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ABSTRACT: Hysteresis behavior is a key factor in exploring
dynamic water and gas flow in dissociating hydrate-bearing
sediments (HBS). In this study, we combined microfocus X-ray
computed tomography and a pore network model to investigate
the effect of hydrate dissociation on gas trapping and hysteresis in
capillary pressure, Pc and relative permeability, kr in different
wettability systems. The results show that the hydrate dissociation
process involves secondary hydrate formation, which promotes gas
trapping. The effective residual gas saturation in the water-wet system was significantly higher than that in the gas-wet system due to
snap-off. Gas trapping has a huge impact on the hysteresis in Pc and kr between the drying and wetting cycles in HBS. This work will
improve the fundamental understanding of the permeability properties of HBS so that gas and water production can be better
assessed.

1. INTRODUCTION
Gas hydrates are a type of icelike crystalline compound that
form under preferably low temperature and elevated pressure,1

where water molecules form cagelike structures that trap
"guest" molecules like methane and carbon dioxide.2 The
amount of methane stored in gas hydrates along continental
shelf and slope regions, permafrost areas, and inland seas is
estimated to be at least twice that of conventional hydrocarbon
sources.3,4 Gas hydrates can decompose and release the stored
guest gas molecules if the temperature or pressure falls outside
the hydrate stability zone. Accordingly, different methods have
been proposed to extract methane from these low-carbon
energy reservoirs. The process of extracting natural gas from
hydrate-bearing sediments (HBS) is described as a multiphase
flow associated with chemical reactions within a porous
medium, involving heat transfer,5 water and gas flow,6,7 fine-
particle migration,8 and hydrate phase transition.9,10 To
characterize multiphase flow properties in HBS, permeability
measurement is needed, which is critical to understanding
water and gas production11,12 and methane releases from
hydrates into the atmosphere and ocean.13

Hydrates occupy the pore space in HBS and influence the
effective permeability, keff (i.e., single-phase permeability),
which is defined as the intrinsic (or absolute) permeability, kint,
that reflects the intrinsic ability of sediments without hydrates
to allow single-phase flow and does not depend on the fluid
type.11,14 In two-phase fluid systems, the competitive flow is
described by the relative permeability, kr. The permeability of
HBS is affected by many factors, such as hydrate saturation and
distribution,12,15 sediment wettability,16 and rock and fluid

properties. Sediment rocks usually contain quartz, feldspars,
calcite, and clay with different contact angles, where fluid flow
is usually accompanied with wettability alteration.17 Extensive
experimental studies18−20 as well as continuously improved
pressure core technologies and downhole techniques21,22 have
yielded reliable permeability. However, these methods are not
ideal for permeability measurement and still undergo
secondary hydrate formation, changes in hydrate morphology,
and evolutions in the pore structure.
Many researchers pay more attention to the effect of hydrate

saturation,Sh and pore habit on permeability through
laboratory experiments.8,18,19,21 The experimental results have
confirmed that the hydrates occurred in the pore space and
reduced the pore size and hindered the water and gas flow. The
permeability is difficult to measure because the primary
challenge is the thermodynamic instability of gas hydrates in
HBS.23 A recent study14 reported that the unsteady-state
permeability method was a reliable and reproducible way for
fluid flow measurement, which is a faster method of
permeability testing in HBS. It requires effectively controlled
independent pore, radial, and axial pressure, accurate specimen
and surroundings temperature, necessarily injecting front-end
saturation skills, and precise experimental processes. Moreover,
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experimental challenges have led researchers to pay more
attention to the prediction of water relative permeability, krw,
and gas relative permeability, krg, using theoretical analysis and
numerical methods; however, these results still lack verification
via experimental results.
In recent years, many theoretical analyses24,25 and numerical

simulation methods have been used to study the permeability
of HBS: especially the lattice Boltzmann method26 and pore
network model (PNM).27 The PNM is an efficient method for
analyzing the permeability, which is based on microfocus X-ray
computed tomography (CT) that directs imaging of pore
structures and fluid distributions in a different porous
medium.8,16,28−30 Extensive PNM studies31−33 have been
developed for analyzing CT images, and these simulation
methods have been applied in environmental engineering,34

groundwater hydrology,35 and petroleum engineering.36 PNM
can provide the pore space characteristic parameters of HBS,9

which are used as inputs to predict fluid transport properties by
employing the capillary pressure, Pc and kr curves.

27,37 Wang et
al. investigated the effect of particle size, wettability, and
surface tension on Pc and kr using a PNM.16,27,38

The Pc and kr curves generally exhibit a hysteresis
phenomenon between drying (drainage) and wetting (im-
bibition) cycles,39−42 as shown in Figure 1. These cycles can
describe the fluid flow when the water saturation, Sw, gradually
decreases and increases in a porous medium.43 The transition
between the drying and wetting cycles is called scanning
flow.44,45 Gas and water production from HBS is a complex
multiphase flow process that can also present drying and
wetting cycles.11,21 Hydrate dissociation generates free gas,
which is dominated by the drying cycle.11 The three main

types of wetting-dominant ones include (1) water production,
which increases the pore water pressure,11 (2) fluid (e.g., hot
water) injection in sediments,46 and (3) secondary hydrate
formation that consumes a large amount of gas and decreases
the local gas pressure and Pc.

47 Few studies have been
conducted to explore the hysteresis phenomenon in HBS using
both experimental46 and numerical methods.11 Nevertheless,
the understanding of hysteresis in HBS is still unclear; hence, it
is important to investigate the effect of hysteresis on water and
gas flow in HBS (Figure 1).
As the overall aim of this study, we integrated pore-scale

modeling with three-dimensional (3D) imaging to determine
the missing parameters for establishing gas recovery from HBS.
We combined an in situ microfocus X-ray CT observation and
a PNM simulation to explore the hysteresis behavior in
dissociating HBS. The feasibility and accuracy of PNM in HBS
were validated by Wang et al.27 We extracted equivalent pore
networks with parametrized characteristics from 3D images.
First, the influence of wettability (water-wet or gas-wet) and
pore structure changes during hydrate dissociation on gas
trapping were investigated, and the effect of gas trapping on
the hysteresis in Pc and kr between the drying and wetting
cycles was analyzed. Moreover, we used dynamic scanning flow
to predict complex water and gas displacement sequences in
the dissociating HBS.

2. METHODOLOGY
2.1. Experimental Apparatus and Materials. The experimental

system consisted of a triaxial testing apparatus and micrometer-
resolution X-ray CT (SMX225CTS-SV, Shimadzu Co., Japan), as
shown in Figure 2a, and has been thoroughly described by Wu et al.48

Figure 1. Schematic diagram of the hysteresis in Pc and kr.

Figure 2. (a) Schematic diagram of a triaxial testing apparatus and micrometer-resolution X-ray CT (ref 49). (Reprinted with permission from ref
49. Copyright 2021 American Chemical society.) (b) Cross section of CT images of the hydrate dissociation process.
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The triaxial testing apparatus included three plunge pumps (GDS
Instruments Co., U.K.), a thermostatic bath (FP50-ME, Julabo Co.,
Germany), a back pressure (KPB-IN0D422P200 K0, Swagelok.,
U.S.A.) valve, a triaxial pressure chamber, a displacement transducer,
and corresponding gas sources. The plunge pumps controlled the
pore pressure, axial stress, and confining pressure. A thermostatic bath
controlled the temperature with a precision of ±0.01 °C. The back
pressure valve controlled the pressure with a precision of ±0.1 MPa.

Fujian sand (Isosand Co., China) which has a density of 2.41 g/
cm3, particle size of 1.33 mm, and a uniformity coefficient of 2.23 was
chosen as the host sediment. Xenon and water were used to form
xenon hydrate in sand sediments. Xenon has been widely used as a
substitute for methane for in situ CT experimental studies to enhance
the density contrast differences between different phases.50 In
addition to the similar solubilities and diffusivities of xenon gas and
methane gas, xenon hydrates and methane hydrates have similar
physical properties.50 Moreover, the experimental conditions required
for formation of xenon hydrates are relatively milder than those for
methane hydrates, which reduces the potential danger of explosive gas
operation under high pressures.

2.2. Experimental Procedure. For the in situ observations, the
xenon hydrate formation and dissociation were performed in four
stages as follows:
(1) Specimen preparation: Water (1.6 g) was mixed with the dried

Fujian sand (18.2 g) in a sealed bag, and the resulting wet sand
was loaded into the mold (with a diameter of 20 mm and
length of 40 mm) and compacted with a tamper. The initial
porosity and initial water saturation were 0.40 and 0.32,
respectively. After forming the specimen, it would undergo
hydrate formation and hydrate dissociation under a specific
temperature and pore pressure (xenon gas), as shown in Figure
3. The mold filled with wet sand was placed in a freezer (−4

°C). The frozen specimen was then removed from the mold
and placed on the pedestal of the triaxial pressure chamber
(state a). Then, the pressure chamber was filled with the
confining fluid (nitrogen gas), and the confining pressure
(nitrogen gas) was raised to 0.05 MPa. Next, the temperature
of the confining fluid (nitrogen gas) was raised to 18 °C to
melt the frozen specimens (state b). Finally, the xenon gas
displaced the air in the specimen, and the pore and confining
pressures were increased to 0.60 and 0.65 MPa, respectively
(state c).

(2) Hydrate formation: To form hydrates, the temperature of the
confining fluid was lowered from 18 to 7 °C, and a
thermocouple was positioned at the bottom of the specimen

to measure the temperature. The confining pressure and pore
pressure remained at 0.65 and 0.60 MPa, respectively (state d).
When xenon gas consumption was stopped, the hydrates were
considered fully formed (all of the water had been converted to
hydrates).48,51,52

(3) Increase confining pressure: After hydrate formation, the
confining pressure was increased from 0.65 to 3.60 MPa to
consolidate the specimen.

(4) Hydrate dissociation: Initially, the hydrates were in an
equilibrium state with the confining fluid at 7 °C and pore
pressure of 0.60 MPa. Then, the temperature of the confining
fluid was increased from 7 to 18 °C. The confining pressure
and pore pressure remained at 3.60 and 0.60 MPa, respectively
(state e). For more details, please refer to previous research.48

2.3. CT Image Processing. Micrometer-resolution X-ray CT
scans were conducted for the hydrate dissociation process. Each
tomogram acquired 1200 projections of the sample over 360° in 320
s. Three groups of original CT images (44 μm/voxel) with 1024 ×
1024 × 936 voxel3v (45.06 × 45.06 × 41.18 mm3) during hydrate
dissociation (Sh = 0.37 → Sh = 0.53 → Sh = 0.00) are shown in Figure
2b. The slice data were reconstructed into a 3D volumetric model
using InspeXio (Shimadzu Co., Ltd., Japan). Median filtering for noise
reduction and watershed segmentation using Fiji (National Institutes
for Health, U.S.A.) software were applied to all the original CT
images, and then we obtained the binarized images. On the basis of
the assumption that the hydrate phase and the sand form the skeleton
(the value is 1),27 the rest of the sample was regarded as the pore
space (the value is 0) for extraction of the pore network.

2.4. Representative Elementary Volume Analysis. The
representative elementary volume (REV) is a measurement of the
minimum volume of a specimen that can represent the characteristic
of the whole fluid and sediments.53,54 This concept commonly uses
porosity, ϕ, to define the REV of the specimen as shown in Figure 4.

In the microscopic domain, the porosity fluctuates unstably with the
increase of the sample size. The ϕ fluctuations become insignificant as
the sample size is further increased, which means that some properties
of the sample become constants that are not affected by the specimen
size, which is defined as the REV. In the megascopic domain, the ϕ
values may change again as the sample size increases. In this study, a
cube of 300 × 300 × 300 voxels3 (13.20 × 13.20 × 13.20 mm3) was
treated as a REV to extract the 3D pore network (Figure 5). Avizo
software is used to visualize the 3D pore network (FEI Hillsboro,
U.S.A.).

2.5. Quasi-static Pore Network Modeling. In this work, the
open-source code of a PNM was adopted to extract the network from
dissociating HBS as shown in Figure 6.33 By using this method, the
uncertainty in conventional network modeling could be reduced. This
algorithm calculates a distance map from each pore space voxel to the
nearest solid surface. The local maxima on the distance map were
defined as pores, and the algorithm was developed using the
maximum ball algorithm.31 The distance map increases on either

Figure 3. Phase diagram showing the equilibrium conditions for
xenon hydrate and the state paths of the pore pressure (xenon gas)
and temperature used to produce the xenon hydrate-bearing
specimen.

Figure 4. Concept of REV (Adapted with permission from ref 54,
Copyright 2015 Springer Verlag.).
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side of the pores, defined as throats. More detailed descriptions of this
pore and throat determination algorithm have been provided by
Raeini et al.33 The shape factor (G) is used to describe complex and
irregular geometrical profiles of the pores and throats. G is defined by
Bultreys et al.55 as follows:

=G R
A4t

2

(1)

=G
G

np
t

(2)

where Gp and Gt are the pore shape factor and throat shape factor,
respectively; R is the inscribed radius and A is the cross-sectional area;
n is the coordination number.

After pore network extraction, water and gas transport in HBS is
simulated using a quasi-static invasion percolation approach that is
generally performed with a pore network flow simulator.56 In the
simulator, initially, the network is filled with water, which displaces by
gas into the largest pores until a very high Pc or target Sw is reached.
This process is called drying, where only a single flow pattern occurs:
piston-like displacement.56 After the drying, water displaces the gas in
a porous medium until the residual gas saturation Sgr is reached; this
process is called the wetting process. For HBS, we provided the
concept of effective residual gas saturation, Sger (gas trapping), when

we simulated the water and gas flow process using the pore network
flow simulator. There are three main flow patterns in the pore space:
piston-like displacement, pore body filling, and snap-off (Figure S1).
As the aspect ratio, rp, increases, more gas trapping could occur in a
porous medium as the result of snap-off.39,57 The piston-like
displacement leads to a relatively flat advance of the fluid, causing a
small amount of gas trapping in the pore space. Pore body filling leads
to extremely small trapping. Moreover, gas trapping could occur in
uninvaded pores and throats,43 where the gas is surrounded by water
layers in the smallest pore space that is unable to escape in the water
layer.

The following assumptions are made by the pore network flow
simulator: the water phase and the gas phase of the system are
incompressible and the viscous force is negligible compared with the
capillary force. In addition, gravity is ignored during the simulation
process.

2.6. Gas Trapping. Hysteresis in Pc and kr is primarily caused by
trapping and contact angle hysteresis58 as shown in Figure 7. In the
case of a water and gas flow simulation, ignoring hysteresis will
produce extremely large errors.59

Figure 5. REV analysis for a specimen during the hydrate dissociation
process.

Figure 6. Visualization of pore network models during the hydrate dissociation process.

Figure 7. Two main sources for hysteresis in HBS: gas trapping and
contact angle hysteresis.
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Trapping is a key factor that affects the hysteresis in Pc and kr in a
porous medium.58 During the wetting cycle, water cannot displace all
the gas, and the gas is trapped or stranded by water in the pore
space.43 In principle, trapping is caused by pore structure and
wettability. Additionally, contact angle hysteresis influences the
hysteresis in Pc and kr in a porous medium.58 The contact angle
hysteresis is defined as the difference between the receding contact
angle θr and advancing contact angle θa, where θr is always smaller
than θa, as shown in Figure 8. This hysteresis is attributed to
wettability alteration, surface roughness, chemical heterogeneity, and
flow rate.

In this work, we discuss the effect of gas trapping on hysteresis in Pc
and kr in dissociating HBS, namely, pore structure and wettability. We
used the correlation proposed by Morrow;60 the intrinsic contact
angles θi, θr, and θa values are defined as shown in Figure 8. During
the drying cycle, θr was set to 0° everywhere. During the wetting
cycle, we adjusted θi in the range of 30−50° and 130−150° to obtain
a water-wet system or gas-wet system, respectively. We assumed that
the setting of the hydrate contact angle follows that of the sand. Here,
the effect of hydrate phase transition on contact angle was not
considered.61,62

2.7. Water and Gas Flow Simulation Conditions. In this
study, an initially water-saturated network model was displaced by gas
to connate water saturation. In HBS, we assumed that water could
remain connected when the effective water saturation, Swe, decreased
from 1.00 to 0.00; genuinely irreducible saturation was not allowed
from clays or disconnected water, as explained by Zhao et al.63 The
detailed fluid characteristics and simulation conditions are summar-
ized in Table 1.

3. RESULTS AND DISCUSSION
3.1. Pore Network Properties in Dissociating HBS. In

this study, hydrates in the pore space have cementing and
grain-coating pore habits. As a hydrate dissociation process,
secondary hydrate formation was observed (Figure 2b).
Secondary hydrate formation has at least two sources: local
low temperature and local repressurization. The endothermic
reaction of hydrate dissociation, compounded by the Joule−
Thomson effect, causes the local low temperature in the
specimen.65 Local repressurization originates from Pc

66 and
local plugging of fluid flow channels.67 Secondary hydrate
formation mainly developed on the existing hydrate shell
surfaces, which had complete or semicomplete host structures,
and this feature facilitated the secondary formation of the
hydrate.48 Moreover, hydrate dissociation provides free water
in the gas-saturation pore space, and hydrate shell surfaces are
rich in host-guest molecules, which further promotes the
secondary hydrate formation.48

Parts a−c of Figure 9 show that the pore size Rp, throat size
Rt, and n distribution move left and become smaller when Sh
increases from 0.37 to 0.53. In addition, Gp, Gt, and the rp
distributions showed a small variation (Figure 9, parts d and
e), where rp is the ratio of Rp to the linked average Rt. These
results reveal that the connectivity of pores and throats
decreases because secondary hydrate formation blocks the pore
space and decreases the number and size of the pores and
throats. At the end of dissociation, the hydrates are completely
dissociated, and a larger pore space occurs in the specimen.
Therefore, the number and size of the balls and sticks increase
when Sh decreases from 0.53 to 0.00. As dissociation proceeds
further, the Rp, Rt, and n distribution curves move right and
become larger. This is because dissociated hydrates result in
more pore space, and thus the specimen will have a well-
connected pore space. Moreover, the Gp and Gp distributions
move left and become smaller. The rp distribution moves to the
right and becomes larger. In principle, well-connected hydrate-
free specimens are more likely to have a higher G and lower rp.
Therefore, there is no direct relationship between Sh, G, and rp.

3.2. Trapping in Dissociating HBS. Trapping occurs in
the drying and wetting cycles surrounded by the invading
fluid.56 In this section, we analyzed only the wetting trapping
(gas trapping) in dissociating HBS. This is because drying
trapping (water trapping) has little effect on global water
connectivity, as connate water usually exists in the grooves,
crevices, and corners, or as a thin layer on the rock surface,
which ensures global water connectivity.56 Therefore, we
investigated how different wettability options (water-wet or
gas-wet) and changes in pore structure affected the gas
trapping of dissociating HBS.
Comparison of the water-wet and gas-wet systems showed

that the variations of Sger were extremely sensitive (Figure 10).
Sger in a gas-wet system was lower than that in a water-wet
system, as shown in Figure 10. This is because no snap-off
exists in the gas-wet system. A comparison of Sger trends
between the water-wet and gas-wet systems demonstrates a
similar behavior during the hydrate dissociation process.
Figure 10 also shows that Sger increases when Sh increases

from 0.37 to 0.53. As hydrate dissociation proceeds, Sger
decreases as Sh decreases from 0.53 to 0.00. These results
indicate that hydrate dissociation affects gas trapping in
dissociating HBS. To illustrate the competition between
piston-like displacement, pore body filling, snap-off, and

Figure 8. θr and θa as a function of θi [from Valvatne and Blunt (ref
56), based on Morrow (ref 60)]. (Adapted with permission from ref
56. Copyright 2004 American Geophysical Union. Adapted with
permission from ref 60, Copyright 1975 Petroleum Society of
Canada.)

Table 1. Fluid and Sediment Characteristics Used in the
Simulation for Dissociating HBS

parameter value

surface tension, σ (N/m)a 72 × 10−3

water viscosity, μw (Pa·s) 1.05 × 10−3

gas viscosity, μg (Pa·s) 1.10 × 10−5

water density, ρw (kg/m3) 998.83
gas density,ρg (kg/m3) 4.02

aσ refers to laboratory tests by Yasuda et al. (ref 64).
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uninvaded pores and throats in the pore space, we quantified
the frequency of these flow patterns and uninvaded pores and
throats using pore-scale modeling, as shown in Figure 11. The
results reveal that the piston-like displacement is a dominant
flow pattern in dissociating HBS. Secondary hydrate formation
results in more smaller pore space and more gas trapping by
water layers. Conversely, complete hydrate dissociation
provides more pore space, which is beneficial for suppressing
gas trapping.

3.3. Hysteresis in Pc in Dissociating HBS. Figure 12a
shows the hysteresis variations of Pc in dissociating HBS in a
water-wet system. Each plot shows that the wetting Pc curves
are lower than the drying Pc curves at the same Swe. Three
reasons account for the occurrence of hysteresis in Pc between
drying and wetting: (i) trapping, (ii) different flow patterns
(filling processes), and (iii) contact angle hysteresis.43 Gas
trapping in the pore space would shift the Pc curves during the
wetting cycle. There is only a piston-like displacement during
the drying cycle; however, an extra flow pattern of snap-off and

pore body filling can occur during the wetting cycle. The
threshold capillary pressure, Pct , for snap-off and pore body
filling in the wetting cycle is lower than that of the piston-like
displacement in the drying cycle with the same pore space. For
more details on the Pct calculation, please refer to Appendix S1.
The contact angle hysteresis θa in the wetting cycle is larger
than θr in the drying cycle with the same pore space,43 and
then Pct for the wetting cycle is lower than Pct for drying cycle.
Therefore, the wetting Pc curves are lower than the drying Pc
curves at the same Swe at each hydrate dissociation stage.
Figure 12a also shows the variation of Pc during the hydrate

dissociation process. There is a difference in the degree of
hysteresis in Pc between the drying and wetting cycles. The
secondary hydrate formation induced a greater degree of
hysteresis. As Sh decreases from 0.53 to 0.00, hysteresis in Pc
becomes insignificant.
In the gas-wet system, a similar hysteresis is also evident in

the Pc behavior, as shown in Figure 12b. The wetting Pc curves
are lower than the drying Pc curves at the same Swe. However,
the Pc in the drying cycle can drop to zero, and further
displacement occurs at a negative Pc (Pc < 0) in the gas-wet
system. A negative Pc (Pc < 0) is caused by the large contact
angle in the gas-wet system, which is difficult to measure
experimentally. Figure 12b illustrates the effect of pore
structure changes on hysteresis in Pc during the hydrate
dissociation. Moreover, the degree of hysteresis in the Pc
trends is similar to that in the water-wet system.

3.4. Hysteresis in kr in Dissociating HBS. Figure 13a
shows the hysteresis in kr curves between the drying and
wetting cycles in dissociating HBS for the water-wet system. As
expected, each plot shows a small amount of hysteresis
between the wetting krw curve and drying krw curve. The
wetting krg curves are lower than the drying krg curves, at least
at higher Swe. Water preferentially flows through the smallest
regions of the pore space by snap-off and bypassing, rather
than through larger pores.58,68 Snap-off is favorable for gas
trapping. The gas contained in the narrow throats is trapped
and disconnected, which hinders gas flow pathways, at least at
high Swe.

43,58 Hence, the wetting krg curves shift to a lower Swe
(higher Sg), at least at high Swe, owing to gas trapping. This

Figure 9. Variation of the pore structure in dissociating HBS: (a) Rp, (b) Rt, (c) n, (d) Gp, (e) Gt, and (f) rp.

Figure 10. Variations of Sger in dissociating HBS; the blue and red
lines represent the water-wet and gas-wet systems, respectively.
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causes the wetting krw curves to be higher than the drying krw
curves. However, the unmovable gas may hinder water flow
and cause the wetting krw curves to be lower than the drying krw
curves. Because there are two opposing effects on the wetting
krw curves, there exists an extremely low hysteresis between the
wetting and drying krw curves.69

Hydrate dissociation has less effect on the degree of
hysteresis in krw in the water-wet system as shown in Figure
13a. As Sh increases from 0.37 to 0.53, the degree of hysteresis
in krg between the drying and wetting cycles increases at high
Swe. With further hydrate dissociation, the degree of hysteresis
in krg becomes smaller at high Swe. The results indicate that the
degree of hysteresis in krg is primarily controlled by the pore
structure in water-wet dissociating HBS. Secondary hydrate

formation clogs the pore space and causes more gas to be
trapped in the narrow throats. As a result, the gas is
disconnected, which hinders gas flow pathways at high Swe.
Hence, secondary hydrate formation significantly suppressed
the wetting krg curve at high Swe. On the contrary, hydrate
dissociation caused more pore space to occur in the specimen
(Sh = 0.00); small gas trapping is desirable for gas flow in pore
spaces.
Figure 13b shows that the wetting krw curves are higher than

the drying krw curves, and the wetting krg curves are lower than
those in the gas-wet system. Water invades and occupies the
center of large pore spaces, and as such this may cause the
wetting krw curve to be higher than the drying krw curve.70

Thus, the wetting krg curve is lower than the drying krg curve.

Figure 11. Flow pattern statistics for the wetting process in dissociating HBS.

Figure 12. Variation of Pc between drying and wetting cycles in dissociating HBS: (a) water-wet system; (b) gas-wet system.
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Figure 13b illustrates the degree of hysteresis in krw and krg
between the drying and wetting cycles in the gas-wet system.
At the beginning of hydrate dissociation, the degree of
hysteresis in krw and krg increases. With further hydrate
dissociation, the degree of hysteresis in krw and krg decreases as
Sh decreases from 0.53 to 0.00. We inferred that secondary
hydrate formation provided more smaller space, which may
also contribute to the connectivity of the water that is
occupying the center of adjacent pore spaces. This may also be

an important factor in increasing the degree of hysteresis in kr
during the secondary hydrate formation.
The water and gas displacement sequences are complex in

dissociating HBS, involving hydrate dissociation, secondary
hydrate formation,47 and fluid (e.g., hot water) injection.38

Consequently, drying and wetting cycles may occur simulta-
neously in dissociating HBS. Our study proposes the use of
dynamic scanning flow to analyze the flow of water and gas in
dissociating HBS.

Figure 13. kr variation with Swe during the drying and wetting cycles in dissociating HBS: (a) water-wet system; (b) gas-wet system.

Figure 14. Dynamic scanning flow between the drying and wetting cycles in dissociating HBS: (a) water-wet system; (b) gas-wet system.
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Figure 14a presents the dynamic scanning flow in the water-
wet system. The krg and krw scanning regions shifted down as
Sh increased from 0.37 to 0.53 at low Swe, and subsequently,
these scanning regions shifted up at the end of hydrate
dissociation (Sh = 0.00). Therefore, secondary hydrate
formation clogs the pore space, trapping more gas, and hinders
gas and water flow pathways, and gas flowability improves in
the hydrate-free specimen.71 Figure 14b demonstrates the
dynamic scanning flow in the gas-wet system. However, these
scanning regions are more complicated than those in water-wet
systems.

4. CONCLUSIONS
We combined in situ microfocus X-ray CT and PNM
simulation to analyze how the wettability (water-wet or gas-
wet) and pore structure changes during hydrate dissociation
influence gas trapping and hysteresis in Pc and kr. On the basis
of this study, the following conclusions are drawn:
(1) Hydrate dissociation has a significant impact on gas

trapping. Secondary hydrate formation causes a large
number of uninvaded pores and throats, resulting in Sgr
increases.

(2) Secondary hydrate formation increases the degree of
hysteresis in Pc between the drying and wetting cycles.
The wetting Pc curves are lower than the drying Pc
curves at the same Swe in dissociating HBS. Different kr
curve trends from both water and gas are explained by
different water and gas flow scenarios in dissociating
HBS.

(3) We also propose to use dynamic scanning flow for
analyzing complex water and gas displacement sequen-
ces in dissociating HBS. The wettability has a strong
impact on the dynamic scanning flow for krg and krw. In
the water-wet system, secondary hydrate formation
causes the krg and krw scanning regions to shift down.
There is more complexity in the gas-wet system. It is
challenging to predict the dynamic krg and krw scanning
flow in dissociating HBS.

This fundamental information suggests considering wett-
ability alteration and gas trapping in the Pc and kr hysteresis for
accurately predicting water and gas in HBS, to further improve
understanding of the process of HBS exploitation at the pore
scale.
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