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In this study, we conducted indoor temporary plugging and diverting fracturing
(TPDF) experiments on samples of natural deep and shallow coal seams using a
small-scale true triaxial fracturing simulation system. By integrating high-
precision CT scanning technology and crack reconstruction techniques, and
relying on the quantitative characterization of the crack complexity coefficient,
we investigated the differences in internal structures between deep and shallow
coal seam samples and the variations in the expansion of TPDF cracks.
Furthermore, the study primarily focused on exploring the influence of
temporary plugging agent (TPA) parameters (quantity and particle size) on the
expansion patterns of TPDF cracks in deep coal seam coal-rock samples. The
experimental results reveal that in shallow coal samples, artificially induced
fractures are notably longer and extend to various surfaces of the samples.
Conversely, in deep coal samples, the expansion of artificially induced
fractures is influenced by well-developed cleavage and cleats. The crack
complexity coefficient of artificial fractures in deep coal samples is 1.54 higher
than that in shallow coal samples, with an increased crack width of 98 μm.
However, the expansion distance of the fractures is shorter and does not extend
to the S3 and S6 surfaces. Increasing the dosage of the TPA is advantageous for
inducing frequent redirection of fractures and communication with previously
untouched areas. When the dosage of the TPA is increased from 30 g/L to 60 g/L,
the expansion distance of artificial fractures significantly increases, extending to
various surfaces of the samples. The crack complexity coefficient increases by 1.1,
and the crack width enlarges by 84 μm. Appropriate particle sizes of the TPA can
effectively form seals. However, small particle sizes (200/400 mesh) struggle to
seal initial fractures, while large particle sizes (10/20 mesh) can lead to excessive
wellhead blockage, causing rapid shut-in pressure, destructive fracturing in deep
coal samples, and the generation of a large amount of coal fines. This study holds
significant guidance for the optimal selection of process parameters in the
temporary plugging hydraulic fracturing of deep coal rock.
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1 Introduction

China, as a major coal-producing country, possesses abundant
coalbed methane resources, contributing significantly to its vast
coal resources and holding immense development potential. In the
period from 2016 to 2018, the China National Petroleum
Corporation (CNPC) evaluated the nation’s coalbed methane
resources, revealing that the coalbed methane resources at
depths shallower than 2000m amount to approximately 29.82 ×
10 × 12 m3, with recoverable reserves estimated at around 12.51 ×
10 × 12 m3, ranking China third globally (Wuzhong et al., 2004;
Huang et al., 2009; Sun et al., 2021; Huang et al., 2022; Qin et al.,
2022). The Ordos Basin, where the Linxing-Shenfu Block is
located, boasts a colossal share of coalbed methane resources,
accounting for about one-third of the national total. Within the
basin, coalbed methane resources at depths exceeding 1,000 m
constitute 72%, highlighting the significance of deep coal seam
exploitation (Li Huanhuan, 2020). Employing TPDF to enhance
regional development has become an urgent necessity for
increasing production in the block.

With the increasing depth of coalbed methane development, it
has been observed that the fracturing crack propagation patterns in
deep coal seams significantly differ from those in shallow ones. Deep
coal reservoirs exhibit high fracturing pressures and strong
heterogeneity, influenced by bedding planes, natural fractures,
and cleat structures, resulting in complex crack propagation
patterns (Kuuskraa and Wyman, 1993; Cheng and Guo, 2013;
Gao et al., 2018; Xianqing et al., 2019; Zhang et al., 2019; Hou
et al., 2021; Wu, 2022). Scholars both domestically and
internationally have conducted research on the crack propagation
patterns in deep coal and rock formations. Xue Haifei (Haifei et al.,
2019) and others found that the characteristics of deep coalbed
methane reservoirs differ significantly from shallow ones, with
complex stress fields, variations in mechanical properties, and
differences in coal structure all influencing to varying degrees the
formation and development of fracturing cracks. Abass et al. (Abass,
1990) discovered that the greater the difference in horizontal stress,
the more likely it is to form a single hydraulic fracture extending
along the direction of maximum horizontal stress after fracturing.
Yang Zhaozhong (Yang et al., 2017), through the establishment of a
mathematical model for the stress distribution induced by vertical
fractures in the horizontal plane, found that simultaneous fracturing
can change the direction of the horizontal principal stress in deep
coal seams, facilitating the reorientation and extension of hydraulic
fractures to communicate with cleat fractures, forming a complex
network of fractures. Wei Tao (Tao et al., 2018) studied the variation
of the length and height of fracturing cracks with burial depth. Due
to the exploitation of coalbed methane and the failure of initial
fractures after the first fracturing, the single-well production shows a
declining trend. To redirect the cracks and open up undeveloped
areas in distant wells, temporary plugging and fracturing
modification are required. Therefore, studying the propagation
patterns and influencing factors of TPDF cracks and predicting
the effects of temporary plugging and fracturing modification is of
significant theoretical and practical importance.

Currently, there is relatively limited research on simulated
indoor experiments of temporary plugging and fracturing in deep
coal reservoirs. Moreover, studies on the plugging effect of

temporary plugging agents within cracks mainly use a
predetermined constant crack size and morphology method,
unable to explore the dynamic changes in the actual internal
crack expansion shapes and their impact on the plugging effect
of the agents. In other words, temporary plugging and fracturing
experiments are conducted independently of volume fracturing
experiments, failing to fully utilize post-fracturing cracks. In this
paper, a small-scale true triaxial fracturing simulation system was
employed to conduct simulated experiments on TPDF on natural
coal and rock samples measuring 80 × 80 × 100 mm3. By integrating
high-precision CT scanning technology with Solidworks-based
three-dimensional crack reconstruction techniques, the
differences in internal structures and crack propagation between
deep and shallow coal seam strata were compared. Simultaneously,
the effects of the dosage and particle size of temporary plugging
agents on the propagation patterns of temporarily plugged diverted
hydraulic fracturing cracks were investigated. The experimental
results can provide guidance for optimizing the process
parameters of TPDF in deep coal seam coal-rock formations.

2 Deep coal seam geological overview

The Linxing-Shenfu block has a large area and is characterized
by a high level of structural implementation. The Taiyuan-Benxi
Formation coal seam has an average thickness of 8m, with thickness
ranging from 1.6 to 19.6 m. The average gas content of the coal seam
is 13.3 m³/t, ranging from 8 to 30.94 m³/t. The primary structure of
the coal body is the original-fracture structure, with mudstone as the
main roof, including some sandstone. The overall average depth of
the coal seam is greater than 1,700 m, with the southern part of
Linxing having an overall depth greater than 2,000 m, while the
northern part ranges from 1,700 to 2,000 m. Results from the
Linxing-Shenfu reserve testing area align with geological
expectations, boasting high gas content and substantial
development potential (Fu et al., 2016; Guo, 2016; Lijun and
Zhu, 2021; Yang, 2021).

Deep coal seams exhibit minor fractures and pores, experiencing
high in situ stress, leading to high injection pressures during
construction (Beugelsdijk et al., 2000; Guo, 2020; Zou et al., 2021;
Jia et al., 2022). The maximum principal stress in the Linxing gas field
averages 56MPa, ranging from 38 to 62MPa; the minimum principal
stress averages 39MPa, ranging from 21 to 45 MPa; the vertical stress
averages 47MPa, ranging from 27 to 53MPa. The deep coal seam has
a low degree of pore development, low porosity, and an average pore
size of 19.6 nm. Fracturing is crucial for improving pore-permeability
conditions in deep coal seams to enhance production.

3 Simulation experiment of temporary
plugging and turning hydraulic
fracturing in deep coal seam rock

3.1 Test of mechanical properties of coal and
rock in deep and shallow seams

The differences in the mechanical properties (Young’s
modulus, Poisson’s ratio, etc.) between deep and shallow coal
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seam rocks have significant implications for the formation and
propagation of hydraulic fractures. In this study, two coal rock
samples were selected from the Ordos Basin at burial depths of
850 m and 2,200 m, respectively. These samples were prepared
into standard coal rock cores with dimensions of Φ25 mm ×
H50 mm for triaxial compression tests under full stress-strain
conditions. Under reservoir temperature (60°C) and stress
conditions (20 MPa), the mechanical parameters of reservoir
rock, including Young’s modulus, Poisson’s ratio, and
compressive strength, were determined through triaxial
compression experiments. Two sets of triaxial compression
tests were conducted, and the experimental specimens along
with their corresponding stress-strain curves are depicted
in Figure 2.

The mechanical test results, as shown in Table 1, reveal a
comparison between the mechanical properties of coal and rock
specimens from shallow and deep coal seams. It is evident that the
elastic modulus of the coal and rock specimens from deep coal seams
is 1.534 GPa higher than that of the shallow coal seams, with a
corresponding decrease in Poisson’s ratio by 0.082. This indicates
that coal and rock specimens from deep coal seams are harder and

less prone to deformation compared to those from shallow
coal seams.

3.2 Experimental setup and sample
preparation

Conducting indoor TPDF simulation experiments, we utilized
a small-scale true triaxial fracturing simulation device, as
illustrated in Figure 3 (Liu et al., 2000). The experimental
samples for this study were extracted from the Linxing block of
the Ordos Basin, with burial depths of 850 m and 2,200–2,300 m
for comparison. The rock specimens were processed into
8080100 mm̂3 rectangular prisms, featuring a centrally located
blind hole with a diameter of 16 mm and a depth of 53 mm. A
high-strength epoxy resin adhesive was employed to secure a steel
pipe (wellbore) with an outer diameter of 15 mm, inner diameter of
8 mm, and length of 70 mm inside the blind hole, leaving a 5 mm
open section at the bottom. Photographs of the coal rock samples
before and after processing, along with a schematic diagram of the
completed well, are depicted in Figure 4.

FIGURE 1
Subsurface coal rock cuttings from wells LX2-48 and LX-42.

FIGURE 2
Specimen and corresponding stress-strain curve after triaxial compression test. (A) Shallow Coal Rock Specimen. (B) Deep Coal Rock Specimen.
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TABLE 1 Experimental results of triaxial compression.

Core Length
(mm)

Diameter
(mm)

Weight
(g)

Density
(g/cm3)

Confining
pressure
(MPa)

Deviatoric
stress (MPa)

Modulus of
elasticity
(GPa)

Poisson’s
ratio

Shallow Coal
Rock

Specimen

50.73 25.48 35.09 1.36 20 82.657 5.898 0.296

Deep Coal
Rock

Specimen

49.92 25.65 32.66 1.27 20 69.204 4.364 0.378

FIGURE 3
Small-scale true triaxial fracturing simulation system.

FIGURE 4
Coal and rock samples before and after processing, along with a schematic diagram of the completed well.
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3.3 Experimental plan design

(1) Triaxial stresses

Due to the inability of the stress system in the indoor
experimental equipment to replicate the actual stress conditions
in reservoirs, this study employs the horizontal stress differential
coefficient Kh (Xie et al., 2018) to calculate the relative magnitudes of
the maximum and minimum horizontal principal stresses. These
values are then utilized to design the triaxial stress parameters used
in the indoor experiments. Kh is calculated using the
following formula.

Kh � σH − σh
σh

(3.1)

In the Linxing-Shenfu Block, the maximum horizontal principal
stress in coal seams at depths exceeding 2,000 m ranges from 38 to
62 MPa, while the minimum horizontal principal stress ranges from
21 to 45 MPa. Utilizing Eq. 3.1, the calculated Kh falls within the
range of 0.378–0.810. Selecting Kh as 0.6, the experiment aims to
simulate the stress conditions of deep coal seams. The designed
maximum and minimum horizontal principal stresses are set at
16 MPa and 10MPa, respectively, with a vertical stress of
16 MPa.Applying the same method to the Linxing-Shenfu Block’s
coal seam at depths within 1,000 m yields a Kh range of 0.333–0.810.
Opting for Kh as 0.6 to simulate the stress conditions of shallow coal
seams, the designed maximum and minimum horizontal principal
stresses are 8 and 5 MPa, respectively, with a vertical stress
of 12 MPa.

(2)Displacement

Drawing upon the similarity criteria theory proposed by Liu
et al. (Lu, 2017) for hydraulic fracturing simulation experiments,
the injection parameters for indoor experiments are tailored to
match the parameters used in on-site construction (refer to
Table 2). The similarity criteria are defined by the
following formula:

c3L
cQcT

� 1, cKL

��
cL
cQ

√
� 1,

cηcQ
3

� 1

cLcp
c0σz
cze

� cp
cEe

� cpf
cEe

� 1,

cLc2Ee
2

� 1,
cγcL
cEe

� 1.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(3.2)

The similarity ratio coefficient, cV � Vmodel/Vfield defined in the
equation, where Vmodel represents the physical quantity of the
experimental model, and Vfield corresponds to the physical quantity
of the corresponding on-site prototype. V represents single value
conditional quantities such as L, Ee,Q, T,KL, η, p, pf, σ0zz, γ andKIC.

(3) Fracturing Fluid viscosity

The selected viscosity of the fracturing fluid (2.5 mPa·s) matches
the low-viscosity fracturing fluid system used in the block.

(4) Proppant parameters

For a single-stage proppant used in coalbed methane well
fracturing, the dosage typically ranges from 20 to 100 g/L. In this
experiment, two proppant dosages, 60 and 20 g/L, are set. The
proppant particle size used in the experiment is selected to
match the commonly used particle size in the field.

Based on the above parameters, the experimental design is
summarized in Table 3. The proppants used for temporary
plugging are shown in Figure 5. To simulate the underground
tri-axial stress environment and vertical well completion method,
a small-scale true tri-axial fracturing simulation system is employed.
Vertical stress (σv), maximum horizontal stress (σH), and minimum
horizontal stress (σh) are applied along the X, Y, and Z directions,
respectively. The wellbore direction aligns with the vertical stress
(X-axis). The prepared core samples are placed in the core chamber,
connected with pipelines, and subjected to the aforementioned tri-
axial stress.

3.4 Quantitative characterization of fracture
complexity

To facilitate a quantitative comparison of the impact of
different experimental conditions on hydraulic fracture
complexity, Eq. 3.3 is employed to calculate the complexity
coefficient of the fractures.

Fc � n ×
lr
l
×
r


(3.3)

Fc represents the fracture complexity coefficient
(dimensionless). n is the number of fractures. lr and l represents
the actual length of the crack and the length of the straight line
extended by it. hr and h represents the actual height of the crack and
the linear distance of its extension, cm.

4 Results and discussion

4.1 Comparison of post-fracture
morphology in coal and rock samples at
different depths

With the increase in depth, the in situ stress state, coal body
structure, and coal-rock properties continuously change, resulting in
significant differences between deep and shallow coal seams (Zhang

TABLE 2 Design of displacement parameters.

Construction parameters Fracture Height/(m) Injection rate/(mL/min)

Actual On-Site Parameters 13 15

Laboratory Parameters 0.05 0.00002

Frontiers in Energy Research frontiersin.org05

Zening et al. 10.3389/fenrg.2024.1369428

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1369428


et al., 2020; Xu et al., 2021; Zhou et al., 2022; Yong et al., 2023). This
set of experiments aims to investigate the distinctions in post-
fracturing fracture morphology between deep and shallow coal
seams. The pre-fracturing CT scan images of Sample 1 and
Sample 2 are illustrated in Figures 6, 7, respectively. It is evident
that the internal fracture system of Sample 1 before fracturing is
more complex, while Sample 2 exhibits more developed cleavage
and cleats.

In the surface crack morphology diagrams, the initial hydraulic
fracturing and secondary temporary plugging hydraulic fracturing
traces are delineated by red and blue dashed lines, respectively. To
facilitate a more efficient comparative analysis of the hydraulic
fracture morphology of each specimen, three-dimensional
reconstruction of the hydraulic fracture in the specimens was
conducted using SOLIDWORKS software, visually presenting
the hydraulic fractures within the specimens in three-
dimensional space (Zheng et al., 2015). The hydraulic fracture
morphology resulting from the TPDF of Specimens 1 and 2 is
depicted in Figures 8, 9. In Sample 1, a primary crack initiated
along the direction of minimum principal stress and vertically

traversed the S1 and S6 planes. Temporary plugging diverted
hydraulic fracturing resulted in the formation of a transverse
crack and a branching crack occurred due to redirection at the
naked eye section. The total area of artificial cracks was 249 cm2,
with a complexity coefficient of 4.34. In Sample 2, primary cracks
uniformly originated from the wellbore and extended vertically to
the S1 plane. Temporary plugging diverted hydraulic fracturing
produced two redirected cracks—one parallel and one
perpendicular to the wellbore—and a crossing branching crack
developed at the S5 plane. The total area of artificial cracks was
203 cm2, with a complexity coefficient of 5.88, which is 1.54 higher
than that of Sample 1.

Comprehensive comparison of the pre-fracturing CT
scans and post-fracturing crack morphology images for
Sample 2 and Sample 1 reveals that the cracks formed
after fracturing in Sample 1 have a longer extension
distance, communicating with various surfaces of the rock
specimen, but the crack morphology is relatively simple. In
contrast, the cracks formed after fracturing in Sample 2 are
predominantly vertical cracks extending along the direction

TABLE 3 Parameters used in fracturing experiments.

Sample
number

Core
sampling
depth

Earth
stress/
(MPa)

Fracturing
fluid viscosity/

(mPa·s)
Injection
rate/

(mL/min)

Number of
temporary

stops

Parameters of temporary
plugging agent

σv σH σh Concentration of
TPA/(g/L)

Size of
TPA/
(Mesh)

1 850 12 8 5 2.5 20 1 60 200/400

2 2,200~2,300 16 16 10 2.5 20 1 60 200/400

3 16 16 10 2.5 20 1 20 200/400

4 16 16 10 2.5 20 2 60 ①200/400

②10//20

FIGURE 5
Temporary plugging agents with different particle sizes. (A) 10/20 Mesh (B) 20/80 Mesh (C) 200/400 Mesh.
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of maximum principal stress, displaying a more complex
morphology. However, these cracks are shorter and do not
extend to the S3 and S6 surfaces. This is mainly due to the

well-developed natural joints and cleavage inside Sample 2,
which hinder the extension of artificial fractures in the designated
direction and make them more prone to redirection. From this

FIGURE 6
CT scan of sample 1 before pressure.

FIGURE 7
CT scan of sample 2 before pressure.

FIGURE 8
Surface crack morphology and internal crack reconfiguration of specimen 1.
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analysis, it can be inferred that the natural joints and cleavage in
the interior of deep coal rock specimens are more developed,
hindering the extension of artificial fractures and making them
more likely to undergo redirection. The fractures formed during
hydraulic fracturing are mostly convoluted short cracks, and the
overall transformation effects of both PF and TPDF on the rock
specimen are not satisfactory.

4.2 Influence of TPA dosage on fracture
morphology

During the TPDF, the quantity of TPA used can also
influence the morphology of fractures to some extent (Liu
et al., 2005; Xu et al., 2021; Shi et al., 2022; Wu et al., 2022;
Zhou et al., 2022; Fang et al., 2023). In order to investigate the
impact of the quantity of TPA on the expansion morphology of
fractures in deep coal rock, this set of experiments increased the
amount of TPA from 30 to 60 g/L for Specimen 3 and conducted

a comparative analysis of the fracture morphology after
temporary blocking fracturing.

As depicted in Figure 10, Sample 3 exhibited a complex network
of multiple branching cracks following temporary plugging diverted
hydraulic fracturing. Secondary cracks frequently redirected and
extended to various surfaces of the specimen. The total area of
artificial cracks measured 343 cm2, with a complexity coefficient of
6.98, representing a 1.1 increase compared to Sample 2. This set of
TPDF experiments significantly enhances the extension distance of
fractures and, to a certain extent, overcomes the constraints imposed
by natural joints and cleavage in the interior of deep coal rock. A
comparison between Sample 2 and Sample 3 experiments reveals
that increasing the concentration of the TPA is beneficial for
increasing the number of redirections of artificial fractures,
inducing the continued expansion of secondary fractures toward
weaker planes, communicating with unmodified areas, and
improving the modification effects of TPDF in previously
untouched zones. This also results in an increased reservoir
modification volume.

FIGURE 9
Surface crack morphology and internal crack reconfiguration of specimen 2.

FIGURE 10
Surface crack morphology and internal crack reconfiguration of specimen 3.
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FIGURE 11
Surface crack morphology and internal crack reconfiguration of specimen 4.

FIGURE 12
Typical local crack morphology and crack width variation of each specimen surface. (A) Slender and elongated fractures (Specimen 1) (B) Branching
fracture network (Specimen 2) (C) “X”-shaped fractures (Specimen 3) (D) Convoluted fractures (Specimen 4).
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4.3 Impact of TPA particle size on fracture
morphology

The particle size of the TPA is also a crucial factor influencing
the reservoir transformation effect of TPDF (Xiang, 2014; Jianguo
et al., 2020; Lu, 2020; Liu et al., 2021; Ming et al., 2021; Shi et al.,
2022; Zhang et al., 2022; Guo and Guo-Chuan-Ji, 2023; Wang et al.,
2024). In order to study the impact of TPA particle size on the
expansion morphology of fractures in deep coal rock, this set of
experiments involved two rounds of TPDF, using 200/400 mesh
(small particle size) and 10/20 mesh particle size (large particle size)
temporary blocking agents for Specimen 4.

As shown in Figure 11, the initial fracture in Specimen 4 originated
from the wellbore and extended vertically to the S1 surface. During the
first round of TPDF using the 200/400 mesh small particle size TPA,
there was no significant rupture pressure, and the temporary blocking
agent did not effectively seal the initial fracture, failing to generate new
artificial fractures. The total area of artificial cracks measured 58 cm2,
with a complexity coefficient of 1.26. In the second round of TPDF
using the 10/20 mesh large particle size TPA, the rupture pressure was
exceptionally high. The large particle size of the TPA led to excessive
sealing near the wellbore, causing extensive fracturing of the coal rock
near the wellbore and accumulating a large amount of coal dust.
Overall, the TPDF transformation effect of Specimen 4 was poor,
and the produced coal dust degraded the physical properties of the
coal rock. The blockage of some flow channels reduced permeability,
causing certain damage to the reservoir.

Comparing the two sets of experiments, Specimens 4 and 2, it
can be observed that the choice of TPA particle size during deep coal
rock TPDF is crucial. A TPA particle size that aligns better with the
reservoir fracture system results in more effective TPDF. A particle
size that is too small may fail to seal the fractures, making it difficult
for the fractures to reorient. Conversely, when the particle size is too
large, excessive wellbore sealing can lead to rapid pressure buildup,
and the generated coal dust can damage the coal rock formation.

4.4 Analysis of typical local fracture
morphology and fracture width in
artificial fractures

The typical local fracture morphologies for each specimen are
depicted in Figure 12. In Specimen 1, artificial fractures exhibit
slender and elongated features, with fractures extending outward
from the center of the S2 surface showing a narrowing trend in
width. The average width of secondary fractures is 93 μm.
Specimens 2 and 3, after temporary blocking fracturing, display
complex intersecting fractures. In the central region of the
intersecting area, the width of fractures extending outward
tends to widen. The average widths of secondary fractures in
Specimens 2 and 3 are 191 μm and 275 μm, respectively. It can
be observed that, compared to shallow coal rock specimens,
artificial fractures in deep coal rock specimens are more
complex, with wider widths. Additionally, the width of fractures
in the process of extension exhibits more frequent and significant
variations. Increasing the quantity of TPA can widen the artificial
fractures in deep coal rock during temporary blocking
reorientation fracturing, enhancing the transformation effect.

The initial fractures in Specimen 4 exhibit a convoluted
expansion morphology, but due to the mismatch in the particle
size of the TPA with the initial fractures, there is no apparent
development of secondary fractures after the temporary blocking
fracturing experiment.

5 Conclusion

This study employed a true triaxial hydraulic fracturing
device, combined with CT scanning and crack reconstruction
technology, to conduct PF and TPDF experiments on deep and
shallow coal rock samples. The aim was to investigate the
differences in internal structures between deep and shallow
coal seams and the varying patterns of temporary blocking
reorientation fracture expansion. Additionally, the study
explored the influence of TPA quantity and particle size on
the expansion of TPDF fractures in deep coal seams. The
following conclusions were drawn.

(1) Deep coal rock samples exhibit more developed cleavage and
cleats, which, to a certain extent, constrain the extension of
artificial fractures. This hinders the opening and
communication of natural weak planes. Post-fracturing
cracks are predominantly vertical fractures initiated along
the direction of maximum horizontal principal stress. These
fractures tend to be wider but shorter in length, resulting in
relatively complex fracture patterns and suboptimal
transformation effects in the far-wellbore region.

(2) Increasing the dosage of the TPA can increase the number of
redirections of fractures, facilitating communication with
previously untouched areas, widening secondary fractures,
and enhancing the overall modification effects of TPDF on
the specimen. This leads to an increased reservoir
modification volume.

(3) Suitable TPA particle size can effectively form plugging,
which is conducive to inducing the steering and expansion
of cracks. When the diameter of TPA is too small (200/
400 mesh), it is difficult to form effective plugging, and the
effect of temporary plugging fracturing is poor. When the
particle size of the TPA is too large (10/20 mesh), it is easy
to block the wellbore, causing destructive fracturing near
the wellhead, producing a large amount of coal powder,
and causing damage to the physical properties of
the reservoir.
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