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Abstract: Gas fracturing technology for enhancing rock permeability is an area with considerable
potential for development. However, the complexity and variability of underground conditions mean
that a variety of rock physical parameters can affect the outcome of gas fracturing, with temperature
being a critical factor that cannot be overlooked. The presence of a temperature field adds further
complexity to the process of gas-induced rock fracturing. To explore the effects of temperature
fields on gas fracturing technology, this paper employs numerical simulation software to model the
extraction of shale gas under different temperature conditions using gas fracturing techniques. The
computer simulations monitor variations in the mechanical characteristics of rocks during the process
of gas fracturing. This analysis is performed both prior to and following the implementation of a
temperature field. The results demonstrate that gas fracturing technology significantly improves rock
permeability; temperature has an impact on the effectiveness of gas fracturing, with appropriately
high temperatures capable of enhancing the fracturing effect. The temperature distribution plays a
crucial role in influencing the results of gas fracturing. When the temperature is low, the fracturing
effect is diminished, resulting in a lower efficiency of shale gas extraction. Conversely, when the
temperature is high, the fracturing effect is more pronounced, leading to a higher shale gas production
efficiency. Optimal temperatures can enhance the efficacy of gas fracturing and consequently boost
the efficiency of shale gas extraction. Changes in the parameters of the rock have a substantial
impact on the efficiency of gas extraction, and selecting suitable rock parameters can enhance the
recovery rate of shale gas. This paper, through numerical simulation, investigates the influence of
temperature on gas fracturing technology, with the aim of contributing to its improved application in
engineering practices.

Keywords: liquid nitrogen; temperature field; physical parameters

1. Introduction

With the rapid advancement of China’s modernization process, the challenge of energy
supply has become increasingly significant. Current production levels of conventional
oil and gas resources are insufficient to meet domestic demands. To resolve this energy
crisis, identifying alternative energy sources has emerged as a pressing priority. Shale
gas, as a form of clean energy, has abundant reserves within China. Compared to coal,
shale gas combustion produces lower emissions of CO2 and other pollutants per unit
of energy. As a clean energy source, it facilitates the transition of the energy structure
towards cleaner alternatives. The exploration and utilization of shale gas could not only
effectively alleviate China’s energy strain but also contribute significantly to the mitigation
of environmental pollution. Consequently, the extraction technologies associated with
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shale gas have attracted extensive attention across the country. Shale gas is contained
within the rock matrix, where the rock is typically hard and has low permeability, which
significantly complicates the extraction process. In order to efficiently extract shale gas
from these rocks with low permeability, various techniques are commonly utilized to
enhance permeability [1–3]. In light of recent advancements in industrial technology, the
integration of horizontal drilling and hydraulic fracturing has emerged as a viable strategy
for the exploitation of unconventional energy resources [4–6]. The activation of newly
generated fractures or pre-existing natural fractures through high-pressure water can vastly
improve the permeability of reservoirs. As a crucial technique for enhancing production
in oil and gas wells, hydraulic fracturing has a remarkably positive impact on boosting
the output of individual wells, owing to its ease of operation, low costs, and outstanding
fracturing efficiency. The creation of new fractures or reactivation of pre-existing natural
fractures can greatly increase the connectivity within the rock formations, enabling trapped
hydrocarbons to flow more freely to the surface. As such, hydraulic fracturing has become
an indispensable technology in the oil and gas industry, playing a key role in unlocking
previously inaccessible reserves and maximizing the economic value of these resources [7].
Nevertheless, the substantial water requirements associated with hydraulic fracturing
have raised a host of environmental concerns. Foremost among these is the potential
for significant pollution and ecological degradation of groundwater caused by the use of
chemical additives, which can have adverse effects on the local populations’ livelihoods
and quality of life [8]. Moreover, the injection of fluids has the potential to generate
microfractures within the rock formation, thereby rendering them more susceptible to
inter-slip and effectively “lubricating” their mobility [9]. Furthermore, when faults are
subjected to excessive pressure, it can easily trigger seismic events. Additionally, the
occurrence of water blockage hampers the desorption rate of gas in the reservoir matrix,
resulting in decreased extraction efficiency [10]. The implementation of hydraulic measures
frequently leads to water infiltration in the coal mass, which can be difficult to eliminate
and gives rise to a “water blockage” effect that considerably reduces the permeability of
the coal seam. Lastly, hydraulic fracturing encounters difficulties in water-scarce regions.
The major shale gas reservoirs in China are predominantly located in arid and semi-arid
regions, posing significant limitations on the extensive industrial development of coalbed
methane. Consequently, waterless fracturing technologies have emerged as a focal point,
with gas fracturing technology attracting widespread attention as an environmentally
friendly, waterless fracturing technique.

The enhancement of permeability through gas fracturing involves two primary methods.
The first method utilizes liquefied carbon dioxide or liquid nitrogen, which, when heated,
undergoes a phase change and expansion, leading to high-pressure gas fracturing that
increases permeability. The second method involves the use of a pressure device to directly
generate high-pressure gas for fracturing and permeability enhancement. It can be combined
with various approaches to create fractures in the reservoir. One example of a technique to
increase the flow capacity of the mining area and adjacent strata and facilitate the extraction
of coalbed methane is through the application of high-temperature gas, high-pressure gas,
or periodic gas impacts [11,12]. The use of gas fracturing can circumvent the detrimental
impacts resulting from water presence. Throughout the process of fracturing, the gas has
the ability to transition into the gaseous phase, thereby mitigating the effects of capillary
pressure. In their research, Cai et al. [13,14] employed nuclear magnetic resonance, acoustic
emission (AE), and uniaxial compression tests, and demonstrated that gas fracturing has
the potential to stimulate the expansion of micropores and enhance the connectivity of coal
pore structures, leading to heightened permeability and decreased strength. Li et al. [15]
studied the influence of gas fracturing on microcracks in coal. Zhai et al. [16] investigated the
evolution characteristics of pore structure in coal after gas fracturing. Currently, fracturing
operations commonly utilize pure gases as fracturing fluids, with CO2, N2, and liquefied
petroleum gas (LPG) being the most prevalent options [17–20]. In recent years, scholars have
conducted research on various gas fracturing media.
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However, the underground conditions are complex, and different regions have vary-
ing geological conditions, which has led to a lack of a comprehensive consensus on gas
fracturing technology to date [21–26]. Furthermore, the physical and environmental condi-
tions of rocks can impact the effectiveness of gas fracturing, and rocks often exhibit higher
temperatures [27–29]. Therefore, it is vital to factor in the impact of temperature on the
efficiency of gas fracturing, as emphasized in previous research [30,31]. This study aimed to
investigate the influence of temperature on gas pressure fracturing. To achieve this, numer-
ical simulations were conducted to simulate and calculate the effects of temperature before
and after incorporating the temperature field. Based on this, a thermal-fluid-solid-damage
coupled model of reservoir gas fracturing was established using the COMSOL Multiphysics
6.0 in conjunction with research methods. Shale gas was approximated as a type of fluid,
following Darcy’s law, and boundary conditions were set around the unit cell, with pressure
simulating gas pressure at the wellhead. As time progressed, the gas-induced fracturing
cracks gradually extended from the circular orifice to the periphery of the unit cell, even-
tually leading to failure of the unit cell [32]. Through the aforementioned simulation
experiments, we aim to contribute to the research on gas pressure fracturing technology.

2. The Mechanism of Hydraulic Fracturing under Temperature Field
2.1. Mechanical Equilibrium under Temperature Field

The element used for simulation is regarded as an isotropic linear poroelastic medium,
and its constitutive relation can be expressed as:

σij = 2Gεij +
2Gµ

1 − 2µ
εkkδij − αpδij − KαTTδij − Kεsδij (1)

where “K” represents the bulk modulus of the material, “G” denotes the shear modulus of
the material, while “µ” refers to the Poisson’s ratio of the material, p is the gas pressure,
T is the ambient temperature, δij is the Kronegger constant, the subscript “i” represents the
index, and when “i” equals “j”, it represents the Kronecker delta. α is the Biot coefficient of
the material, ε is the strain tensor of the material, σ is the stress tensor on the unit cell, and
εg is the volumetric strain that occurs when coalbed gas undergoes adsorption.

In this case, the equilibrium equation and strain-displacement relationship of the
element can be expressed as:

σij,j + Fi = 0 (2)

εij =
1
2
(ui,j + uj,i) (3)

In Equation (1), it can be obtained that the volumetric strain of the element body can
be expressed by the following formula

εV =
1
K
(σ + αp) + αTT + εs (4)

where, εV = ε11 + ε22 + ε33 represents the volumetric strain of the material and σ = σkk/3
is the effective stress of the applied principal stress material, σeij = σij + αpδij.

Due to the adsorption εs and desorption of the gas, it is assumed that the volumetric
strain of the gas reservoir in this case is defined by:

εs = αsgVsg (5)

where, Vsg is the content of the gas adsorbed in the gas reservoir and αsg is the volumetric
strain coefficient of the gas reservoir when adsorption occurs.
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Under the combination of Equations (3)–(5), and then according to the change of stress
and pore gas pressure of the gas reservoir, the Navier equation of the gas reservoir under
the condition of adsorption can be obtained.

Gui,jj +
G

1 − 2µ
uj,ji − αp,i − KαTT,i − Kεs,i + fi = 0 (6)

2.2. The Equation for Gas Equilibrium under the Action of a Temperature Field

It is assumed that the numerical simulation model is constructed consisting of a solid
matrix containing freely diffusible pore gases and pore spaces. Under these conditions, the
mass balance equation for the gas can be expressed as follows:

∂m
∂t

+∇(ρgvg) = Qs (7)

where, m is the amount of gas, ρg is the density of the gas, qg is the Darcy velocity of the
gas, Qs is the gas source, and t is the time.

The amount of methane gas in the solid matrix can be described as:

m = ρgϕ + ρgaρcVsg (8)

where, ϕ is the porosity of the solid matrix, ρga is the density of the gas under the standard
condition, ρc is the density of the solid matrix, and Vsg is the content of the adsorbed gas.

The content of adsorbed gas Vsg can be calculated by:

Vsg =
VL p

p + PL
exp[− c2

1 + c1 p
(Tar + T − Tt)] (9)

In Equation (9), Tar denotes the absolute reference temperature of the rock formation in the
absence of stress, while Tt signifies the temperature reference for gas adsorption/desorption
experiments. Therefore, (Tar + T) represents the overall temperature of the rock formation. c1
denotes the pressure coefficient, while c2 represents the temperature coefficient.

For ideal gases, it is usually expressed by the ideal gas equation:

ρg =
Mg

R(Tar + T)
p (10)

where, ρg is the density of the gas, p is the gas pressure, and Mg is the molar mass of the gas.
The density of a gas in the standard state can be deduced from the ideal gas equation,

which can be denoted by (11):

ρga =
Mg pa

RTa
(11)

The gas flow equation incorporating the non-Darcy Forchheimer model is employed.

−∇p =
ke

µ
vg +

c f ρg√
k

vg
∣∣vg

∣∣ (12)

where, ke is the permeability of the medium, µ is the dynamic viscous velocity of the gas, p
is the gas pressure,

∣∣vg
∣∣ is the absolute value of the velocity vector, and ρg is the density of

the gas mixture. c f is the drag coefficient, which is dimensionless and represented as:

c f =
1.75√
150ε3

(13)
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Equation (12) can be alternatively expressed in a form that aligns with Darcy’s law:

vg = −δ
ke

µ
∇p (14)

where, δ is the correction factor to which Darcy’s law applies, which is defined as:

δ =
1

1 +
√

ke
µ c f ρg

∣∣vg
∣∣ (15)

For models that generally include porosity, there are:

dϕ =
1
K
(α − ϕ)(dσ + dp) (16)

Regarding Equation (16), we can perform a transformation to obtain Equations (17)
and (18): ∫ ϕ

ϕ0

dϕ

α − ϕ
=

1
K
(
∫ σ

σ0

dσ +
∫ p

p0

dp) (17)

ϕ = α − (α − ϕ0) exp{− 1
K
[(σ − σ0) + (p − p0)]} (18)

where the subscript 0 in the equation represents the initial state of the corresponding
variable.

Substituting Equation (4) into Equation (18) yields:

ϕ = α − (α − ϕ0) exp{−[(εV +
p

Ks
− εs − αTT)− (εV0 +

p0

Ks
− εs0 − αTT0)]} (19)

The effective permeability of a gas depends on the gas pressure to which the gas is
subjected, as shown in Equation (20)

ke = k∞(1 +
b
p f

) (20)

where, represents the gas permeability under extremely high gas pressure, where the
Klinkenberg effect can be neglected. The parameter “b” in the equation is the Klinkenberg
factor, which depends on the average free path of gas molecules. The relative mean free
path of gas molecules is influenced by factors such as gas pressure, gas temperature, and
molar mass. Thus, the factor “b” can be mathematically represented by Equation (21).

b = αkk−0.36
∞ (21)

The coefficient in the equation has been determined through data research.
The permeability of the rock formations varies as follows:

ke = k∞0(1 +
b
p f

)(ϕ/ϕ0)
3 (22)

By substituting Equation (17) through (22) step by step into Equation (16):
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∂ϕ
∂t

1
(Tar+T) p + ϕ 1

(Tar+T)
∂p
∂t − ϕp 1

(Tar+T)2
∂T
∂t

+ paρcVL
Ta



PL
(p+PL)

2 exp(− c2
1+c1 p (T + Tar − Tt))

∂p
∂t

+ P
(p+PL)

exp(− c2
1+c1 p (T + Tar − Tt))× c1c2

(1+c1 p)2 (T + Tar − Tt)
∂p
∂t

− P
(p+PL)

exp(− c2
1+c1 p (T + Tar − Tt))× c2

1+c1 p
∂T
∂t


− 1

µ [
∂

∂x (
δpke

(Tar+T)
∂p
∂x ) +

∂
∂y (

δpke
(Tar+T)

∂p
∂y )] = Qs

(23)

2.3. Consideration of Energy Conservation under the Influence of Temperature Field

Ignoring the thermal filtration effect in the calculation, this allows the total heat flux
qT in the rock formation to be defined as:

qT = −λM∇T + ρgCgqg(Tar + T) (24)

where, qT stands for heat flow, Cg is the specific heat constant of the gas at a fixed volume,
qg is the Darcy velocity of the gas, and λM = (1 − ϕ)λs + ϕλg, λM, λs, and λg are the
thermal conductivity, solid and gas components of rock formations, respectively.

During the calculation process, neglecting the mutual conversion between thermal
energy and mechanical energy in the rock formation, the thermal balance can be represented
as follows:

∂[(ρC)M(Tar + T)]
∂t

+ (Tar + T)Kgαg∇ · ( ke

µ
∇p) + (Tar + T)KαT

∂εV
∂t

= −∇ · qT (25)

where Cg and Cs are the thermal constant of a gas and the thermal constant of a solid in a
fixed volume, and αg is the thermal expansion coefficient of a gas when both pore pressure
and stress are maintained at constant levels. Kg = p, and αg = 1/T.

From this, the relationship between the conservation of mass of the solid phase and
the gas phase in the rock formation can be obtained.

∂[(1 − ϕ)ρs]

∂t
= 0 (26)

∂(ϕρg)

∂t
= −∇ · (ρgqg) (27)

Considering (1 − ϕ)λs ≫ ϕλs and λM ≈ (1 − ϕ)λs ≈ λs, these two relationships are
corrected to get:

(ρC)M
∂T
∂t

− (Tar + T)Kgαg∇ · ( ke

µ
∇p) + (Tar + T)KαT

∂εV
∂t

= λM∇2T +
ρga pTaCg

pa(Tar + T)
ke

µ
∇p∇T (28)

3. Model Establishment

Due to the difficulty of conducting experiments using physical models, the experiment
utilizes COMSOL Multiphysics 6.0 to establish a 1 × 1 m cubic unit cell as a substitute
for the physical model, as shown in Figure 1. This unit cell contains a circular hole with a
radius of 0.1 m to simulate the shale gas reservoir penetrated by a horizontal well due to gas
pressure-induced fracturing. The shale gas is approximated as a type of fluid that complies
with Darcy’s law. Boundary conditions are set around the unit cell, with pressure simulated
at the wellbore perimeter, as shown in Figure 2. As time progresses, the pressure-induced
fractures generated by the gas will gradually propagate from the perimeter of the circular
hole to the outer periphery of the unit cell, eventually leading to the failure of the unit cell.
The shale gas within the unit cell will be gradually extracted as the fractures develop, and
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the relationship between gas content and instantaneous extraction rate can be obtained
through simulation. Furthermore, during the simulation, it is possible to alter parameters
such as the rock mass permeability, gas density, and unit cell temperature to obtain data
on the speed and process of shale gas extraction under different parameters. This enables
the acquisition of comparative data, ultimately revealing the variation patterns in the
combined action of fluid and solid during gas pressure-induced fracturing. Based on the
specific requirements of this experimental numerical simulation, the physical quantities
were selected.
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Figure 2. Establishment of a numerical simulation model for gas pressure-induced fracturing in
rock specimens.

4. Analysis of Numerical Simulation Results
4.1. Variation of Rock Mass Physical Parameters under Pneumatic Fracturing

The progressive nature of surrounding rock mass damage around the borehole can be
discerned from the observations in Figure 3, where the extent of damage steadily increases
over time. Moreover, under the influence of a higher temperature field, the degree of rock
damage is significantly greater compared to the case where the temperature field is not
considered. This is because of the principle of thermal expansion and contraction. When
the temperature is higher, the gas inside the rock mass expands, making the rock mass
more susceptible to external gas pressure-induced failure. Under higher temperatures,
the gas molecules become more active, and after the rock mass is damaged, these active
gas molecules further contribute to the internal damage of the rock mass, promoting the
development of internal fractures.

From Figure 4, it can be observed that as time progresses, the tensile stress near the
borehole increases gradually, while the compressive stress decreases. Furthermore, consid-
ering the temperature field, the first principal stress is larger. This phenomenon arises from
the gas fracturing procedure, where a considerable volume of gas is injected into the vicinity
surrounding the borehole. Consequently, tensile stress increases while compressive stress
decreases. As the rock mass experiences failure, the injected gas facilitates the propagation
of internal fractures within the rock mass. As these fractures extend, the stress exerted
on the rock mass transforms into tensile stress, resulting in an expansion of the tensile
stress range. Under the influence of a higher temperature field, gas molecules become more
active, resulting in greater gas pressure for the same gas volume. Consequently, the first
principal stress experienced by the rock mass under the temperature field is larger.
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It can be observed from Figure 5 that under the influence of the temperature field,
the maximum absolute value of the third principal stress is significantly higher compared
to the case without considering the temperature field. This is because the third principal
stress, being negative or compressive stress, results in strong gas pressure around the
borehole in the rock mass. Although the rock experiences tensile stress during the rock
failure process, there is still considerable compressive stress exerted by the gas on the rock.
Under the influence of the temperature field, gas molecules become more active, and at
the same gas volume, higher temperature leads to greater gas pressure. Therefore, under
the temperature field, the maximum absolute value of the third principal stress is higher
compared to the case without considering temperature. Additionally, as the gas pressure
increases, the internal pressure also increases, resulting in a higher minimum absolute
value of the third principal stress within the rock under the temperature field compared
to the case without considering temperature. From the graph, it can be observed that the
compressive stress around the borehole gradually decreases. This is because as time passes,
the surrounding rock mass around the borehole undergoes damage, causing the range of
maximum compressive stress on the sample to move inward and decrease in magnitude.
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It can be observed from Figure 6 that with the passage of time, the permeability
around the borehole is gradually increasing, and under the influence of the temperature
field, the permeability around the borehole is even greater, with a broader range of per-
meability increase. These findings suggest that gas fracturing is an effective method for
enhancing rock permeability, increasing gas extraction efficiency within the rock. Moreover,
higher temperatures can contribute to improved gas fracturing efficiency and subsequently
increase rock permeability.
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The observation results in Figure 7 indicate that as the degree of rock damage increases,
the pressure applied to the borehole gradually increases. In addition, the temperature field
has a significant impact, leading to a wider range of pressure increase around the borehole.
This is because as the surrounding rock of the borehole is destroyed, the fractured rock
mass loses its integrity, resulting in a sharp increase in pressure applied to the surrounding
area of the borehole, and the range expands inward. Under the influence of temperature
field, the increase in gas molecule activity leads to higher pressure and a larger range of
rock damage.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 17 
 

the surrounding area of the borehole, and the range expands inward. Under the influence 
of temperature field, the increase in gas molecule activity leads to higher pressure and a 
larger range of rock damage. 

T=5000sT=1s T=10000s T=43200s T=86400s

Min 2×105 Pa

Max 2.455×106 Pa
×106

2.2

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

 
Figure 7. The graph depicting the change in pressure exerted on the rock specimen over time, with-
out considering the temperature field. 

The stress around the borehole decreased significantly after damage evolution com-
pared to before, with a greater reduction range under the influence of the temperature 
field. This suggests that gas fracturing can cause a significant decline in the mechanical 
properties of rock and generate more cracks, while higher temperatures can increase the 
efficiency of gas fracturing and produce better results. Additionally, the figures show that 
the rock is subjected to greater pressure under the influence of the temperature field than 
when the temperature field is not considered. This indicates that the temperature field can 
increase the gas pressure during the fracturing process, thereby achieving better results. 

In summary, gas fracturing technology can cause damage to the surrounding rock of 
the borehole, reduce its compressive strength, and increase its permeability. Furthermore, 
under the influence of the temperature field, gas fracturing technology can achieve better 
results. 

4.2. Impact of Parameter Variations on the Efficiency of Rock Extraction 
Due to the countless points and lines within the unit cell, it is impossible to sequentially 

conduct simulation analysis at all positions. Therefore, a straight line was selected along the 
boundary of the unit cell and the borehole boundary. In this way, the data analysis con-
ducted on this line can represent the simulation situation at any position within the unit cell. 
The selection of the line segment within the unit cell is shown in the Figure 8. 

 
Figure 8. The entire unit was simulated using a line within the unit cell to represent the overall 
situation. 

As shale gas is considered a fluid and follows Darcy’s law, there exists Darcy velocity 
within the specimen. Since the extraction of shale gas occurs from the wellbore outward, 
integrating the gas velocity around the wellbore yields the instantaneous gas extraction 
rate of shale gas. By accumulating the instantaneous extraction rates obtained through 
integration, the temporal variation of shale gas extraction can be determined. 

Figure 7. The graph depicting the change in pressure exerted on the rock specimen over time, without
considering the temperature field.



Appl. Sci. 2024, 14, 1763 10 of 16

The stress around the borehole decreased significantly after damage evolution com-
pared to before, with a greater reduction range under the influence of the temperature
field. This suggests that gas fracturing can cause a significant decline in the mechanical
properties of rock and generate more cracks, while higher temperatures can increase the
efficiency of gas fracturing and produce better results. Additionally, the figures show that
the rock is subjected to greater pressure under the influence of the temperature field than
when the temperature field is not considered. This indicates that the temperature field can
increase the gas pressure during the fracturing process, thereby achieving better results.

In summary, gas fracturing technology can cause damage to the surrounding rock
of the borehole, reduce its compressive strength, and increase its permeability. Further-
more, under the influence of the temperature field, gas fracturing technology can achieve
better results.

4.2. Impact of Parameter Variations on the Efficiency of Rock Extraction

Due to the countless points and lines within the unit cell, it is impossible to sequentially
conduct simulation analysis at all positions. Therefore, a straight line was selected along
the boundary of the unit cell and the borehole boundary. In this way, the data analysis
conducted on this line can represent the simulation situation at any position within the unit
cell. The selection of the line segment within the unit cell is shown in the Figure 8.
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Figure 8. The entire unit was simulated using a line within the unit cell to represent the overall situation.

As shale gas is considered a fluid and follows Darcy’s law, there exists Darcy velocity
within the specimen. Since the extraction of shale gas occurs from the wellbore outward,
integrating the gas velocity around the wellbore yields the instantaneous gas extraction
rate of shale gas. By accumulating the instantaneous extraction rates obtained through
integration, the temporal variation of shale gas extraction can be determined.

To investigate the influence of different temperatures on shale gas extraction efficiency,
this study selected four different temperatures. Simulations and analyses were conducted
on the gas content at different positions under various temperatures to demonstrate the
effect of temperature on shale gas extraction efficiency from a lateral perspective.

From Figure 9, it can be observed that the gas content of samples varies with position
along the wellbore at different temperatures. When the temperature is low, the change in gas
content over time at the same position is not significant. However, at higher temperatures,
the difference in gas content at the same position but at different times gradually decreases
as the temperature rises. Additionally, at higher temperatures, the gas content at the same
position and time is higher. This indicates that as the temperature increases, the efficiency
of gas fracturing gradually improves. At the same time, the degree of rock fragmentation
increases with temperature, leading to an increase in gas permeability. The gas content at
the same position and time increases, further demonstrating that temperature can enhance
gas fracturing efficiency.
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Figure 9. The gas content at different positions and times along the wellbore is influenced by varying
temperatures.

From Figure 10, it can be observed that with increasing temperature, the gas content
near the drilling location decreases significantly. However, the gas content near the bound-
ary positions shows an increase. This phenomenon indicates that under the influence of
temperature, gas molecules exhibit more active movement as the temperature rises. There-
fore, it can be inferred that shale gas extraction can be more efficient in rock formations
with higher temperatures.
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Figure 10. The relationship between gas content along the wellbore and different temperatures at the
same time.

The experimental results indicate that the gas content of the specimens exhibits an
upward trend as the analysis position is situated further away from the wellbore, as
illustrated in the Figures 11 and 12. Additionally, with an increase in the volumetric
constant VL of the specimens, the gas content at the same position also exhibits an upward
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trend. This indicates that during gas fracturing, the gas surrounding the borehole is rapidly
depleted, leading to a significant decrease. However, the gas content within the undisturbed
rock mass remains relatively unchanged. Furthermore, it can be inferred that an elevation
in the VL value corresponds to increased challenges in gas fracturing, ultimately resulting
in a reduction in shale gas extraction efficiency.
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Figure 11. The shale gas content at different positions and times along the wellbore varies under
different VL values.
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Figure 12. The relationship between shale gas content in the rock mass and different VL values at the
same time.

Based on the depicted Figures 13 and 14, it becomes apparent that the gas content
of the specimens exhibits a rising tendency as the analysis position distances itself from
the wellbore. Conversely, with an increase in the PL parameter of the specimens, the gas
content at the same position exhibits a decreasing trend. This is because as the PL value
increases, the efficiency of gas fracturing improves, leading to a higher degree of rock
damage and an accelerated extraction efficiency of shale gas. Consequently, the gas content
within the rock decreases.
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Based on numerical simulation analysis of shale gas content under varying permeabil-
ity conditions, as shown in Figures 15 and 16, it is evident that the gas content decreases at
a specific location with an increase in permeability. This is because a higher permeability in-
dicates a greater number of interconnected pores within the sample. During gas fracturing,
a significant amount of gas rushes into these pores, leading to an increase in pore pressure
and subsequent expansion of the pores. This expansion results in more interconnected
pathways for gas flow. However, it should be noted that samples with initially higher
permeability exhibit even higher permeability after gas fracturing, which leads to increased
gas leakage at the same location. As a result, the gas content gradually decreases. It is
important to note that the decrease in gas content may not follow a linear trend, as other
factors such as initial gas content, rock mechanical properties, and the type of fracturing
fluid used can also affect the final outcome. Furthermore, studying the distribution of
shale gas content under various permeability conditions provides valuable insights into
the feasibility and optimization of shale gas extraction processes. Future research should
aim to further explore the relationship between permeability and gas content, as well as
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its implications for overall shale gas extraction efficiency. Additionally, efforts could be
directed towards developing innovative techniques to enhance gas content and improve
the accuracy of numerical simulations. These endeavors will contribute to the sustainable
and efficient exploitation of shale gas resources.
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5. Conclusions

(1) The process of gas fracturing involves the propagation of cracks within rock specimens
from the borehole towards the interior, eventually leading to complete fracturing.
The efficiency of shale gas extraction is significantly affected by variations in rock
parameters, and selecting appropriate rock parameters can enhance the extraction
efficiency of shale gas.

(2) The thermal aspect significantly influences the efficacy of gas fracturing. Lower tem-
peratures result in poor gas fracturing effects, leading to lower efficiency in extracting
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shale gas. On the other hand, higher temperatures enhance the effectiveness of gas
fracturing, resulting in higher extraction efficiency. Therefore, maintaining an appro-
priately high temperature can improve gas fracturing efficiency and promote more
efficient shale gas extraction. It is important to note that gas fracturing technology can
induce damage to the surrounding rocks, reducing their compressive strength while
increasing their permeability. Additionally, under the influence of temperature, gas
fracturing technology can achieve even better results.

(3) Increasing the volume constant leads to an upward trend in gas content. This indi-
cates that during the gas fracturing process, the gas present around the borehole is
extracted, resulting in a significant decrease in gas content. However, the gas con-
tent within the undamaged regions of the rock specimen remains relatively stable.
This suggests that an increase in the volume constant makes gas fracturing more
challenging, consequently reducing the efficiency of shale gas extraction. Conversely,
maintaining a constant pressure of the specimen results in an upward trajectory of the
instantaneous extraction rate over the same time period. This increase in the pressure
constant improves the fracturing effects on the rock, thereby enhancing gas extraction
efficiency. Moreover, the increased degree of rock damage indirectly contributes to im-
proved extraction efficiency. Thus, increasing the pressure constant proves beneficial
for enhancing gas fracturing efficiency.
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