. In summary, the combination of complex
reservoir characteristics and nanoscale pore size makes the gas
migration behavior in porous shale extremely complicated.
During the development of shale gas reservoirs, the apparent
permeability/diffusion rate model that accurately characterizes
the gas migration in nanoscale pores is essential for the
establishment of a macroscopic model. As a result, it is necessary
to study the multi-component, multi-scale, and multi-migration
mechanism of the matrix, reveal the complex migration
mechanism of gas in the shale matrix, and effectively guide the
practice of shale gas production. In summary, the combination
of complex reservoir characteristics and nanoscale pore size
makes the gas migration behavior in porous shale extremely
complicated. During the development of shale gas reservoirs, the
apparent permeability/diffusion rate model that accurately
characterizes the gas migration in nanoscale pores is essential
for the establishment of a macroscopic model. Therefore, it is
necessary to study the multi-component, multi-scale, and multi-
migration mechanism of the matrix, reveal the complex
migration mechanism of gas in the shale matrix, and effectively
guide the practice of shale gas production.

2. NOVELTIES OF THIS PAPER

In this paper, the fluid seepage in microscale fractures in shale

gas formations is studied. The model considers the geometric

characteristics of the fracture and also considers the real gas

effect and themechanism of bulk gas percolation. On the basis of

model verification, the influence of fracture geometry and

methane content on the percolation of mixed gas is analyzed.

3. ANALYTICAL MODEL

Considering the coupling influence mechanism of “multi-

element gas effect�bulk gas effect�high pressure effect”, the

analytical equations for microscale gas flow are established as eqs

1 and 2. The detailed derivation process of eqs 1 and 2 can be

found in Appendix A.
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4. RESULTS AND DISCUSSION
4.1. Parameter Values. By using eqs 1 and 2, the microscale

transport mechanism of multi-component gas in microscale
fracture is analyzed. A table with detailed calculation parameters
is shown below (Table 1).

4.2. Influence of Crack Size on the Transmission Rate.
Microscale fractures are widely developed in shale and coal
rocks. The geometric characteristics of microscale fractures have
a significant impact on fluid migration characteristics. The
methane content is set as 80% and kept unchanged. The ratio of
crack opening to height is set as 20 nm:100 nm, 3 nm:15 nm, and
1 nm:5 nm.
It can be found from Figure 1 that (a) micro-fractures have an

important impact on shale gas bearing property and seepage

capacity. The opening and closing state of micro-fractures is
critical to the influence of shale gas-bearing. The percolation
capacity is also an important factor to evaluate the physical
properties of shale reservoirs. (b) Shale is a typical ultra-low
permeability reservoir. The foliation fractures in micro-scale
fractures extend far along the bedding plane, which can
effectively improve the permeability of shale reservoirs.
Quantitative characterization of the percolation capacity of
micro-fractures is of great significance for shale reservoir
physical property evaluation. At the same time, the permeability
of shale reservoirs is very sensitive to the change of effective
stress. In the process of hydrocarbon generation and expulsion
and shale gas development, the reservoir permeability may
change for several orders of magnitude. (c) It should be noted
that compressibility factor and average molecular weight are
used to simulate the mixed gas in this paper, as shown in
Appendix A. The correctness of the compressibility factor and
average molecular-weight calculation is proved by the
verification of the comprehensive model.
Figure 2 shows that the shale permeability gradually decreases

with increase of effective pressure, and the micro-fracture
gradually closes, but its reduction rate gradually slows down. In
the process of micro-crack closure, there are mainly three stages.
The first stage is the rapid decline of permeability, during which
the opening of micro-fractures decreases, and the originally
narrow parts of the fractures contact with each other, leading to
the rapid reduction of permeability, which is the most important
factor of permeability reduction. The opening of microscale
fractures is further reduced, and a large number of originally
narrow parts are further closed. Micro-fractures are divided into
discontinuous spaces. The mechanical compaction of mineral
particles, the reduction of intergranular pores, and the closure of
micro-fractures occur simultaneously. The third stage is the
constant stage of permeability. The permeability is only slightly
reduced or tends to be stable, and the compressible space in
shale has basically disappeared at the third stage.
Figure 3 shows that average proportion of microscale pore-

fracture volume in shale reservoir can reach more than 20%,
which is an important part of shale reservoir space. Micro-
fractures in micro-scale fractures can provide certain pore
volume for shale reservoirs and are an important type of
reservoir space in shale. Micro-fractures can promote the

Table 1. Detailed Calculation Parameters

parameters value

shale matrix porosity 0.0229
shale reservoir temperature 477 K
rare effect coefficient when Kn → ∞ 1.20
fitting constant α1 3.8
fitting constant β 0.502
gas slip constant b −1.02
fractal dimension of shale microscale fracture wall 2.08
fitting constant A1 7.7581
fitting constant A2 0.00000900254689
fitting constant A3 0.309875

Figure 1. Relationship between mass flow rates of different seepage
mechanisms and pressure when the fracture width is 20 nm and fracture
height is 100 nm.
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transformation of adsorbed shale gas into free shale gas in the
shale reservoir, thus keeping the shale reservoir at a high
formation pressure and further improving the shale gas seepage
capacity. Micro-fracture is the main seepage channel of shale
reservoirs and greatly improves their seepage conditions.

4.3. Influence of Crack Size on the Distribution Rate.
Figure 4 shows the weighting coefficient and pressure
relationships under different fracture geometry conditions. It
can be found from Figure 4 that (a) macroscale fractures are the
main factors controlling shale gas enrichment and seepage.
Macroscale fractures are usually associated with geological faults
and interconnected to form a fracture system or generated by
artificial hydraulic fracturing. The fracture system can form a
channel for shale gas loss and cause damage to shale gas
reservoirs. In addition, even if it is not connected with the
fracture system, macroscale fractures can penetrate the entire
shale interval, making the vertical permeability of shale increase.
If the seepage channel formed can communicate with the high

permeability layer in the roof and floor, it can also cause the shale
gas to migrate outward and reduce the gas content. The
development intensity of the primary fracture network system
has a significant negative correlation with the daily gas
production of a single well. The greater the development
intensity of the primary fracture network system, the lower the
gas production of a single well, which is different from the
fracture network formed by artificial hydraulic fracturing. (b)
Mesoscale fractures are important factors controlling the
occurrence and seepage of shale gas. Mesoscale fractures can
connect the interior and exterior of shale reservoirs, have strong
gas migration ability, and are the dominant channel of shale gas
seepage, which is easy to cause shale gas loss and is not
conducive to reservoir formation. In areas with weak structures,
mesoscale fractures are the main cause of shale gas loss and the
key to control shale gas productivity. In areas with large dip
angles, the development scale and degree of fractures are large,
which control the lateral migration of shale gas and are the main
cause of shale gas loss. (c) Small-scale fractures can effectively
communicate micro-fractures and medium-fractures in shale
reservoirs and enable shale gas to migrate from local high
pressure to low pressure for a short distance. The fracture
opening of small-scale fractures decreases with the increase of
permeability and burial depth.

4.4. Influence of the Methane Content on the
Transmission Rate. Figure 5 shows the relationship between
mass flow rates of different seepage mechanisms and pressure
under different fracture width and height conditions. It can be
found from Figure 5 that (a) different types of gas molecules
have similar transport mechanisms, but their transfer mecha-
nisms are affected by the coupling control of “molecular mass�
molecular diameter�free path�temperature�pressure”. (b)
Macroscale fractures are developed in the range of shale series;
mesoscale fractures are developed in a single lithofacies shale;
small-scale fractures are developed in the shale laminae; and
microscale fractures are developed in the shale laminae. (c) The
rock mechanical layer controls the formation. The changes of
the rock mechanical layer and its interface in different geological
periods and under different geological conditions control the
formation of natural fractures of different scales.

Figure 2. Relationship between mass flow rates of different seepage
mechanisms and pressure when the fracture width is 3 nm and fracture
height is 15 nm.

Figure 3. Relationship between mass flow rates of different seepage
mechanisms and pressure when the fracture width is 1 nm and fracture
height is 5 nm.

Figure 4. Relationship between the weighting coefficient and the
pressure under different fracture geometry conditions.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01391
ACS Omega 2023, 8, 17077−17085

17080

https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01391?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.5. Strength and Limitations of the Model. The
strength of the model:
(a) The model considers the microscale effect and mixed gas

effect of high-temperature and high-pressure gas in shale
gas reservoirs.

(b) The model uses comparative pressure instead of actual
pressure.

(c) The model considers the real gas effect under high
temperature and pressure conditions.

(d) The model has modified the viscosity equation, average
molecular free path equation, and Knudsen equation
under mixed gas conditions.

(e) The model considers the geometric characteristics of
microscale fractures.

(f) The continuous flow equation, slippage flow equation,
bulk gas diffusion equation, and Knudsen diffusion
equation are coupled in the model;

(g) The model is an analytical model that has the character-
istics of accurate, fast, and low economic cost, making it
suitable for numerical simulation calculations.

Limitations of the model:
In this paper, the z-factor, viscosity, and density of gas mixture

equations are calculated on the basis of previous stud-
ies.19−22,24,31,45,48,55,67,68,70,74,78,80−88 In the future, this model
will be further validated with experimental data.

5. CONCLUSIONS
Shale gas reservoirs are rich in microscale fractures. When the
shale reservoir is fractured, the internal gas first enters the main
fracture through the fracture. Therefore, studying the flow of gas
in microscale fractures is a bridge connecting matrix seepage and
artificial fracture seepage. Through mathematical model
research, the following conclusions are obtained:
(a) As the pressure increases, the actual gas effect of themixed

gas at the initial stage is not obvious, and when the
pressure exceeds 20 MPa, the actual gas effect of the
mixed gas cannot be ignored.

(b) After considering the slip flow of the solid surface, the
mass flow rate of multi-component gas under different
pressure conditions increases by about 20−10,000%.

(c) Different from continuous flow and slip flow, the mass
flow rate of bulk gas diffusion decreases with pressure.
The mass flow rate of bulk gas diffusion decreased from 4
× 10−22 to 1.08 × 10−24 kg/s.

(d) Bulk gas diffusion mechanism of multi-component mixed
gas should be considered.

■ APPENDIX A
In actual shale reservoirs, methane is in a high-temperature and
high-pressure state. Therefore, it is necessary to modify the gas
state equation. The compressibility factor is widely used in the
petroleum industry and can be expressed as eqs A-1−A-3.80,81 In
addition, the viscosity, average molecular free path, Knudsen
number, fracture geometry, and other parameters of mixed gas in
shale reservoir need to be characterized. The relevant analytical
expressions are shown below.82−90
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where Zi is the compressibility factor of ith gas under the
condition of high temperature and pressure, dimensionless; Pri
and Tri are contrastive pressure and temperature, Pa & K,
respectively; Pci and Tci are critical pressure and temperature, Pa
& K, respectively; Zmixture is the compressibility factor of shale
mixed gas under the condition of high temperature and pressure,
dimensionless; μreal,i is the gas viscosity under the condition of
high temperature and pressure, Pa·s; μreal,mixture represents the
gas mixture viscosity under the condition of high temperature
and pressure, Pa·s; λreal,i represents an average molecular free
path of ith gas under the condition of high temperature and
pressure, m; λreal,mixture is an average molecular free path of gas
mixture under the condition of high temperature and pressure,
m; Knreal,i is the Knudsen number under the condition of high
temperature and pressure, dimensionless; Knreal,mixture is the
Knudsen number of gas mixture under the condition of high
temperature and pressure, dimensionless; and requivalent is an
equivalent radius, m.
Based on the basic equations above, the modified slip flow can

be modeled as
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Due to the gravitational attraction of methane and other gases
on the shale wall, some gases are adsorbed on the shale surface.
The transport of these adsorbed gases to shale gas cannot be
ignored. The following equation can be expressed as
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In summary, the analytical equation for microscale gas transport
in high-temperature and high-pressure environments can be
expressed as
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On this basis, the detachment diffusion on the surface of shale
microcracks can be expressed as
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Conductivity
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Finally, the above equations are coupled with Knudsen flow to
obtain eqs 1 and 2.
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