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Challenges in water drainage within natural gas hydrate reservoirs in the Shenhu area of the South China
Sea, characterized by high clay content and strong hydrophilicity, significantly hinder natural gas recov-
ery. Examining the effects of gas pressure and liquid/gas saturation on gas permeability reveals essential
insights for increasing gas production potential. We report gas displacement experiments on clayey-silt
sediment samples, alongside X-ray computed tomography imaging, that reveal critical findings: a notable
increase in flow rate and permeability as displacement pressure nears compaction pressure, highlighting
the role of pressure management in enhancing recovery; water displacement from varying pore sizes
under different pressures, highlighting the influence of pore size on fluid dynamics, and structural
changes, including microfracture formation and a significant fracture that enlarges total pore space by
about 15%, which collectively suggest methods to improve gas flow and recovery. Moreover, our analysis
identifies average throat length, fractal dimension, and succolarity as principal controls on gas permeabil-
ity, indicating the substantial impact of microstructural properties on extraction efficiency. These out-
comes offer valuable strategies for optimizing natural gas hydrate reservoir development in the South
China Sea, emphasizing the need for meticulous pressure and saturation control and in applying a deep
understanding of microstructural dynamics.
� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Natural gas hydrate, known for its ice-like structure that traps
gas molecules within a structural water cage under specific low-
temperature and high-pressure conditions, represents a vast,
untapped source of energy with the potential to significantly
impact global energy strategies (Sloan, 2003; Cui et al., 2018;
Esmaeilzadeh et al., 2020; Gajanayake et al., 2023). Predominantly
located in shallow marine sediments and permafrost (Waite et al.,
2009; Liu et al., 2011; Ruppel and Kessler, 2017; Li et al., 2021),
methane hydrates offer a promising alternative to traditional fossil
fuels, representing extensive reserves that could meet global
energy demands (Makogon et al., 2007; Ning et al., 2020). The
Shenhu area of the South China Sea has emerged as a significant
site for hydrate exploration, with China’s successful extraction tri-
als in 2017 and 2020 marking a milestone in hydrate recovery (Li
et al., 2018; Ye et al., 2020). Unlike the sandy textures of hydrate
deposits found in regions such as Canada’s Mackenzie Delta or
Japan’s Eastern Nankai Trough (Dallimore et al., 2008;
Schoderbek et al., 2012; Yamamoto et al., 2014; Wu et al., 2017),
the South China Sea’s deposits are encased in unconsolidated
clayey-silt sediments, posing unique challenges to extraction and
recovery, due to their high clay content and distinct sedimentolog-
ical characteristics (Yu et al., 2014; Zhang et al., 2017; Li et al.,
2018; Dong et al., 2020; Qin et al., 2020).

When recovering the native gas from such clayey-silt reservoirs
by depressurization (Sun et al., 2019; Zhao et al., 2020), the decom-
position front extends continuously from the wellbore to the inte-
rior of the reservoir and the produced gas–water two-phase fluids
need to pass through the clayey-silt porous medium in the decom-
position zone to be produced (Lu et al., 2023a; Fig. 1). Escape of the
dissociated water and hydrate-decomposed water are limited by
the low gas permeability and high water-absorbent clay content
of the clayey-silt reservoir – resulting in water blocking damage
and impeding natural gas production (Chen et al., 2020; Zhang
g).
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Fig. 1. Schematic diagram of clayey-silt natural gas hydrate reservoir produced by depressurization.
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et al., 2022). Meanwhile, dissociation-related structural changes in
the substrate fabric and particle migration further reduce perme-
ability and further inhibit gas production (Waite et al., 2004;
Boswell et al., 2019). Therefore, sustaining and indeed enhancing
gas permeability is one fundamental need in promoting long-
term sustained and low-impedance production.

The recovery efficiency from these hydrate reservoirs is criti-
cally dependent on understanding and optimizing gas permeabil-
ity, a complex function of the sediment’s porosity, pore-throat
architecture, and the physicochemical interactions between the
gas and water phases (Ren et al., 2020; Shaibu et al., 2021; Gong
et al., 2023). Existing models, including capillary and pore network
models, have provided a foundational framework for predicting gas
flow through these media. Yet, they often fall short in accurately
capturing the real complexities of the sediments, particularly in
the diverse conditions presented by the South China Sea’s clayey-
silt compositions (Dai and Seol, 2014; Katagiri et al., 2017; Chen
et al., 2018; Cai et al., 2020b). This discrepancy highlights a signif-
icant research gap, underscoring the need for empirical studies
that can ground-truth theoretical models against real-world data.
Furthermore, the technical and logistical challenges associated
with conducting in-situ permeability and multiphase flow mea-
surements further complicate our understanding of these systems,
making it difficult to predict and effectively enhance recovery out-
comes (Minagawa et al., 2008; Konno et al., 2013; Delli and Grozic,
2014; Yoneda et al., 2019).

To address these shortcomings, this study completes a series of
gas displacement experiments using water-saturated clayey-silt
samples from the South China Sea under variable gas pressures.
Employing a novel experimental setup that integrates gas flow
measurement with X-ray computed tomographic (CT) imaging
(Lu et al., 2019; Cai et al., 2020a), the study aims to dissect the
intricate relationships among gas pressure, water saturation, and
permeability within these unique sedimentary environments. By
meticulously analyzing the response of dissociated hydrate sedi-
ments and their permeability evolution, this research seeks to
unravel the critical factors that govern gas recovery efficiency.
Such insights are pivotal in refining predictive models and devel-
oping more effective strategies for hydrate gas extraction, particu-
larly within the challenging contexts presented by clayey-silt
reservoirs.
2

2. Natural gas hydrate reservoir samples

The samples are obtained from the gas hydrate reservoir test
well in the Shenhu area, South China Sea. The reservoir is located
in the Baiyun Sag of the Pearl River Mouth Basin at a depth
of �1495–1545 m. The reservoir comprises unconsolidated clayey
silt with a mean median particle size of 12 lm. The average effec-
tive porosity of the reservoir is 34% with an average hydrate satu-
ration of 32.5% (Li et al., 2018). The pressurized sample is recovered
by in situ sampling from the seabed and is used in this work after
the release of natural gas by depressurization (Fig. 2).

Previous studies have defined sample pore structure, mineral
composition, and wetting characteristics by scanning electron
microscope, quantitative evaluation of minerals by scanning elec-
tron microscopy, and sessile drop methods (Lu et al., 2022). The
combined micro- and nano-scale porosity is �20%, with a median
pore radius of only �0.1 lm in the low permeability sediments.
The sample comprises mainly quartz and feldspar (�50%), carbon-
ate (�15%) and a relatively high content of clay minerals (20%–
30%) – predominantly water-absorbent illite (greater than 70%).
The mean contact angle is �50�, identifying strong hydrophilic
characteristics, making the reservoir prone to water block. We
specifically investigate the feature and its impact on gas-phase
flow and permeability.

This work conducts single-phase water flow experiments on the
sample and obtain the permeability evolution characteristics
caused by structural changes (Lu et al., 2019; Cai et al., 2020a).
The sample exhibits the highest permeability at an upstream pres-
sure of 30 kPa (equivalent to 3 MPa/m within the sample). Further
increasing the pressure led to a significant reduction in permeabil-
ity, attributed to structural creep and the resultant narrowing of
pores and throats in the sample, and emphasizing the importance
of structural evolution in controlling permeability.

3. Experimental procedures

Gas is injected into the water-saturated sample at incremented
pressures and the gas saturation allowed to stabilize. The perme-
ability is then measured at this particular gas saturation and the
gas–water distribution is obtained by X-ray CT imaging – before
the pressure is incremented and the procedure repeated.



Fig. 2. Clayey-silt sediment sample.
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The gas permeability of the sample is measured using non-
sorbing nitrogen gas. A steady pressure differential is maintained
between upstream to downstream and the outlet flow rate
recorded. The gas permeability is measured assuming steady
isothermal flow as:

Kg ¼ 2Q0p0lL
Aðp2

1 � p2
2Þ

ð1Þ

where Kg is the gas permeability, p0 is atmospheric pressure, A is
the cross-sectional area of the sample, l is the gas viscosity, L is the
length of the sample, and p1 and p2 are the absolute pressures at the
inlet and outlet, respectively.
Fig. 3. Schematic diagram

Fig. 4. Experimental sequence for th

3

3.1. Apparatus

We use a special non-magnetic sample holder and micro-CT
system to obtain the pore-scale distribution of the individual
two-phase fluids during the permeability measurement. The gas
seepage apparatus includes a gas source, pressure regulator, gas
flowmeter and electronic balance (Fig. 3). The special non-
magnetic and X-ray transparent sample holder is fabricated from
polyimide – with high strength, thermal stability, limited optical
transparency and full X-ray transparency. The micro-CT system
consists of a micro-CT scanner and a data reconstruction and pro-
cessing system. This performs high resolution scanning of the sam-
of experimental setup.

e gas displacement experiment.
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ple in the X-ray transparent core-holder at micrometer resolution
to obtain the complete three-dimensional grain-pore structure
and multiphase fluid distribution within the pores.
Table 1
Gas flow rate and permeability under different up- and down-stream pressures.

Gas displacement
pressures (kPa)

Upstream pressure (kPa) Do

10 9.2 0
20 21 0.5
30 29.9 0.2
40 40 41.5 0.6

30 30 0.4
20 20.3 0.3
10 10.5 0.1

50 50 52.2 0.7
40 39.8 0.6
30 30.1 0.4
20 19.8 0.3
10 10.4 0.2

75 75 75.8 0.1
50 49.5 0.7
40 40 0.6
30 29.4 0.4
20 19.4 0.4
10 9.9 0.1

100 100 101.3 1.3
75 75.3 1
50 50.3 0.7
40 39.2 0.6
30 30.6 0.4
20 20.3 0.3
10 9.9 0.1

Fig. 5. 2D and 3D grayscale images of the sample under different experim

4

3.2. Procedures

The following experimental procedure is followed.
wnstream pressure (kPa) Flow rate
(mL/min)

Permeability
(mD)

0.11 0.6951
7.11 19.0647
33 58.8324
99 121.9161
73 130.417
50 137.972
27 149.9552
124 116.1746
96 124.2066
74 131.2023
50 141.8255
28 158.5583
173 102.0959
119 118.9084
96 123.4751
72 131.6288
49 142.1535
26 153.6718
215 86.9215
167 99.3952
118 115.6434
94 123.8134
74 129.7308
51 140.7315
26 153.6718

ental conditions. (a) 30 kPa water, (b) 30 kPa 30% KI, (c) 10 kPa gas.
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(1) The clayey-silt sample is first dried then mounted in the
core-holder (8 mm in diameter and 10 mm in length). Distilled
water is added during the filling process to render the sample
100% water saturated as the core-holder is completely filled.

(2) The sample is compacted/consolidated under a constant
pressure and pressure gradient along the sample for 24 h before
a permeability measurement is made. An upstream pressure of
30 kPa (corresponding to a pressure gradient of 3 MPa/m) is
selected to effectively stabilize the clayey-silt sample (Lu et al.,
2019) – representing a compromise to provide suitable consolida-
tion but to not significantly activate transient creep. The X-ray CT
imaging is performed (at a resolution of 2.4557 lm per voxel)
when the outlet flow rate is stable – this defines the original struc-
ture of the sample prior to the gas displacement experiment.

(3) 30% potassium iodide (KI)-water solution is displaced into
the sample at a constant pressure of 30 kPa to add contrast and
aid later image processing to obtain the water distribution. Imag-
ing is conducted once the flow rate of the KI-water solution at
the outlet is stable.

(4) Upstream gas pressures of 10, 20, 30, 40, 50, 75, and 100 kPa
are then applied for the nitrogen gas displacement – with each
stable flow imaged by X-ray CT for 10, 20, 30 and 50 kPa.

(5) Experimental data and CT images are processed to obtain
the gas permeability, gas and water saturation and their distribu-
tion in the samples under the various pressure states (Fig. 4).
4. Results and discussion

4.1. Gas flow rate and permeability

Table 1 shows the flow rates and permeabilities of the sample at
different up- and down-stream pressures after initial compaction
Fig. 6. 2D and 3D grayscale images of the sample under different expe
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at a pressure of 30 kPa. When gas displacement is initiated with
an upstream pressure of �10 kPa (there is a slight discrepancy in
the actual upstream–downstream pressure difference due to
equipment precision, which �9.2 kPa), minimal flow results. With
an increase in upstream pressure to 20 kPa, there is a significant
increase in flow rate of � 70-fold increase. With a further increase
in upstream pressure to 30 kPa, the flow rate continues to signifi-
cantly increase, but now only � 5-fold. When the upstream pres-
sure is raised to 40 kPa and exceeds the pre-consolidation
pressure of 30 kPa, the flow rate increases a further � 3-fold, and
we observe a noticeable structural change in the sample from
the outer wall of the holder. Additionally, we also observe a slight
sanding at the equipment outlet. Due to the small pore size of the
clayey-silt samples, the gas slippage effect (wherein the gas per-
meability is lower at high pressures for the same sample and the
same gas) cannot be ignored. After using pressures greater than
30 kPa for gas displacement, the pressure is stepwise decreased
to 10 kPa to again measure post-fracturing permeability. Pressures
are then further increased to 50, 75 kPa, then 100 kPa, where the
sample exhibited consistent flow rates at the same pressure differ-
ential. This indicates that starting from 40 kPa, the internal struc-
ture and gas–water distribution within the sample had already
stabilized and ceased to change. Therefore, CT scans are performed
only at 50 kPa as representative for the gas displacement pressures
spanning 40 to 100 kPa.

Permeability is obtained from the up- and down-stream gas
pressures and measured gas outlet flow rates using Darcy’s law
for compressible flow Eq. (1). The change in permeability under
different gas displacement pressures follows a similar pattern to
the flow rate. At a gas displacement pressure of 10 kPa, the perme-
ability only exhibits a minimal increase. However, as the gas dis-
placement pressure increases to 20 kPa, the permeability
significantly increases, by a factor of �27 �. As the gas displace-
rimental conditions. (a) 20 kPa gas, (b) 30 kPa gas, (c) 50 kPa gas.
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ment pressure further increases to 30 kPa, the permeability contin-
ues to exhibit a significant increase, approximately tripling. When
the gas displacement pressure reaches 40 kPa, the permeability
increases by �2 � and remains unchanged at progressively higher
pressures (albeit when neglecting the gas slippage effect).

4.2. Evolution of pore/grain structure and gas–water distribution

The 2D and 3D grayscale images of the sample under different
experimental conditions are shown in Figs. 5 and 6. At 30 kPa there
are regions in the sample with larger, poorly sorted quartz and
feldspar particles, as well as regions with smaller, well-sorted clay
particles. Pores within the sample (pores shown in black) over var-
ious pressures are distributed over multiple scales, including
macropores distributed between particles and in foraminifera
(black pore with white ring) together with small pores distributed
among the clay minerals.

Apparent in the 30 kPa image doped with 30% KI-water solution
is that the sample is highly water saturated and only a small por-
tion of the foraminifera pores and extremely small pores remain
gas saturated due to capillary pressure - causing a small amount
of gas to be trapped in the pores. From the images at the reduced
pressure of 10 kPa, the KI-water solution is primarily displaced
from the larger pores. A significant portion of the KI-water solution
in the larger pores is near-completely displaced, with the edges of
the pores smoothed by relic water and some pores dilated. At
20 kPa the structure and saturation are similar to at 10 kPa, but
now the KI-water solution is also partly displaced from the smaller
pores. This continues to 30 kPa but with the addition that KI-water
solution is further displaced from a few of the larger pores. It is
Fig. 7. Image differencing to distinguish among the compo
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usually expected that the smaller capillary forces in larger pores
(Lu et al., 2023b) will result in them draining first. However, this
observed out-of-sequence displacement of fluids from large pores
requiring large pressures likely results from the connected path-
ways containing narrow throats. Furthermore, even as the gas dis-
placement pressure reaches the initial consolidation pressure
(30 kPa) some residual water saturation remains. This may also
be due to the presence of smaller pore and throat radii requiring
a large capillary overpressure to displace the KI-water solution.

As the gas displacement pressure is further increased to 40, 50,
75, and 100 kPa the permeability remains unchanged – suggesting
that the gas–water distribution and structure within the sample
also remain unchanged. Thus, the X-ray CT image captured at
50 kPa may be considered representative. As shown in Fig. 6, the
KI-water solution in the sample has been mostly displaced, and
KI particles (bright spots) have precipitated along the edges of
some pores. Additionally, the sample has undergone significant
particle migration. Compared to the stable sample at 30 kPa, many
microfractures connect the intergranular pores and a penetrating
fracture cuts the sample from the center to one edge. The appear-
ance of these fractures is the primary reason for the complete dis-
placement of the KI-water solution. In theory, the gas displacement
pressure at 50 kPa may struggle to overcome the capillary forces in
the micro-scale pores. However, due to the loose and unconsoli-
dated nature of the clayey silt sample, particle migration occurs
once the gas displacement pressure exceeds the initial consolida-
tion pressure. This results in the gas creating numerous small frac-
tures and penetrating larger fractures within the sample,
enhancing the connectivity of the pores and increasing the throat
radii that connect them. As a result, water in the sample is rapidly
nents of the X-ray CT grayscale image of the sample.
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displaced. The pore volume of the post-experiment sample is
greater than the initial pore volume.

4.3. Gas-water saturation

Images are processed by cropping, alignment, smoothing and
region selection to define the spatial positions of pores and grains
within the CT scanned sample at different pressures. Image differ-
encing is used to obtain changes in the pore space and water–gas
distributions. The gray value distribution of the image recon-
structed by CT imaging is related to the density and atomic number
of the fluid and mineral components comprising the sample. The
greater the density and the greater the atomic number, the greater
the gray value. The 30% doped KI-water solution elevates the
atomic number and improved image contrast and therefore resolu-
tion. Initially the pores are unsaturated, resulting in a relatively
small gray value – manifest as black on the image – delimiting
the region where the gas phase is present. The sample image con-
Fig. 8. Pore-scale gas–water distribution after segmentation processing. (a) 30 kPa 30% KI
is gas phase). (For interpretation of the references to colour in this figure legend, the re

Table 2
Gas-water saturation under different pressures and for different fluids.

Experimental conditions 30 kPa 30% KI 10 kPa

Gas Proportion, % 1.42 4.19
Saturation, % 5.4 15.9

Water Proportion, % 24.94 22.17
Saturation, % 94.6 84.1
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taining KI-water solution and scanned in situ under different pres-
sures is subtracted from the initial sample image – this differenced
image defines the pore space containing 30% KI. The presence of
the gas phase and grains can also be distinguished by the differenc-
ing process (Fig. 7).

The pore space and gas–water distributions within the sample
under different pressures are similarly obtained by this image dif-
ferencing method. Based on the digital core image after binary seg-
mentation, the proportion of voxels in the entire sample is counted
to determine the volume proportion of gas and water under differ-
ent pressures. According to the three-dimensional gas–water dis-
tribution images at low gas pressure (10 kPa) (Fig. 8, blue
represents water phase and red represents gas phase), the water
in the large pores is first displaced. Further increasing the pressure
allows the water in the small pores to then be displaced. Finally,
when the pressure is increased to 50 kPa, the pore morphology
changes significantly – resulting in elongated or fracture-like
pores.
, (b) 10 kPa gas, (c) 20 kPa gas, (d) 30 kPa gas, (e) 50 kPa gas (blue is water phase, red
ader is referred to the web version of this article.)

gas 20 kPa gas 30 kPa gas 50 kPa gas

5.44 6.47 29.76
20.6 24.5 98.1
20.92 19.89 0.58
79.4 75.5 1.9
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Table 2 shows the proportion and saturation of gas and water
directly calculated from Fig. 8. After saturating at 30 kPa with a
30% KI-water solution, the sample is essentially completely satu-
rated, reaching a liquid saturation of 94.6%. Then, after gas dis-
placement 10 kPa, �10% of the KI-water solution is displaced,
and the gas saturation reaches 15.9%. As the gas displacement
pressure increases to 20 kPa then 30 kPa, �4.7% and � 3.9% of
the KI-water solution is further displaced, respectively, resulting
in a final gas saturation of 24.5%. At this point, there is still 75.5%
of the KI-water solution remaining in the sample that has not been
Fig. 9. The heterogeneous distribution of the KI

Fig. 10. Fluid displacement direction slice

8

displaced. With a further increase in gas displacement pressure,
the gas saturation abruptly rises to 98.1%, leaving only 1.9% of
the KI-water solution undisplaced. The combined gas–water pore
space ratio within the sample after high-pressure displacement
increased from 26.36% to 30.34% - an approximately 15% increase.

The two-dimensional vertical slice showcases the heteroge-
neous distribution of the KI-water solution (Fig. 9), with the direc-
tion of displacement oriented against gravity, as depicted in Fig. 10,
to lessen gravity’s effect. As shown in Fig. 9, the distribution of the
KI-water solution saturation demonstrates the pronounced hetero-
solution in a two-dimensional vertical slice.

identification in the vertical direction.
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geneity that evolves with vertical elevation within the sample.
There is a noticeable porosity trough between slices 200 and 300.
Comparing the distribution of KI-water solution after 10 kPa gas
displacement, it is evident that the liquid saturation remains
heterogenous. The displacement primarily occurs upstream (slices
600–900) and then downstream (slices 0–200). That less liquid is
displaced from the pores in the center of the sample may be attrib-
uted to the narrower throats and lower connectivity in this region.
As the gas displacement pressure increases further to 20 kPa and
30 kPa, more liquid is displaced upstream (slices 600–900) with lit-
tle change downstream (slices 0–200) – possibly since the down-
stream pores have already been largely desaturated. The liquid in
the pores in the center of the sample still experiences minimal
changes.

The heterogeneous distribution of gas in a two-dimensional
vertical slice is shown in Fig. 11b, with Fig. 11a showing an
enlargement for 10–30 kPa. Since there was little change in the
pore space after gas displacement at 10–30 kPa, the heterogeneous
distribution of gas increase corresponds to the liquid decrease.
However, when the gas displacement pressure reached 50 kPa,
there is a significant increase in gas content in all slices due to
the appearance of fractures. Fig. 12 shows the heterogeneous dis-
tribution of pore space in a vertical two-dimensional slice first
before and then after displacement. The evolution of pore space
is similar to that for the liquid change and identifies the well-
connected pores where gas and water readily exchange and are
more likely to elongate or fracture. The heterogeneity of the pore
space not only controls the distribution of the liquid but also
affects the appearance of fractures. The proportion of pore
increases significantly in the downstream (slices 0–30) resulting
as some particles are expelled from the core holder and indicate
the importance of wellbore sand control in exploitation of natural
gas hydrate reservoirs.

The change in permeability with gas saturation is shown as
Fig. 13 (the gas permeability at 30 kPa is selected for comparison
Fig. 11. The heterogeneous distribution of gas in the vertical two-
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at each gas displacement pressure to eliminate the influence of
gas slippage). The water saturation has a significant influence on
the gas permeability of the reservoir with a slightly higher water
saturation greatly reducing the gas permeability. The displacement
by gas does not cause creep in the pore space as for the water sat-
urated case (Lu et al., 2019; Cai et al., 2020a). The gas quickly
breaks through the fractures as gas migration and the gas perme-
ability of the reservoir does not change significantly after
breakthrough.
4.4. Differing reservoir and laboratory conditions

We complete gas displacing water experiments on clayey silt
samples. As the sample is loose and unconsolidated, it is not possi-
ble to apply vertical confining pressure in the direction of fluid flow
during the experiment, which results in the experimental pres-
sures being much lower than reservoir pressures (�13.5 MPa)
(Bian et al., 2023). Similarly, the sample is completely dissociated
of hydrates. In situ solid hydrates significantly influence the
mechanical properties and structural evolution of the reservoir
and impact the distribution of pore space among gas liquid and
solid (mineral and hydrate).

However, the primary focus of this study is on the evolution of
gas permeability within the gas decomposition zone surrounding
the wellbore. In this region, the pressure is relatively low, the
hydrates have already fully dissociated, and the structure is loose
and prone to evolution. Not only is there decomposed gas, but also
a significant amount of free gas flows through this zone into the
wellbore. In comparison, the water content is relatively low, with
some water trapped in clay pores, resulting in lower water produc-
tion during exploitation. These conditions are similar to our exper-
imental conditions and thus the results are representative of this
state. This decomposition zone around the wellbore is a critical
transit zone that potentially rate-limits actual reservoir production
dimensional slices. (a) 10–30 kPa, (b) 10–30 kPa and 50 kPa.



Fig. 13. Gas saturation versus permeability at different gas pressures within the
clayey-silt sample.

Fig. 12. Heterogeneous distribution of pore space in the vertical two-dimensional slices.
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– and therefore is of significant importance in defining the effi-
ciency of natural gas hydrate recovery.

4.5. Pore network model of gas space

Pore network models (Dong and Blunt, 2009; Blunt et al., 2013)
are constructed from the X-ray CT reconstructions (Fig. 8) to repre-
sent the gas-filled pore space as shown in Fig. 14. For computa-
tional tractability, the structural data from the central 5123

pixels of the original data volume are selected for calculation. This
10
enables the pore structure parameters for the pore space open to
gas flow under different gas pressures to be calculated (Table 3).
After displacement with an initial gas pressure of 10 kPa the water
in the large pores in the center of the sample is driven out. How-
ever, at this time, there are only a few connected pore channels
within the sample, resulting in a low relative gas permeability.
As the gas displacement pressure is increased to 20 kPa, the gas-
filled large pores in the center of the sample gradually extend to
the periphery, forming a contiguous gas seepage channel that
extends across the sample - the corresponding permeability
increases significantly. When the pressure is further increased to
30 kPa, only the water in some small pores is displaced, with the
saturation and configuration of the desaturated large pores chang-
ing little but with permeability increasing three-fold. When the
pressure exceeds the compaction pressure of 30 kPa and reaches
50 kPa, the sample pore space is completely reconstructed by
gas-fracturing, forming a number of connected gas flow channels
with the permeability further doubling over that at 30 kPa.

The modeled pore throat distribution of the gas seepage chan-
nels within the sample under different pressures (Fig. 15) are cal-
culated from the pore network models. Comparing the gas phase
volume fraction of pores upon incrementing upstream pressures
from 10 to 30 kPa (Fig. 15a), shows that the water in pores with
diameters in the range 20–60 lm is expelled and drains. Mean-
while, the displacement of water in transiting from 10 to 20 kPa
is larger than that in transiting from 20 to 30 kPa, which are 41%
and 12% respectively. The gas phase volume fraction change for
the throats in transiting from 10 to 30 kPa (Fig. 15b) shows that
with the increase in the gas pressure, the water in pore throats
with diameters in the range 10 to 50 lm are mainly driven out.



Fig. 14. Pore network models for gas seepage space at different gas displacement pressures. (a) 10 kPa gas, (b) 20 kPa gas, (c) 30 kPa gas, (d) 50 kPa gas.

Table 3
Gas-phase pore-throat structure parameters under different pressures.

Gas displacement
pressures (kPa)

Average pore
radius (lm)

Maximum pore
radius (lm)

Average throat
radius (lm)

Maximum throat
radius (lm)

Average throat
length (lm)

Maximum throat
length (lm)

Coordination
number

10 2.61 82.71 7.32 73.98 26.97 198.69 0.07
20 2.84 74.94 9.16 73.73 31.50 184.10 0.11
30 2.98 78.13 11.86 79.67 43.94 239.72 0.13
50 6.12 206.64 7.31 134.44 63.19 548.50 1.42
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Fig. 15. Pore-throat gas phase volume fraction under different pressures. (a) Pore body gas phase volume fraction for pressures in the range 10–30 kPa, (b) pore throat gas
phase volume fraction for 10–30 kPa, (c) pore body gas phase volume fraction for 10–50 kPa, (c) pore throat gas phase volume fraction for 10–50 kPa.
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The displacement of water in the pressure range 10–20 kPa is also
larger than that for 20–30 kPa, which are 29% and 17% respectively.
The 50 kPa and 10–30 kPa gas phase volume fraction changes
(Fig. 15c) shows that when the gas pressure reaches 50 kPa, the
gas phase pore volume distribution is completely reconstructed.
A new peak appears at the peak of 10–30 kPa (about 50 lm),
and a series of pores larger than the maximum pore radius
(90 lm) at 10–30 kPa also appears with the maximum radius
increased to 210 lm. The pore volume for a pressure of 50 kPa
increases by 82% compared with that at 30 kPa. The 50 kPa and
10–30 kPa gas phase volume fraction curves (Fig. 15d) show that
when the gas pressure reaches 50 kPa, the gas phase volume
within the throats is also completely reconstructed. A new peak
appears at 20 lm, and a series of throats larger than the maximum
pore radius (80 lm) for 10–30 kPa also appears with a maximum
radius increased to 140 lm.

4.6. Relationship between quantitative characterization parameters
for gas distribution and permeability

Table 3 shows the gas-phase pore-throat structure parameters
under different pressures, as calculated from the gas phase volume
fraction curve of Fig. 9. The average pore radius, average throat
radius and average throat length are positively correlated with
the pressure, indicating that the gas seepage space expands with
an increase in gas pressure. Except for at 50 kPa, the maximum
12
pore radius, the maximum pore throat radius and the maximum
pore throat length have no obvious positive correlation with the
pressure - indicating that the pressure does not change the maxi-
mum pore and throat volumes of the gas seepage space. As noted
above, with the increase of pressure, the water in progressively
smaller pores is mainly driven out. The coordination number has
a positive correlation with the pressure, indicating that with the
increase of the pressure, the connectivity of the pore space
increases.

After fitting the pore-throat structure parameters in Table 3
with the gas permeability, it is found that only the average throat
length has a significant positive linear correlation with the gas per-
meability (Fig. 16), indicating that in this experiment, the average
throat length is the main factor controlling gas permeability.

Based on the assumption of a fractal geometry, the fractal struc-
ture parameters of the gas phase under different pressures are cal-
culated: the fractal dimension characterizes the volume and
distribution of the pore space, the lacunarity characterizes the
heterogeneity of the gas space and the succolarity characterizes
the number of individual connected gas pores (Mandelbrot,
1982; Xia et al., 2019). The fractal dimension has a clear positive
correlation with the pressure, indicating that the gas volume both
increases and becomes progressively more complex with an
increase in pressure. When the gas pressure is increased from 10
to 30 kPa, the increasing lacunarity indicates that the liquid phase
around the gas phase space is more easily displaced, gas-filled pore



Fig. 16. Permeability versus average pore throat length at different pressures.
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space becomes more agglomerated and the heterogeneity
increases. Notably, when the pressure reaches 50 kPa, the lacunar-
ity is the smallest, indicating that the reconstructed gas space is
evenly distributed throughout the entire sample. The significant
increase in the succolarity with increased pressure directly indi-
cates that with the progress of the experiment, the connected gas
space in the sample increases significantly.

After fitting the fractal structure parameters (Table 4) with the
gas permeability, it is found that the fractal dimension, the succo-
larity and the gas permeability have a significant positive linear
correlation (Fig. 17), indicating that in this experiment, the fractal
dimension and the succolarity are the main factors controlling gas
permeability. The lack of the correlation between the lacunarity
and the gas permeability indicates that the heterogeneity of the
Fig. 17. Permeability versus (a) fractal dimensio

Table 4
Fractal structure parameters under different pressures.

Gas displacement pressures
(kPa)

Fractal
dimension

Lacunarity Succolarity

10 2.46 0.48 0.0028
20 2.50 0.49 0.0033
30 2.53 0.51 0.0240
50 2.87 0.36 0.0643
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gas space of the clayey-silt samples is not the main factor control-
ling the gas permeability.
5. Conclusions

We explore the evolution of gas permeability within clayey-silt
samples from methane hydrate reservoirs in the South China Sea,
under varying conditions of gas pressures and saturations and sup-
ported by X-ray CT imaging, to provide critical insights into the
effects of water–gas distribution on gas seepage characteristics.
The findings significantly advance the understanding of gas recov-
ery optimization from such reservoirs:

(1) Enhancement of permeability with gas displacement: A
marked increase in flow rate and permeability was observed when
gas displacement pressures reached 10, 20, and 30 kPa. Crucially,
exceeding the pre-consolidation pressure (30 kPa) not only further
amplifies these effects but also stabilizes them at higher pressures,
indicating the pivotal role of pre-consolidation pressure in gas
recovery efficiency.

(2) Structural transformations in the reservoir: The research
highlights that gas displacement initially targets liquid in larger
pores, with increased pressure progressively affecting smaller
pores. Exceeding pre-consolidation pressure leads to comprehen-
sive liquid displacement, micro-fracture formation and a signifi-
cant increase in pore volume (�15%), facilitated by a substantial
fracture. These transformations are key to enhancing permeability
and improving gas extraction rates.

(3) Impact of pore space heterogeneity on permeability: The
observed heterogeneity of the pore space distribution significantly
influences liquid saturation and thereby gas permeability. Even
minor increases in liquid saturation substantially reduce perme-
ability, underscoring the sensitivity of gas permeability to satura-
tion levels and the importance of water management for
reservoir permeability enhancement.

(4) Reconstitution of gas-filled porosity: The study shows that
with increasing pressure, water is significantly displaced from
smaller pore-throats, leading to a complete reconstitution and
increase of the gas-filled porosity at 50 kPa. This phenomenon is
crucial in enhancing gas flow paths and improving reservoir
exploitation strategies.

(5) Determinants of gas permeability: A significant positive lin-
ear correlation was found between gas permeability and parame-
ters such as average pore throat length, fractal dimension, and
succolarity, highlighting these as the main factors controlling gas
permeability. This correlation is essential for the development of
predictive models and effective reservoir management.
n and (b) succolarity at different pressures.
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These insights are instrumental in laying the foundation for
improved predictive modeling and offer valuable strategies for
the effective development of methane hydrate reservoirs. They
emphasize the critical importance of pressure management,
micro-structural analysis and saturation control in optimizing gas
recovery processes.
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