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Abstract
Low fracturing efficiency and high permeability
filtration present substantial challenges during the
fracturing development of coalbed methane
(CBM), significantly hindering its efficient
exploitation. In this study, a cross-linker featuring
specific polar functional groups on its side
chains was synthesized, and a multi-functional
coupling evaluation apparatus was developed
to systematically investigate the performance
characteristics of water-based fracturing fluids.
Furthermore, molecular dynamics simulations were
employed to elucidate the microscopic mechanisms
by which the modified cross-linkers and various
external factors influence CBM extraction efficiency.
The results indicated that the modified water-based
fracturing fluid enhances fracture propagation
and reduces fluid filtration into the reservoir.
Increasing the concentration of the cross-linker
(0wt% to 0.3wt%) improves both gas production
efficiency and fracture expansion capacity (20m
of crack length to 36m). Conversely, elevated
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reservoir temperatures (383K to 433K) markedly
decrease gas recovery efficiency while significantly
increasing fluid seepage (5.8ml to 7.5ml) and
expansion capacity (26m of crack length to 42m). In
contrast, higher reservoir pressure demonstrates an
opposite trend by enhancing extraction efficiency
and mitigating fluid filtration. The alteration
of chemical bonding interactions between fluid
molecules is identified as a key microscopic
mechanism influencing CBM development,
thereby offering a theoretical foundation for
optimizing water-based fracturing strategies in
low-permeability coal reservoirs.

Keywords: coalbed methane, reservoir transformation,
coalbed methane mining, water-based fracturing, low
permeability reservoir.

1 Introduction
Global energy shortages have emerged as a critical
challenge, and unconventional resources such as
coalbed methane (CBM) are increasingly regarded
as important supplements to conventional fossil
fuels; however, the strong dependence of coal
permeability on in-situ stress and pore pressure
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severely restricts the efficient recovery of CBM [1].
Addressing this issue requires either developing such
clean alternative resources or improving extraction
efficiency, primarily through the optimization
of well-stimulation technologies represented by
hydraulic fracturing [2]. (1) Development of clean
unconventional energy sources: Unconventional
natural gas represented by CBM has emerged as
a promising complement to conventional fossil
fuels, since methane is predominantly stored in coal
seams in the adsorbed state and can be recovered
through desorption–diffusion–seepage processes [3].
The exploitation of CBM not only offers a practical
pathway for alleviating energy shortages, but also
contributes to mitigating environmental concerns
such as the greenhouse effect, because methane
that would otherwise escape during coal mining
is captured and utilized [4]. Nevertheless, several
critical challenges continue to hinder the large-scale
exploitation of CBM. Firstly, the interaction between
injected working fluids and the coal matrix can
significantly alter the sorption and diffusion behaviour
of coal, introducing uncertainty into productivity
evaluation and reservoir protection [5]. Secondly, the
extremely low permeability and strong heterogeneity
of coal reservoirs restrict stable gas supply and
necessitate effective stimulation treatments. Finally,
the performance of key fracturing-fluid additives,
particularly crosslinking agents, deteriorates markedly
under high-temperature and high-pressure reservoir
conditions, which poses significant challenges to
the reliable large-scale stimulation of deep coal
seams [6]. (2) Technological innovation in reservoir
transformation [7]. Although reservoir transformation
technologies are well established for conventional
energy sources, their direct application to coalbed
methane and shale gas remains challenging due
to fundamental differences in reservoir conditions.
Stimulation methods developed for conventional or
tight reservoirs (e.g., volumetric fracturing of tight
oil formations [8]) require substantial adaptation
for coal seams, and the marked differences in crack
propagation patterns between fluid types—such
as water-based versus supercritical CO2 fracturing
fluids—further illustrate the complexity of fluid
selection in CBM reservoir stimulation [7].

Water-based fracturing is the most widely used
reservoir transformation technology, offering effective
fracture extension, efficient sand-carrying capacity,
and significant improvements in CBM recovery
efficiency [9, 10]. However, this approach is

accompanied by several notable deficiencies. At the
molecular scale, fluid components adsorb ontomineral
surfaces within reservoir pores, altering the local
fluid structure and reducing effective permeability
[11]. More broadly, changes in fluid properties
impede stable fracture propagation [12]. Elevated
reservoir temperatures accelerate the degradation of
fluid viscosity and rheological parameters, increasing
proppant settling and reducing fracture support [13].
Additionally, crosslinker adsorption onto fracture
surfaces restricts reservoir permeability and hinders
CBM convergence. Addressing these limitations
through structural modification of the crosslinker is
therefore essential for adapting water-based fracturing
fluids to coal seam conditions.

Thus, this study developed a novel cross-linker,
based on the deficiencies of the current water-based
fracturing fluid. These include the variable rheological
parameters and the ease with which the cross-linker
molecular structure is destroyed. Concurrently, the
study also developed a series of coupled evaluation
devices capable of assessing the various performance
characteristics of water-based fracturing fluids. This
development is intended to enhance the precision
of evaluation data and ensure the reliability of fluid
performance. Furthermore, the performance influence
mechanism of the novel cross-linker was elucidated
under diverse coal seam conditions through molecular
dynamics theory, facilitating the efficient exploitation
of coalbed methane and providing fundamental
scientific and technological support for maintaining
energy security.

2 Materials and methods
2.1 Materials and Equipment
Materials: Ethylene glycol (CAS 107-21-1), boric acid
(CAS 10043-35-3), ethanol, ammonium persulfate and
triethylenetetramine were all of analytical grade and
were provided by Aladdin Reagent (Shanghai) Co.,
Ltd. Sodium hydroxide was chromatographically pure
(99.8%) and was provided by Xilong Chemical Co.,
Ltd. Acrylamide grafted guar gum was provided by
Nanjing Chemical Reagent Co., Ltd. The commercial
organic boron crosslinking agent is purchased from
Dongying Fukos Petroleum Technology Co., Ltd. It
presents a yellow uniform liquid with a crosslinking
time of 30-240 seconds.

Equipment: The multifunctional coupling evaluation
device (see Figure 1) is self-assembled in the
laboratory, and its airtightness and precision have
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Figure 1. Multi-performance coupling device for water-based fracturing fluid.

been tested and qualified. The device incorporates
a pressurisation and pressure stabilisation module,
a temperature control module, a fracturing and
expansion module, a coalbed methane recovery
module, and a data processing module. Firstly,
the fracturing fluid, composed of water and
proppant, is injected into a pressure-stabilised
and pressure-resistant steel cylinder for temporary
storage. This cylinder can also be used to pressurise
to a reservoir pressure similar to that of the coal
seam. Concurrently, resistance wires are positioned
on the exterior of the pressure-resistant steel cylinder
and the pipeline to facilitate real-time temperature
detection, simulating the reservoir temperature. This
approach enables the simulation to approach the
actual coal seam environment. The fluid viscosity
of the water-based fracturing fluid is measured in
a capillary (r=0.4mm, L=10m), while the fracture
expansion and coalbed methane recovery are in the
core holder.

2.2 Calculation of fluid viscosity
The viscosity of water-based fracturing fluid,
characterized as a non-Newtonian fluid exhibiting
shear-thinning behavior, can be quantitatively assessed
using a capillary viscometer. The corresponding
viscosity calculation for non-Newtonian fluids is
presented in Equation 1, which facilitates the analysis
of viscosity variations under different coal seam
conditions.

η =
τw
γ̇w

=
(D∆p)/(4L)

(8ν)/D
(1)

where η presented the fluid viscosity, Pa ·s; τw showed
a wall shear stress, Pa; γ̇w displayed the apparent shear
rate, s−1;Dwas the capillary diameter,m; the pressure
difference of capillary was indicated by ∆p,MPa; and
L was capillary length, m; v was the flow velocity of
Water-based fracturing fluid,m · s−1.
In addition, Equation 2 can also be employed to
analyze and characterize the rheological index and
consistency coefficient of water-based fracturing fluids,
parameters that are directly linked to the efficient and
stable production of coalbed methane and associated
operational performance [14].

lg τw = lgK(
3n+ 1

4n
)n + n lg(

8ν

D
) (2)

The relationship between rheological index and
consistency coefficient can also be solved and
calculated by Equation 2.

2.3 Fracture propagation in coal seams
The core holder depicted in Figure 1 was employed
as a foundation for the exploration of the coal seam
fracture expansion behaviour under various factors.
The objective of this exploration is to enhance the
efficiency of coal seam gas extraction. Initially,
the fracture in the coal seam core is preset, thus
facilitating the rock damage and fracture initiation of
water-based fracturing fluid under external pressure.
Concurrently, the coal seam gas recovery rate of
water-based fracturing fluid under varying conditions
can be exhibited in real time through CT scanning.
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Furthermore, a numerical model of fracture
propagation of water-based fracturing fluid in
geological reservoirs was constructed, with the
purpose of evaluating and simulating alterations
in fracture parameters caused by the material
composition of water-based fracturing fluid and the
influence of reservoir environment.

2.3.1 Boundary conditions of the fracture propagation
model

The governing equation for the flow of water-based
fracturing fluid within reservoir fractures must be
explicitly defined, as it critically determines the extent
of changes in fluid properties and the subsequent
fracture propagation behavior. Equations 3 and 4
present the flow dynamics of water-based fracturing
fluid in reservoir fractures, incorporating the effect
of fluid filtration. Crosslinked water-based fracturing
fluids typically behave as shear-thinning power-law
fluids [15]; accordingly, Equations 3 and 4 describe
the flow of such a power-law fluid within reservoir
fractures, incorporating the effect of fluid filtration,
and can be utilized to elucidate the impact of fluid
viscosity on fracture geometry evolution.

qx = − w2n+1

(2n+ 1)K
(
|∂p/∂x|

2
)

1
n−1∂p/∂x (3)

µeff = Kγn−1 (4)

where qx is the volume flow rate of reservoir fractures.
w and ∂p are the fracture width and pressure gradient.
x is the crack length direction in the crack plane. n and
K are the consistency coefficient and rheological index
of water-based fracturing fluid, and they are mainly
affected by the fluid viscosity η. γ̇ is the shear rates of
the water-based fracturing fluid.
The solid-liquid coupled temperature field equation
of water-based fracturing fluid and reservoir fractures
is shown in Equation 5, which can explain the changes
in reservoir temperature under the influence of fluid
viscosity and filtration behaviour [16].

ρcp(
∂(wT )

∂t
+∇(wvT )) = ∇(kfw∇T ) + ρcp

2Cl√
t− τ(x)

(T − Tr)

(5)

where ρ and cp are the density and specific heat
capacity of water-based fracturing fluid. T and Tr are
the fluid temperature and reservoir temperature. v

and kf are the fluid flow rate and thermal conductivity.
Cl is the filtration coefficient of reservoir fluid.
Moreover, the pressure control equation of the
coupled model of the water-based fracturing fluid
(non-Newtonian fluid) in reservoir fractures is
demonstrated in Equation 6, in which the Carter-type
leak-off term explicitly accounts for fluid filtration into
the reservoir, a behaviour that has been shown to
strongly affect the overall performance of water-based
fracturing fluids [17].

4(1− ν2)
E

∂pe
∂t
−

∂

[
1

(2n+1)K(T )(
4(1−ν2)

E pe)
2n+1(

| ∂pe∂x |
2 )1/n−1 ∂pe

∂x

]
∂x

+
2Cl√
t− τ(x)

= 0

(6)

whereE and pe are the reservoir Young’s modulus and
effective pressure.

2.3.2 Control equations of water-based fracturing fluid in
reservoir fractures

The temperature and pressure at the reservoir
fracture’s entrance correspond to the injection
temperature and pumping pressure of the water-based
fracturing fluid. Meanwhile, the temperature and
pressure at the fracture tip are approximately
equivalent to the reservoir temperature and the
minimum horizontal principal stress (closing stress).
Concurrently, the reservoir boundary pressure and
temperature are equivalent to the reservoir fracture
pressure and reservoir temperature, respectively.

2.3.3 Construction and reliability verification of numerical
simulation model

The expansion model of reservoir fractures by
water-based fracturing fluid constructed in this study
follows the hyperbolic shape criterion (Figure 2(a)),
which is mainly applicable to the crack expansion
of quasi-brittle materials such as coal seams or
low-permeability rock formations. The hyperbolic
shape criterion has been demonstrated to facilitate the
realisation of crack initiation, in addition to facilitating
the analysis of normal and shear strength during the
damage process. Furthermore, it has been shown
to enable the explanation of the evolution of elastic
stiffness.
The reliability analysis investigated the comparison
of data between the fracturing numerical model
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Figure 2. Numerical model and reliability analysis of reservoir fracturing fluid.

constructed in this study and the models in previous
studies (Figure 2(b)), and this analysis enhanced
the application stability and data accuracy of the
numerical model in the study of the propagation
behaviour of coal seam fractures. As demonstrated in
Figure 2(b), the fracture-length evolution predicted
by the numerical model of this study agrees well with
that of a previously published fracture-propagation
model for low-permeability shale reservoirs [18].
Although the reference model was developed
for supercritical CO2 fracturing, the consistent
propagation trend supports the reliability of the
present model for quasi-brittle low-permeability
formations. Moreover, the enhancement of the
numerical model’s applicability is achieved through
the utilisation of a smoother curve trend.

2.4 Preparation and characterization of crosslinker
In a three-necked round-bottom flask, 18 g of ethylene
glycol (CAS 107-21-1), 15.4 g of boric acid (CAS
10043-35-3), 18.2 g of silicon dioxide, 19 mL of ethanol,
and 43 ppm of catalyst were introduced. The reaction
mixture was stirred in an oil bath at 80 ◦C and
325 rpm for 4 hours. Subsequently, ethylene glycol
and ethanol were removed under reduced pressure.
The intermediate product was then transferred to a
separate flask, to which 41.4 g of triethylenetetramine
was added, followed by reflux at 136 ◦C for 3.2
hours. A clear, light-yellow liquid was obtained after
separation and purification (Figure 3).

2.5 Construction of molecular dynamics models
The molecular dynamics (MD) model of the
water-based fracturing fluid in a geological reservoir
was established using the Sketchmodule to construct
the molecular structures of water, guar gum (M
= 520), and the crosslinker. Subsequently, the
geometry optimization module was employed to
minimize the energy of each molecule and obtain
their optimized configurations. The Amorphous Cell
module was then utilized to assemble the three
optimized components and construct the fracturing
system, with the composition of each component
adjusted according to practical requirements, thereby
generating a representative disordered molecular
system.

Figure 3. Preparation process of crosslinker.

Intermolecular interactions, particularly hydrogen
bonding, were modeled using the Forcite module
with the COMPASS II force field, followed by
energy minimization to achieve a stable configuration.
Finally, the Forcite Dynamics module was applied to
perform molecular dynamics simulations by setting
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the temperature (T), pressure (P), and simulation
time (1 ns) to obtain the corresponding computational
results. The first 200 ps were treated as equilibration
and excluded from the analysis; only the subsequent
production run was used for property calculations.

3 Results and Discussion
3.1 Chemical characterization of crosslinkers
The organic boron crosslinker was characterised by
1H-NMR (400 MHz, CDCl3) δ: 1.50 (t, 2H), 2.67 (q,
4H), 2.77 (q, 4H), 2.81 (q, 4H), 6.10 (t, 8H). The
hydrogen peak of each group in 1H-NMRwas detected,
and the boron crosslinker was successfully synthesised
(Figure 4).

Figure 4. 1H-NMR Characterization of Boron Crosslinker.

3.2 Effect of fluid viscosity on coalbed methane
recovery and fracture propagation

Cross-linkers are currently employed as efficient
chemicals to enhance numerous properties of
water-based fracturing fluids in geological reservoirs, a
processwhich is crucial to achieving excellent reservoir
transformation capabilities. As illustrated in Figure 5,
the data demonstrate a shift in trends concerning the
fluid viscosity and fracture propagation parameters
of water-based fracturing fluids in response to
variations in cross-linker content. This analysis
facilitates the exploration of the effects of cross-linker
content on both reservoir fluids and reservoir
fractures. As demonstrated in Figure 5, water-based
fracturing fluids devoid of cross-linkers exhibit
relatively low fluid viscosity, and the incorporation
of 0.15% cross-linker fails to elicit a substantial
viscosity enhancement in water-based fracturing
fluids. Water-based fracturing fluids containing
0.15% cross-linker only demonstrate a viscosity
increase of 10 mPa·s, which is evidently challenging
to meet the fracturing requirements of reservoir
fluids. However, it has been demonstrated that an
increase in cross-linker content to 0.3% will result in
a rapid and exponential increase in fluid viscosity.

Such a rapid increase trend will inevitably help
improve many properties of water-based fracturing
fluids in geological fractures. Concurrently, Figure 5
also demonstrates the fluid viscosity relationship
curve between the commercial cross-linker and the
reservoir fluid. The commercial cross-linker content
and fluid viscosity also demonstrate a comparable
growth trend to that observed in the synthetic
cross-linker. However, the commercial cross-linker
exhibited a weaker viscosity growth than the synthetic
cross-linker, a phenomenon that may be attributable
to the molecular structure and functional groups.
Given that fluid viscosity is a controlling factor of
hydraulic-fracture geometry [19], such a viscosity
difference is expected to translate directly into different
stimulation performance.

Firstly, the synthetic crosslinker molecules displayed
in Figure 3 have been shown to construct a greater
number of hydrophilic groups in the side chains, thus
promoting mutual attraction between the crosslinker
and the guar gum and water molecules. Concurrently,
the side chain crosslinkers formed in the synthetic
crosslinker can promote more functional groups
(hydrophilic groups such as ether groups) to collide
with water molecules and interact with them to
a greater extent, which effectively increases the
probability of the functional groups of the crosslinker
touching water molecules. Furthermore, the strong
electronic magnetic field formed by the double
ether groups contained in the synthetic crosslinker
molecules enhances the attraction of the hydroxyl
groups of the guar gum or water molecules that
also have strong hydrophilicity, which can maximize
the intermolecular hydrogen bonds between the
crosslinker molecules and the organic macromolecules
or water in the water-based fracturing fluid. The
resulting differences in fluid properties will ultimately
be reflected in the fracture initiation pressure and fluid
flow patterns within the reservoir [20]. However,
the linear structure of the commercially available
crosslinker carries fewer hydrophilic groups, which
weakens the intermolecular bonds between the
crosslinker molecules and the hydroxyl groups in the
water and guar gum molecules [21]. The low-density
microscopic grid formed by fewer chemical bonds will
inevitably lead to low fluid viscosity on a macro scale,
and other properties of thewater-based fracturing fluid
will also be greatly reduced.

Furthermore, water-based fracturing fluids comprising
cross-linking agents have been observed to induce
a conspicuous augmentation in fracture length.
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Figure 5. Relationship curve between crosslinker content, fluid viscosity, crack length and filtration capacity. a) Among
crosslinker content, fluid viscosity and crack length. b) The variation trend of crack length with cross-linking agent

content. c) Among crosslinker content, filtration capacity and crack length. d) Fluid filtration model
within reservoir fractures.

However, the rate of this increase varies considerably,
contingent on the specific cross-linking agent
employed. When the content of the cross-linking
agent is less than 0.15%, the length of the reservoir
fracture will only show a gradual increase, and a
fracture length increase of 5 cm will be observed
when the content of the cross-linking agent increases
from 0% to 0.15%. However, when the cross-linking
agent exceeds 0.15%, the growth rate of the reservoir
fracture accelerates, resulting in an exponentially
increasing fracture length due to the increased amount
of cross-linking agent. The cross-linking agent content
demonstrates a change trend that is wholly consistent
with the fluid viscosity of the water-based fracturing
fluid, a phenomenon that is principally attributed to
the hydrogen bonding effect between microscopic
molecules and the three-dimensional grid density

in the water-based fracturing fluid [14, 34]. In the
absence of a cross-linking agent in water-based
fracturing fluid, the presence of water and guar
gum hydroxyl groups results in the formation of
a polar effect that is found to be very weak. This,
in turn, hinders the formation of strong and dense
intermolecular hydrogen bonds [23]. However,
water-based fracturing fluids with elevated levels of
cross-linking agents have been observed to generate
a substantial number of molecules that form dense
and substantial intermolecular hydrogen bonds. This
phenomenon has been shown to directly facilitate
the rapid escalation of pressure within reservoir
fractures and the consequent expansion of these
fractures. The weaker filtration formed by the
addition of cross-linking agents will inevitably have a
positive effect on the expansion behaviour of reservoir
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fractures, which is also related to the construction of
intermolecular hydrogen bonds. The free molecules
present within the water-based fracturing fluid,
characterised by a higher cross-linking agent, have
the capacity to form intermolecular hydrogen bonds
through the mutual attraction of polar functional
groups. This process initiates the assembly of a
three-dimensional grid structure by the free molecules.
The reduction of free molecules weakens the fracture
seepage of the water-based fracturing fluid, and the
faster-growing fracture pressure can quickly break
through the minimum fracture initiation pressure
of the reservoir. However, water-based fracturing
fluids devoid of cross-linking agents will contain
a significant number of free molecules that will
penetrate the micropores on the fracture surface,
thereby altering the pore structure of the coal [22].
This will inevitably result in a slow increase in fracture
pressure and fracture expansion.

3.3 Effect of Reservoir temperature on coalbed
methane recovery and fracture propagation

Furthermore, it is essential to recognize the critical
influence of reservoir conditions on the rheological
behavior and fracture propagation capacity of
water-based fracturing fluids, which directly affect
the recovery efficiency of coalbed methane. Among
these conditions, reservoir temperature stands out
as a key geological parameter due to its pronounced
impact on the performance of water-based fracturing
fluids during coalbed methane extraction. As
demonstrated in Figure 6, the reservoir temperature
exhibits an inverse proportional relationship with
the fluid viscosity in the water-based fracturing fluid.
Furthermore, an increase in reservoir temperature
is observed to result in an augmentation of fracture
extension length. The variation trend between
reservoir temperature and fluid viscosity, and fracture
extension capacity, differs significantly from the
relevant data presented in Figure 5(a). This indicates
that the relationship between fluid viscosity and
fracture extension length is not always direct.

The decline of fluid viscosity with increasing
temperature is a well-documented behaviour
of polymer-based fracturing fluids [24], and
the aforementioned disparities can be further
elucidated by the Arrhenius equation and molecular
dynamics theory, which facilitate the discernment
of the influence of reservoir temperature and
fracture extension through molecular activity and
three-dimensional grid structure. The Arrhenius

equation posits the notion that the molecular activity
in coal seam fractures undergoes a gradual increase
in conjunction with an escalation in coal seam
temperature. Concurrently, a perpetual fluctuation
in motion state is exhibited. The molecules of
water-based fracturing fluid exhibit reduced mobility
at low temperatures, attributable to diminished
molecular activity. This diminished activity is
insufficient to stretch or break the pre-existing
intermolecular hydrogen bonds. However, elevated
reservoir temperatureswill result in the transfer of heat
to the fracturing fluid molecules, thereby leading to
increased molecular activity and intensified irregular
motion. Furthermore, an increase in the intensity of
Brownian motion will serve to accelerate the process
of molecular separation, thereby resulting in the
dissolution of the three-dimensional grid structure
that has been established, and the concomitant
reduction in grid density; a similar thermally
induced degradation of the polymer network—and
its mitigation by network reinforcement—has been
reported for polymeric fracturing fluids [25]. The
reduction in three-dimensional grid density is
manifest in the macroscopic reduction of the apparent
viscosity of water-based fracturing fluid in coal seam
fractures, which is evidently not conducive to coal
seam reconstruction.

Moreover, the disruption of the three-dimensional
grid structure and intermolecular hydrogen bonds
at elevated temperatures has been shown to result
in a continuous increase of free molecules, thereby
evidently enhancing the fluid filtration behaviour
of the water-based fracturing fluid. The invading
free water molecules can further modify gas–water
adsorption and mobility within the reservoir matrix
[26], and thermally activated fluid–rock interactions
have likewise been shown to markedly influence the
stimulation of tight reservoirs [27]. Fluid filtration
and reduced fluid viscosity are not conducive to the
efficient expansion of reservoir fractures, while the
increasing fracture expansion trend in Figure 6 is
completely opposite to the above description. It is
hypothesised that the increasing trend of fracture
expansion is primarily associatedwith themacroscopic
volume expansion of water-based fracturing fluid.
Conversely, fluid filtration and viscosity reduction
have been demonstrated to exert a negligible hindering
effect on fracture expansion. It is well established
that the network structure and rheological behaviour
of crosslinked and viscoelastic fracturing fluids are
strongly temperature-dependent [28, 29]. At low

43



Reservoir Science

Figure 6. Effect of reservoir temperature on fluid viscosity and fracture propagation of water-based fracturing fluid. a)
Synthetic crosslinker. b) Comparative data of synthetic crosslinkers and commercial products.

temperatures, themolecular activity of thewater-based
fracturing fluid is insufficient to generate significant
polar repulsion between molecules, so no obvious
increase in fluid volume occurs. This is supported by
the bond length and energy variations under different
temperatures shown in Table 1. The reduction in
viscosity and the increase in free molecules at elevated
temperatures inevitably deteriorate the stimulation
performance and intensify reservoir damage caused
by water-based fracturing fluids [30]. Concurrently,
elevated temperatures can markedly augment the
repulsion between molecules bearing the same polar
groups [31]. Concurrently, the increase in molecular
spacing engenders an augmentation in the volume of
water-based fracturing fluid. It can be demonstrated
that, in the final analysis, the greater the fluid volume
at elevated temperatures, the more rapidly sufficient
pressure will accumulate within the fracture. This, in
turn, will promote the high-pressure fluid to rapidly
breach the minimum fracture initiation pressure of the
coal seam, thereby achieving rock damage and fracture
expansion. This temperature-dominated behaviour
is consistent with the well-documented sensitivity of
guar-based fracturing-fluid properties to formulation
and environmental conditions [32, 33].

The commercial cross-linker is unable to achieve
the same viscosity retention and crack extension
capabilities as the synthetic cross-linker. However,
the viscosity and crack extension trends of the
two cross-linkers for water-based fracturing fluids
are essentially analogous (see Figure 6(b)). The
disparities observed between the commercial

Table 1. The bond length and bond energy data between
molecules under different Reservoir temperature.

Reservoir
temperature, K 383 393 403 413 423 433

Single Bond
length, pm 105 106 108 112 118 129
Single Bond
Energy, kJ/mol 267 263 258 252 243 230
Number of
Bond 3547 3515 3459 3372 3286 3029

cross-linker and the synthetic cross-linker are
primarily ascribed to the variations in their molecular
structure and functional groups. These structural
differences inevitably result in alterations to the
intermolecular hydrogen-bond and three-dimensional
network structures at the microscopic level, in line
with the classical borate–polysaccharide complexation
mechanism [34] and with the hydrogen-bond-donor
chemistry exploited in advanced fracturing-fluid
additives [35]. The molecular structure of the
commercial cross-linker is linear, which invariably
restricts the loading of functional groups (polar
groups) in large quantities at the molecular structure’s
periphery. However, the synthetic cross-linker is a
branched organic boron cross-linker, which inevitably
results in a large number of functional groups (ether
groups) being loaded at the branched positions. The
rheological performance of such crosslinked guar
systems—including viscosity retention and shear
recovery—is critically dependent on the structural
characteristics of both the polymer and the crosslinker
[36]. Furthermore, the introduction of specific
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functional moieties into the crosslinker backbone
has been demonstrated to significantly enhance the
thermal stability of the resulting gel network [37].
The incorporation of a synthetic cross-linker has
been demonstrated to facilitate the rapid formation
of robust and substantial intermolecular hydrogen
bonds with the hydroxyl groups present within guar
gum and water molecules. These bonds exhibit a high
degree of resistance to stretching and shearing under
elevated temperatures within the reservoir. However,
the presence of a limited number of functional groups
on the commercial cross-linker molecules results in the
formation of only a fewweak intermolecular hydrogen
bonds with guar gum or water molecules, consistent
with the structure–performance relationships
summarized for polymeric fracturing-fluid systems
[38, 39]. These bonds are susceptible to stretching
or shearing under conditions of irregular motion
at elevated temperatures. The aforementioned
disparities in molecular structure consequently result
in discrepancies in the number of free molecules and
in fluid filtration at a constant reservoir temperature,
since both fluid–mineral interfacial interactions [40]
and the molecular interactions between guar and
coexisting species in the fluid [41] govern fluid-loss
behaviour. Moreover, the fracture expansion capacity
is unable to increase rapidly due to the constraints
imposed by the volume expansion capacity of
commercially available cross-linkers.

3.4 Effect of reservoir pressure on Coalbedmethane
recovery and fracture propagation

Reservoir pressure is another pivotal factor influencing
the rheological parameters of water-based fracturing
fluid and the expansion behaviour and crack aperture
of coal seam fractures. As illustrated in Figure 7, fluid
viscosity and fracture length both shift systematically
with varying reservoir pressures, providing a valuable
basis for optimising CBM exploitation. The apparent
viscosity increases gradually at low pressure but
rises rapidly under high pressure [42]. This
pressure dependence is governed by intermolecular
hydrogen-bond formation [43, 44]. Under low
pressure, molecular compression is insufficient to
bring free molecules into proximity; consequently,
few new hydrogen bonds are formed, bond density
and bond energy remain largely unchanged, and
the three-dimensional network density does not
increase appreciably, resulting in limited viscosity
enhancement [45, 46]. Under elevated pressure,
however, two concurrent mechanisms operate: free
molecules are rapidly compressed toward one another,

generating new intermolecular hydrogen bonds [47,
48], while pre-existing bonds are simultaneously
shortened and their bond energy increased—a process
well characterised for borate-crosslinked guar systems
at the molecular level [49]. Together, these effects
densify the microscopic three-dimensional network,
which is the key microscopic mechanism responsible
for constructing high-viscosity fluids.

Furthermore, the pressure within the reservoir
has been shown to encourage the propagation of
fractures within the reservoir rock. This phenomenon
is primarily attributed to the impact of reservoir
pressure on fluid viscosity and the filtration process.
Free molecules in water-based fracturing fluid that
cannot form intermolecular hydrogen bonds through
cross-linking agents are easily pressed into reservoir
fractures and flow into reservoir rocks. This is not
conducive to the rapid increase of fluid pressure in
the reservoir to the minimum fracturing pressure. In
conditions of low pressure, the molecular distance is
considerable, thus hindering the prompt compression
of the original free molecules into new intermolecular
hydrogen bonds. This, in turn, results in an increase
in free molecules seeping into the reservoir rock,
which is not conducive to the expansion of fractures.
However, under conditions of elevated pressure, free
molecules can be rapidly compressed to approach
one another, thereby forming new chemical bonds.
This is an effective strategy to prevent infiltration into
reservoir pores, which would otherwise result in the
accumulation of a substantial volume of water-based
fracturing fluid within reservoir fractures. This
phenomenon is conducive to the rapid breakthrough
of reservoir pressure, which can exceed the minimum
fracturing pressure required for fracture expansion.
Consequently, water-based fracturing fluid under high
pressure is more likely to cause rock damage and
fracture expansion, which is primarily attributed to
the low filtration capacity of water-based fracturing
fluid under high pressure.

3.5 Effect of reservoir shearing on coalbed methane
recovery and fracture propagation

The intermolecular hydrogen bonds formed between
molecules in the water-based fracturing fluid modify
the rheological parameters and fracturing efficacy
due to the shear effect during the flow process,
which exerts a substantial influence on coal seam
mining and reservoir transformation. As illustrated
in Figure 8, the impact of fluid viscosity and fracture
extension length of water-based fracturing fluid under
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Figure 7. Effect of reservoir pressure on fluid viscosity and fracture propagation of water-based fracturing fluid.

varying shear rates can provide fundamental data
for enhancing the shear resistance of water-based
fracturing fluid during coal seam transformation. As
demonstrated in Figure 8, the fluid viscosity of the
water-based fracturing fluid exhibits a discernible
inverse correlation with the shear rate within the
reservoir, thereby substantiating the shear-thinning
characteristics of the water-based fracturing fluid.
Furthermore, the non-Newtonian fluid characteristics
of the water-based fracturing fluid verify the inverse
relationship between viscosity and shear in Figure
8, thereby demonstrating the accuracy of the
experimental evaluation measures of fluid viscosity.
Despite the demonstrated inverse proportional
relationship between fluid viscosity and shear rate, a
considerable disparity remains in the trend of fluid
viscosity across varying shear rates.

The fluid viscosity demonstrates a reduced decline
at low shear rates, while a heightened decrease in

viscosity is evident at elevated shear rates. The
aforementioned disparities in fluid viscosity at
varying shear rates are predominantly attributable
to the disparate destructive impact of shear stress
on the intermolecular hydrogen bonds present
within the water-based fracturing fluid (Table 2).
Concurrently, the density of the three-dimensional
grid structure manifests entirely disparate microscopic
morphologies, a consequence of the stretching of
intermolecular hydrogen bonds. The low shear stress
formed by a low shear rate has been shown to exert
a less destructive effect on intermolecular hydrogen
bonds, and hydrogen bond stretching or exercise
occurs between a few molecules. Consequently, the
microscopic three-dimensional grid density remains
largely unaltered due to the negligible effect of low
shear stress, thereby engendering a comparatively
stable fluid viscosity at low shear rates. However,
elevated levels of shear stress and shear rate result
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Figure 8. Effect of shear rate on fluid viscosity and crack growth behavior.

in the stretching and lengthening of chemical
bonds, accompanied by the rupture of intermolecular
hydrogen bonds, characterised by low bond energy.
It has been demonstrated by preceding studies that
the three-dimensional grid density is a determining
factor in the fluid viscosity of water-based fracturing
fluid. Furthermore, it has been established that
intermolecular hydrogen bonds directly influence
the three-dimensional grid density. Consequently, a
reduced shear rate can preserve the elevated viscosity
of water-based fracturing fluid; however, at elevated
shear rates, water-based fracturing fluid demonstrates
a substantial decline in viscosity due to augmented
hydrogen bond stretching and destruction.

Table 2. The bond length and bond energy data between
molecules under different cross-linker contents.

cross-linker
contents 0 0.1% 0.2% 0.3% 0.4% 0.5%

Single Bond
length, pm 105 98 98 97 97 97
Single Bond
Energy, kJ/mol 267 263 261 260 259 258
Number of
Bond 3547 3596 3714 3968 4419 5346

Concurrently, the commercial cross-linker and
the synthetic cross-linker exhibited comparable
shear-thinning characteristics in water-based

fracturing fluids, indicating that the two cross-linkers
exerted analogous influences on the fluid parameters
of water-based fracturing fluids. However, the
commercial cross-linker exhibited a more rapid
decrease in viscosity compared to the synthetic
cross-linker. This observation is indicative of the
weaker shear resistance exhibited by the water-based
fracturing fluid containing the commercial cross-linker.
The disparity in shear resistance between the
commercial cross-linker and the synthetic cross-linker
is predominantly ascribed to the discrepancy in
molecular structure and the position of functional
groups of the two cross-linkers. The molecular
structure of the commercial cross-linker exhibits a
straight chain morphology, which invariably results in
the functional groups being connected exclusively to
the straight chain. The presence of a reduced number
of functional groups in the commercial cross-linker
molecules, in conjunction with the absence of hydroxyl
groups capable of interacting with a greater number
of guar and water molecules, results in a diminished
number of intermolecular hydrogen bonds and,
consequently, a thin three-dimensional grid structure.
However, the branched structure presented by the
synthetic cross-linker provides a structural basis for
the efficient loading of functional groups, which
can enable the cross-linker to build more stable
intermolecular hydrogen bonds with hydroxyl groups
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from multiple targets. Consequently, the synthesised
cross-linker has the capacity to construct a denser
micro-grid structure, which can effectively resist
hydrogen bond destruction under the same shearing
action. In contrast, the commercial cross-linker,
owing to its sparser network structure, undergoes
more pronounced hydrogen bond disruption under
identical shear conditions, which is clearly not
conducive to coal seam transformation and fracture
expansion of water-based fracturing fluid.

Figure 9. Chemical interactions and grid models between
various substances in water-based fracturing fluids in

geological reservoirs.

Furthermore, the expansion behaviour of water-based
fracturing fluid on coal seam fractures at varying
shear rates was subjected to rigorous analysis.
As demonstrated in Figure 8(b), the decline in
fracture extension length is indicative of an escalating
shear rate. The inverse relationship between the
aforementioned fracture extension trend and shear
rate is primarily attributed to the filtration effect
of water-based fracturing fluid, which can result in
alterations in pressure within the fracture and the
capacity for rock damage. In circumstances where the
rate of shear is minimal, there is a reduced probability
of intermolecular hydrogen bonds being stretched
or sheared. Consequently, a smaller number of free
molecules re-enter the loose water-based fracturing
fluid base fluid as a consequence of hydrogen bond
breakage. However, elevated shear rates have been
observed to induce a greater incidence of hydrogen
bond breakage and the formation of free molecules. A
significant proportion of free molecules are devoid of
hydrogen bond drag and are more likely to penetrate
into the reservoir rock through the fracture pores.
Consequently, the free molecules formed by shear
stress and the filtration effect are the primary factors
contributing to the inverse relationship between shear
rate and fracture extension, which will inevitably
reduce the efficiency of coalbed methane extraction.

The aforementioned studies demonstrate that the
incorporation and structural modification of the
crosslinker promote the formation of a greater
number of high-energy intermolecular hydrogen
bonds among the compounds, thereby enhancing
the fracture propagation capability of the modified
crosslinker in water-based fracturing fluids compared
with that of commercial crosslinkers. In addition,
the three-dimensional spherical configuration
(Figure 9) of the modified crosslinker facilitates
the directional formation of dense microscopic
networks between polar groups (e.g., hydroxyl
groups), water molecules, and guar gum chains,
which is essential for its superior fluid-loss control
and fracture propagation performance. Moreover,
reservoir temperature and pressure also contribute to
enhanced fracture propagation, although they exert
opposite effects on fluid-loss behavior. The similarity
in fracture propagation under varying temperature
and pressure conditions arises from the fact that
both elevated temperature and pressure increase
the internal fracture pressure, thereby promoting
fracture initiation. However, their differing impacts
on fluid loss originate from their distinct influences
on intermolecular hydrogen bonding. Finally, shear
action can disrupt chemical bonds and increase fluid
loss, ultimately leading to a reduction in fracture
pressure.

4 Conclusion
In this study, a modified boron cross-linking agent
containing polar functional groups on the side chains
was prepared, and the nuclear magnetic resonance
hydrogen spectrum verified the accuracy of the
molecular synthesis. Concurrently, a multi-coupling
device was constructed for the purpose of evaluating
the various properties of water-based fracturing fluids
and the expansion behaviour of coal seam fractures.
This device was designed to analyse the influence
of different factors on water-based fracturing fluids
and fracture lengths. Furthermore, the expansion
model of water-based fracturing fluids in coal seam
fractures was verified through reliability analysis, and
the numerical model has a realistic basis for coal seam
fracture expansion. The intermolecular hydrogen
bond theory and the three-dimensional grid theory
provide a theoretical basis for predicting the effects of
other factors on fluid viscosity and fracture expansion
trends by explaining the changes in the microscopic
interactions between molecules in the fracturing fluid
under different factors. However, the present study
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did not further investigate the hydrogen bonding
interactions among the molecular components of
the water-based fracturing fluid, nor the interfacial
interactions between the fluid compounds and the
reservoir rock, both of which are critical issues that
warrant deeper analysis and clarification. In addition,
the influence of water-based fracturing fluids on the
adsorption behavior and permeability characteristics
of geological reservoirs has emerged as a major
research challenge in reservoir engineering.
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