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a b s t r a c t

In addition to the temperature and pressure conditions, the pore fluid composition and migration
behavior are also crucial to control hydrate decomposition in the exploitation process. In this work, to
investigate the effects of these factors, a series of depressurization experiments were carried out in a
visible one-dimensional reactor, using hydrate reservoir samples with water saturations ranging from
20% to 65%. The results showed a linear relationship between gas production rates and gas saturations of
the reservoir, suggesting that a larger gas-phase space was conducive to hydrate decomposition and gas
outflow. Therefore, the rapid water production in the early stage of hydrate exploitation could release
more gas-phase space in the water-rich reservoir, which in turn improved the gas production efficiency.
Meanwhile, the spatiotemporal evolution of pore fluids could lead to partial accelerated decomposition
or secondary formation of hydrates. In the unsealed reservoir, the peripheral water infiltration kept
reservoir at a high water saturation, which hindered the overall production process and caused higher
water production. Importantly, depressurization assisted with the N2 sweep could displace the pore
water rapidly. According to the results, it is recommended that using the short-term N2 sweep as an
auxiliary means in the early stage of depressurization to expand the gas-phase space in order to achieve
the highest production efficiency.
© 2022 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural gas hydrates (NGHs) are nonstoichiometric crystalloid
compounds that are formed from water (the host) and small gas
molecules (the guest) under low temperature and high pressure
conditions (Sloan, 2003; Ning et al., 2012; Cui et al., 2019). NGHs
resources discovered so far are widely distributed in the submarine
sediments-bound reservoir on continental margins and permafrost
regions (Boswell and Collett, 2011), the total amount of which is
twice as much as the other conventional energy sources combined
(Makogon, 2010). Due to the all-round advantages of wide
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distribution, huge reserves and being methane-based clean energy
(Sloan and Koh, 2007), NGHs are considered as a promising alter-
native energy resource and have become a hot research topic in the
world (Chong et al., 2016; Zhou et al., 2019).

Fundamentally differing from the development of traditional oil
and gas resources (Hu et al., 2014), the naturally forming solid
hydrates first in situ decompose into flowable gas and water, and
then the gas is produced and collected. That is to say, the recovery
efficiency of NGHs is jointly controlled by hydrate decomposition
rate and gas production rate. Now the well-explored methods for
hydrate decomposition include depressurization (Li et al., 2010;
Yang et al., 2012; Chong et al., 2017), heat stimulation (Yang et al.,
2010; Wang et al., 2013; Li et al., 2018), inhibitor injection (Yuan
et al., 2011, 2013; Cha et al., 2013) and gas sweep (Wang et al.,
2015; Sun et al., 2018a). Specifically, depressurization and heat
stimulation directly shift the pressure and temperature conditions
of hydrate reservoir, while the mechanisms of inhibitor injection
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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and gas sweep are changing the hydrate phase equilibrium condi-
tions. Considering the economy and operability of the depressur-
ization method, the combination methods based on
depressurization with the heat/inhibitor/gas/water injection as
auxiliary means have been applied to achieve more efficient gas
production (Dou et al., 2009; Feng et al., 2016; Nair et al., 2018; Sun
et al., 2018b, 2021). Additionally, the depressurization based
methods have also been applied to several field trials (Dallimore
et al., 2005; Konno et al., 2017; Chen et al., 2018; Wei et al.,
2021), and the quantities of gas production as well as the rates
have been gradually increased as the maturity of mining technol-
ogy and equipment. On the whole, hydrate decomposition mainly
involves two controlling factors, mass transfer and heat transfer.
Timely releasing the pore fluid is the key to maintaining a high
driving force during depressurization. The uncertainty associated
with reservoir parameters and their impact on key production
response were analyzed (Aghajari et al., 2019). On the other hand,
many studies have proven that the production efficiency is
controlled by heat transfer after the reduction of reservoir pressure
(Yang et al., 2012; Li et al., 2016, 2019). Heat injection can fill up the
heat difference to some extent which is caused by the endothermic
decomposition of gas hydrate, but the energy efficiency is unsat-
isfactory due to the inevitable heat waste in the sediments
(Kurihara et al., 2009). In order to alleviate the temperature effect
caused by hydrate decomposition, the optimization strategies, such
as multi-stage depressurization (Wang et al., 2020; Gao et al.,
2021), cyclic depressurization (Konno et al., 2016), and depressur-
ization below quadruple point (Wang et al., 2016), etc., have been
proposed in recent years. However, these methods have been
proven to have negative effect on the gas production rate. In
addition, CO2eCH4 replacement can also maintain the reservoir
temperature (Yuan et al., 2012; Sun et al., 2021), but the low
replacement efficiency of gas replacement method cannot be
neglected. Therefore, the heat transfer behavior during hydrate
exploitation is still focused by researchers. In a practical production
process, the multiphase fluid flow in reservoir has a huge impact on
the heat transfer. Hydrate exploitation is not only to effectively
stimulate hydrate decomposition, but also to rapidly produce the
released gas. However, researches on the multiphase flow during
hydrate decomposition in unsealed water-rich reservoirs are rela-
tively inadequate. Therefore, we started to explore the effect of pore
water saturation and peripheral water infiltration on the hydrate
decomposition, which is important for the selection and optimi-
zation of mining methods.

Recently, the studies on gas production have focused more on
the water-saturated hydrate reservoir to simulate the marine hy-
drate resources development. Wang et al. (2018) compared the
hydrate decomposition by depressurization and heat stimulation at
the initial water saturation of 20% and 67.5% in a pilot scale simu-
lator. The results indicated the significant influence of the pore
water on fluid flow and heat transfer. Gas flow channels were
necessary to discharge the released gas, while the excess pore
water in turn hindered the gas transfer. Chong et al. (2017) studied
the effect of production pressure on gas production at an initial
water saturation of ~50%. Importantly, sub-freezing mining can
achieve higher cumulative gas production and lower water pro-
duction. However, for the NGHs occurrence conditions in the South
China Sea, it is too difficult to reduce the reservoir temperature
below the freezing point. Additionally, the decreased sediment
permeability of sub-freezingminingwould result in the contraction
in the spread range of pressure drop and a decrease in the ultimate
gas recovery (Shen et al., 2020). Guo et al. (2020) and Gao et al.
(2021) both adopted the step-wise depressurization for water-
saturated (water saturations of 64% and 20%e40%) hydrate-
bearing sediments to reduce water production, however, the final
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gas production efficiency was also sacrificed to some extent. The
ideal depressurization method should be to enhance gas produc-
tion without increasing water production. Additionally, the above-
mentioned studies are mostly based on a sealed environment, and
there are few specific laboratory researches on the influence of
peripheral fluid infiltration on hydrate exploitation. Meanwhile,
simply dividing the reservoir into gas-saturated and water-
saturated types cannot help fully understand the influence mech-
anism of pore fluids on hydrate decomposition. In our previous
work, we established an unsealed water-saturated environment for
hydrate exploitation simulation, and the gas-phase space was
applied to the analysis of gas injection effect on the gas/water
production (Sun et al., 2021). The results revealed the significance
of gas-phase space in the hydrate exploitation. For the unsealed
water-rich system, the infiltration of peripheral water would
occupy a lot of gas-phase space and hindered gas diffusion, which
further lead to CH4 recovery decrease. The low gas production ef-
ficiency of the stage depressurization method may be due to the
high saturation of pore water as well as the low decomposition
driving force. Therefore, a deeper and more comprehensive
knowledge of the relationship between the pore fluid and the gas-
water production is very important for NGHs development.
Considering the dynamic changes of pore fluid compositions in
sediment with the multiphase fluid seepage (Che et al., 2015), it is
necessary to further investigate the effects of different pore water
saturations on hydrate decomposition and gas flow, rather than a
simple classification of water-rich and gas-rich reservoirs.

These works remind us that the high-efficient establishment of
gas channels and expansion of the gas-phase space in the reservoir
could be crucial to improve the hydrate production efficiency. From
this perspective, the spatiotemporal evolution pattern of pore fluid
is critical to optimize the parameters for both depressurization and
gas injection technologies. Therefore, in this work, we synthesized
a series of hydrate-bearing reservoir samples with water saturation
from 20% to 65% in a one-dimensional visual simulation system and
focused on the influence of relatively stationary pore fluids on
hydrate decomposition kinetics by top depressurization. The
quantitative relationship between gas release space and gas pro-
duction rate was determined. Furthermore, the gas/water produc-
tion behaviors by bottom depressurization from the gas-saturated
and water-saturated reservoirs were compared. The phenomena of
partial hydrate decomposition and reformation with the fluid flow
was found. In order to further reveal the significant influence of
pore fluid composition, we explored gas/water migration and
production behaviors upon the process of peripheral fluid infiltra-
tion and auxiliary gas sweep. Finally, based on this work, an opti-
mization strategy of depressurization was put forward.

2. Experimental section

2.1. Experimental apparatus and materials

As shown in Fig. 1a, the experimental apparatus used in this
work consisted of four parts: injection system, reaction system,
production system and monitor and control generated system
(MCGS). The injection system was applied to injecting gas and
liquid into the reaction system from top and bottom, and then
simulating hydrate samples with different initial saturations and
occurrence environment. The reaction systemwas used to simulate
and observe the formation and decomposition of hydrates in the
sediments, and its core was a one-dimensional cylindrical reactor
with an internal volume of ~0.5 L (1000 mm length, 25.4 mm
diameter) and a safe operating pressure of 20 MPa. As shown in
Fig. 1b, the reactor was composed of four stainless steel tubes and
three sapphire tubes (100 mm length, 25.4 mm diameter) which



Fig. 1. Schematic of the experimental apparatus.

Table 1
Properties of the prepared CH4 hydrate sediments and experimental conditions for
Runs 1e5.

Runs 1 2 3 4 5

Quartz sand, mesh 20e40 20e40 20e40 20e40 20e40
Temperaturea, �C 4.6 4.6 4.7 4.7 4.7
Pressureb, MPa 4.66 4.60 4.64 4.63 4.64
Hydrate saturation, % 29.8 29.8 30.6 29.3 29.2
Water saturation, % 21.4 29.5 44.9 55.9 65.9
Gas saturation, % 48.8 40.7 24.4 14.8 4.9
Production well number 1 1 1 1 1
Production pressure, MPa 3.7 3.7 3.7 3.7 3.7

a Average value of T1-T4 after hydrate formation was complete.
b Average value of P1eP4 after hydrate formation was complete.
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were alternately assembled. Specifically, stainless steel tubes were
used to connect temperature and pressure sensors, while sapphire
tubes were used to observe sample changes. The entire reaction
system was placed in a large cooling chamber to simulate the
ambient temperature of the hydrate sample. The production sys-
tem was connected to the reactor through the two production
wells, and its main function was to separate and collect the pro-
duced gas and water. MCGS was used to analyze and record the
temperature, pressure and gas flow rate data during the
experiments.

In this work, CH4 gas and N2 gas with a purity of 99.99 mol%
were supplied by the Beijing Haipu Gas Company, Ltd. The deion-
ized water was produced by a water distillation unit from the
Shanghai Yarong Biochemistry Instrument Factory. The sodium
chloride solution with a salinity of 33.5 g/L was prepared in the
laboratory. The hydrate-bearing sediment samples were simulated
with 20e40 mesh quartz sands.

2.2. Experimental procedure

(a) Formation of hydrate-bearing sediments

The method of preparing gas-rich hydrate-bearing sediments in
this experimentwas basically the same as our previous studies (Sun
et al., 2021). Briefly, the preparation process of hydrate samples was
strictly carried out according to the following operations to keep
their properties consistent: (1) the temperature of the cooling
chamber was pre-adjusted to 0.1 �C. The pre-prepared quartz sand
and brine in this cooling chamber were fully mixed and tightly
filled into the reactor. This method could ensure CH4 hydrate evenly
distributed in the reservoir (Wang et al., 2017b). Then the entire
experimental apparatus was assembled and evacuated with a
vacuum pump for 5 min. (2) Valve 4 was opened and CH4 gas was
injected into the reactor to the pressure of 10.0 MPa. The temper-
ature of the cooling chamber was adjusted to 5.0 �C. The formation
of hydrate-bearing sediments sample was considered complete
until the pressure in the reactor stabilized for > 12 h, and the final
pressure was ~4.6 MPa. (3) After the above operations, the hydrate
saturation and the water saturation of the reservoir samples were
usually ~30% and ~20%, respectively. To investigate the influence of
different pore fluids, a certain amount of deionized water saturated
with CH4 at 5 �C and 4.6 MPawas injected into the reactor from the
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bottom at a rate of 0.5 g/s, while the squeezed CH4 was released
from the reactor top to maintain a constant reservoir pressure.
Through the above operations, the hydrate-bearing sediments with
the same hydrate saturation and the different gas/water saturations
were prepared. The specific properties of the nine hydrate samples
are listed in Table 1 and Table 2. The detailed calculation method of
the saturations of gas, water and hydrate, the CH4 recovery ratio
and the hydrate decomposition ratio can be referenced in our
previous work (Yuan et al., 2011; Sun et al., 2018a).

(b) Depressurization

Fig. 2 shows the schematics of the simulated hydrate-bearing
reservoir samples for Runs 1e9. For Runs 1e5, the depressuriza-
tion position was located at the reactor top, and an isolated space
with a height of 5 cm was established to block water outflow. The
volume of gas phase in the reservoir would increase slightly due to
the volume shrinkage of hydrate phases during hydrate decom-
position. For Runs 6e9, the depressurization positionwas located at
the reactor bottom, and the pore water would be smoothly pro-
duced through the production well. It should be noted that a water
tank with a constant pressure of 5 MPa was connected to the
reactor top to simulate the peripheral water infiltration into the
unsealed reservoir in Run 8, and a N2 tank was connected to the
reactor top to explore the effect of gas sweep on fluid flow and
hydrate decomposition in Run 9. N2 was injected into the reservoir
at a rate of ~0.4 SLM following the depressurization. The produced



Table 2
Properties of the prepared CH4 hydrate sediments and experimental conditions for
Runs 6e9.

Runs 6 7 8 9

Quartz sand, mesh 45/250 45/250 45/250 45/250
Temperaturea, �C 5.2 5 5 5.1
Pressureb, MPa 4.53 4.61 4.62 4.60
Hydrate saturation, % 30.4 30.6 30.5 30.3
Water saturation, % 19.9 63.8 65.1 65.1
Gas saturation, % 49.7 5.6 4.4 4.6
Overlying aquifer, L / / 5.0 /
N2 injection rate, SLM / / / 0.4
Production well number 2 2 2 2
Production pressure, MPa 3.7 3.7 3.7 3.7

a Average value of T1-T4 after hydrate formation was complete.
b Average value of P1eP4 after hydrate formation was complete.
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gas composition was analyzed by a gas chromatography (GC, Agi-
lent 7890B) every 15 min. In addition, for all experiments, the
production pressure was 3.7 MPa. During depressurization, the
system temperature, pressure and water production were recorded
every minute.

3. Results and discussion

In this study, a series of experiments were carried out to
investigate the kinetics of hydrate decomposition and gas pro-
duction from the reservoir under different pore fluid conditions by
depressurization. For the first five experiments, a series of specific
hydrate samples with initial water saturations of 21.4%, 29.8%,
44.9%, 55.9% and 65.9% were established to determine the rela-
tionship between gas production efficiency and pore fluid
composition under a specific reservoir p-T condition, which is the
basis of further optimizing hydrate mining technology by regu-
lating the fluid migration behavior. The successive experiments
(Runs 6e9) were then performed to explore the differences be-
tween the global and local decomposition behavior caused by
multiphase fluid flow and gas-liquid redistribution in the pores. In
addition, the effect of depressurization together with gas sweep on
pore fluid flowand distributionwas also investigated. This auxiliary
gas sweep presented a significant advantage on the rapid produc-
tion of porewater, and showed great application potential inwater-
saturated hydrate production.

3.1. The effect of water saturation on hydrate decomposition

An overview of the hydrate decomposition kinetics experiments
Fig. 2. Schematics of hydrat
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(Runs 1e5) is shown in Fig. 3. Through strict controlling of the
hydrate synthesis process, the only difference of the five reservoir
samples in experiments was the initial gas-water saturation. The
depressurization-induced driving force for hydrate decomposition
in Runs 1e5 was almost constant in the early stages. When the
decomposition ratios exceeded 20%, the influence of pore water
content on the hydrate decomposition gradually became promi-
nent. The gas transfer resistancewas relatively lower at lowerwater
saturation because of the gas connection in the pores. On the other
hand, high water content in reservoir would undoubtedly hinder
gas bubble formation and transfer. The effect of water acting as a
diffusion barrier of decomposed gas has also been observed
through high resolution CT technique (Yang et al., 2016). The
additional pressure in the pores caused by capillarity further
reduced the driving force for hydrate decomposition. Especially
when the reservoir pressure decreased to the production pressure,
it was more difficult to form large enough bubbles at the interface
between hydrate and methane-saturated water without pressure
drive. As a result, the elapsed times of CH4 hydrate complete
decomposition in Runs 1e5 were 275, 310, 482, 787 and 1000 min,
respectively. Hydrate decomposition and gas production were
positively correlated, considering more gas released from high-
efficient hydrate decomposition. As shown in Fig. 3b, the average
CH4 production rates of hydrate complete decomposition were
0.063, 0.054, 0.030, 0.017 and 0.012 L/min, respectively. Obviously,
the lower the water saturation of the reservoir, the higher the gas
production rate. It should be pointed out that the hydrate decom-
position and gas production were mutually supporting, which
jointly determined the efficiency of hydrate exploitation. The
excess pore water not only inhibited the hydrate decomposition,
but also hindered the gas transfer.

During the process of depressurization-induced hydrate
decomposition, hydrate was converted into gas and water. For Runs
1e5, the water saturation in the reservoir changed greatly because
the water from hydrate decomposition accumulated while almost
no drainage during the whole process. By contrast, the change of
gas saturation in the reservoir was relatively low. As shown in
Fig. 3c, the small increases of gas saturation in the reservoir in each
run were caused by the volume difference of the CH4 hydrate and
water before and after decomposition. As a result, the corre-
sponding gas-phase space in the reservoir would increase slightly,
and the expanded volume was related to the amount of hydrate
decomposition. Considering the relatively consistent gas satura-
tion, we averaged the gas saturation of the reservoir before and
after depressurization and then correlated the average values with
e sample for Runs 1e9.



Fig. 3. The results of CH4 hydrate decomposition and gas production in “water-locked” environment by depressurization method. (a) The variations of hydrate decomposition ratio
over time until complete decomposition. (b) Comparison of the average CH4 production rate. (c) Volumes of gas release space before depressurization and after hydrate complete
decomposition. (d) Linear relationships between the average gas saturation in reservoir and average gas production rate at the experiment conditions.
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the average gas production rates of each run. As shown in Fig. 3d,
the result revealed a linear relationship between the gas saturation
(~20%e50%) and the gas production rate with a slope of
8.4� 10�4 L min�1/%. Notably, roughly for every 10% increase in gas
saturation, the gas production rate could be doubled. Therefore,
although there are other factors influencing the practical process of
hydrate exploitation, expanding the gas-phase space is to be one of
themost effectiveways for improving the gas production efficiency.
From this point of view, the improvement strategy of the produc-
tion efficiency and gas-water ratio should not reduce water pro-
duction at the expense of gas production, but increase the gas space
in the reservoir as soon as possible in the early stage and maintain
the gas space during the whole depressurization process. This may
lead to a lower gas-water ratio in the early stage, but it is extremely
beneficial to the entire gas production.

3.2. Effect of pore water migration on gas production

Following the completion of “water-locked” hydrate decompo-
sition experiments, a series of gas-water co-flow and production
experiments were performed to further explore the unique rela-
tionship between gas-phase space and hydrate decomposition.
Runs 6 and 7 were processed upon the bottom production well in a
conventional sealed environment. On this basis, Run 8 added the
simulation of the peripheral water infiltration into the reservoir,
and Run 9 added an auxiliary gas sweep process. The quantitative
analysis results of hydrate decomposition and gas production be-
haviors are shown in Fig. 4.

The primary indicators for evaluating production methods are
gas production rate and gas production amount (or gas recovery
ratio). As shown in Fig. 4a, the final gas recovery ratios for Runs 6e9
were 57.3, 70.6, 85.4 and 93.0%, respectively, while the corre-
sponding average CH4 production rates were 0.062, 0.035, 0.024
and 0.086 L/min, respectively. The results revealed that the higher
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gas production rate corresponds to lower gas recovery ratio in the
absence of gas sweep. The reason for this phenomenon was that a
large amount of gas had been left in the reservoir with the larger
gas-phase space after gas production. As shown in Fig. 4b,
compared with the results of Runs 1e5, there were huge expan-
sions in the gas-phase space after the depressurization in this series
of experiments. The initial free water or the water from hydrate
decomposition in the pores flowed out of the reactor rapidly with
the gas flow, which continuously increased the gas-phase space in
the reservoir. The final obtained gas-phase spaces were 0.173, 0.147,
0.094 and 0.174 L, respectively. Under the same production pres-
sure, although the larger gas-phase space could promote hydrate
decomposition, more CH4 gas remained in the reservoir after
depressurization. From this point of view, the infiltration of the
peripheral water played a role of displacing the trapped gas, thus
increasing the gas production ratio. Auxiliary N2 sweep had a more
significant effectiveness on expanding gas-phase space and
enhancing gas production efficiency. The main reason was that the
injected gas accelerated the production of pore fluids (including
water and CH4 gas), and the presence of N2 reduces the partial
pressure of CH4 in the pores, which could dramatically increase the
driving force for CH4 hydrate decomposition (Zhong et al., 2020).
Additionally, the corresponding increases of the gas-phase spaces
for Runs 6e9 were 0.054, 0.134, 0.083 and 0.164 L, respectively.
Unlike the case in Runs 1e5, the main reason for the gas-phase
space expansion in Runs 6e9 was the water outflow. The rapid
release of pore fluid was definitely beneficial to the hydrate
decomposition. The detailed water production for Runs 6e9 are
shown in Fig. 4c. In Run 8, the peripheral water continuously
infiltrated into the reservoir and filled the gas-phase space up, so
despite the ultrahigh water production obtained, the gas-phase
space volume was the lowest in Runs 6e9. Moreover, under high-
permeability deposits conditions, the peripheral water invading
has a fatal impact on hydrate exploitation, resulting in an extremely



Fig. 4. (a) Variations of the CH4 recovery ratios for Runs 6e9. An expanded view in the first 30 min is shown on the right. (b) Volumes of gas-phase space before depressurization
and after hydrate complete decomposition. (c) Water productions during hydrate exploitation by depressurization for Runs 6e9. (d) Comparison of the gas saturation and water
saturation between Runs 7 and 9.
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low gas-water ratio and severe shrinkage of the mining area (Sun
et al., 2021). In contrast, the reservoir was in a gas-rich environ-
ment for Run 6, so the water production and the increase of gas-
phase space were both the lowest. Comparing the other two sets
of experiments (Runs 7 and 9) in the water-rich environment
without peripheral water, N2 sweep accelerated the production of
pore water, and finally obtainedmore gas-phase space and gas flow
channels. However, the introduction of N2 will lead to a decrease in
the quality of the produced gas, resulting in an increase in the cost
of subsequent gas treatment. Additionally, long-term N2 injection
also increases injection costs. It is worth noting that most of pore
water was produced in the initial stage of depressurization. As
shown in Fig. 4d, the changing trajectories of gas saturation and
water saturation in the reservoir tend to be flat after ~25 min. After
that, the effect of N2 sweep on reducing the water saturation of the
reservoir became insignificant. Therefore, we can take advantage of
N2 sweep as a springboard to enhance the water production in the
early stage for establishing a large gas-phase space, and after that
stop N2 sweep to prevent from quality decrease of the produced
gas. From this point of view, we can stop N2 sweep when the water
production rate drops significantly (at 25 min in this experiment),
which corresponds to 0.446mol of N2 injected in Run 9. It should be
noted that the effect of N2 sweep on displacing pore water was
initially discovered. Systematic investigation of the application of
N2 sweep in marine NGHs development and optimization of key
injection parameters will be the focus of future work. Additionally,
from the thermodynamic point of view, under the same pressure
conditions, the hydrate equilibrium pressure corresponding to the
mixture gas of N2 and CH4 is higher, which in turn increase the
driving force for the decomposition of CH4 hydrate (Zhong et al.,
2020).

3.3. Partial decomposition and reformation behavior of CH4 hydrate

The above experimental results reveal the important role of gas-
phase space for hydrate exploitation from a macro perspective. The
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pore water outflow could effectively release the gas-phase space,
and further accelerate hydrate decomposition. However, with the
water migration to the production well, the spatiotemporal varia-
tion of gas-phase distribution in the reservoir would lead to spatial
differences in hydrate decomposition and reformation along the
fluid flow direction. Based on the analysis of holistic water pro-
duction behavior, the main evolution of water saturation occurred
within the first 25 min of depressurization, so these spatial differ-
ences mainly appeared in the early stage of mining. In Run 6, the
hydrate sample was initially of high gas saturation, so the partial
hydrate decomposition phenomenon at each height was consistent.
In Run 7, the hydrate samplewas in a typical sealed water-saturated
environment, and the partial hydrate decomposition difference
caused by the fluid phase migration was relatively obvious. Runs 8
and 9 further explored the influence of the peripheral water infil-
tration and gas sweep on the hydrates decomposition, respectively.

As shown in Fig. 5a, comparing the hydrate distribution
morphology in sapphire tubes at the three different heights in Run 7,
CH4 hydrate close to the wall of sapphire tubes 1 and 2 almost dis-
appeared at 4 min, while a lot of bubbles continuously presented in
sapphire tube 3. At this time, there was a huge amount of CH4 hy-
drate still remained in the reservoir from the overall gas production
curve (Fig. 3a), whichmight be due to the betterfluidity near thewall
that resulted in a higher decomposition rate. With the continuous
downward flowof porewater, thewater saturation of the upper zone
was relatively lower, which would accelerate the partial hydrate
decomposition. As shown in Fig. 5b, the corresponding rapid
decomposition (T1 zone) induced a drastic temperature drop. The
reservoir temperature usually decreased to the hydrate equilibrium
temperature corresponding to the production pressure (Falser et al.,
2012). By contrast, the temperature drop in T2 zone was relatively
gentle, and there was an abnormal uplift in T3 zone. These temper-
ature variations were caused by the different hydrate decomposition
and reformation behaviors in the respective spatial zones. Especially,
the abnormal temperature bulge in T3 zone indicated that there
weremore reformed hydrates than decomposed hydrates locally.We



Fig. 5. The partial decomposition and reformation behavior of CH4 hydrate in Run 7. (a) Observation images of reservoir evolution at different positions after depressurization. The
red frame is to highlight the hydrate reformation areas. (b) Variations of temperatures T1-T3 after depressurization for Run 7. (c) Schematic diagram of the partial difference of
hydrate decomposition due to pore-water migration.
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also observed the secondary formation behavior of hydrate through
the sapphire tubes, as shown in the red wireframe marked in Fig. 5a
(CH4 hydrate reformation process in sapphire tube 2 is shown in
Video S1). The hydrate decomposition in the upper layer was faster
than that in the middle region, and there were conversions between
kinetic energy and pressure potential energy during the top-down
flow of cryogenic fluid. Hydrate reformation could occur in chan-
nels with high pressure potential energy. Since the driving force of
hydrate reformation is relatively small, we believe that this hydrate
reformation is related to the memory effect (Wang et al., 2017; Kou
et al., 2022), which is conducive to the hydrate regeneration
behavior (Sun et al., 2020). The difference in fluidity and heat
transfer caused more apparent hydrate reformation inside the
reactor. For the practical production, hydrate reformationwould lead
to decreased permeability (Wu et al., 2020), which would in turn
cause shrinkage in depressurization area as well as gas production
efficiency. The characteristic of partial hydrate decomposition is
shown in Fig. 5c. In the early stage of depressurization, due to the
water downward migration, the upper gas-phase space increased
and thus stimulated high-efficient hydrate decomposition. By
contrast, affected by the high water saturation and secondary hy-
drate formation, the middle layer was corresponding to the lowest
hydrate decomposition efficiency. Gas and liquid adjacent to the
production well would be preferentially produced, so the hydrate
decomposition in the lower layer was also relatively fast.Whenmost
free water was discharged from the reservoir, the hydrate could
maintain a relatively high decomposition rate in a gas-rich reservoir.

In Section 3.2, we have discussed the impact of peripheral water
infiltration on the decomposition and production of CH4 hydrate.
Here, in terms of the spatial effect, it was found that the water
intrusion into the reservoir topmight inhibit the “top advantage” of
1244
hydrate decomposition. As shown in Fig. 6a (Run 8), since the
infiltrated water at the initial temperature of the reservoir (5 �C)
brought heat into the reservoir, the upper temperature remained at
4.5 �C after a short convexity. In comparison, the greater temper-
ature drop of T3 indicated faster decomposition of hydrate around
the production well. The effects of reservoir temperature rise and
porewater increase on hydrate decompositionwere opposite. From
the perspective of decomposition rate, the increase in driving force
of hydrate decomposition brought by temperature rise was offset
by the hindrance of fluid flow caused by pore water. Additionally,
through observing the fluid flow state through the sapphire tubes
(Fig. 6b), it was found that the gas bubbles that generated in the
pores flowed downwards with the water in sapphire tubes 1 and 2,
and extending bubbles (bubbles connected together) did not
appear in sapphire tube 3 until ~90 s. After the infiltrated water and
discharged water reached dynamic equilibrium, the gas saturation
of the reservoir increased from 4.4% to ~40%. Nevertheless,
compared with the static water-flooded state, water flooding could
improve the gas production efficiency to a certain extent. For Run 9,
a violent flow soon appeared in the entire reservoir due to N2
disturbance. The morphologies in the three sapphire tubes with N2
sweep at 30 s are shown in Fig. 6d, inwhich the dotted lines outline
the routes of the connected bubbles that moving downwards
quickly. There were always several arterial roads formed by the
connected bubbles for pooled fluid flow, and CH4 gas produced in
the nearby pores was rapidly converged and brought out. Corre-
spondingly, it can be seen from the temperature change that the
hydrate had undergone more fierce decomposition, as shown in
Fig. 6c. Under the same pressure, the phase equilibrium tempera-
ture of CH4/N2 mixed gas is lower than that of pure CH4 (Zhong
et al., 2020), which resulted a greater driving force for CH4



Fig. 6. (a) Variations of temperatures T1-T3 after depressurization for Run 8. (b) Observation images of reservoir pattern after depressurization for Run 8. (c) Variations of tem-
peratures T1-T3 after depressurization for Run 9. (d) Observation images of reservoir pattern after depressurization for Run 9. The dashed lines are to depict the main gas channels
for Runs 8 and 9.
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hydrate decomposition. Therefore, the reservoir temperature could
drop to ~2.4 �C, which was far lower than the equilibrium tem-
perature of pure CH4 hydrate of ~3.6 �C at the production pressure.
Another notable advantage was that N2 effectively prevented the
secondary formation of hydrate, which is an urgent problem in the
actual production process.

In summary, the results of the partial decomposition and
reformation behavior of CH4 hydrate proved the importance of gas-
phase space for hydrate production once again. In a sealed system,
the pore fluid evolution process could cause spatial difference of
hydrate decomposition, and even the hydrate reformation. For the
unsealed system, the pore water became a continuous phase, and
hydrate decomposed faster near productionwell. Gas sweepwas an
effective means to rapidly expand the gas-phase space to enhance
the hydrate decomposition as well as the gas production. Mean-
while, the effectiveness of gas injection technology in inhibiting
peripheral fluid infiltration in the unsealed system had been proven
in our previous work (Sun et al., 2021). In this work, our proposal is
to add a short-term N2 sweep process in the early stage of
depressurization in order to quickly obtain a larger gas-phase
space. When the gas-phase space in the reservoir reaches stable,
N2 sweep can be shut down to ensure the quality of produced gas.
Considering that this is just a preliminary exploration, we will
systematically investigate the influence of key parameters of N2
sweep and optimize the injection conditions in the future.
4. Conclusions

In this work, we have conducted a series of experiments on the
impact of pore fluid on hydrate exploitation by depressurization in
a visible one-dimensional device. High-definition digital cameras
were used to record the morphological change of the overall
reservoir. The top depressurization was applied in the first five
experiments to prevent porewater production. The results revealed
a significant relationship between the gas-phase space and gas
production efficiency. Accumulated pore water not only inhibited
the hydrate decomposition, but also severely hindered gas flow in
the pores. When the initial water saturation was in the range of
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20%e65%, the gas saturation and the average gas production rate
showed a linear relationship. It suggests that the gas production
rate could be doubled for every 10% increase in gas saturation.

Extending on the relatively constant gas saturation, we have
further investigated the effect of pore fluid flow in the reservoir on
hydrate decomposition and gas/water production. The results
indicated that the water released from the reservoir would effec-
tively improve production efficiency due to the expanded gas-
phase space. Meanwhile, with the water migration toward the
production well, the spatiotemporal variation of gas-phase distri-
bution in the reservoir would lead to spatial differences in hydrate
decomposition and reformation along the fluid flow direction. This
unique spatial difference of phase transition may lead to mining
efficiency reduction. On the other hand, for the unsealed reservoir,
the peripheral water infiltration caused a relatively high water
saturation, which reduced the overall production efficiency and
induced more water production. The auxiliary means of N2 sweep
realized the high-efficient water displacement and higher driving
force for hydrate decomposition. Meanwhile, the fast-formed gas
channels in the reservoir ensured the continuous high gas pro-
duction rate. Considering the change trend of gas-phase space
during N2 sweep, we recommend applying gas sweep only in the
early stage of depressurization to prevent from reducing the pro-
duced gas quality. Finally, these findings are of significance for the
optimization of depressurization and gas injection technologies.
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