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Abstract

Deep coalbed methane (CBM) has become an important contributor to natural gas produc-
tion worldwide. Its fluid occurrence characterized by high free gas content and low water
saturation suggests substantial gas-driven displacement caused by hydrocarbon generation
overpressure. However, the microscopic evolution of this process and the corresponding
occurrence remain poorly understood. To address these issues, we combined centrifugation
experiments, nuclear magnetic resonance (NMR) monitoring, and theoretical modeling
to systematically investigate pore-scale displacement dynamics and the associated fluid
distribution. A dynamic evolution model for gas–water displacement in nanopores is
developed by incorporating the capillary pressure and disjoining pressure, and validated
against the centrifugation experimental data. At the pore scale, gas–water displacement
is governed by critical displacement pressure and water film thickness. Water saturation
declines sharply once the displacement pressure exceeds a critical threshold, after which it
decreases slowly as the water film progressively thins. At the porous media scale, water
saturation continuously decreases with increasing displacement pressure. For the high-rank
coal samples in this study, the overall water saturation decreases to 49.15% as the displace-
ment pressure increases to 10 MPa. The water film is negligible for pores larger than 20 nm,
but significant for pores smaller than 20 nm. This critical pore size is not fixed, but is a
dynamic threshold controlled by the disjoining pressure parameter. The occurrence of free
gas in deep CBM is governed by the relative matching between hydrocarbon generation
overpressure and reservoir pore structure. These findings provide a theoretical basis for
resource assessment and efficient development of deep CBM.

Keywords: deep coalbed methane; gas-driven displacement; dynamic evolution; capillary
pressure; disjoining pressure

1. Introduction
Natural gas, as a clean and efficient fossil fuel, plays an important role in the global

energy transition and carbon neutrality [1]. Coalbed methane (CBM), an important un-
conventional natural gas resource, has attracted widespread attention in many countries
for its vast resource potential and significant environmental benefits [2–4]. China is rich
in CBM resources, with reserves at depths greater than 2000 m estimated at approxi-
mately 40.47 × 1012 m3 [5]. In recent years, the development of deep CBM has shown
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great strategic prospects. Through adopting horizontal wells and large-scale volume frac-
turing technology [6,7], significant breakthroughs in deep CBM exploration have been
achieved in the Ordos Basin of China, with multiple single wells achieving the production
of over 100,000 cubic meters per day, indicating that deep CBM has entered a new stage of
large-scale development [8].

Compared with a shallow one with a burial depth less than 1000 m, deep CBM
exhibits remarkable differences in both fluid occurrence and production behavior. In terms
of gas occurrence, deep CBMs have a high gas content with a value exceeding 20 m3/t [9].
Moreover, the proportion of free gas is considerably higher than previously recognized,
and can even exceed 30%. The coexistence of adsorbed gas and free gas becomes a typical
feature of deep CBM [10,11]. Regarding water occurrence, deep CBMs generally show a
characteristic of ultra-low water saturation. Pressure-preserved coring tests reveal that
initial water saturation in the actual reservoirs is significantly lower than irreducible water
saturation measured in the experiments, with values even falling below 20% in some
cases [12–14]. Together, the enrichment of free gas and the presence of ultra-low water
saturation determine the distinctive production behavior of deep CBM reservoirs, i.e.,
immediate gas production upon well opening, high initial production rates, and minimal
to no water production [15,16]. This production pattern stands in stark contrast to the slow
gas breakthrough observed in shallow CBM, which follows the sequence of dewatering,
pressure depletion, and desorption.

The high gas content, low water content, and free gas enrichment observed in deep
CBM have been understood from a macroscopic geological perspective. During coalifica-
tion under high-temperature and high-pressure conditions, the continuous and substantial
generation of hydrocarbons increase the gas pressure in pores. As the intense overpres-
sure is generated, water in coal pores is partially or completely displaced. Then, under
the preservation of tight layers, free gas can effectively accumulate in pore and fracture
systems [17,18]. However, our current understanding of the dynamic evolution of this dis-
placement and the corresponding microscopic occurrence responses in deep CBM remains
limited. Existing studies have largely focused on adsorbed gas content measurements un-
der static conditions and the related influence factors, including moisture content, thermal
maturity and pore structure [19–22], while systematic investigations into key issues such
as the dynamic mechanisms, the variation in water film, and the relationship between
displacement pressure and pore structure are still lacking. Conventional centrifugation
experiments are constrained by the maximum pressure achievable with centrifuges and
cannot replicate the actual displacement conditions associated with deep hydrocarbon gen-
eration overpressure [23–25], leading to inherent limitations in the evaluation of irreducible
water saturation. Therefore, a theoretical model capable of describing the dynamic evolu-
tion of gas–water displacement in deep coal and elucidating the microscopic mechanisms
of gas–water occurrence and transformation across different pore scales is urgently needed.

This study integrates centrifugation experiments, nuclear magnetic resonance (NMR)
monitoring, and theoretical modeling to systematically investigate the dynamic evolution
of gas–water displacement and the microscopic fluid occurrence in deep coal seams. First,
NMR experiments are conducted to obtain T2 spectra under saturated water conditions
and varying centrifugal forces, simulating the gas-driven water displacement process
induced by hydrocarbon generation overpressure. Second, a theoretical model for gas
displacing water in nanopores is developed by incorporating the effects of capillary pressure
and disjoining pressure, enabling the quantification of key parameters such as critical
displacement pressure and water film thickness. Then, based on the experimental results,
the pore-scale model is subsequently extended to the porous medium scale at a high
displacement pressure, providing a novel approach for the quantitative prediction of gas–

https://doi.org/10.3390/pr14101663

https://doi.org/10.3390/pr14101663


Processes 2026, 14, 1663 3 of 18

water occurrence and dynamic evolution under deep geological environments. Moreover,
the implications of these processes for free gas accumulation are also discussed. The
findings aim to advance the understanding of deep CBM occurrence mechanisms and
provide theoretical support for resource evaluation and efficient development.

2. Experiments and Methods
2.1. Experimental Samples

Our experimental samples were sourced from the Daning–Jixian Block in the Ordos
Basin, China. The samples were at a highly mature stage with a thermal maturity (Ro)
of 2.32%. Basic physical property tests yielded a permeability of 0.686 × 10−3 mD and a
porosity of 6.23%. As shown in Figure 1, wettability measurement shows a contact angle of
62.4◦, indicating that the coal is water-wet. Under such conditions, gas–water distribution
is controlled by the coupled effects of capillary pressure and surface wettability.

Figure 1. Contact angle of experimental sample.

2.2. Experimental Procedures

(1) The pre-treated coal samples were dried in a constant-temperature oven at 105 ◦C to a
constant weight. Subsequently, they were placed in a desiccator and allowed to cool
to room temperature, after which the dry weights were recorded.

(2) The dried samples were subjected to vacuum-pressurized saturation using a vac-
uum saturation device. Samples were evacuated under a vacuum of smaller than
−0.1 MPa for 5 h, followed by pressurized saturation with water at 20 MPa for 24 h to
achieve complete water saturation. After saturation, the wet weights of the samples
were measured, and the samples were stored in solution to maintain full saturation
before measurement.

(3) After vacuum saturation, the coal samples were carefully wiped with tissue paper to
eliminate surface moisture and wrapped with non-magnetic plastic film to prevent wa-
ter evaporation. Nuclear magnetic resonance measurements were then conducted on
the saturated samples using a GeoSpec 12-53 NMR spectrometer (Oxford Instruments,
Abingdon, UK) to obtain the T2 spectra.

(4) After measuring saturated samples, movable water in the cores was removed using a
high-speed centrifuge at centrifugal forces of 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, and 2.4 MPa,
with a maximum rotation speed of 10,000 rpm. Each centrifugation step lasted at least
2 h. After each centrifugation, the samples were wrapped in plastic film and allowed
to stabilize in a constant-temperature chamber.

(5) After each centrifugal force step, NMR measurements were performed to obtain the T2

spectra under different centrifugal forces. Using a standard calibration curve, the total
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NMR porosity of the saturated samples was calculated, and the interval porosity and
cumulative porosity curves for both saturated and centrifuged samples were derived.

2.3. Theoretical Model

After the sample is saturated with water, the coal pores are filled with water. Cen-
trifugation is subsequently used to simulate the gas displacement. As the centrifugal force
(i.e., displacement pressure) gradually increases, more water is expelled, and the water
saturation of the coal decreases. The physical process for a single pore is illustrated in
Figure 2. When the displacement pressure is below the critical displacement pressure, the
pore remains fully saturated with water, and the water phase is difficult to displace. Once
the displacement pressure reaches the critical value, the gas phase begins to displace the
water. In nanopores, due to the water-wet nature of the pore walls, strong solid–liquid
interactions result in the persistent presence of a water film on the wall surface [26,27]. As
the displacement pressure increases further, the interfacial shear stress gradually removes
the liquid, causing the water film to thin progressively. Therefore, the key aspects of
this physical process are the determination of the critical displacement pressure and the
dynamic variation in water film thickness.

Figure 2. Variation in water saturation during the gas displacement process.

In our theoretical model, cylindrical geometry is adopted to describe capillary phe-
nomena in porous media because it is widely used in pore structure characterization of
unconventional reservoirs [28,29]. The primary resistance to the gas phase displacing
the water phase is capillary pressure. For a single pore, as shown in Figure 3, in the
displacement direction (A), under critical displacement conditions, the following equilib-
rium relationship holds among the gas pressure Pg*, capillary pressure Pc and the water
pressure Pw

Pg − Pw = Pc =
2σ cos θ

r − h∗ (1)

where h* is the critical water film thickness, nm; σ is the interfacial tension, mN/m; and θ is
the three-phase contact angle among gas, liquid, and solid.
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Figure 3. Mechanical equilibrium during the pressure-driven displacement process.

Besides the equilibrium in the displacement direction, equilibrium also exists in the
direction perpendicular to the pore wall (Direction B). Once the displacement pressure
exceeds the critical value, the stability of the water film is maintained through the interaction
among the gas phase, water film, and solid phase. According to interfacial chemistry
theory [30], as the water film thickness decreases to the nanoscale, an additional force
between the solid–liquid and liquid–gas interfaces begins to significantly affect water film
stability. This additional force, named as disjoining pressure, acts perpendicular to the
solid–liquid interface and points toward the gas–liquid interface. Moreover, because the
water film within the pore is not flat, the cylindrical capillary pressure arising from the
curved gas–liquid interface should also be considered. Thus, the mechanical equilibrium in
Direction B can be expressed as

Pw + Π(h) + P∗
c = Pg (2)

where P∗
c is the cylindrical capillary pressure within a cylindrical pore, given by

P∗
c =

σ

r − h
(3)

Π(h) represents the disjoining pressure, which accounts for the surface interactions
between these two interfaces. In theory, the disjoining pressure generally consists of
molecular interaction forces, electrical double-layer forces, and structural forces, each of
which is closely related to the thickness of water film and is also influenced by fluid type
and solid surface properties. Based on measurements of disjoining pressure and water
film thickness on quartz and other mineral surfaces, Gee et al. [31] proposed a simplified
expression relating Π(h) to water film thickness h

Π(h) ≈ AH

h3 (4)

Combining Equations (2)–(4) yields the relationship between gas pressure and wa-
ter pressure

Pg − Pw =
σ cos θ

r − h
+

AH

h3 (5)
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By integrating Equations (1) and (5), the critical water film thickness, the critical
displacement pressure, and the variation in water film thickness with displacement pressure
can be calculated in a single pore.

Actual coal reservoirs are typical porous media characterized by pores spanning a
range of sizes. As illustrated in Figure 4, for a connected coal network with a specific pore
size distribution, under a given displacement pressure, most of the water in pores with
capillary pressures lower than the displacement pressure is expelled, leaving only a residual
water film of a certain thickness. In contrast, in pores with capillary pressures higher than
the displacement pressure, water cannot be effectively displaced and remains as capillary
water. Under these different occurrence modes, the water saturation contributed by each
pore type can be expressed as

Sw(i) = 1 (r < rc) (6)

Sw(i) = 1 − (1 − h
r
)

2
(r ≥ rc) (7)

Figure 4. Schematic diagram of gas–water distribution in coal porous media.

The above characteristics indicate that, under a given displacement pressure, pores
with dimensions smaller than the critical size remain completely water-saturated, while the
larger pores exhibit a “gas core-water film” configuration. For a specific porous medium,
the overall water saturation can be obtained by combining these occurrence modes

Sw =
i=n

∑
i=1

Sw(i) ·
V(i)
VT

(8)

3. Results and Discussion
3.1. NMR T2 Spectra Under Different Centrifugal Forces

The NMR T2 spectra of coal samples under saturated conditions and different centrifu-
gal forces are displayed in Figure 5. Under water-saturated conditions, the T2 spectra of
the experimental coal samples exhibit a bimodal distribution. The first peak, located on
the left with T2 values ranging from 0.01 to 3 ms, shows the strongest signal intensity and
corresponds to well-developed micropores. The second peak, in the range of 10–100 ms,
represents macropores. In addition, a weak signal is observed at approximately 1000 ms,
indicating the presence of a small number of fractures in the samples.

Comparing the T2 spectra under different centrifugal forces, the mobility of fluids in
pores with different dimensions can be further clarified. As the centrifugal force increases,
the signal intensity of the first peak tends to decrease, suggesting that water can be displaced
from micropores under sufficiently strong external forces. In contrast, the signal intensity
of the second peak decreases sharply with increasing centrifugal pressure, indicating that
fluids in macropores are predominantly movable and can be effectively expelled during
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accumulation or short-distance migration. Overall, fluids in the few developed fractures
can be expelled even at low centrifugal pressures. The significant decrease in the second
peak under high centrifugal forces indicates that free water in macropores has been largely
displaced, leaving only residual bound water films. Meanwhile, the general reduction in
the first peak suggests that, even under strong displacement conditions, a considerable
amount of fluid remains effectively bound in the micropores of the coal matrix.

Figure 5. NMR T2 spectra of coal under saturated conditions and different centrifugal forces (Ip:
incremental porosity; Cp: cumulative porosity).

Based on the centrifugation NMR T2 spectra, the variation in water saturation with
centrifugal pressure was further analyzed, and the results are illustrated in Figure 6. As
shown in this figure, water saturation decreases significantly with increasing centrifugal
pressure, implying the progressive expulsion of pore fluids under external displacement.
As the centrifugal force reaches 2.4 MPa, approximately 25% of the original water in the
coal pores has been effectively expelled, thereby releasing corresponding storage space
for free gas. This finding provides valuable insights into the storage mechanisms and
production potential of deep CBM.

Based on the NMR T2 spectra and water saturation under different centrifugal forces,
the intrinsic mechanisms governing the displacement process at the pore scale are further
discussed. Whether water in a nanopore can be effectively displaced essentially depends on
the relative magnitude between the displacement pressure applied by the centrifugal force
and the capillary pressure inherent to the pore. According to the Laplace equation, capillary
pressure is inversely related to pore radius and is strongly influenced by interfacial tension.
Under ambient surface conditions (σ = 72 mN/m), for a nanopore with radius of 10 nm, as
the contact angle increases from 0◦ to 80◦, the capillary pressure decreases from 14.40 MPa
to 2.50 MPa. As the pore radius reduced to 5 nm, the corresponding capillary pressures are
28.80 and 5.00 MPa, respectively. However, the maximum centrifugal pressure achievable
with current centrifuge technology is generally less than 5 MPa, implying that conventional
centrifugation experiments are physically incapable of achieving effective displacement
for water strongly held by capillary forces. The hydrocarbon expulsion conditions in
deep coal reservoirs differ significantly from those in laboratory settings. As burial depth
increases, coal-bearing strata enter the peak stage of hydrocarbon generation, during which
substantial amounts of methane are generated [32]. Due to the small pore size and poor
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connectivity of the network in deep formations, the generated gas cannot be expelled
immediately, resulting in the formation of hydrocarbon generation overpressure. When the
pressure increases sufficiently to overcome capillary pressure, it serves as the driving force
for water displacement. Such pressure values often exceed 10 MPa, far higher than those
achievable in conventional centrifugation experiments.

Figure 6. Water saturation of deep coal samples under different centrifugal forces.

This difference is particularly prominent in the evaluation of the water saturation of
coal samples. This study and other scholars have measured the bound water saturation
based on centrifugal and nuclear magnetic experiments conducted on deep coal samples,
which is generally higher than 60%. However, the actual water saturation in deep CBM is
usually lower, and in some cases, it is even lower than 20%, presenting the characteristics
of “ultra-low water saturation” gas reservoirs. This contradiction clearly indicates that
conventional centrifugal experiments have difficulty simulating the fluid distribution under
deep reservoir conditions, and there are inherent limitations in their assessment of bound
water saturation. Therefore, to accurately predict fluid displacement behavior across the
full pore size range, it is necessary to perform extrapolation studies based on centrifugation
experimental data combined with theoretical models.

3.2. Inversion of Full-Scale Pore Size Distribution

To accurately predict the dynamic evolution of displacement and the microscopic
fluid occurrence across the full pore size range, it is first necessary to clarify the pore size
distribution (PSD) of coal. Unlike the splicing method that combines CO2 adsorption,
N2 adsorption, and mercury intrusion porosimetry [33], NMR technology is entirely non-
destructive and provides a continuous pore size distribution without the need for data
splicing, thereby avoiding the uncertainties associated with the selection of splicing points
and data processing [34]. Currently, two main methods are available for converting NMR
T2 spectra into PSD, including the centrifugation T2 cutoff method and the surface relaxivity
method [35]. The centrifugation T2 cutoff method is an indirect approach that determines
the relationship between the T2 cutoff value under an optimal centrifugal force and the pore
radius, thereby indirectly obtaining the full-scale pore size distribution of the coal sample.
However, previous studies have shown that this method has limitations in characterizing
fluids in pores of different scales, as it cannot effectively distinguish between water film
fluids in large pores and fluids expelled from smaller pores with good connectivity under
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centrifugal force [36]. In contrast, the surface relaxivity method converts T2 spectra into
pore size distributions by determining the surface relaxivity of the coal sample.

NMR relaxation of fluids in confined space is influenced by the fluid properties, rock
properties, and their interactions. Three independent relaxation mechanisms are involved:
bulk relaxation, surface relaxation, and diffusion relaxation. Their relationship can be
expressed as follows [36]:

1
T2

=
1

T2B
+

1
T2S

+
1

T2D
(9)

where T2S T2B T2D represent the surface relaxation time, bulk relaxation time, and diffusion
relaxation time, respectively. Bulk relaxation is a function of the fluid’s intrinsic physical
and chemical properties. For fully water-saturated samples, the bulk relaxation time is
much longer than the surface relaxation time.

Surface relaxation occurs at the solid–liquid interface and is described as follows:

1
T2S

=
ρ2S
V

(10)

where ρ2 is the surface relaxivity of the coal, S is the equivalent pore surface area, and V is
the equivalent pore volume.

Diffusion relaxation originates from the self-diffusion motion of fluid molecules. It
originates from proton spin diffusion through a strong internal field gradient and can be
expressed as follows:

1
T2D

=
DG2γ2T2

E
12

(11)

where D is the molecular diffusion coefficient, G is the field gradient, γ is the gyromagnetic
ratio, and TE is the echo spacing. In this study, a uniform magnetic field without internal
gradient field was used. Thus, the effect of diffusion relaxation can be ignored.

Therefore, for fully water-saturated samples, Equation (9) is simplified to

1
T2

≈ 1
T2S

=
ρ2S
V

=
FSρ2

r
(12)

This yields a linear conversion relationship between T2 relaxation time and pore radius,
where FS is the geometric shape factor, and its value is 2 for cylindrical pores and 3 for
spherical pores.

Regarding the surface relaxivity ρ2, Zheng et al. [37,38] summarized the relationship
between ρ2 and vitrinite reflectance Ro based on systematic experimental studies. Their
results show that surface relaxivity varies significantly among different coal ranks but
exhibits minor variations within the same rank. Specifically, for high-rank coals, ρ2 ranges
from 1.58 to 1.71 µm/s with an average of 1.6 µm/s. The samples in this study are high-rank
coals. Thus, a surface relaxivity of 1.6 µm/s was adopted to convert the NMR T2 spectra into
true full-scale pore size distributions, and the results are shown in Figure 7. Quantitative
statistics indicate that micropores with pore diameters of less than 10 nm dominate the
pore system, accounting for as much as 87% of the total pore volume. Meanwhile, it should
be noted that, as the pore size is below 2 nm, the confinement effects result in ordered
water arrangement, whose physical properties and relaxation behavior deviate significantly
from those of bulk water. In this regime, the linear relationship between the T2 signal and
pore radius breaks down [39]. However, in our subsequent analysis of gas–water dynamic
evolution, pore diameters smaller than 2 nm are not involved. Therefore, the impact of
surface relaxivity uncertainty on the results is limited.

https://doi.org/10.3390/pr14101663

https://doi.org/10.3390/pr14101663


Processes 2026, 14, 1663 10 of 18

Figure 7. Full-scale pore size distribution of coal samples.

3.3. Dynamic Evolution of Displacement and Fluid Occurrence
3.3.1. Model Validation

To validate the reliability of the proposed models and to obtain the key parameters,
model validation was performed using NMR centrifugation experimental data. The valida-
tion procedure was as follows: first, based on the PSD of the coal obtained from inversion
of T2 spectra, the gas–water distribution model (Equations (1)–(8)) was used to calculate
the variation in Sw of the experimental samples under different centrifugal pressures.
Subsequently, the model predictions were compared with the water saturation measured
experimentally to determine the key fitting parameters and to evaluate the predictive
accuracy of the model.

In the calculations, the disjoining pressure parameter AH served as the key fitting
parameter, reflecting the strength of the interface interaction. By minimizing the dis-
crepancy between the model predictions and the experimental data, the fitting yielded
AH = 1.01 × 10−19 J. A comparison between the model predictions and the experimental
measurements is shown in Figure 8. As demonstrated in this figure, the water saturation
estimated by the proposed model is in good agreement with the experimental data under
different centrifugal pressure conditions. Meanwhile, based on the seven experimental
data points, the results were extended to a pressure of 100 MPa, showing that the variation
trend of water saturation with pressure is smooth, confirming the numerical stability of
the model in the high-pressure range. Thus, this result not only validates the reliability
of the proposed model in describing the dynamic evolution of gas–water displacement in
coal but also indicates that the selected disjoining pressure parameter reasonably reflects
the microscopic mechanical mechanism of water film stability. In summary, the model
proposed in this work can effectively predict the variation in water saturation across the full
pore size range of coal, providing a theoretical basis for subsequent extrapolation studies
of gas–water displacement behavior under deep reservoir conditions.

3.3.2. Gas–Water Occurrence and Dynamic Evolution in Nanopores

Based on the model established in this work and the obtained disjoining pressure
parameter, the gas–water behavior and dynamic evolution in nanopores with different sizes
were further simulated, and the results are shown in Figure 9. At the pore scale, the gas–
water displacement process includes three stages. At the first stage, as the displacement
pressure is below the critical displacement pressure, water in the pore is not displaced, and
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the water saturation remains at 100%. At the second stage, once the displacement pressure
reaches the critical value, gas begins to enter the pore and displace the water, resulting in a
sharp drop in water saturation. At the third stage, after most of the free water has been
displaced, further increases in displacement pressure result in only a gradual decline in
water saturation. This stage is mainly governed by the gradual thinning of the water film,
reflecting the controlling role of disjoining pressure in stabilizing the water film.

Figure 8. Variation in water saturation of coal under different displacement pressures.

Figure 9. Dynamic evolution of gas–water displacement in nanopores of different sizes.

The critical displacement pressures and water film thicknesses for nanopores with dif-
ferent sizes are presented in Table 1. As the pore radius decreases, the critical displacement
pressure increases significantly, while the critical water film thickness decreases gradu-
ally. However, the volume fraction of the water film relative to the pore space increases,
indicating that stronger capillary retention in smaller pores leads to higher residual water
saturation. Taking a pore with a radius of 10 nm as an example, as the displacement
pressure reaches the critical value of 11.33 MPa, gas begins to enter the pore, with the
water film occupying 19% of the pore volume. As the displacement pressure increases to
50 MPa, the water film thins further, and the gas saturation increases to 91%. In contrast,
for a pore with a radius of 5 nm, the critical displacement pressure increases significantly to
24.32 MPa, with the water film accounting for 28%. As the displacement pressure increases
to 50 MPa, the gas saturation reaches 80%, which is lower than that of the 10 nm pore under
the same pressure. This difference further suggests that larger pores are more favorable for
the accumulation of free gas.
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Table 1. Critical displacement pressures and water film thicknesses for pores of different sizes.

Pore Radius (nm) 4 5 8 10 20

Pc* (MPa) 31.35 24.32 14.40 11.33 5.44
h* (nm) 0.75 0.80 0.91 1.01 1.28

Sw (Pg = Pc*) 0.32 0.28 0.23 0.19 0.12
Sg (Pg = Pc*) 0.68 0.72 0.77 0.81 0.88

Sg (Pg = 50 MPa) 0.75 0.80 0.86 0.91 0.95

In addition to the parameters corresponding to the coal samples in this study, we
further analyzed the effects of wettability and the disjoining pressure parameter A on
the gas–water displacement process. Figure 10 shows the effect of wettability on critical
displacement pressure. The results indicate that, as pore radius decreases or hydrophilicity
increases, the critical displacement pressure gradually rises. This suggests that, during
hydrocarbon expulsion, pores with larger sizes and larger contact angles are more easily
displaced. Consequently, free gas preferentially enters these pores.

Figure 10. Effect of wettability on critical displacement pressures.

Figure 11 shows the effect of the disjoining pressure parameter AH on critical water film
thickness. The results indicate that critical water film thickness increases with an increase
in parameter AH. Actually, disjoining pressure describes the additional forces between
the solid–liquid and liquid–gas interfaces, and its theoretical components include van der
Waals forces, electrical double-layer forces, and structural forces [30]. The parameter A is an
effective fitting parameter that reflects the interaction strength between different interfaces.
A larger AH value indicates stronger solid–liquid interactions, making the water film more
difficult to thin under the same displacement pressure. From the perspective of coal surface
chemistry, parameter AH is expected to have a positive correlation with hydrophilic mineral
content, oxygen-containing functional groups, and coal rank, which have been indirectly
supported by previous studies [40,41]. For coals with different ranks or different mineral
compositions, the AH value requires recalibration, but it can be inferred that, as coal rank
increases, the coal matrix becomes more hydrophobic, thus AH tends to decrease. The
fitted value AH = 1.01 × 10−19 J in this study is consistent with the overall water-wet
characteristic of the samples, indicating relatively strong solid–liquid interactions. As the
thermal maturity (Ro) of the experimental sample is 2.32%, it should be noted that their
hydrophilicity mainly originates from hydrophilic minerals filling pores and fractures.

In summary, the presence of free gas in deep CBM is primarily attributed to the ability
of deep hydrocarbon generation overpressure to overcome the capillary resistance of larger
pores, thereby achieving efficient hydrocarbon expulsion and creating considerable storage
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space for free gas within the pore system. The occurrence and proportion of free gas are
essentially controlled by the relative matching between pore-scale hydrocarbon expulsion
and hydrocarbon generation overpressure.

Figure 11. Effect of disjoining pressure parameter A on critical water film thicknesses.

3.3.3. Gas–Water Occurrence and Dynamic Evolution in Porous Media

Coal rocks are porous media composed of pores with varying scales. The character-
istics of gas–water occurrence and dynamic evolution in such systems are influenced not
only by the behavior of individual pores but also by the combined effects of pore structure
assemblages and displacement pressure. Building on the pore-scale simulations above,
the dynamic evolution of displacement at the porous media scale was further simulated
based on the pore size distribution of the experimental samples. The results are shown in
Figure 12. It can be observed that, as the displacement pressure gradually increases, gas
sequentially enters and displaces the water in pores of different sizes, with the displacement
gradually extending to pores with smaller sizes. For the samples and conditions in this
study, as the displacement pressure reaches 10 MPa, the overall water saturation of the
porous media decreases to 49.15%, indicating that more than half of the pore space has
been occupied by gas, forming considerable storage space for free gas. Notably, although
a water film exists on all pore walls, its volume fraction exhibits a significant scale effect
with pore size. When the pore radius exceeds 20 nm, the volume fraction of the water film
is extremely small and can be essentially neglected. In contrast, when the pore radius is
less than 20 nm, the volume fraction of the water film increases substantially and becomes
a non-negligible component of water storage. This phenomenon reveals that, although
the water film thickness is smaller in smaller pores, its relative volume fraction is higher
due to stronger surface forces. Meanwhile, this value is not a fixed constant but a dynamic
threshold controlled by the disjoining pressure parameter. It can be inferred from Figure 11
that this threshold increases with parameter A.

Overall, the gas saturation in deep CBM is not determined solely by the displacement
pressure, but rather by the combined effects of displacement driving force, pore structure,
and surface wettability. The differences in hydrocarbon expulsion efficiency among pores
of different scales directly lead to the differentiation of gas-bearing systems. As the dis-
placement pressure generated by hydrocarbon generation is sufficiently high to overcome
the capillary resistance in most pores, especially larger ones, the displacement process
occurs completely. Under such conditions, the residual water content in coal pores and
fractures is extremely low, forming a storage space dominated by free gas. This type of
system typically corresponds to high initial formation pressure and extremely low water
saturation, representing the characteristics of high-yield deep CBM, which has been both
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geologically characterized and validated through production performance [42]. When the
hydrocarbon generation pressure is insufficient to completely displace water from the pores,
a large number of pores remain occupied by the water phase, while fractures or larger pores
in the coal still contain formation water. In such cases, gas storage space is limited, and
effective gas production relies on subsequent engineering measures such as dewatering
and pressure depletion. Our work provides a microscopic mechanistic complement to the
existing macroscopic understanding of free gas occurrence in deep coal seams, deepens
the understanding of the dynamic displacement process, and offers a theoretical basis for
predicting free gas-enriched zones and optimizing development strategies.

Figure 12. The dynamic evolution of gas–water distribution in the porous media. (a) ∆P = 0 MPa,
Sw = 100%. (b) ∆P = 0.5 MPa, Sw = 92.27%. (c) ∆P = 1.5 MPa, Sw = 80.15%. (d) ∆P = 2.5 MPa,
Sw = 70%. (e) ∆P = 5.0 MPa, Sw = 59.63%. (f) ∆P = 10 MPa, Sw = 49.15%.
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3.3.4. Limitations and Expectations

(1) In this study, cylindrical geometry and a connected coal network are assumed
to establish the theoretical model. Therefore, the model results should be understood
as predictions under idealized conditions or an equivalent treatment. Actually, SEM
observations of real coal show a variety of pore shapes, including circular, slit-like, and
irregular forms [43]. Corner water may exist in angular regions [44,45], leading to deviations
in gas saturation predictions. In addition, real coal rocks contain numerous isolated pores or
disconnected throats [46], where water is difficult to displace. The assumption that all pores
are interconnected through a pore-throat system may overestimate water displacement
efficiency and free gas content for coals with poor connectivity. Furthermore, the adsorption
swelling effect of the coal matrix [47], which would further increase critical displacement
pressures and reduce accessible pore space, is not incorporated in the current model. These
aspects will be addressed in our future work.

(2) Wettability serves as the foundation for investigating the gas–water occurrence
and dynamic evolution in coal. In this study, the coal samples overall exhibit water-wet
characteristics, with hydrophilicity primarily arising from a relatively high content of
hydrophilic minerals and the existence of oxygen-containing functional groups [40,41].
However, the above understanding cannot fully reflect the wettability heterogeneity of
coal at the pore scale. Actual deep coal is a complex mixture, and its wettability exhibits
significant variations at the nano-to-micrometer scale [48]. Some pores display hydrophobic
characteristics while others remain strongly hydrophilic [49]. For the former, the hydropho-
bic surface makes the water film weak or even absent, resulting in a reduced A value, easier
gas entry, and a lower critical displacement pressure. For the latter, the water film is stable
with strong solid–liquid interactions, requiring a high critical displacement pressure for
gas entry, which is consistent with our model [50]. The wettability heterogeneity exerts
a considerable influence on the microscopic occurrence state of gas and water and on
the dynamic displacement pathways [51]. In summary, due to the presence of locally
hydrophobic regions, gas-driven water displacement may occur more easily than predicted.
Building upon the findings of this study, future work will focus on the mechanisms by
which wettability heterogeneity influences the dynamic evolution and occurrence of gas
and water.

4. Conclusions
(1) For the high-rank coal samples in this study, pores smaller than 10 nm account

for 87% of the total pore volume. Water saturation decreases with increasing centrifugal
pressure, dropping to 75.21% at a centrifugal force of 2.4 MPa, indicating that conditions
favorable for free gas accumulation have been established.

(2) A dynamic evolution model for gas-driven water displacement in nanopores is
established by incorporating the effects of capillary pressure and disjoining pressure. The
model defines the quantitative relationships between critical displacement pressure and
water film thickness. Validated by centrifugation experimental data, the model effectively
describes the dynamic variation in water film thickness with increasing displacement
pressure and provides a tool for analyzing hydrocarbon overpressure-driven displacement
in deep coal reservoirs.

(3) The displacement process in a single pore exhibits staged characteristics. Below
the critical displacement pressure, water remains trapped and no displacement occurs.
Once the critical pressure is exceeded, water saturation declines sharply as water is rapidly
expelled. Subsequently, further pressure increases cause only a gradual decrease in water
saturation, primarily due to progressive thinning of the water film. For a 10 nm coal pore
in this study, the critical displacement pressure is 11.33 MPa with the water film accounting
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for 19% of the pore volume. For a 5 nm pore, the critical displacement pressure is 24.32 MPa
with a water film volume fraction of 28%.

(4) Gas–water distribution in porous media is jointly controlled by pore structure and
displacement pressure. Taking the high-rank coal samples from the Daning–Jixian Block
as an example, as the displacement pressure reaches 10 MPa, the overall water saturation
decreases to 49.15%. The volume fraction of water film is negligible as the pore radius
exceeds 20 nm, whereas it becomes significant as the pore radius is less than 20 nm. This
critical pore size is not a fixed constant but a dynamic threshold controlled by disjoining
pressure parameter, and the general rules require more validation with additional samples
and under diverse geological conditions in the future.
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