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a b s t r a c t

Clayey-silt natural gas hydrate reservoirs in the South China Sea exhibit loose and unconsolidated
structures, heterogeneous pore structures, high clay mineral contents, and strong hydrophilicity. These
characteristics complicate the gasewater two-phase flow process in porous media following hydrate
decomposition, posing challenges for efficient development. This study examines the transport response
of clayey-silt reservoir samples from the Shenhu area using gasewater two-phase flow experiments and
CT scanning to explore changes in pore structure, gasewater distribution, and relative permeability
under varying flow conditions. The results indicate that pore heterogeneity significantly influences flow
characteristics. Gas preferentially displaces water in larger pores, forming fracture-like pores, which
serve as preferential flow channels for gas migration. The preferential flow channels enhance gas-phase
permeability up to 19 times that of the water phase when fluid pressures exceed total stresses. However,
small pores retain liquid, leading to a high residual water saturation of 0.561. CT imaging reveals that
these hydro-fractures improve gas permeability but also confine gas flow to specific channels. Pore
network analysis shows that gas injection expands the pore-throat network, enhancing connectivity and
forming fracture-like pores. Residual water remains trapped in smaller pores and throats, while struc-
tural changes, including new fractures, improve gas flow pathways and overall connectivity. Relative
permeability curves demonstrate a narrow gasewater cocurrent-flow zone, a right-shifted iso-perme-
ability point and high reservoir capillary pressure, indicating a strong "water-blocking" effect. The
findings suggest that optimizing reservoir stimulation techniques to enhance fracture formation, reduce
residual water saturation, and improve gas flow capacity is critical for efficient hydrate reservoir
development.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Natural gas hydrates, as an abundant and highly efficient clean
energy source (Sloan, 2003; Makogon et al., 2007; Waite et al.,
2009), hold immense potential economic benefits. Since 2003,
the China Geological Survey has explored and evaluated the
resource of natural gas hydrates in the Shenhu area of the South
China Sea, conducting geological, geophysical, and drilling in-
vestigations. In 2017 and 2020, the first exploratory production test
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and the second experimental production test of natural gas hy-
drates in the South China Sea were conducted using the depres-
surization method (Li et al., 2018; Ye et al., 2020), laying a
foundation for the potential industrial development of natural gas
hydrate resources. During the production tests, issues such as high
initial gas production rates followed by rapid declines, difficulties in
maintaining stable output, and low water production were
observed. These observations identify that multiphase flow char-
acteristics in the reservoir during hydrate development remain
unclear. The natural gas hydrate reservoirs in the South China Sea
are primarily composed of clayey-silts and are characterized by
unconsolidated deposits with high clay contents, strong water-
wettability (Zhang et al., 2017; Dong et al., 2020; Qin et al., 2020)
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and as such are structurally unstable during recovery (Wang et al.,
2024). These characteristics make understanding of the dissocia-
tion then flow of the gasewater two-phase increasingly complex-
despecially at the dissociation front. And requiring that such issues
are resolved to allow successful production (Zhang et al., 2021; Lu
et al., 2023; Chen et al., 2024). Thus, clarifying the gasewater
two-phase flow characteristics is a critical scientific issue that ur-
gently needs to be addressed for the scientific and efficient devel-
opment of hydrate resources.

The difficulty in obtaining undisturbed samples, the complexity
and difficulty in completing two-phase dissociation-flow experi-
ments result in only limited observations. Despite these con-
straints, certain progress has been made in understanding
gasewater two-phase flow in hydrate-bearing sediments through
experimental and numerical approaches. Experimental studies
have provided insights into relative permeability and flow behavior
under varying conditions. For instance, observations from in situ
hydrate-bearing sediments demonstrate the influence of gas satu-
ration distribution on relative permeability curves (Winters et al.,
2011), while experiments with artificially synthesized methane
hydrates reveal piston-like displacement patterns during two-
phase flow processes (Johnson et al., 2011). Additionally, varia-
tions in hydrate saturation have been shown to significantly affect
relative permeability curves, emphasizing the intricate interplay
between hydrate content and flow characteristics (Ahn et al., 2005).
These studies collectively highlight the complexity of gasewater
two-phase flow characteristics in porous sediments, with
different research efforts yielding varying conclusions due to dif-
ferences in experimental conditions, sediment properties, and fluid
distribution. This variability underscores the challenges in gener-
alizing two-phase flow behavior across diverse sedimentary
systems.

Numerical simulations have complemented these experimental
efforts, offering a more detailed understanding of multiphase flow
processes at various scales. Pore network models (PNM) have
proven effective in simulating parameters such as gas entry pres-
sure and water retention (Mahabadi et al., 2016; Ai et al., 2017),
while lattice Boltzmann methods (LBM) provide a more nuanced
representation of the interactions between hydrate distribution,
sediment properties, and permeability (Hou et al., 2018). While
these approaches have advanced our understanding, simplifica-
tions inherent in some models may overlook critical aspects of the
dynamic interplay within porous media. This underscores the need
for further refinement in numerical modeling to capture the full
complexity of hydrate-bearing systems.

In addition to these efforts, theoretical models often focus on the
relationship between hydrate saturation and permeability under
various assumptions (Kleinberg et al., 2003; Dai and Seol, 2014;
Katagiri et al., 2017); however, studies of two-phase permeability of
sediments remain relatively scarce (Singh et al., 2019), representing
an important area for future research. Meanwhile, advances in im-
aging techniques have further supported the study of hydrate-
bearing systems. For instance, X-ray computed tomography (CT)
has emerged as a powerful tool for high-precision, non-destructive
imaging, extensively used to characterize hydrate microstructures
and the processes of hydrate formation and dissociation (Uchida
et al., 2004; Seol and Kneafsey, 2009; Lei et al., 2019; Bian et al.,
2023). Moreover, CT imaging has been applied to study fluid dis-
tribution and pore structures during seepage experiments,
providing valuable insights into dynamic behavior such as water
displacement and fine particle migration during depressurization
(Konno et al., 2013; Han et al., 2018). Despite these applications
demonstrating the potential of CT imaging in capturing structural
and flow dynamics, its use in characterizing the complex gasewater
two-phase flow in clayey-silt reservoirs remains largely untapped.
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The limited research on clayey-silt reservoirs presents an op-
portunity to explore the unique challenges posed by their complex
structure, dynamic nature, and high water-wettability. Unlike
conventional oil and gas reservoirs, disassociated hydrate reser-
voirs exhibit highly unconsolidated sediments, high residual water
saturation, and significant capillary effects, which fundamentally
alter gasewater relative permeability characteristics. These unique
properties demand specialized experimental approaches beyond
those commonly applied in traditional hydrocarbon-bearing for-
mations. Bridging this knowledge gap requires integrated experi-
mental and modeling approaches tailored to the distinct
characteristics of these reservoirs. This study focuses on clayey-silt
reservoirs in the Shenhu area of the South China Sea, employing
gasewater two-phase flow experiments combined with high-
resolution X-ray CT imaging to systematically investigate the evo-
lution of pore structure, gasewater distribution, and relative
permeability characteristics under varying gasewater flow condi-
tions. The experiments, conducted under high fluid pressures and
low effective stresses, provide detailed observations of structural
changes in the reservoir anticipated during prospective water
flooding, particularly the behavior of gas displacing water. CT im-
aging is utilized to analyze pore space connectivity and the evolving
distribution of residual water, while pore network modeling
quantitatively evaluates evolution of the pore-throat network,
revealing the formation of fracture-like pathways that enhance gas-
phase permeability. Furthermore, gasewater relative permeability
curves are recovered to assess response of the two-phase flow re-
gion, iso-permeability point, and impacts of "water-blocking" ef-
fects. The applicability of different theoretical models for two-
phase flow in such sediments is also systematically evaluated,
demonstrating that conventional models fail to fully capture the
effects of strong capillary forces and structural alterations in these
reservoirs. These findings provide novel insights into pore-scale
gasewater distribution and permeability evolution, bridging the
gap between experimental observations and field-scale hydrate
reservoir engineering.

This study presents several key innovations in understanding
gasewater two-phase flow in disassociated hydrate reservoirs.
Firstly, unlike previous studies that primarily focus on synthetic
hydrate-bearing sediments or numerical simulations, this work
utilizes disturbed but reconstituted in-situ loose samples from a
natural hydrate reservoir, providing a more realistic representation
of reservoir mineralogy and hence interfacial conditions. Secondly,
the novel combination of high-resolution CT imaging with con-
current two-phase flow-through experiments enables direct visu-
alization of pore-scale structural changes and fluid distribution
dynamics, offering unprecedented insights into gas displacement
mechanisms. Thirdly, the application of PNM allows for a quanti-
tative assessment of how gas injection alters pore connectivity and
fracture formation, a crucial factor in enhancing gas-phase
permeability. Finally, the study highlights the limitations of con-
ventional relative permeability models in describing gasewater
flow in clayey-silt sediments, underscoring the need for model
improvements to account for the strong capillary effects and
structural heterogeneity inherent in these reservoirs. These find-
ings contribute to optimizing reservoir stimulation strategies by
identifying key mechanisms controlling gas mobility and residual
water retention, ultimately enhancing gas recovery efficiency in
hydrate-bearing clayey-silt formations.

2. Samples

The source of the samples is a natural gas hydrate reservoir
located within the Baiyun Sag of the Pearl River Mouth Basin, at a
depth of approximately 1530e1545 m. The lithology of the
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reservoir is clayey-silt, with an effective porosity of 33%. The pore
space is filled with three phases: solid hydrates, free hydrocarbon
gas, and liquid water, with a hydrate saturation of 31% (Li et al.,
2018). In situ, hydrates serve as part of the load-bearing skeleton
in the reservoir. When the depressurization method is applied to
exploit the hydrate reservoir, the phase equilibrium of hydrates is
disrupted. Solid hydrates decompose into free hydrocarbon gas and
liquid water, which are extracted through the wellbore, leading to
the collapse of the load-bearing skeleton composed of clayey-silt
particles and solid hydrates. As the decomposition front continu-
ously advances within the reservoir, a fully decomposed zone forms
around the wellbore, where clayey-silt particles become the sole
solid skeleton. This zone is highly susceptible to structural changes
under stress conditions. Due to the presence of the overlying
reservoir cap, the stress environment in the fully decomposed zone
is determined by the pressure difference between the reservoir
pressure at the decomposition front and the bottom-hole flowing
pressure. Investigating the structural change mechanisms of
clayey-silt particles under this pressure differential and the
gasewater two-phase flow mechanisms in the fully decomposed
zone is crucial. This is because the gas and water from hydrate
decomposition must flow through this zone to be extracted
through the production well, and the two-phase permeability of
the fully decomposed zone determines the reservoir's development
efficiency. Therefore, the samples used in this study are loose
clayey-silt particles collected in situ from the reservoir after hydrate
decomposition under necessarily low effective stresses.

To ensure the representativeness of the experimental condi-
tions, the flow experiments are conducted under high fluid pres-
sures and low effective stresses, simulating the stress state in the
fully decomposed zone after hydrate dissociation. In actual hydrate
reservoirs, the effective stress in this zone is primarily controlled by
the pressure difference between the reservoir pressure at the
dissociation front and the bottom-hole flowing pressure, rather
than by overburden stress alone. The selection of 3 MPa/m as the
experimental pressure gradient is based on both laboratory find-
ings and field practices. In our prior study (Lu et al., 2019; Cai et al.,
2020), a series of steady-state single-phase water injection tests
were conducted on identical clayey-silt samples under increasing
injection pressures (10e100 kPa, corresponding to 1e10 MPa/m).
The results revealed that the sample permeability increased with
pressure gradient up to 3 MPa/m but declined beyond this point
due to compression of pores and throats, as confirmed by CT im-
aging. Therefore, 3 MPa/m was identified as the optimal pressure
gradient that maximizes permeability while maintaining structural
stability. In addition, field production data from hydrate develop-
ment in the South China Sea indicate that a pressure gradient of
approximately 3 MPa/m was commonly applied during production
operations. This gradient is considered technically representative of
actual hydrate reservoir conditions. Therefore, a 3 MPa/m gradient
was adopted in this study to ensure the stability of the pore
structure during two-phase flow experiments while minimizing
uncertainties in relative permeability measurements due to struc-
tural alterations. The selected pressure gradient thus balances the
need for realistic representation of field conditions with the
requirement for maintaining stable experimental parameters,
ensuring that the experimental setup accurately represents the
gasewater flow behavior in the fully decomposed zone during gas
production.

The mineral composition and clay content of the powdered
clayey-silt samples are analyzed using a BRUKER D8 ADVANCE X-
ray diffractometer. Themineral composition, in descending order of
abundance, include quartz (37%), clay minerals (34%), plagioclase
(13%), microcline (7%), calcite (7%), and dolomite (2%). The clay
mineral compositions, also in descending order, consist of illite
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(42%), illite-smectite mixed layers (21%), chlorite (20%), and
kaolinite (17%), with the illite-smectite mixed layers containing
~65% illite layers. The wettability of the samples is determined
using a KRÜSS goniometer by measuring contact angles. The
clayey-silt samples are placed within a container submerged in a
water tank and with bubbles generated by syringe, allowing them
to adhere to the sample surface to form a solideliquidegas three-
phase boundary. The LaplaceeYoung equation is used to fit the
phase interface, and the contact angle is recovered. The measured
contact angle of the clayey-silt samples is 60.3�, indicating water-
wetting characteristics.

3. Methods

Gasewater relative permeability is measured at successive
steady states. In each step of the displacement process, gas and
water are injected at a fixed flow rate ratio, and the flow continues
until the outlet flow rates and differential pressure stabilize. Once
stabilization is achieved, the corresponding effective permeabilities
of the gas and water phases are calculated. This approach ensures
that each observation is representative of steady-state conditions,
distinguishing it from unsteady-state methods such as the John-
soneBosslereNaumann method (Johnson et al., 1959), where flow
rates continuously change. The steady-state nature of ourmethod is
crucial in ensuring accurate relative permeability measurements in
clayey-silt samples.

The effective permeabilities of the gas and water phases are
calculated using Darcy's law

Kg ¼
2p0$qg$mg$L

A$
�
p21 � p22

� (1)

Kw ¼ qw$mw$L
A$ðp1 � p2Þ

(2)

where qg and qw are the flow rates of gas andwater, m3/s; mg and mw
are the viscosities of gas and water, Pa$s; L is the sample length, m;
A is the cross-sectional area of the sample, m2; p1, p2, and p0
represent the inlet pressure, outlet pressure, and atmospheric
pressure, respectively, Pa; Kg and Kg are the effective permeabilities
of the gas and water phases, originally in SI units (m2), and are
subsequently converted to millidarcies (mD) using the conversion
factor 1 mD¼ 9.869� 10�16 m2. All permeability values reported in
this study are expressed in mD. Using CT scanning to obtain the gas
and water saturations in the sample, the gasewater injection flow
ratio is adjusted to determine the effective permeabilities of gas
and water under different saturation conditions. Based on these
values, the gasewater relative permeability curve for the clayey-silt
sample is plotted. In addition, the CT scan images are processed to
extract pore structure characteristics and analyze fluid distribution
during gasewater flow. Due to the unconsolidated nature of the
clayey-silt samples, mercury intrusion porosimetry could not be
performed. Furthermore, nitrogen adsorption primarily character-
izes nanopores, which do not significantly contribute to fluid flow
in these samples. Therefore, in this study, CT imaging is the prime
technique used to determine the pore structure relevant to
permeability and fluid transport, providing a more accurate rep-
resentation of the dominant flow pathways in the clayey-silt
sediments.

3.1. Apparatus

The experimental apparatus primarily consists of a flowmodule
and a CT scanningmodule. The flowmodule includes a gas source, a
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water pump, a differential pressure sensor, a gas regulator, a gas
flowmeter, and an electronic balance (Fig. 1). The Sanying Micro-CT
scanner can non-destructively obtain high-resolution images of the
sample at micro- and nano-scales. The non-magnetic holder is
made of polyimide, which features high pressure resistance, strong
thermal stability, and low X-ray shielding. There are two fluid inlets
located at the bottom left and right sides of the holder for injecting
gas and water during the experiment, while the combined
gasewater outlet is positioned at the top. After passing through a
gasewater separation device, the gas flow rate is measured using a
gas flowmeter, and the water flow rate is obtained using an elec-
tronic balance.
3.2. Procedures

The following experimental procedure is followed.

(1) The dry clayey-silt sample is loaded into the holder, and
deionized water is added to ensure the sample fully occupies
the designated area of the holder (10mm in length and 8mm
in diameter) and becomes 100% water-saturated.

(2) Based on previous research results, to maintain the relative
stability of the pore structure and absolute permeability of
the clayey-silt porous medium, and to minimize un-
certainties during the measurement of gasewater relative
permeability curves, the displacement pressure gradient is
kept below 3 MPa/m throughout the experiment. First,
deionized water is injected into the sample at a constant
pressure of 30 kPa using a displacement pump until the
outlet flow stabilizes, ensuring structural stability. A CT scan
is then performed to obtain initial state images of the sample.
Fig. 1. Schematic of the ex
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(3) The constant-pressure flow mode is switched to constant-
rate flow mode. A 30% KI solution is injected at a flow rate
not exceeding that used during the 30 kPa water flow in the
previous step. The KI solution is used to enhance the contrast
of the water phase during CT scanning, facilitating the
distinction between water and gas phases. KI solution is
injected for several pore volumes until it completely replaces
the deionized water, and a CT scan is performed.

(4) The gas line is connected, and a small flow rate of nitrogen
gas is slowly injected. Simultaneously, injection flow rate of
the KI solution is reduced based on the flow rate in step 3,
ensuring the differential pressure across the sample remains
below 30 kPa. Once the inlet and outlet flow rates and dif-
ferential pressure stabilize, the gas and water flow rates and
the differential pressure are recorded, and a CT scan is
conducted.

(5) The flow rates of both the nitrogen gas and KI solution are
adjusted to a fixed ratio for each measurement step. At each
step, the displacement process continues until the flow rates
and differential pressure reach a steady state. Only after
stabilization is achieved is CT scanning performed to capture
changes in pore structure and gas/water distribution. The
flow rate ratio is then adjusted to the next step, and the
system is again allowed to stabilize before further mea-
surements are taken. This process is repeated until the flow
rate of the KI solution reaches zero, concurrent with the
maximum gas flow rate, at which point the entire experi-
ment concludes. This stepwise approach ensures that all
relative permeability measurements are conducted under
steady-state conditions, distinguishing it from unsteady-
state methods where flow rates change continuously dur-
ing the experiment.
perimental apparatus.
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(6) The experimental data are processed to calculate the relative
permeabilities to gas and water. The CT scan images are
analyzed to determine gas and water saturations, and the
gasewater relative permeability curves are plotted.

Furthermore, to ensure that the in-situ CT imaging is completed
without disrupting the steady-state displacement process, the
following procedure is adopted. During each experimental step, the
gas and water flow rates are adjusted to a fixed ratio and main-
tained until the outlet flow rates and differential pressure stabi-
lized, ensuring steady-state conditions. Once steady-state is
reached, both the inlet and outlet valves of the sample holder are
temporarily closed to isolate the system and maintain the internal
gasewater distribution static. Then, the CT scanning process, which
lasted several hours, was then performed under these stabilized
conditions to capture high-resolution images of the pore structure
and fluid distribution. After scanning, the inlet and outlet valves are
reopened to resume the displacement experiment without
affecting the ongoing steady-state flow process. This approach
ensured that the CT imaging provided a true representation of the
in-situ gasewater distribution during steady-state flow, without
introducing artifacts due to fluid redistribution during scanning.

4. Results and discussion

4.1. Gasewater flow rate and relative permeability

At the beginning of the experiment, a differential pressure of
30 kPa is applied to stabilize the structure of the clayey-silt sample.
Once the flow rate stabilizes, the water-phase effective perme-
ability is calculated using Eq. (2) and is found to be 8.600mD, which
aligns well with the CT-derived pore structure observations. Ac-
cording to permeability classification, the clayey-silt sample be-
longs to a low-permeability reservoir. The flow mode is then
switched from constant-pressure to constant-rate to prepare for
the subsequent injection of two-phase fluids under constant flow
conditions. To ensure that the differential pressure does not exceed
30 kPa during gas injection, which helps maintain the structural
integrity of the sample and avoids changes to the absolute
permeability that could affect the relative permeability curve, the
water flow rate is first reduced to half of that in Stage 1. The
calculated water effective permeability remains consistent with
that of Stage 1, indicating that the structure of the clayey-silt
sample stabilizes after the 30 kPa flow process.

In Stage 3, thewater flow rate is further reduced slightly, and the
gas flow rate is set to the lowest value controllable by the appa-
ratus. Gasewater two-phase displacement begins, and once the
outlet gas and water flow rates stabilize, the effective permeabil-
ities of both phases are calculated. At this point, the effective
permeability of the water phase is approximately 27 times that of
the gas phase. In the subsequent stages (Stages 4 and 5), the water
flow rate is further reduced while the gas flow rate is increased. By
Stage 5, the water flow rate reaches the lowest limit controllable by
the apparatus. From this stage onward, the water flow rate remains
constant while the gas flow rate is gradually increased. In Stage 5,
the effective permeabilities of water and gas phases become nearly
equal, representing the intersection point on the relative perme-
ability curve. The gas flow rate is continuously increased in the
following stages, and by Stage 8, the effective permeability of the
gas phase reaches approximately 19 times that of the water phase.
Finally, in Stage 9, the gas flow rate remains constant while the
water injection is stopped. Once the outlet gas flow rate stabilizes,
the gas permeability is calculated. At this point, the gas perme-
ability reaches the maximum value observed throughout the
experiment. The relative permeabilities of water and gas phases at
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each experimental stage are obtained by dividing their respective
effective permeabilities by this maximum gas permeability.

4.2. Sample structure and gasewater distribution

The 2D CT cross-sectional images obtained during the
gasewater two-phase experiments (from experimental stages
marked with an asterisk in Table 1, with a scanning resolution of
3.69 mm and pixel dimensions of 1300 � 1300 � 750) are shown in
Figs. 2 and 3. From the water saturation images of Stage 1, it can be
observed that the clayey-silt sample contains two distinct particle
sizes. Based on the particle shapes and previous QEMSCAN exper-
iments (Lu et al., 2022), the larger irregular particles are primarily
composed of quartz, while the smaller particles are mainly clay
minerals. This difference in particle sizes results in varying pore
sizes within the sample, including large pores distributed between
quartz particles, smaller pores distributed between clay minerals,
and larger foraminiferal pores (indicated bywhite ring-like features
around the pores in the images).

In Stage 2, after marking the water in the sample with KI solu-
tion, it is observed that most of the sample's pores are fully satu-
rated with the solution, with only a small portion of pores
remaining unsaturated, possibly due to connectivity issues. In Stage
3, as gas injection begins, the solution in the lower-right pores of
the XY plane slice is displaced, and the pores expand and extend to
form clearly connected fracture-type pores. This observation aligns
with the general understanding of seepage behavior in clayey-silt
samples. Specifically, during single-phase water injection through
clayey-silt samples, liquid flows through the sample's pores while
the structure remains relatively stable. When single-phase water
injection pressure increases, the sample undergoes overall struc-
tural creep (Lu et al., 2019; Cai et al., 2020). However, during gas
injection, due to the high capillary pressure in clayey-silt samples
(Xia et al., 2023), the gas displacement pressure, even if unable to
exceed capillary pressure, can exceed the structural stability pres-
sure of the sample, forming seepage channels for gas flow (Xia
et al., 2024). These channels appear as connected fracture-like
pores. The capillary pressure within these fractures is relatively
low, allowing gas to quickly displace fluids from the pores and form
preferential gas flow pathways. Subsequently, as the gas injection
rate increases and the water injection rate decreases (Stages 5, 7,
and 9), the already-formed fracture-type gas flow channels enable
only a small portion of water in the smaller pores to be further
displaced, and no new fracture-type gas flow channels are formed.

4.3. Gasewater saturation and heterogeneous distribution

Since this experiment involves in-situ scanning of the sample
during the process, the reconstructed data volumes are processed
through image cropping, alignment, smoothing, and region selec-
tion. This allows for a precise comparison of the spatial positions of
pores and particles across different data volumes. The image dif-
ferencing method is then employed to obtain the pore space and
fluid seepage space. The injected 30% KI solution, containing iodine
with a high atomic number, appears bright in the CT scan due to its
high grayscale values, while the gas-phase regions, which lack a
contrast agent, appear dark. By utilizing the grayscale differences
between the water and gas phases, the grayscale data can be
segmented to identify the original pore space and the gas-phase
distribution under gasewater displacement conditions (Fig. 4). A
comparison between the pore structure in Stage 1 and the gas-
phase distribution in Stage 3 reveals that at a low gas flow rate,
the gas initially displaces liquid from the larger, connected pores
within the sample. As the gas displacement pressure gradually
increases, the liquid in smaller pores is progressively displaced.



Table 1
Water and gas flow rates and permeabilities under different up- and down-stream pressures.

Stage Differential
pressure, kPa

Water flow rate,
mL/min

Gas flow rate,
mL/min

Water-phase effective
permeability, mD

Gas-phase effective
permeability, mD

Water-phase relative
permeability

Gas-phase relative
permeability

1a 30.000 0.120 0.000 8.600 0.000 0.422 0.000
2a 16.000 0.065 0.000 8.680 0.000 0.426 0.000
3a 25.500 0.042 0.100 3.500 0.132 0.172 0.006
4 16.000 0.022 0.300 2.890 0.657 0.142 0.032
5a 13.000 0.008 0.500 1.270 1.366 0.062 0.067
6 14.500 0.008 1.000 1.140 2.433 0.056 0.119
7a 14.000 0.008 4.000 1.180 10.101 0.058 0.495
8 17.500 0.008 9.000 0.950 17.893 0.046 0.878
9a 15.500 0.000 9.000 0.000 20.387 0.000 1.000

Note:
a Indicates that CT scanning is performed during this stage of the experiment.

Fig. 2. Cross-sectional images from three angles for Stages 1e3.
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However, by the end of the displacement process, a certain amount
of fluid in the smaller pores remains undisturbed.

Based on the pore space data and gasewater phase distribution
data at different experimental stages, the total porosity of the
sample is calculated as 0.207 by determining the proportion of pore
voxels to the total rock voxels in Stage 1. The gas and water phase
proportions in the subsequent stages are used to determine the
gasewater saturations under different conditions (Table 2). The gas
and water saturations in Stage 2 indicate that the initial water
saturation of the sample is relatively high, approximately 90%.With
the onset of gas injection in Stage 3, the gas saturation shows a
significant increase, while the water saturation decreases notably.
This represents the most substantial change in gas saturation
among all the gas displacement stages. As gas injection continues,
even with a several-fold increase in gas flow rate, the change in
saturation becomes smaller. Ultimately, approximately 56% of the
water remains in the sample, indicating a relatively high residual
water saturation.

Pore volume fraction and gas-phase volume fraction in 2D slices
in the Z direction at different stages are plotted as a curve (Fig. 5).
From the curve of Stage 1, it can be observed that the pore space
3349
exhibits significant heterogeneity in the Z direction, with two
prominent peaks appearing between slice 100 and slice 200 and
after slice 600. This heterogeneity in the pore space distribution
also affects the subsequent displacement process. Stage 2 repre-
sents the gas-phase distribution under water-saturated conditions,
which corresponds to the residual gas distribution. It can be seen
that a significant portion of the space between slice 100 and slice
200 remains unsaturated with water, while the peak pores after
slice 600 are better saturated. This heterogeneity in saturation
distribution is likely caused by differences in pore connectivity. The
subsequent gas-phase displacement (Stages 3, 5, 7, and 9) reveals
that the water within the 100e200 peak is nearly displaced by
Stage 5, whereas water in the pores beyond slice 600 continues to
be displaced up to Stage 9.

These observations together indicate that both pore heteroge-
neity and connectivity influence the displacement process. The
heterogeneity in pore distribution results in two peaks, which
contain a significant amount of gas andwater phases. Differences in
the connectivity of these two peak regions (based on saturation and
displacement conditions) suggest that the pores beyond slice 600
have better connectivity compared to those between slice 100 and



Fig. 3. Cross-sectional images from three angles for Stages 5, 7, and 9.

Fig. 4. 3D structure of the sample during the gasewater displacement (blue represents the pore space in Stage 1, while yellow represents the gas-phase space in the other stages).
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slice 200. As a result, less gas-phase space remains unsaturated
during the water saturation process (Stage 2), and more gas-phase
space grows during subsequent displacement (Stage 9). This
3350
demonstrates that pore heterogeneity and connectivity jointly in-
fluence the entire gasewater displacement process.



Table 2
Changes in gasewater saturation within the sample pores during the gasewater
displacement process.

Phase Gas Water

Parameter Volume fraction Saturation Volume fraction Saturation

Stage 2 0.028 0.137 0.179 0.863
Stage 3 0.068 0.330 0.139 0.670
Stage 5 0.081 0.391 0.126 0.609
Stage 7 0.083 0.400 0.124 0.600
Stage 9 0.091 0.439 0.116 0.561

Fig. 5. Pore volume fraction (PVF) of Stage 1 and gas-phase volume fraction (GVF) of
Stages 2, 3, 5, 7, and 9 in 2D slices along the Z direction.
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4.4. Pore network model for gas-phase space

The pore and gas-phase spaces at different experimental stages
are modeled using the pore network modeling method (Dong and
Blunt, 2009; Blunt et al., 2013), as shown in Fig. 6. Comparing Stage
1 and Stage 2, it is evident that the saturation process is effective,
with only some edge pores and isolated small pores remaining
unsaturated with water. Once gas injection begins, the pore-throat
network for gas flow is established as early as Stage 3. Subsequent
gas injection primarily expands this existing pore-throat network,
displacing water from the surrounding throats and increasing the
gas-phase space, which enhances permeability. Comparing Stage 1
and Stage 9, it is observed that by the end of displacement, a certain
amount of water remains trapped in smaller pores, while the pore
and throat sizes exhibit some degree of enlargement after gas
injection.

From the pore network model, the pore-throat radius distribu-
tion of the pore space and gas-phase space during the displacement
process (Figs. 7 and 8) and the pore-throat parameters (Table 3) can
be directly obtained. As shown in Figs. 7(b) and 8(b), in Stage 2, the
pore-throat space unsaturated with water is relatively evenly
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distributed. However, starting from Stage 3 with gas injection, the
pore-throat distribution becomes noticeably heterogeneous. Peaks
appear at 100 mm for pores and at 70e80 mm for throats. These
small pores and throats, which are abundant, serve as the primary
seepage space for the gas phase and play a critical role in pore
connectivity. Comparing the pore-throat volume distributions in
Stage 1 (Figs. 7(a) and 8(a)), it is observed that water is difficult to
be displaced from pores with peak radii around 60 mm and throats
with peak radii around 30 mm. These pores and throats are the
primary storage space for residual water. Additionally, several new
peaks appear at larger radii (pores larger than 300 mm and throats
larger than 200 mm). These larger pores and throats correspond to
the fracture spaces observed after gas displacement in Figs. 2 and 3,
which become the dominant flow pathways for the gas phase.

By examining the pore-throat parameters during the gas
displacement process in Stage 3, 5, 7, and 9 in Tables 3 and it is
observed that the average pore radius, average throat radius, and
average throat length reach their maximumvalues at the beginning
of gas displacement (Stage 3). As the displacement progresses and
the gas flow rate increases, these average values gradually decrease,
indicating that the later stages primarily involve the displacement
of water in smaller pores and throats, which reduces the averages.
The maximum pore radius, maximum throat radius, and maximum
throat length remain relatively unchanged after Stage 5, suggesting
that water in the largest pores and throats is displaced during the
early stages of displacement. The coordination number, which re-
flects the connectivity of the pore-throat network, decreases pro-
gressively from Stage 3 to Stage 7. This is because water in more
isolated and edge-connected pores is displaced, reducing overall
connectivity. By Stage 9, the coordination number had increased
again, indicating that water had been displaced from many small
throats, improving the overall connectivity of the gas-phase space.
Comparing the post-displacement parameters with the original
pore-throat parameters from Stage 1, it is evident that the average
pore radius, average throat radius, and average throat length in
Stage 1 are significantly smaller than those in Stage 9. This indicates
that a substantial amount of water remains trapped in small pores
and throats, which do not participate in gas flow. The maximum
pore radius, maximum throat radius, and maximum throat length
in Stage 1 are smaller than those in Stage 9, suggesting that the gas
displacement process leads to structural changes, with the forma-
tion of new fractures.

To clarify the connection between pore-throat parameters and
relative permeability behavior, we emphasize the role of structural
evolution during gas injection. As shown in Table 3, increases in
average and maximum pore/throat radii correspond to enhanced
gas-phase permeability, due to the formation of large, fracture-like
pores that serve as preferential flow channels. In contrast, the
persistence of small pores and throats contribute to high residual
water saturation, as water remains trapped in these low-
connectivity regions.

The coordination number offers additional insight into con-
nectivity: higher values indicate a more connected pore-throat
network, which facilitates continuous gas pathways and improves
gas-phase permeability. As the coordination number increases in
the later displacement stages (e.g., Stage 9), gas flows more effec-
tively, while water-phase permeability decreases due to discon-
nection of water pathways.

These trends directly support the shape and shift of the relative
permeability curves in Section 4.5. Specifically, the right-shifted
iso-permeability point and narrow two-phase flow region are
manifestations of capillary barriers created by pore-scale hetero-
geneity, with pore-throat geometry playing a decisive role in con-
trolling two-phase flow dynamics. Therefore, the evolution of pore-
throat parameters during displacement provides a mechanistic



Fig. 6. Pore network models at different experimental stages (red represents pores, yellow represents throats).

Fig. 7. Pore volume distribution during the displacement process. (a) Stages 1e3, 5, 7, and 9; (b) Stages 2, 3, 5, 7, and 9.
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explanation for the relative permeability behavior observed in
dissociating clayey-silt hydrate reservoirs.
4.5. Gasewater relative permeability curves

The relative permeability curves, plotted using the gas-phase
relative permeability data from Table 1 and the gas and water
saturations from Table 2, are shown in Fig. 9. The curves reveal that
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during the initial stage of gasewater two-phase flow, as gas in-
jection increases and water injection decreases, the water satura-
tion decreases while the gas saturation increases on the right side
of the iso-permeability point. This leads to a continuous increase in
gas-phase pore space, allowing the gas phase to gradually form a
continuous phase. As a result, the gas permeability increases
slowly, while thewater-phase flow capacity declines rapidly. On the
left side of the iso-permeability point, as the gas saturation further



Fig. 8. Throat volume distribution during the displacement process. (a) Stages 1e3, 5, 7, and 9; (b) Stages 2, 3, 5, 7, and 9.

Table 3
Pore-throat parameters of the gas-phase space during the displacement process.

Stage Average pore radius,
mm

Maximum pore radius,
mm

Average throat radius,
mm

Maximum throat radius,
mm

Average throat length,
mm

Maximum throat length,
mm

Coordination
number

1 10.370 324.222 9.764 276.082 72.949 744.693 0.977
2 38.137 380.887 57.242 293.414 232.789 899.338 0.787
3 44.166 350.017 33.699 394.175 192.825 1124.220 1.939
5 36.268 430.320 31.359 323.822 176.300 1200.280 1.604
7 32.504 439.275 33.618 353.393 174.235 1198.110 1.146
9 32.761 439.639 28.702 333.583 171.085 1183.630 1.549
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increases, the gas permeability rises rapidly, causing a slower
decline in water-phase permeability, eventually reaching a state of
residual water saturation.

Compared to conventional relative permeability curves, the
small pores in the clayey-silt samples exhibit a stronger water
retention capacity, resulting in a narrower two-phase flow region, a
lower iso-permeability point, and higher residual water saturation.
When the gas phase enters the pores, it must overcome significant
capillary forces and tends to flow preferentially through larger pore
channels, forming dominant gas flow pathways. This behavior
makes it difficult for gas and water to flow simultaneously within
the same pores. The narrow two-phase flow region, low iso-
permeability point, and rightward shift indicate poor sorting of
the pore space and strong hydrophilicity of the medium. Addi-
tionally, the rapid decline in gas permeability with increasing water
saturation highlights a strong "water-blocking" effect, where the
water-phase flow capacity is significantly reduced due to the strong
water retention forces within the clayey-silt pores.

In practical development, if the water phase within the clayey-
silt porous medium cannot be efficiently displaced by gas
released from hydrate decomposition, gas-phase flow will be
severely restricted in water-filled pores. Therefore, to efficiently
develop the gas produced from hydrate decomposition, it is
necessary to implement secondary modification of the clayey-silt
porous medium within the hydrate decomposition zone. This
modification aims to effectively expand the two-phase flow space,
creating favorable flow pathways for gas, and enabling stable gas
production.

Although only one set of CT-scanning-derived relative perme-
ability is presented in this paper, two additional steady-state
gasewater displacement experiments were conducted on similar
clayey-silt samples to evaluate repeatability. The resulting relative
permeability curves from those tests exhibited consistent shapes
and trends, including the narrow two-phase flow region, the right-
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shifted iso-permeability point, and the strong "water-blocking"
effect, confirming the reproducibility of the experimental obser-
vations. However, these auxiliary experiments were conducted
without CT scanning due to the limited availability of scanning-
time prompted by expense. As a result, water saturation and pore
structure evolution could not be obtained for those runs, and thus
they are not included in the main analysis. Nevertheless, the cur-
rent dataset is representative and sufficient for characterizing the
gasewater flow behavior in clayey-silt hydrate reservoirs.

Furthermore, the relative permeability models fitted in Section
4.6 are not intended for predictive modeling but rather to help
visualize and describe the general behavior and trends of the
measured relative permeability data. Despite limited data points,
the fitting serves to highlight key features such as strong capillary
control and structural evolution, and to compare the performance
of different fitting models for clayey-silt reservoirs.
4.6. Gasewater relative permeability models

In theoretical models explaining the variation of two-phase
relative permeability with saturation, the BrookseCorey (BC)
model and van Genuchten (VG) model are commonly used. The
relationships between water-phase relative permeability, gas-
phase relative permeability, and saturation follow the BC equa-
tion (Brooks, 1965):

krw ¼ �
S*w

�3þ2=l
(3)

krg ¼
�
1� S*w

�2h
1� �

S*w
�1þ2=l

i
(4)

where krw and krg are the relative permeabilities of water and gas
phases, dimensionless; l is the index of pore-size distribution,



Fig. 9. Relative permeability curves.
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dimensionless; and S*w is the effective saturation, dimensionless,
calculated using the following equation:

S*w ¼ Sw � Swr

1� Swr � Snwr
(5)

where Swr represents the residual water saturation, which is 0.561;
and Snwr represents the irreducible gas saturation, which is 0.137.

The VG model for gasewater two-phase relative permeability is
expressed as follows (van Genuchten, 1980; Lenhard and Parker,
1987; Parker et al., 1987):

krw ¼ �
S*w

�1=2h
1�

�
1� �

S*w
�1=m�mi2

(6)

krg ¼
�
1� S*w

�1=2h
1� �

S*w
�1=mi2m

(7)

where m is the shape factor, reflecting the characteristics of the
pore size distribution, dimensionless.

The results obtained by simultaneously fitting the gasewater
two-phase experimental data using the BC and VG models are
Fig. 10. Relative permeability models.
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shown in Fig. 10. The VGmodel demonstrates an excellent fit to the
gas-phase relative permeability data, with a correlation coefficient
reaching 0.900. This indicates that the VG model can effectively
characterize the variation of gas-phase relative permeability with
saturation for clayey-silt samples. Interestingly, in this fitting, them
value exceeds 1, which contradicts the theoretical range of VG (m is
expected to range from 0 to 1). This discrepancy is likely due to
structural changes in the clayey-silt samples during the perme-
ability experiments (Figs. 2 and 3). Unlike the phenomena observed
in this experiment, conventional soils typically exhibit relatively
stable structures during permeability testing, resulting in insignif-
icant variations in the m value. The BC model shows a relatively
poor fit to the gas-phase relative permeability data, with a corre-
lation coefficient of only 0.509.

However, the VG and BC models both perform poorly in fitting
the water-phase data. The VG model aligns reasonably well with
the experimental data trend at lower effective water saturations
but significantly overestimates the water-phase permeability at
higher saturations. Conversely, the BC model underestimates the
water-phase permeability at lower saturations and overestimates it
at higher saturations. The poor fitting performance of these models
may be attributed to the complex pore distribution of the clayey-
silt samples and the pronounced "water-blocking" effect. Addi-
tionally, it is observed that a linear fitting relationship better ex-
plains the correlation between water-phase relative permeability
and saturation for clayey-silt samples, with a correlation coefficient
as high as 0.997.

krw ¼0:4275S*w þ 0:0026 (8)
5. Conclusions

This study investigates gasewater two-phase flow experiments
using clayey-silt reservoir samples from the Shenhu area of the
South China Sea. CT scanning technology is employed to observe
structural changes and gasewater distribution under different flow
rates. The pore structure characteristics, saturation distribution,
and their effects on gasewater relative permeability are analyzed.
The main conclusions are as follows:

(1) During the gasewater two-phase displacement experiments,
significant changes in permeability are observed by gradually
adjusting the gas and water flow rates. As the gas flow rate
increases and the water flow rate decreases, fracture-type
flow channels gradually form in the sample. Gas-phase
permeability increases significantly and stabilizes, ulti-
mately reaching 19 times that of water-phase permeability.

(2) CT scanning reveals significant heterogeneity in the pore
distribution of the sample. Gas preferentially displaces water
from larger pores, followed by gradual displacement from
smaller pores, but approximately 56% of thewater remains as
residual water that cannot be displaced. The formation of
fractures significantly enhances gas-phase connectivity,
while the high residual water saturation reflects the strong
water retention capacity of the clayey-silt reservoir.

(3) The pore network analysis shows that gas injection estab-
lishes and expands a pore-throat network, displacing water
and enhancing connectivity. Fracture-like pores form during
gas flow, increasing the maximum pore and throat radii,
while residual water remains trapped in smaller pores and
throats. The coordination number initially decreases due to
water displacement in edge-connected pores but improves
in later stages as smaller throats contribute to connectivity.
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These structural changes highlight the influence of pore
heterogeneity and connectivity on gasewater flow behavior
in clayey-silt samples.

(4) The gasewater relative permeability curves show a narrow
two-phase flow region and a rightward-shifted iso-perme-
ability point, indicating high capillary forces and poor sorting
of the flow space in clayey-silt reservoirs. Gas-phase
permeability increases significantly with the formation of
fracture-like pores, which act as preferential flow channels.
In contrast, water-phase permeability declines rapidly due to
the "water-blocking" effect and eventually stabilizes at re-
sidual water saturation.

(5) The van Genuchten (VG) model fits the gas-phase relative
permeability well (correlation coefficient 0.900) but per-
forms poorly for the water-phase data. The Brooks-Corey
(BC) model shows poor fitting for both gas and water pha-
ses, while linear fitting provides a more accurate represen-
tation of water-phase relative permeability (correlation
coefficient 0.997). This likely results from dynamic changes
in structure driven by the high internal fluid pressures and
low applied total stresses.

In conclusion, the high clay content, hydrophilicity, and fracture
formation characteristics of clayey-silt reservoirs play a critical role
in influencing gasewater relative permeability and overall gas
production efficiency. This study provides a comprehensive pore-
scale investigation into gasewater flow in disassociated hydrate
reservoirs, highlighting key mechanisms affecting gas permeability
and residual water retention in clayey-silt sediments. By inte-
grating high-resolution CT imaging, pore network modeling, and
relative permeability analysis, this research offers new insights into
the structural evolution and transport dynamics of such reservoirs.
The findings emphasize that optimizing reservoir stimulation
techniques, such as enhancing fracture connectivity and mini-
mizing residual water saturation, is essential to promote the
development of fracture flow channels, improve gas flow pathways,
and enhance overall reservoir performance. These advancements
bridge the gap between experimental observations and field-scale
reservoir behavior, offering valuable guidance for the optimization
of gas production strategies and the future development of hydrate
reservoirs.

The findings of this study provide direct implications for
improving hydrate reservoir engineering practices. Unlike con-
ventional oil and gas reservoirs, disassociated hydrate reservoirs
exhibit high clay content, strong water-wettability, and are un-
consolidated, which significantly influences gasewater relative
permeability and overall gas recovery efficiency. This study dem-
onstrates that capillary forces and structural heterogeneity play
dominant roles in controlling gasewater transport, requiring novel
modeling approaches and customized development strategies for
efficient gas extraction. First, the identification of fracture-like
pores as primary gas flow pathways suggests that reservoir stim-
ulation techniques, such as hydraulic fracturing or chemical stim-
ulation, could be optimized to enhance fracture connectivity and
minimize residual water saturation. Second, the characterization of
relative permeability curves highlights the necessity of controlling
production pressures to mitigate "water-blocking" effects and
sustain gas mobility. Finally, pore network modeling results indi-
cate that monitoring changes in pore connectivity during produc-
tion can help predict permeability evolution, informing real-time
reservoir management strategies. These insights contribute to
developing more effective and sustainable natural gas hydrate
production techniques, bridging the gap between fundamental
pore-scale observations and large-scale reservoir exploitation.
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