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ABSTRACT: This study investigated the micro-sliding frictional behavior of shale in fracturing fluids under varying
operational conditions using Chang 7 shale oil reservoir core samples. Through systematic micro-sliding friction
experiments, the characteristics and governing mechanisms of shale friction were elucidated. Complementary analyses
were conducted to characterize the mineral composition, petrophysical properties, and micromorphology of the shale
samples, providing insights into the relationship between microscopic structure and frictional response. In this paper,
the characteristics and variation law of shale micro-sliding friction under different types of graphite materials as
additives in LGF-80 (Low-damage Guar Fluid) oil flooding recoverable fracturing fluid system were mainly studied. In
addition, the finite element numerical simulation experiment of hydraulic fracturing was adopted to study the influence
of the friction coefficient of natural fracture surfaces on fracture propagation and formation of the fracture network.
The geometric complexity of fracture networks was systematically quantified under varying frictional coefficients of
natural fracture surfaces through multi-parametric characterization and morphometric analysis. The research results
show that graphite micro-particles reduce friction and drag. Based on this, this paper proposes a new idea of graphite
micro-particles as an additive in the LGF-80 oil flooding recoverable fracturing fluid system to reduce friction on the
fracture surface.
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1 Introduction
Shale reservoirs represent a critical class of unconventional hydrocarbon systems, serving as glob-

ally significant sources of tight oil and shale gas resources [1,2]. Hydraulic fracturing, especially volume
Fracturing, is one of the important technologies in shale oil production and has been studied deeply by
scholars and experts [3]. Volume fracturing is a critical mechanism in unconventional reservoir stimulation,
wherein hydraulic fractures interact dynamically with pre-existing natural fractures. This process triggers
shear slippage along natural fracture surfaces due to induced stress perturbations, while simultaneously
promoting fracture propagation aligned with the natural fracture orientations. The synergistic effects of
these mechanisms facilitate the development of interconnected fracture networks characterized by multi-
scale branching and cross-cutting fracture geometries, ultimately enhancing reservoir contact area and
hydrocarbon drainage efficiency [4–6]. In essence, the shear slip phenomenon of natural fractures in shale
oil reservoirs is the process of sliding friction during hydraulic fracturing, Friction resistance, roughness
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and waviness of sliding friction surface, mineral composition of friction rock sample, sliding displacement
distance, the pore structure of sliding friction, temperature, positive pressure and liquid properties of sliding
friction surface all affect the sliding friction characteristics of rock [7–10].

Numerous studies have investigated the influence of different factors on the frictional sliding of shale.
Significant progress has been made in the study of the multiscale influences on the frictional properties
of rocks, focusing on three key dimensions: mineral fraction, surface morphology, and fluid environment.
Regarding mineralogical controls, Clay minerals have a significant effect on the coefficient of friction of
rock. In response to this factor, Morrow et al. [11] have measured the frictional sliding behavior of pure
montmorillonite, mixed montmorillonite/illite and pure illite as a function of effective pressure, Additionally,
Tembe et al. [12] conducted a series of triaxial compression tests, They found that, in all cases, frictional
strengths of mixtures fall between the end members of pure quartz (strongest) and clay (weakest), the
overall trend was a decrease in strength with increasing clay content. Zhang [13] conducted micro friction
experiments on various types of granite, basalt, sandstone, and limestone, mainly studying the influence of
rock composition on the sliding friction characteristics of rocks. Ramana [14] also studied the influence of
clay minerals in fault gouge on rock friction coefficient. Hang et al. [15] studied the influence of mineral
composition on the tribomechanical properties of rock from macroscopic and microscopic perspectives,
and established the relationship between them. It provides a theoretical basis for revealing the mechanism
of cross-scale friction mechanics.

In the field of surface morphology, scholars have conducted extensive research. By developing a set of
experimental devices for rock microfriction slip, Barton et al. [16] has established a mechanical model of rock
microfriction properties based on the existing model from a microscopic point of view. Through integrated
theoretical analysis and experimental investigations, Wang et al. [17] systematically characterized the shear
behavior of rock discontinuities, culminating in the development of the JRC-JCS empirical model. Xia [18]
studied the separation method of waviness and roughness of rock surfaces.

In terms of sliding friction surface liquid properties, Zhu et al. [19] and Zheng [20] established the
coupled model of seepage damage in fractured rock mass, Zhao [21] developed the multi-field coupling
theory of seepage damage fracture, which laid a mechanical foundation for understanding the evolution
of friction behavior under fluid pressure. In terms of experimental research, Qi et al. [22] systematically
revealed the chemical mechanismof the regulation of drag reducer components on rock friction, and Horn
et al. [23] studied the frictional properties of various rock components in different fluid environments. Moore
et al. [24] further investigated the variation characteristics of sliding friction of various silicate minerals
under different water content on this basis. Liu et al. [25] analyzed the mechanical and frictional properties
of shale under soaking conditions, and their experimental results showed that the shale friction coefficient
decreased with increasing soaking time, and the shale friction coefficient decreased significantly within 6 h of
soaking and then tended to be stable. Zhang et al. [26] and Xiao et al. [27] studied the friction characteristics
of shale in contact with dry quartz sand and alumina respectively. Current research on shale micro-sliding
frictional behavior remains limited, particularly regarding the influence of particulate-laden media (e.g.,
quartz particles) at fracture interfaces. Existing studies predominantly focus on quartz-dominated systems,
leaving critical gaps in understanding multiphase particle effects, interfacial chemo-mechanical coupling,
and scale-dependent friction mechanisms under realistic reservoir conditions.

This paper will combine the above research results, through sliding friction tests on shale specimens,
investigates the micro-sliding friction behavior of shale in fracturing fluid systems containing graphite
additives, with focused examination of LGF-80 oil displacement can be the recovery of the fracturing fluid
system in different conditions (base environment, drag reduction agent proportion, and graphite material
type) under the micro sliding friction characteristics and change the law of shale to the complex medium



Energy Eng. 2025;122(5) 1825

environment for the future study, especially under the condition of different types of particles shale micro
sliding friction feature provides new thought.

2 The Friction Experiment

2.1 Experimental Materials and Setup
The experimental material is mainly composed of shale friction samples with mineral components and

formulations of fluid with three types of graphite materials (60–80 mesh graphite ball, 80–100 mesh graphite
ball, and 100 mesh graphite sheet).

This experimental study used an X-ray polycrystalline diffractometer to identify and analyze common
phases. X-rays have specific diffraction directions and intensities for powder solids with different confor-
mations and crystal forms, known as characteristic diffraction spectra, which can effectively determine
the phases present in the material. Crush the shale sample with a hammer and collect the powder for
X-ray Diffraction (XRD) testing. Compare the X-ray diffraction pattern (position, number, and relative peak
intensity) of the shale sample with the standard diffraction pattern of the known phase in the card library to
qualitatively analyze the phase composition of the shale sample, as shown in Fig. 1.

Figure 1: X-ray diffractometer

The types and proportions of clay, quartz, and feldspar components of the shale sample are shown
in Fig. 2 and Table 1. A comprehensive analysis of the experimental results shows that the shale of the target
reservoir contains a large proportion of hard grain minerals, about 81.10%. The proportion of clay minerals
is small, about 18.90%.

The base fluids selected for this fluid system are clean water and salt water (simulated formation water).
The fluid environments are shown in Table 2, and the simulated formation water concentration is configured
as follows. The fluid formulations are 0.6% XYZC-6 and 0.6% XYTJ-3. The saltwater contains 2.0% KCl,
5.5% NaCl, 0.45% MgCl2, and 0.55% CaCl2, and then diluted by 10%. The additives include a drag reducer
(XYJZ-1), graphite ball, and 100 mesh graphite sheet. And the proportion of drag reducer is 0.5%, 1.0%,
and 1.5%.
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Figure 2: Types of mineral components contained in shale

Table 1: The proportions of mineral components contained in shale

Sample Quartz Plagioclase Potassium feldspar Mica Calcite Chlorite Kaolinite
1 24.7% 31.6% 19.9% 7.2% 7.1% 5.7% 3.8%
2 27.8% 34.7% 7.9% 8.5% 11.2% 7.0% 2.9%
3 29.8% 29.8% 16.8% 6.8% 7.2% 7.1% 2.5%
4 32.1% 33.2% 12.0% 4.3% 8.8% 5.3% 4.3%
5 28.4% 31.6% 10.9% 7.5% 12.9% 6.5% 2.2%

Table 2: Type and proportion of additives in a fluid system

Additive

Base solution Drag reduction
agent (%)

60–80 mesh
graphite ball (%)

80–100 mesh
graphite balls (%)

100 mesh graphite
sheet (%)

Clean water 0.5 0.5 × ×

Clean water 0.5 × 0.5 ×

Clean water 0.5 × × 0.5
Clean water 1.0 0.5 × ×

Clean water 1.0 × 0.5 ×

Clean water 1.0 × × 0.5
Clean water 1.5 0.5 × ×

(Continued)
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Table 2 (continued)

Additive

Base solution Drag reduction
agent (%)

60–80 mesh
graphite ball (%)

80–100 mesh
graphite balls (%)

100 mesh graphite
sheet (%)

Clean water 1.5 × 0.5 ×

Clean water 1.5 × × 0.5
Saltwater 0.5 0.5 × ×

Saltwater 0.5 × 0.5 ×

Saltwater 0.5 × × 0.5
Saltwater 1.0 0.5 × ×

Saltwater 1.0 × 0.5 ×

Saltwater 1.0 × × 0.5
Saltwater 1.5 0.5 × ×

Saltwater 1.5 × 0.5 ×

Saltwater 1.5 × × 0.5

In addition, 60–80 mesh graphite balls can be aggregated into visible particles in the liquid used for
friction experiments. 80–100 mesh graphite balls and 100 mesh graphite sheets can be well dissolved in the
liquid and form suspension. Considering the large size of 60–80 mesh graphite balls, it is easy to float on the
liquid surface due to the influence of liquid surface tension. In the liquid stirring process, the graphite balls
floating on the liquid surface then gather together, resulting in visible particles.

To obtain high precision test results (horizontal force and normal force of 1 N, horizontal displacement
of 2.0 μm), by referring to Tember’s experimental investigation into the impact of clay minerals on the
rock friction coefficient, a capable of measuring rock friction characteristics has been engineered, with its
schematic representation provided in Fig. 3 (Tembe et al., 2010). The device consists of a manual taper
screw, flexible steel rope, horizontal force transducer, normal force transducer, upper and lower sample
slots, leveling mechanism, liquid pool, displacement transducer, data acquisition, isolation platform, and
computer. Place the samples separately in the upper and lower sample holder, and the drag force was applied
by a manual taper screw, and the drag force, displacement, and normal pressure (force) were measured using
a data acquisition system, that was connected to a computer, and recorded automatically.

Figure 3: New developed rock friction tester system
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2.2 Experimental Process and Result Analysis
Cut the rock sample into a 2 × 2 × 3 cm cuboid. Use the wire-cutting method to split the two blocks of

2 × 2 × 1.5 cm along the center of the rock long axis, and then use the new rock friction tester system to test
the friction coefficient changes of each sample in different environments.

2.2.1 Effect of Different Graphite Additives on Friction Coefficient of Shale When the Ratio of Drag Reducer in
Clear-Water Based Liquid Is 0.5%
When the proportion of drag reducer is 0.5% and graphite material is 60–80 mesh graphite ball, 80–100

mesh graphite ball, and 100 mesh graphite sheet, the micro-friction experimental results of the shale rock
sample are shown in Fig. 4. To reduce the error, two groups of experiments were conducted on different
graphite materials. The effect of 100 mesh graphite on reducing the friction coefficient in the shale fracture
surface is not ideal, and the average friction coefficient of the shale sample is 0.5235. The effect of the two
kinds of graphite balls on reducing the friction coefficient of the shale fracture surface is similar, and the
average friction coefficient of 60~80 mesh graphite balls is 0.4093. The average friction coefficient is 0.4482
when the graphite sphere is 80~100 mesh.
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Figure 4: Microfraction test results of six groups of shale samples under these conditions

2.2.2 Effect of Different Graphite Additives on Friction Coefficient of Shale When the Ratio of Drag Reducer in
Clear-Water-Based Liquid Is 1.0%
When the proportion of the drag reducer is 1.0% and the graphite material is 60–80 mesh graphite ball,

80–100 mesh graphite ball, and 100 mesh graphite sheet, respectively, the micro-friction experimental results
of the shale sample are shown in Fig. 5. To reduce the error, two groups of experiments were conducted
on different graphite materials, and a total of six groups of experimental results were obtained. The average
friction coefficient of shale samples is 0.5227. The two kinds of graphite balls have similar effects on reducing
the friction coefficient of shale samples. The average friction coefficient is 0.4470 under the condition of
60–80 mesh graphite balls. The average friction coefficient is 0.3936 under the condition of 80~100 mesh
graphite spheres.
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Figure 5: Microfraction test results of six groups of shale samples under these conditions

2.2.3 Effect of Different Graphite Additives on Friction Coefficient of Shale When the Ratio of Drag Reducer in
Clear-Water-Based Liquid Is 1.5%
Under the condition that the proportion of the drag reducer is 1.5% and the graphite material is 60–80

mesh graphite ball, 80–100 mesh graphite ball, and 100 mesh graphite sheet, the micro-friction experimental
results of the shale sample are shown in Fig. 6. To reduce the error, two groups of experiments were conducted
on different graphite materials. The friction coefficient of shale samples decreases under different types of
graphite materials. Among them, the effect of 100 mesh graphite pieces on reducing the friction coefficient
of the fracture surface in shale samples is small, and the average friction coefficient of the shale samples is
0.4035. The effect of the two kinds of graphite balls on reducing the friction coefficient of the fracture surface
of tight rock samples is similar. The average friction coefficient is 0.3238 when 60~80 mesh graphite balls are
used as additives, and 0.3615 when 80~100 mesh graphite balls are used as additives.
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Figure 6: Microfraction test results of six groups of shale samples under these conditions
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2.2.4 Effect of Different Graphite Additives on Friction Coefficient of Shale When the Ratio of Drag Reducer in
Salt-Water-Based Liquid Is 0.5%
When the proportion of drag reducer is 0.5% and graphite material is 60–80 mesh graphite ball,

80–100 mesh graphite ball, and 100 mesh graphite sheet, the micro-friction experimental results of the shale
sample are shown in Fig. 7. To reduce error, two groups of experiments were conducted on different graphite
materials. The average friction coefficient of shale samples is 0.5653. The two kinds of graphite balls have
similar effects on reducing the friction coefficient of shale samples. The average friction coefficient of shale
samples is 0.4217 under the condition of 60–80 mesh graphite balls. The average friction coefficient is 0.4597
under the condition of 80–100 mesh graphite spheres.
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Figure 7: Microfraction test results of six groups of shale samples under these conditions

2.2.5 Effect of Different Graphite Additives on Friction Coefficient of Shale When the Ratio of Drag Reducer in
Salt-Water Based Liquid Is 1.0%
When the proportion of the drag reducer is 1.0% and the graphite material is 60–80 mesh graphite

ball, 80–100 mesh graphite ball and 100 mesh graphite sheet, the micro-friction experimental results of the
shale sample are shown in Fig. 8. In order to reduce the error, two groups of experiments were conducted
on different graphite materials. The average friction coefficient of shale samples is 0.4987. The two kinds of
graphite balls have a similar effect on reducing the friction coefficient of shale samples. The average friction
coefficient of shale samples is 0.4043 when the graphite balls are 60–80 mesh. The average friction coefficient
is 0.4270 for 80~100 mesh graphite spheres.
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Figure 8: Microfraction test results of six groups of shale samples under these conditions

2.2.6 Effect of Different Graphite Additives on Friction Coefficient of Shale When the Ratio of Drag Reducer in
Salt-Water-Based Liquid Is 1.5%
Under the condition that the proportion of the drag reducer is 1.5% and the graphite material is

60–80 mesh graphite ball, 80–100 mesh graphite ball, and 100 mesh graphite sheet, the micro-friction
experimental results of the shale sample are shown in Fig. 9. To reduce the error, two groups of experiments
were conducted on different graphite materials. The friction coefficient of shale samples decreases under
different types of graphite materials, and the three graphite balls have similar effects on reducing the friction
coefficient of the fracture surface in shale samples. The average friction coefficient is 0.3597 under the
condition of 60–80 mesh graphite balls as additives, and 0.3384 under the condition of 80–100 mesh graphite
balls as additives. The average friction coefficient is 0.4003 when a 100-mesh graphite sheet is used as
an additive.
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Figure 9: Microfraction test results of six groups of shale samples under these conditions

Through comprehensive analysis of friction test results of shale samples, the following conclusions can
be drawn:
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Different base fluid components (water and salt water) of the fluid used in the friction experiment have
no significant influence on the friction coefficient of the shale sample. Under the condition of different base
fluid components and the same other conditions, the friction coefficient of the shale sample has a small
difference, the difference is about 0.05.

The drag reduction agent ratio on the shale-friction coefficient has a certain influence, in general,
the other under the same conditions of drag reduction agent ratio is higher, the lower the shale friction
coefficient, which when the drag reducer ratio increases from 0.5% to 1.0%, the shale sample to reduce friction
coefficient is not obvious, but when the drag reduction agent increased to 1.5%, The friction coefficient of the
shale sample decreases obviously.

The type of graphite material has a certain effect on the friction coefficient of shale samples. In general,
the drag reduction effect of a graphite ball is better than that of a graphite sheet. There is no obvious difference
between the drag reduction effect of 60–80 mesh graphite ball and 80–100 mesh graphite ball, and the drag
reduction effect of 100 mesh graphite ball is poor.

3 Numerical Simulation Experiment Process and Result Analysis

3.1 Numerical Simulation Test Flow
In the aforementioned experiment, we examined how fracturing fluid performance affects the friction

coefficient under various conditions, including the base environment, drag-reducing agent ratio, and
graphite material type. In this section, we will undertake numerical simulation experiments to investigate
the impact of varying friction coefficients on the length of hydraulic fracturing fractures. The details of
the poroelastic-fracture-propagation model refer to the mathematical model of Ouchi [28]. This model
simultaneously solves the three governing equations for mechanics, porous flow, and fracture flow. The
key input parameters for computational modeling were derived from field measurements conducted at the
site, as documented in Table 3. Utilizing the cohesive zone modeling capabilities within ABAQUS finite
element platform, a planar geological profile spanning 40 m in both horizontal and vertical dimensions was
successfully established, with the geometric configuration illustrated in Fig. 10.

Table 3: Basic parameters of numerical simulation

Parameter Value Parameter Value
Elastic modulus (GPa) 23.1 Pore pressure (MPa) 21.0

Poisson’s ratio 0.25 Density (kg/m3) 2600
Tensile strength (MPa) 7.7 Permeability (mD) 0.14

Compressive strength (MPa) 175.58 Fracturing time (s) 240
Vertical stress (MPa) 42.0 Fracturing fluid viscosity (mPa⋅s) 12

Maximum horizontal stress (MPa) 44.0 Injection displacement (m2/s) 0.004
Minimum horizontal stress (MPa) 39.0 Fracture toughness (MPa⋅m1/2) 1.1052

Porosity (%) 8.02 Fracturing fluid density (kg⋅m−3) 1218
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Figure 10: Schematic of the 2D stratigraphic model

In this model, the injection point is placed at the center, with 30 natural cracks of 6 m and 20 natural
cracks of 4 m arranged symmetrically on either side of the injection point. A triangular meshing technique
is used, resulting in a total of 3558 triangular elements and 5257 interface elements. The model is subject to
boundary conditions of fixed displacement and impermeability.

3.2 Numerical Simulation Test Results Analysis
This numerical simulation study systematically investigates the influence of natural fracture interface

friction variations (0.3, 0.35, 0.4, 0.45, 0.5, 0.6) on crack extension characteristics. The experimental results
are shown in Fig. 11.

(a) (b)

Figure 11: (Continued)
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(c) (d)

(e) (f)

Figure 11: Crack propagation under different friction coefficients. (a) μ = 0.3; (b) μ = 0.35; (c) μ = 0.4; (d) μ = 0.45;
(e) μ = 0.5; (f) μ = 0.6

In Fig. 12, the fracture lengths of numerical simulation results under different friction coefficients of
natural fracture surfaces are statistically analyzed. In general, with the increase of friction coefficients, the
total fracture lengths first increase and then decrease, and when the friction coefficient of natural fracture
surfaces is 0.45, the longest fracture lengths are 193.3 m. As the friction coefficient increases, the length of the
natural fracture surface increases first and then decreases. When the coefficient is 0.4, the longest length of
the natural fracture surface is 67 m. With the increase of coefficient, the length of hydraulic fracture is stable.

The results of numerical simulation of fracture propagation under different friction coefficients can be
summarized as follows:

When the friction coefficient is small, the total fracture length is long and the fracture network
complexity is large; When the friction coefficient is larger, the total length of the fracture is shorter and the
complexity of the fracture network is smaller. When the friction coefficient is 0.45, the natural fracture length
is the longest.
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Figure 12: Fracture length under different natural fracture surface friction coefficients

4 Conclusions
In this paper, micro-friction experiments of shale under different liquid environments and numerical

simulation experiments under different friction coefficients were carried out. Received target shale reservoir
in different base fluid (water and saltwater) and drag reduction agent proportions (0.5%, 1.0% and 1.5%),
and different graphite material types (60~80 mesh graphite ball, 80~100 mesh graphite and 100 mesh flake
graphite) under the condition of friction coefficient change law and the target reservoir in the conditions
of different natural fracture surface friction coefficient when working conditions on-site. According to
the numerical simulation test results under different friction coefficients, when the friction coefficient of
the natural fracture surface is in the range of 0.4~0.45, the complexity of the fracture network formed by the
interaction between hydraulic fractures and natural fractures is the highest under the hydraulic fracturing
operation and geomechanical conditions of the target reservoir.

Based on the above research and analysis, the main conclusions can be drawn as follows:
The results of shale micro-friction experiments under different liquid environments show that: (1) Dif-

ferent base fluid components (water and salt water) have no significant influence on the friction coefficient of
shale samples; (2) When the proportion of drag reducer increases from 0.5% to 1.0%, the friction coefficient
of the shale sample does not decrease significantly; when the proportion of drag reducer increases to 1.5%,
the friction coefficient of the shale sample decreases significantly; (3) There is no obvious difference in drag
reduction effect between 60–80 mesh graphite balls and 80–100 mesh graphite balls, and the drag reduction
effect of 100 mesh graphite balls is poor; (4) The dissolution effect of 60–80 mesh graphite balls in the liquid
used for the friction experiment is poor, and they tend to aggregate into visible particles and float on the
upper surface of the liquid. 80–100 mesh graphite balls and 100 mesh graphite sheets can be well dissolved
in the liquid and form suspension. Combined with the experimental results of shale micro-friction under
different liquid environments and the numerical simulation results under different friction coefficients, it can
be seen that in the LGF-80 oil displacement recoverable fracturing fluid system, when the graphite material
additives are 60~80 mesh graphite balls or 80~100 mesh graphite balls and the proportion of drag reducer is
0.5%~1.0%, the friction coefficient of the target reservoir is in the range of 0.40~0.45.
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Under this condition, the fracture network complexity formed by hydraulic fracturing of the target
reservoir is also the highest. However, 60–80 mesh graphite balls are easy to float on the solution surface and
aggregate into particles, while 80~100 mesh graphite balls are easy to form a suspension. Therefore, it is more
suitable to select 80~100 mesh graphite ball as graphite material additive in the LGF-80 oil displacement
recoverable fracturing fluid system.
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