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Abstract

The dynamic process of water depletion plays a critical role in both surface coalbed methane
(CBM) development and underground gas extraction, reshaping water—rock interactions
and inducing complex permeability responses. Addressing the limited understanding of
the coupling mechanism between heterogeneous pore water evolution and permeability
during dynamic processes, this study simulates reservoir transitions across four zones
(prospective planning, production preparation, active production, and mining-affected
zones) via centrifugal experiments. The results reveal a pronounced scale dependence in
pore water distribution. During low-pressure stages (0-0.54 MPa), rapid drainage from
fractures and seepage pores leads to a ~12% reduction in total water content. In con-
trast, high-pressure stages (0.54-3.83 MPa) promote water retention in adsorption pores,
with their relative contribution rising to 95.8%, forming a dual-structure of macropore
drainage and micropore retention. Multifractal analysis indicates a dual-mode evolution
of movable pore space. Under low centrifugal pressure, D_1p and Ax decrease by approx-
imately 34% and 36%, respectively, reflecting improved connectivity within large-pore
networks. At high centrifugal pressure, an ~8% increase in Dy—D; suggests that pore-scale
heterogeneity in adsorption pores inhibits further seepage. A quantitative coupling model
establishes a quadratic relationship between fractal parameters and permeability, illus-
trating that permeability enhancement results from the combined effects of pore volume
expansion and structural homogenization. As water saturation decreases from 1.0 to 0.64,
permeability increases by more than 3.5 times. These findings offer theoretical insights
into optimizing seepage pathways and improving gas recovery efficiency in dynamically
evolving reservoirs.

Keywords: multifractal analysis; pore water heterogeneity; pore network connectivity;
coalbed methane; reservoir development

1. Introduction

The dynamic evolution of pore fluid distribution and its coupling with permeability
in heterogeneous reservoirs are critical scientific challenges in optimizing hydrocarbon
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recovery and enhancing energy extraction efficiency [1-3]. During reservoir development,
progressive drainage of pore water—induced by changes in pressure gradients as the sys-
tem transitions from prospective planning zones to mining-affected zones—fundamentally
alters water—rock interactions and the connectivity of the pore network [4,5]. Although nu-
merous investigations have detailed static reservoir characteristics—porosity, permeability,
and variations in rock texture—the processes that drive pore water movement throughout
different stages of reservoir evolution are still not well understood [6-8].

Conventional reservoir models often oversimplify pore water distribution by treating
it as homogeneous or by assuming linear relationships between water saturation and perme-
ability [9-11]. However, both field observations and laboratory experiments demonstrate
that drainage induces highly nonuniform fluid migration across multiscale pore—fracture
systems, driven by capillary forces, adsorption phenomena, and complex pore throat ge-
ometries [12,13]. For instance, in coalbed methane (CBM) reservoirs, the expulsion of free
water from fractures and macropores during early production stages is followed by the
retention of adsorbed water in nanopores, creating spatially heterogeneous fluid distribu-
tions [14,15]. These irregular distributions not only impair gas flow but also concentrate
stresses in specific zones, heightening the potential for localized reservoir damage. Be-
yond affecting water retention and drainage, such multiscale heterogeneity—especially
when exhibiting multifractal characteristics—can also influence other critical performance
aspects in CBM development. These include gas adsorption/desorption behavior, fluid
connectivity, effective permeability, and stress-sensitive compaction behavior.

Furthermore, studies in ecological and environmental systems, such as wetland soil
modeling, have adopted the Richards equation to simulate moisture dynamics under
variable saturation conditions [16]. However, such methods are often less effective in coal
reservoir settings due to the fundamentally different pore structure and flow mechanisms.
Despite these implications, existing frameworks lack quantitative tools to resolve the scale-
dependent fluid redistribution patterns and their nonlinear impacts on permeability [17,18].

Recent advances in fractal theory offer promising avenues to address these limitations.
Fractal geometry, particularly multifractal analysis, enables the quantification of complex
pore structures and fluid distributions by capturing hierarchical heterogeneity across multi-
ple scales [19]. When integrated with advanced imaging techniques like low-field nuclear
magnetic resonance (LF-NMR), fractal parameters can delineate dynamic fluid migration
pathways and predict permeability responses under varying drainage conditions [20,21].
Nevertheless, current applications of fractal theory in reservoir studies predominantly
focus on static pore structure characterization, with limited exploration of its utility in mod-
eling transient fluid behavior during reservoir transition phases [22-24]. Furthermore, the
coupling mechanisms between fractal-derived pore network attributes (e.g., connectivity,
heterogeneity) and macroscopic permeability remain underexplored, particularly in the
context of multizone reservoir development [25].

To bridge these gaps, this study investigates the multifractal evolution of pore water
distribution and its control on permeability during reservoir transition across four critical
zones: prospective planning, production preparation, production, and mining-affected
zones. Centrifugal experiments were designed to simulate reservoir drainage processes
under incremental pressures (0.54-3.83 MPa), replicating the dynamic pressure gradi-
ents encountered during field-scale exploitation [26]. LF-NMR was employed to track
spatial-temporal variations in pore water saturation, while multifractal theory was applied
to quantify the heterogeneity and connectivity of movable pore spaces. Key objectives
included the following: (1) elucidating scale-dependent pore water redistribution mech-
anisms during reservoir transition; (2) establishing multifractal parameter permeability
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relationships to decode the structural controls on fluid flow; and (3) developing predictive
models for permeability evolution under variable water saturation conditions.

This work deepens our theoretical insight into how fluid movement and pore structure
interact over time in variable reservoirs and introduces a fractal-based framework for refin-
ing drainage strategies. The main contributions of this work are as follows: (1) simulating
multistage CBM drainage processes using centrifugal NMR to represent various production
stages; (2) quantifying pore water heterogeneity and its evolution through multifractal
analysis; and (3) establishing a multifractal-permeability coupling model to reveal the
controlling role of pore structure on flow behavior. By connecting small-scale variations in
pore water distribution to large-scale permeability changes, our findings deliver practical
tools to reduce permeability hysteresis and boost recovery efficiency across multizone
reservoir systems.

2. Materials and Methods
2.1. Sample Collection and Preparation

Coal samples were collected from a fresh mining face of the No. 8 coal seam in an
active mining area. To preserve sample integrity and minimize artificial fracturing during
transportation, the collected coal blocks were triple-wrapped using cling film, opaque black
plastic film, and foam padding. The samples were promptly transported to a laboratory
for coring. Cores were drilled parallel to the coal bedding plane using a 2.5 cm inner
diameter drill bit and cut into cylindrical specimens of 5 cm length. Both ends of the
cores were polished to ensure flat surfaces for subsequent testing. Residual samples were
sent to the Jiangsu Institute of Geological and Mineral Exploration and Design for basic
physicochemical characterization, including proximate analysis and vitrinite reflectance
measurements. Key parameters are summarized in Table 1.

Table 1. Basic physical parameters of samples.

Ro, max Aq Vdat FCqy Vitrinite Inertinite . .o
Sample ID %) (%) %) (%) (%) %) Exinite (%)
8-2 0.72 432 32.25 58.33 58.3 41.2 0.5

Notes: Ry max is mean maximum vitrinite reflectance; A4 is ash yield (dry basis); V 4,¢ is volatile matter (dry ash-
free basis); FCq is fixed carbon (dry basis); vitrinite, inertinite, and exinite contents are expressed as percentages of
total maceral composition.

2.2. Experimental Methods
2.2.1. Centrifugal Drainage Simulation

A high-speed centrifuge was employed to simulate reservoir drainage processes under
incremental pressure conditions [27]. The centrifugal pressure difference between two
immiscible fluids at varying rotational speeds corresponds to capillary pressure. Following
the industry standard rock capillary pressure measurement (SY/T 5346-2005) [28], capillary
pressure (p) was calculated as:

pei = 1.097 x 10~ ?ApL(Re — %)n2 (1)
where p is the capillary pressure (MPa); Ap is the fluid density difference (g/cm?), which
is 1 g/cm? in the centrifugal experiments conducted in this study; L is the sample length
(cm), set as 5 cm for the sample used in this study; Re is the centrifuge rotor radius (cm),
which is 13.5 cm for the high-performance core centrifuge employed; and n is the rotational
speed (rpm). Based on equipment specifications, rotational speeds of 3000, 4000, 5000,
6000, 7000, and 8000 rpm were applied to generate equivalent drainage pressures of 0.54,
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0.96,1.49, 2.15, 2.93, and 3.83 MPa. Low-pressure stages simulate early-stage drainage
behavior in the planning and preparation zones, highlighting the rapid expulsion of water
from macropores. In contrast, high-pressure conditions simulate active and mining-affected
zones, confirming the persistence of micropore-bound water.

The primary LE-NMR acquisition parameters were as follows: echo spacing = 0.2 ms;
number of echoes = 2048; wait time = 3 s; temperature = 23 °C; number of iterations = 5000;
and number of scans = 64. Prior to testing, the NMR device was calibrated using a standard
sample of known water mass (0.05, 0.30, 0.60, 1.50, 2.00, and 2.50 g) to establish a linear
relationship between magnetization amplitude and fluid volume (R? > 0.99), as shown in
previous study [29]. Post-centrifugation, each sample underwent LF-NMR T, spectrum
analysis and gas permeability measurement.

2.2.2. Gas Permeability Measurement

Gas-phase permeability was measured under a confining pressure of 10 MPa using the
steady-state method outlined in core analysis methods (SY/T 5336-2006) [30]. A pressure
regulator maintained constant inlet pressure, while a flowmeter monitored gas flux until
stabilization. The pressure differential (Ap) and flow rate (g) across the core were recorded,
and permeability (k) was calculated via the compressible-fluid (gas) Darcy equation [30]:

2papqL
k= ——""—"—= x 100 2
A(pi® — po?) ()
where k is permeability (mD); p, is atmospheric pressure (MPa); p; and p, are inlet and
outlet pressures (MPa); L is core length (cm); y is nitrogen viscosity (cP); q is gas flow rate
at atmospheric pressure (cm?/s), and A is cross-sectional area (cm?).

2.3. Data Processing Methods
2.3.1. Single Fractal Analysis Based on LF-NMR
Fractal geometry, since its inception, has been widely adopted as a mathematical tool
to characterize complex systems with scale-invariant properties [31]. Coal pores exhibit
intrinsic fractal characteristics, which can be quantified using low-field nuclear magnetic
resonance (LF-NMR) by analyzing the transverse relaxation time (T3) distribution of pore
fluids. For water-saturated coal reservoirs, the relationship between T, and pore radius (r)
is governed by:
.
h=p —= 3
2=0 57y )

where p is the surface relaxivity (um/ms); and S/V represents the pore surface-to-volume
ratio (um~!). For spherical pores, S/V = 3/r, leading to:

B:§¢:¢:cqﬂczwm 4)

Thus, pore radius scales linearly with T5. The fractal nature of coal pores implies that
their volumetric distribution follows a power law scaling relationship:

N(r)or P 5)

where D is the fractal dimension (2 < D) and N(>r) denotes the number of pores with radii
exceeding r. Differentiating N(>r) yields the pore volume distribution function:

dV(r) o> Pdr (6)
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Substituting r = C-T5, the volume distribution in terms of becomes:
AV(T) (c .Ty)2P.C.dT, = 3P . 12-P4r, 7)
Integrating T from 0 to, T max, the total pore volume is expressed as:
TZ,max
Viewt & €0 [ 12-Dar, ®
0

The cumulative volume fraction V(T5), representing the proportion of pores with T,
values below a threshold, is derived as:

T2 p2—D gyt 3-D
T-=2dT T,
V(1) = 0 - (=) ©)
fO max I12—D 4T/ 2,max
Taking the logarithm of both sides yields:
IgV(T;) = (3—D)-1gT, — (3 — D) - 18T ax (10)

A linear fit to the IgV(T») vs. logT, plot provides the fractal dimension D, where the
slope equals 3—D.

2.3.2. Multifractal Analysis

Unlike single fractal models, multifractal theory resolves hierarchical heterogeneity by
decomposing complex systems into subsets with distinct scaling behaviors [32]. This ap-
proach characterizes pore structures through the multifractal singularity spectrum (a~f(«))
and generalized dimension spectrum (g~D(g)), calculated as follows.

The total pore size range L is divided into subintervals L; of equal length . The
probability density P;(e) for each subinterval is defined as:

Pi(e) = N;'\;f) = N(g”(s) o ¢t (11)
Y Ni(e)
i=1

where Nj is the pore volume within L;, and N is the total pore volume.
The number of subintervals N, (g) sharing a common singularity strength « scales
as [33]:
Na(e) o e /(@) (12)

where f(«), the multifractal spectrum, is a convex function for multifractal systems but con-
stant for monofractals [34]. The singularity strength a(q) and spectrum f(«) are computed

via:
N(e)
‘21 pi(q,€)lg[Pi(e)]
a(g) « = (13)
() 50
N(e)
L wi(q,€)1g[pi(q,€)]
a(g)] « = (14)
Flag) =0
where y;(g,¢), the probability measure weighted by moment order g, is:
_ P
pi(q,€) = No (15)
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By varying g within [-10,10], (q) and f(«) are parameterized.
The partition function x(q,¢) and generalized dimension D; are defined as:
Ni
x(q,€) = ZPiq(s) o ¢ (1=1)Dg (16)
i
1gy N © pa
Dg= L im 8Lz P _ (@) (17)
qg—1e=0 lge g—1
1gy N pa
(q) = (9 - 1)Dg = lim BEi=1 [0 )

e—0 Ige

For q < 0, Dg emphasizes regions with high pore volume probability density (e.g.,
adsorption pores), while g > 0 highlights low-density regions (e.g., fractures). Specific di-
mensions include the following: capacity dimension (Dy) reflects global pore heterogeneity;
information dimension (D) measures entropy-related structural complexity; correlation
dimension (D;) quantifies pore connectivity.

The singularity strength range Aa, a key metric for pore heterogeneity, is calculated
as [35]:

Ax = &max — ¥min 19)

Larger Aa values indicate stronger multifractality and structural diversity.

Multifractal calculations were performed using MATLAB R2022a (MathWorks) with
custom scripts based on Equations (11)—(19). Statistical analysis and figure generation
utilized OriginPro 2023 (OriginLab).

Data fitting of analytical relationships was performed using Origin 2022 software with
a least-squares regression algorithm. Both linear and nonlinear (power law) fitting models
were applied based on trend characteristics, with R? values used to assess fit quality.

3. Results and Discussion
3.1. Spatial Distribution Characteristics of Pore Water During Reservoir Drainage

The T relaxation spectra and associated pore water distribution patterns under incre-
mental centrifugal forces (0-3.83 MPa) reveal a dynamic two-stage depletion mechanism
(Figure 1, Table 2). The total spectral area, representing pore water volume, decreased
by 36.1% (193,978.36 a.u to 123,937.35 a.u.), with distinct behavioral regimes governed by
pore-scale capillary and adsorption dynamics.

Based on the response characteristics of hydrogen signal relaxation times in the NMR
T, spectrum to different pore-fracture sizes, the pore-fracture system in coal can be classified
into three categories: pores with T, < 2.5 ms correspond to micropores with sizes ranging
from 0 to 10> nm, which are defined as adsorption pores; pores with 2.5 ms < T, < 100 ms
correspond to mesopores and macropores with sizes between 10 and 10* nm, identified as
seepage pores; and T, > 100 ms corresponds to fractures larger than 10* nm. Among them,
adsorption pores primarily provide adsorption space for methane molecules and influence
the gas-bearing capacity of the coal reservoir, while seepage pores and fractures together
constitute the main migration pathways for reservoir fluids [36-38]

In the low-pressure regime (0-0.54 MPa), a rapid 11.8% reduction in total water
content occurred, predominantly driven by the expulsion of free water from macropores
(seepage pores and fractures). These large-aperture features exhibited low capillary entry
pressures, enabling efficient fluid mobilization under minimal centrifugal forces. Fracture
systems demonstrated particular susceptibility to drainage, losing 90.7% of their initial
water volume (2164.60 to 200.53 a.u.) within this stage. This abrupt drainage aligns with
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field observations of early water production during coalbed methane extraction, where
fractures serve as primary conduits for initial fluid flow.

ST T L Vacuum saturated wate
4,000 - 3000 R (0.54MPa) -
= ——— 4000 R(0.96MPa)
3 ——~ 5000 R(1.49MPa)
b 6000 R(2.15MPa)
53,000 7000 R(2.93MPa) ]
= 8000 R(3.83MPa)
g
§2,000 + .
c
on
< 1,000 | -
O .*’f... T RN RS R 1 |
0.01 0.1 1 10 100 1,000 10,000

T, (ms)
Figure 1. T, Relaxation spectra of pore water distribution under different drainage conditions.

Table 2. Dynamic changes of pore water in reservoir samples under different displacement pressures.

Displacement Pressure (MPa) Total T, Area (a.u.) Adsorption Pores (a.u.) Seepage Pores (a.u.) Fractures (a.u.)
0.00 193,978.36 152,267.14 39,546.62 2164.60
0.54 171,162.30 149,172.98 21,788.78 200.53
0.96 136,595.25 127,252.43 9198.12 144.70
1.49 135,396.04 126,945.55 8447.69 2.80
2.15 132,623.29 124,795.68 7825.95 1.66
2.93 130,951.44 123,897.22 7052.60 1.62
3.83 123,937.35 118,806.42 5130.77 0.16

Transitioning to the high-pressure regime (0.96-3.83 MPa), water depletion kinetics
decelerated markedly. Residual water became increasingly localized in adsorption pores
and micropores (radii < 100 nm), where surface interactions and capillary confinement
mechanisms dominate. Notably, adsorption pores exhibited counterintuitive behavior.
Although their absolute water content decreased by 22.0% (152,267.14 to 118,806.42 a.u.),
their relative contribution surged from 78.5% to 95.8% of total water storage (Figure 2). This
inversion highlights the critical role of strong physisorption at oxygen-functionalized coal
surfaces (e.g., hydroxyl, carboxyl groups), where water molecules form hydrogen-bonded
networks requiring energy inputs exceeding typical mechanical displacement thresholds.
The near-constant depletion behavior observed in the high-pressure range (0.96-3.83 MPa)
can be attributed to the dominance of adsorbed water in micropores. These water molecules
exhibit strong hydrogen bonding and capillary confinement, resisting mobilization even
under elevated centrifugal pressure. This contrasts with the rapid drainage of free water in
macropores at lower pressures. It is hypothesized that further increasing pressure beyond
3.83 MPa may induce a secondary desorption phase, though this remains to be confirmed
in future research.
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Figure 2. (a,b) Dynamic characteristics of pore water distribution during centrifugal drainage.

The volume of seepage pores plummets from 39,546.62 to 5130.77 a.u., representing
an 87.0% reduction. Once the pressure exceeds 0.54 MPa, their contribution to the total
water content drops below 5%. As the primary transport channels within the pore network,
the rapid depletion of water from these seepage pores directly diminishes the effective
water-phase permeability of the reservoir. This indicates that, when the displacement
pressure surpasses 0.54 MPa, spontaneous water flow within the coal reservoir may cease,
transitioning effectively to a bound water state.

The water signal in fracture spaces almost completely vanishes—from 2164.60 to just
0.16 a.u. (a 99.9% reduction). At 1.49 MPa, the fractures are nearly emptied (only 2.80 a.u.
remaining). This rapid depletion (a 90.7% reduction within 0-0.54 MPa) confirms the critical
role of fractures in initial seepage capacity. However, their extremely low residual water
content (<0.1%) indicates that water in fractures is readily expelled during production,
allowing gas-phase permeability to dominate.

Figure 3a shows that, under saturation (0 MPa displacement pressure), pore water is
continuously and evenly distributed across the sample cross-section, with high-intensity
NMR signals (indicated by bright regions). Combined with T, spectral data (Table 2), it
is evident that areas with developed fractures exhibit much stronger signals than the coal
matrix, confirming the water-enriching role of fracture systems. These correspond to T,
values in the range of 10-100 ms, indicative of macroscopic fractures with openings > 1 um.
The light-yellow-green region regions dispersed throughout the matrix represent seepage
pores (accounting for 20.4%) forming secondary seepage networks, with T, values mainly
between 1 and 10 ms (pore diameters 50-500 nm). The adsorption pores appear as dim
background regions and contribute 78.5% of the total signal. They correspond to T, values
below 1 ms (pore diameters under 50 nm), where water molecules adhere tightly to pore
surfaces. Their distribution remains relatively uniform, largely independent of variations
in the surrounding coal organic matrix.

Water-bearing area Water-free area

Figure 3. Dynamic variation of reservoir water distribution during centrifugation. (a) Saturated state;
(b) post-3000 rpm; (c) post-8000 rpm.
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Figure 3c shows the water distribution after applying a displacement pressure of
3.83 MPa (8000 rpm centrifugal force), where the pore water distribution undergoes sig-
nificant reconstruction. The fracture systems are rapidly emptied, with signal intensity in
the original fracture zones declining by more than 99%, leaving only scattered bright spots.
This indicates that macroscopic fractures are fully drained under centrifugal force, and
any remaining water may reside in surface asperities or be trapped within organic matter
inclusions—consistent with the observed volume drop from 2164.60 to 0.16 a.u. shown
in Table 2. Meanwhile, adsorption pores exhibit a selective retention of water. Although
their total volume decreases by 22.0%, their spatial distribution remains relatively uniform,
with some localized bright spots. This phenomenon may result from two mechanisms.
First, surface adsorption effects, where oxygen-containing functional groups in the coal
matrix, through hydrogen bonding, form nanoscopic water films that resist centrifugal
displacement. This mechanism is supported by the established positive correlation be-
tween coal rank (R max) and irreducible water saturation, as higher rank coals typically
possess a greater abundance of micropores and potentially enhanced surface chemistry
favoring water adsorption [39,40]. Second, pore throat bottleneck effects, where some ad-
sorption pores with ultra-small throats (<10 nm) may experience compression or blockage
during centrifugation (simulating increased effective stress), leading to localized water
trapping. This aligns with observations that deeper buried coals (experiencing higher
pressure) exhibit denser matrices and higher irreducible water saturation, likely due to pore
compression and throat restriction [39,41]. The localized bright spots may represent regions
with exceptionally high concentrations of these micropores or localized mineral /organic
matter compositions favoring stronger capillary or adsorption forces.

3.2. Fractal Mechanisms Governing Pore Fluid Redistribution

To elucidate the spatial redistribution behavior of pore fluid under increasing cen-
trifugal force, a single-fractal model was initially applied to analyze the full-scale pore
system. To improve visualization, linear fits were plotted using dashed lines, and marker
styles were adjusted to better distinguish data points. The slopes, fractal dimensions,
and R? values for adsorption, seepage, and fracture pore segments are summarized in
Table 3. These segment-specific regressions demonstrate the varying fractal behavior of
residual water retention under different centrifugal regimes. However, as indicated by
the R? values for “all pores” (ranging between 0.539 and 0.627), the global linear fitting
was inadequate, especially in capturing the distinct regions observed in the log-log plots
(Figure 4). This confirms that a single fractal dimension cannot fully represent the complex
fluid distribution characteristics across varying pore structures.

To overcome this limitation and achieve a more accurate representation of the under-
lying fractal nature, segmented linear regression was performed separately for adsorption
pores, seepage pores, and fractures (Figure 4). The corresponding slopes, fractal dimensions,
and R? values are presented in Table 3.

To further support the use of a multifractal description, we quantitatively evaluated
the variation of fitted parameters across pore types (Figure 4). For adsorption pores, the
slope values (2.95-2.99) and fractal dimension Dy (0.010-0.047) varied by less than 5%, with
R? values consistently above 0.765. These figures reflect a relatively uniform micropore
system across all tested centrifugal stages. By contrast, seepage pores showed a 3.8%
increase in D from 2.882 to 2.992, with high R? values (mostly > 0.96), indicating growing
heterogeneity while maintaining model reliability. For fractures, the fractal dimensions
remained high and showed minimal variation, ranging from 2.953 to 2.968—an overall
change of only ~0.5%. Corresponding R? values improved steadily, reaching up to 0.975 at
8000 rpm (Figure 4d). It reflects that, while free water in the fracture system is effectively
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removed during centrifugal loading, the residual water distribution remains geometrically
constrained, following the structural contours of the fracture network.

Table 3. Fitting results of the fractal dimension of residual water distribution in seepage pores and
fractures under different centrifugal speeds.

Centrifugal Speed (rpm) Initial State 3000R 4000R 5000R 6000R 7000R 8000R
Centrifugal Force (MPa) 0.000 0.540 0.960 1.490 2.150 2.930 3.830

Slope 1.063 1.600 1.644 1.689 1.684 1.684 1.703

All pores Fractal Dimension (D) 1.937 1.400 1.356 1.311 1.316 1.316 1.297
R? 0.539 0.621 0.621 0.627 0.626 0.626 0.627

Slope 2.990 2.968 2.958 2.959 2.954 2.955 2.953

Adsorption pores Fractal Dimension (D) 0.010 0.032 0.042 0.041 0.046 0.045 0.047
R? 0.774 0.768 0.767 0.767 0.766 0.766 0.765

Slope 0.118 0.079 0.031 0.028 0.025 0.020 0.008

Seepage pores Fractal Dimension (D) 2.882 2921 2.969 2972 2.975 2.980 2.992
R? 0.999 0.998 0.986 0.984 0.978 0.966 0.785

Slope 0.047 0.048 0.035 0.038 0.037 0.036 0.032

Fractures Fractal Dimension (D) 2.953 2.952 2.965 2.963 2.963 2.964 2.968
R? 0.807 0.927 0.962 0.973 0.969 0.965 0.975

-""‘—‘ 0 B
ol e
2t
2F
= Initial state------- Linear fitting ~
©  3000R------- Linear fitting E/ -4 r @ Initial state- - - - Linear fitting
& 4000R------- Linear fitting o ©  3000R- - - - Linear fitting
v 5000R------- Linear fitting ) 4 4000R- - - - Linear fitting
: 6000R---- Linear fitting =6 E v 5000R- - - - Linear fitting
-6 7000R: Linear fitting g 6000R: Linear fitting
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Figure 4. Fractal characteristics of residual water distribution with different centrifugal speeds
(dashed lines represent the linear fitting of fractal behavior for different pore types; refer to Table 3
for fitting parameters).

These findings support a multiscale fractal framework for pore systems, where seg-
mented fitting better captures distinct structural regimes (adsorption, seepage, and frac-
ture). The transition from low-dimensional loosely connected regions to high-dimensional
densely packed regions under centrifugal pressure underpins the evolution of pore water
retention capacity and connectivity.
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By subtracting the T, spectra of pore water under different centrifugal speeds from
that under the initial saturated state, the spatial distribution spectra of the gaseous phase
in the pores were obtained (see Figure 5). Figure 6 illustrates the distribution trends of
gas-accessible pore space in coal reservoirs under centrifugal pressures ranging from 0.54
to 3.83 MPa. Experimental data show a nonlinear increase in total gas-accessible pore
space with increasing centrifugal pressure, from 56,257 a.u. at 0.54 MPa to 103,482 a.u.
at 3.83 MPa, representing an 84% increase. The growth was most pronounced between
0.54 and 1.49 MPa (+63.6%), and it gradually slowed between 1.49 and 3.83 MPa (+12.4%),
suggesting that the increase in movable pore space slows as centrifugal pressure increases,
indicating that the pore system is nearing its maximum capacity for fluid expulsion.
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Figure 5. Distribution characteristics of gas-accessible pore space under different centrifugal speeds.
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Figure 6. Cumulative distribution characteristics of gas-accessible pore space under different cen-
trifugal speeds.

Specifically, gas-accessible space in adsorption pores increased from 13,550 to
37,469 a.u. (+176%), showing a sustained and significant enhancement, indicating that
centrifugal pressure facilitates the release of adsorbed gas in micro- and nanopores. Gas-
accessible space in seepage pores increased from 40,239 to 63,345 a.u. (+57.5%), with a more
gradual trend, especially beyond 2.15 MPa where the growth rate diminished. Fractures
only slightly increased from 2468 to 2668 a.u. (+8.1%), suggesting that fracture-related
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water was largely expelled at the early stage of centrifugation, reaching the upper limit of
its contribution to gas-accessible space.

The multifractal behavior of gas-accessible space under different centrifugal speeds
was further analyzed to better characterize the complexity of spatial distribution. As shown
in Figure 7, the multifractal spectrum reveals how the heterogeneity of the pore network
evolves with increasing centrifugal pressure. Corresponding parameters extracted from
the spectra are summarized in Table 4.

Multifractal dimension (D)
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Figure 7. Multifractal characteristics of coal reservoir after different centrifugal treatments.

(a) Multifractal dimension vs. q; (b) mass exponent vs. g.

Table 4. Multifractal parameters of gas-accessible space in coal samples.

Centrifugal Speed (rpm) 3000 4000 5000 6000 7000 8000
Ce“mfag/[‘;laliressure 0.540 0.960 1.490 2.150 2,930 3.830
D 10 9.289 6.156 6126 6284 6160 5929

Dio 0.682 0.700 0.701 0699 0699 0690

A 9.523 6.093 6058 6230 6093 5848

Dy 1.000 1.000 1000 1000  1.000  1.000

D, 0.742 0.729 0729 0726 0725 0722

Dy-D 0.258 0.271 0.271 0274 0275 0278
D_10-Do 8.289 5.156 5126 5284 5160 4929
Dy-Dig 0.318 0.300 0299 0301 0.301 0.310
D_10-D1o 8.606 5.456 5425 5584 5461 5.239

Based on the multifractal analysis shown in Figure 7 and the corresponding parameters
listed in Table 4, the evolution mechanism of gas-accessible space during reservoir develop-
ment can be characterized as follows: In the low centrifugal pressure stage (0.54-1.49 MPa),
the sharp decrease in D_1p and A« (e.g., Ax from 9.523 to 6.058) indicates that macropores
(seepage pores and fractures) are preferentially drained, resulting in more homogeneous
spatial distributions. In the stability of adsorption pores, D1y remains stable (0.68-0.70),
indicating that the structure of fine adsorption pores is not significantly disturbed, main-
taining a consistent high-probability distribution pattern. In the high centrifugal pressure
stage (>1.49 MPa), the fractal characteristics of adsorption pores become more prominent.
The continuous increase in Dy—D5 (from 0.271 to 0.278) suggests an enhancement in the
microscopic heterogeneity within adsorption pores, possibly due to differences in pore
wall roughness. The multifractal nature of pores does not only determine water migration
patterns but may also regulate gas transport behavior, multiphase displacement, and the
mechanical evolution of reservoir structures under stress.

In summary, the multifractal evolution of movable pore space under increasing cen-
trifugal pressure exhibits a dual trend: macropore homogenization dominates at low
centrifugal pressure with notable reductions in Ax and D_1(, while micropore heteroge-
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nization (increase in Dy—D;) becomes the controlling factor at higher centrifugal pressure,
limiting further expansion of movable space.

Here, “homogenization” refers specifically to the observed reduction in the spatial
variability and complexity of the pore network structure, as quantified by the significant
decrease in the multifractal singularity spectrum width (A«, e.g., from 9.523 to 6.058,
Table 4) and the capacity dimension for large pores (D_1y, e.g., from 9.289 to 6.126). This
indicates a more uniform distribution of larger (seepage and fracture) pores and their
connectivity after water drainage under low centrifugal pressure. The term “adsorption
pore heterogeneity” in this context describes the increasing diversity in the gas-accessible
pore size distribution within the microporous system during high-pressure drainage.

Although developed for coal, the proposed methodology has potential applications in
other tight reservoirs such as shale gas and tight sandstones, where pore-scale heterogeneity
and fluid redistribution under changing stress conditions are equally critical. Its application
to sandstone has been validated in our prior studies [42,43], and this work extends the
methodology to dynamically evolving coal systems.

3.3. Influence of Reservoir Pore Fluid Distribution on Permeability

Based on the methodology described in Section 2.1, the gas-phase permeability of the
samples under different centrifugal pressure was obtained. The initial saturated state was
defined as 100% water saturation, and the cumulative spectral shift after centrifugation
at various speeds was used to calculate the water saturation. Accordingly, the static
permeability of the reservoir at different water saturations was determined, as shown in
Table 5.

Table 5. Permeability measurements of the reservoir under different centrifugal pressure.

Centrifugal Speed (rpm) 0 3000 4000 5000 6000 7000 8000 Fully Dry
Centrifugal pressure (MPa) 0 0.540 0.960 1.490 2.150 2.930 3.830
Water saturation 1.000 0.882 0.704 0.698 0.684 0.675 0.639 0.882
Gas permeability (mD) 0.321 0.558 1.124 1.317 1.326 1.437 1.473 7.252

As shown in Figure 8, gas-phase permeability (K) increases dramatically as water
saturation (S,,) decreases. Starting from a fully saturated condition (S, = 1.0), permeability
is highly suppressed due to water occupying effective flow pathways. However, once Sw
falls below 0.70, permeability increases rapidly, reaching 7.25 mD under dry conditions
(Sw = 0), corresponding to more than a 21-fold improvement in flow capacity. When water
saturation declines to approximately 0.7, most of the free water occupying macropores is
displaced, allowing for the formation of continuous gas pathways. This results in a rapid
increase in effective permeability. The observed threshold behavior is consistent with the
seepage theory in porous media, where a critical desaturation triggers a structural transition
in flow connectivity. Exponential fitting with dry state reference yields an excellent match
(R? > 0.99), validating the role of this saturation value as a physical turning point.

To characterize this nonlinear behavior, we adopted an empirical exponential model:

K = 7.839¢2707sw (R2 > 0.99) (20)

The rationale for selecting an exponential form lies in both empirical consistency
and physical interpretation. Numerous studies have established that permeability is
often exponentially related to porosity in heterogeneous porous media [44,45]. In partially
saturated conditions, water saturation effectively reflects the fraction of pore space occupied
by the wetting phase, and thus inversely indicates the effective porosity available for gas
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flow. From this perspective, Sy, functions as a proxy for the gas-phase-accessible pore
volume, making the exponential model a physically meaningful choice.
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Figure 8. Relationship between gas permeability with (a) water saturation and (b) mobile pore space.

The fitting analysis of the experimental data reveals a significant coupling between
gas-phase permeability and multifractal parameters characterizing the coal reservoir pore
structure, uncovering the complex control mechanisms of pore heterogeneity, connectivity,
and fluid distribution on gas transport. Specifically, permeability is inversely proportional
to D_jp and A, directly proportional to Dy, and highly positively correlated with Dy—Ds.
These findings can be systematically interpreted from the perspectives of fractal geometry
and the dynamic evolution of the pore network (Figure 9).
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Firstly, the inverse correlation between D_j (declining from 9.29 to 5.93) and perme-
ability reflects the increasing contribution of large pores and fractures to gas flow (Figure 9c).
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D_1y typically characterizes the complexity of the distribution of larger pore structures (e.g.,
flow pores and fractures), with higher values indicating more dispersed. At high water
saturation (Sy = 0.88), a high D_1g value of 9.29 suggests that water occupies large pore
spaces, forming isolated water films or bridges that obstruct flow paths. As centrifugal force
increases and water is displaced (S, decreased to 0.64), the mobile space in large pores is
released (from 40.2k to 63.3k units), D_1q drops significantly, and pore distribution becomes
more ordered, reducing flow resistance in large pores and fractures, thereby increasing
permeability. Thus, the negative correlation between D_jy and permeability essentially
reflects the suppression of large-pore connectivity by structural heterogeneity.

Secondly, the positive correlation between D1y (rising from 0.68 to 0.70) and perme-
ability indicates that refining the micropore architecture—particularly within adsorption
pores—facilitates gas transport (Figure 9d). D1y quantifies small-scale pore structure, with
higher values reflecting a narrower size distribution and smoother pore walls. Although
these fine pores are not the main conduits for flow, their more uniform geometry reduces
capillary trapping of residual water, encourages detachment of water films from pore
surfaces, and expands the effective interface between neighboring pathways, thereby
improving network connectivity.

The decrease in Ax (heterogeneity parameter, from 9.52 to 5.85) and the associated
increase in permeability indicate a global structural homogenization that optimizes flow
efficiency (Figure 9b). Ax represents the width of the multifractal spectrum, with larger
values denoting more uneven pore size distributions. At the initial centrifugation stage
(3000R), a high A (9.52) indicates strong heterogeneity, with coexisting micropores and
isolated macropores forming tortuous flow paths easily blocked by residual water. As
the centrifugal pressure intensifies, Ax decreases, indicating a narrowing of pore size
distribution, increased proportion of medium-to-large pores, and more coordinated spatial
arrangement, forming continuous low-resistance flow networks. This process reduces
randomness in flow paths and local bottlenecks, significantly enhancing gas permeability.

Finally, the positive correlation of Dy—D; (increasing from 0.258 to 0.278) further
validates the central role of pore connectivity in permeability enhancement (Figure 9a).
Dy (box dimension) reflects the space-filling capacity of the pores, while D, (information
dimension) indicates the degree of distribution clustering. A larger Dy—D, value implies
better pore system connectivity. The observed increase in Dy—D, with increasing cen-
trifugal pressure, alongside the growth in total mobile space (from 56.3k to 103.5k units),
indicates that water displacement not only releases pore volume but also reconstructs
the pore topology—isolated pores become part of a connected main flow path, forming a
hierarchical conductive network. This structural evolution reduces flow tortuosity, leading
to a nonlinear enhancement in the permeability response to pore volume changes.

The classical Kozeny—Carman permeability model cannot be evaluated using the cur-
rent dataset because we did not measure the specific surface area (Sp), hydraulic radius (ry,),
or hydraulic tortuosity (thx). Any attempt to calculate k¢ without these independently
determined inputs would be highly speculative and could lead to misleading conclu-
sions. Future work will include BET/mercury-intrusion measurements and pore-network
characterization to enable a robust comparison.

In summary, the gas-phase permeability of coal reservoirs is jointly regulated by mul-
tifractal parameters: the reduction in D_1g and Ax mitigates heterogeneity and releases
effective flow space; the increase in D1y optimizes micropore interface properties; and
the rise in Dy—D, strengthens global connectivity of the pore network. This multiscale
coupling mechanism suggests that permeability prediction must account for both volu-
metric expansion and structural homogenization, with the dynamic evolution of fractal
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parameters offering a novel theoretical tool for quantitatively characterizing reservoir

reformation potential.

4. Conclusions

This study systematically deciphers the dynamic interplay between heterogeneous

pore water redistribution and permeability evolution during reservoir depletion through

integrated centrifugal-NMR experimentation and multifractal theory. The key scientific

contributions are summarized as follows:

)

@)

®)

4)

®)

Dual-stage pore water redistribution mechanism: Reservoir drainage exhibits scale-
dependent fluid migration governed by capillary-adsorption competition. Low-
pressure stages (0-0.54 MPa) trigger rapid drainage of fracture and seepage pore
water (11.8% total volume loss), while high-pressure stages (0.54-3.83 MPa) con-
centrate residual water in adsorption pores (95.8% of retained volume). This dual
“macropore drainage-micropore retention” behavior underscores the critical role of
strong physisorption and nanoconfinement in sustaining structural water heterogene-
ity under depletion.

Multifractal evolution of pore networks: Multifractal parameters resolve distinct struc-
tural controls across drainage phases. At low centrifugal pressure, reduced singularity
strength range (Ax: —36.4%) and capacity-information dimension gap (D_19: —62.1%)
signal enhanced macropore connectivity, facilitating initial permeability gains. Con-
versely, high-pressure regimes amplify adsorption pore heterogeneity (Dg—D5: +7.8%),
reflecting localized water entrapment and interfacial roughness that impede sustained
fluid mobility.

Permeability—structure coupling model: A quadratic function links fractal parame-
ters to permeability (R? > 0.99), demonstrating synergistic control by pore volume
expansion and structural homogenization. Permeability escalates 3.6-fold as water
saturation declines from 1.0 to 0.64, with 63.6% of this enhancement attributable to
macropore connectivity gains during early drainage. The nonlinear permeability—
water saturation relationship highlights the dominance of flow-path optimization
over mere volumetric desaturation.

This work reaffirms the importance of characterizing dynamic permeability evolu-
tion within the broader context of reservoir development phases. Each experimental
pressure stage corresponds to a specific zone—ranging from early-stage planning
to deep mining-affected conditions—each governed by unique capillary pressure,
stress regimes, and pore structure evolution. Our findings show that early transition
zones facilitate free-water drainage from macropores, while later zones are dom-
inated by the retention of adsorption-bound water in micropores. These insights
emphasize the need for adaptive drainage strategies tailored to zone-specific pore
characteristics. Moreover, this study establishes a predictive multifractal-permeability
coupling framework, deepening our understanding of connectivity thresholds in
heterogeneous pore systems. The results offer both theoretical guidance for evaluat-
ing dynamic permeability variations and practical strategies for optimizing coalbed
methane production in multistage reservoir settings.

Limitations of the study: This work is based on laboratory-scale centrifugal-NMR
experiments conducted on a single coal seam sample under controlled conditions. The
imposed pressure gradients and small core dimensions may not fully replicate field-
scale heterogeneity, reservoir temperature, or geochemical influences. Additionally,
coal rank and mineral composition vary across basins, potentially affecting multi-
fractal parameters. Other influencing factors, such as initial saturation conditions,
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boundary constraints, and centrifuge acceleration profiles, should be systematically
investigated in future studies.
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