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For the investigation on some hydrate dissociation behaviors at different ambient
conditions, methane hydrates formed inside porous media with different saturations
were dissociated by depressurizations. Plots of the instantaneous flow rate of gas as
dissociation versus production pressure as well as deformation of experimental sample
versus accumulative amount of released gas were drawn. These two lines slopes are,
respectively, characterized as gas discharge resistance and reciprocal of the latter one as
damage degree of experimental samples. The results show that these formed hydrates at
higher ambient conditions, that is, temperature and pressure, and possess a higher
saturation, which is beneficial to discharge gas and to keep experimental samples
undamaged. And the nonuniformity of dissociation processes at different layer
positions induced by depressurization is inhibited significantly, especially while
combining extra heating. Hydrate saturation dominates the total volume loss of these
samples under loadings. These conclusions can provide reference for the prediction in gas
discharge capability and media damage degree as hydrate dissociation at different
experimental and natural ambient conditions.

Keywords: methane hydrate, discharge resistance, damage degree, porous medium, depressurization, ambient
condition

INTRODUCTION

Natural gas hydrates are one kind of ice-like crystalline solids composed of water and gasmolecules (Sloan
and Koh, 2008). Under high pressure and low temperature, water molecules form polyhedral cavities
through hydrogen bonds and gas molecules are encaged inside (Koh, 2002). Various species of gas,
ranging from light hydrocarbons like methane, ethane, and carbon dioxide to heavy isobutane and noble
gases, can be enclathratedwithin thewater lattices (Reed andWestacott, 2008). Explorations via bore holes
in marine sediments confirmed that natural gas hydrates occur widely in nature (Max and Lowri, 1996;
Makogon et al., 2007). These reservoirs mainly exist within marine and freshwater sediments at depths
greater than 300m (Khlystov et al., 2013; Naudts et al., 2012). Natural gas hydrate is also called methane
hydrate (Kvenvolden and Rogers, 2005) because the main gas component is methane. As estimated, the
amount of carbon stored in natural gas hydrate is about twice the total amount of exploitable hydrocarbon
reserves stored in the form of fossil fuels (Kvenvolden, 1988; Milkov, 2004; Wallmann et al., 2012).
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Initially, owing to considerable amounts of plugs formed
within the pipelines, natural gas hydrates attracted a great deal
of attention. These plugs caused severe economic losses such as
the production and transportation of natural gas and oil (Sloan,
2005; Gbaruko et al., 2007; Mokhatab et al., 2007; Gao, 2008).
Methane hydrate has subsequently ignited great interest of
enormous amount of research groups around the world as one
of the most potential substitutes for the traditional fuels. For the
high efficiency exploitation, many research studies have been
done to develop the production methods of gas and investigate
the production behaviors as hydrate dissociation. The most
common methods to dissociate hydrate are 1) thermal
stimulation, in which the hydrate reservoirs are heated above
the temperature of equilibrium decomposition, and 2)
depressurization, the pressure of reservoir is reduced below
that of equilibrium decomposition (Wang et al., 2016). Under
these two methods, the local P‒T conditions remaining hydrate
stable are altered and then hydrate is dissociated into water
and gas.

At a laboratory scale, hydrate dissociation behaviors have been
widely investigated by the controlled thermal stimulation and
depressurization (Chong et al., 2016). In general, thermal
stimulation includes change in environmental temperature by
water or air bath heating (Pang et al., 2009; Linga et al., 2009;
Mekala et al., 2014; Zhao et al., 2012), hot fluid injection into the
hydrate sample (Tang et al., 2005), and heat supplying through
point sources (Fitzgerald and Castaldi, 2005). Of these, water or
air bath heating is just a research method used in the laboratory
but not feasible in the field (Chong et al., 2016). However, these
methods can be used to simulate the ambient temperature
changes under which methane hydrate is exploited in the
laboratory. And the depressurization can be performed in
different temperature ranges. For example, at 273–275 K, the
dissociation behaviors of methane hydrate when being
depressurized to three different pressures, that is, 0.1, 0.93,
and 1.93 MPa, were compared (Tang et al., 2007), which
showed that the dissociation rate at the lowest pressure
0.1 MPa was the fastest. With production pressure ranging
from 4.5 to 5.6 MPa, the gas production behavior from
methane hydrate in a porous sediment was also investigated at
281.15 K (Li X. S. et al., 2012). Further research shows that the gas
production process was mainly influenced by the
depressurization rate, heat from ambient environment, and
free gas saturation in hydrate deposits (Li et al., 2014). In a
range between 272 and 289 K, a significant thermal buffering
phenomenon, that is, the temperature decreased to and
maintained below 272.7 K until above 95% of the dissociation
process was completed, was observed in the middle section of the
samples during methane hydrate dissociation by rapid
depressurization to 0.1 MPa (Circone et al., 2000). The authors
highlighted that for the depressurization method, heating is
required. A combination of these two methods is finally
widely deemed as an effective technique to enhance the gas
production efficiency significantly. Effectiveness of the
combined method, named the huff and puff, in enhancing the
production of gas has been investigated by some groups (Li et al.,
2011; Li B. et al., 2012; Wang et al., 2014). By comparing the

energy efficiency difference among the single-well
depressurization, five-spot thermal stimulation, and the
combination of them, under similar saturation and
environment conditions, it was found that efficiency of the
combination was enhanced by 15 times comparing with the
sole thermal stimulation (Wang et al., 2013).

In nature, methane hydrate is generally deemed to exist within
marine and freshwater sediments below water depths more than
600 m and in intermediate water depths 1,000–3,000 m
(Kvenvolden, 1993). Some exceptions have, however, also been
found, for example, one location in the Arctic Ocean where
hydrate occurs at depths of only 250 m and the ambient
temperature is −1.5°C (Buffett and Archer, 2004). The ambient
temperature in sediments under the sea or lake floor changes as a
function of the geothermal and hydrothermal gradients of specific
natural environment. These gradients have location or
seasonality properties (Milkov et al., 2000; Buffett and Archer,
2004). The influence of specific ambient conditions on the
dissociation behaviors of methane hydrate should therefore be
taken into account during actual exploitation. Besides, the
enhancement on gas production efficiency is the most
important research target of methane hydrate dissociation in
general. The flow behaviors of gas and liquid through porous
sediments also have significant importance to the hydrate
reservoir exploitation. As pointed out by Chong et al. (2016),
the change patterns of them at different pressure conditions and
hydrate saturation should also be well understood. Along with
changes in measured resistivity, Li B. et al. (2012); Li X. S. et al.
(2012) analyzed the water flow property in the porous sediment
during dissociation processes of methane hydrate. Chen et al.
(2019) pointed out that depressurization decreases the flow
resistance of the water phase and optimizes the water flow
environment during the hydrate dissociation. By comparison,
change patterns of gas flow resistance in media as dissociation
have rarely been reported, and damage situation of media
following continuous gas discharge has rarely been mentioned.

For the thorough understanding on gas discharge law and
medium damage as a hydrate dissociation process, methane
hydrate was formed within porous media using an air-cooling
method at different temperatures. The ambient temperature of
the experimental sample was then regulated through an electric
heating board on top, and the as-formed hydrate was dissociated
through different production pressures. The change patterns of
gas, the flow resistance, and the sample deformation were
investigated during the entire hydrate dissociation. Possible
influence of the hydrate dissociation process on its sediment
skeleton was analyzed through gas discharge resistance and
sample deformation. This study provides some guidance for
the safe gas extraction from methane hydrates formed in
porous structures. The main conclusions of this article can be
summarized as follows:

1) Hydrates formed at high temperatures and pressures
possess high saturations; 2) higher condition (i.e., high
pressure and temperature) is beneficial to discharge gas and
keep the sample undamaged as hydrate dissociation; and 3)
the gas discharge resistance is mainly controlled by the
viscosity of dissociation product—water, and the total loss of
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sample volume under some loading is dominated by hydrate
saturation.

EXPERIMENTS

Experimental Apparatus and Materials
The apparatus used in this work has been employed to investigate
the influence of temperature on methane hydrate formation in
porous media (Zhang et al., 2017). As shown in Figure 1, the
apparatus involves a high-pressure reactor, a digitally controlled
gas pump, a back pressure valve and a digital gasometer. The
reactor has a diameter of 6.2 cm and a height of 19 cm, and is
fixed in an air bath with a size of 80 cm × 50 cm × 80 cm, which is
made of 316 stainless steels. The top cover of the reactor is
unfixed, and a mechanical load ranging 0–50 MPa can be exerted
with a digital hydraulic pump. A digital displacement meter is
mounted on the top, ranging 0–100 mm with a resolution of
0.01 mm. Three pin-type temperature sensors, labeled T1, T2,
and T3 in Figure 1, are vertically mounted on the reactor, ranging
−20–50°C, the resolution is 0.01°C, and the heights are 7.0, 5.1,
and 3.1 cm, respectively. An electric heater is mounted on the top
of the reactor. Two pressure sensors, P1 and P2, connect to the
top and bottom ends through a stainless steel conduit,
respectively, with a range of 0–50 MPa and a precision of
0.001 MPa. The reactor is pressurized through a digital gas
pump. Through the software Falcon, the pumps and heater
are controlled, and all the parameters are logged and stored at
intervals of 5 s.

Silica gel powder with an average particle size of 25–58 μmwas
chosen as the experimental medium. The density is 0.35 g/cm3

and the porosity is 77.44%. Being water saturated, the mass ratio
of water to silica gel (Wwater/Wmedia) is 2.2:1. A fixed ratio of 1.5:1
was used in the all experiments, that is, 68% water saturation.

Specific used amounts of water are exhibited in Table 1. The
methane gas purity is 99.99%.

Experimental Procedure
Three predetermined pressures, that is, 5, 10, and 12 MPa, were
chosen, and the corresponding equilibrium temperatures were
calculated as 6.49, 12.91, and 14.48°C by the software CSMGem
(Gas Hydrate Center, Colorado School of Mines). Before hydrate
formation, the mixed medium was charged into the reactor until
the height reached 14 cm. The whole experimental system was
then slowly purged for about 5 min with the methane gas at
atmospheric pressure, removing the residual air. A mechanical
load of 3 MPa higher than the predetermined pressure was
exerted on the sample top to compact through the hydraulic
pump (Figure 1). The temperature of the reactor was rapidly
reduced to the initial preparatory value with the air bath. After the
sample was slowly pressurized to the predetermined pressure, the
pump volume was maintained at a constant volume of 450 ml.
The whole system was left undisturbed overnight to make the gas
dissolve sufficiently. Subsequently, the temperature was
uniformly reduced by 3.5°C at a fixed cooling rate of 1°C/h
and maintained constant for more than 36 h to form hydrates
completely. Hence, the final temperatures at which the formed
hydrates were dissociated were 2.99, 9.41°C, and 10.98°C,
corresponding to the predetermined pressure 5 MPa, 10 MPa,
and 12 MPa, respectively.

Before hydrate dissociation, the valve between the gas pump
and reactor was closed. Two methods, that is, sole
depressurization and a combination with top heating, were
employed to dissociate the as-formed hydrates at different
ambient conditions. Three production pressures, that is, 0.5,
1.5, and 2.5 MPa, were manually set by a back pressure valve.
Two combinations were performed as follows: the reactor top was
heated by 2 and 4°C under a constant production pressure

FIGURE 1 | Schematic of the apparatus.
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1.5 MPa. The gasometer measured the instantaneous flow rate of
released gas during the dissociation, at atmospheric pressure and
room temperature. To ensure the results reliability, all the
dissociation experiments were repeated, and the detailed
conditions are exhibited in Table 1.

Calculation Methods
The unit of data measured by the gasometer was in L/min. The
amount of gas was calculated through the following gas equation:

PV � nZRT . (1)

Through calculation, the compressibility factor Z ofmethane gas at
atmospheric pressure and room temperature is 0.9982. At standard
temperature and pressure conditions, the per unit volume of hydrate
releases 164 volumes ofmethane gas after dissociation. The conversion
ratio of water was then calculated with the accumulative volumes of
released gas. The saturation of hydrates formed in the medium was
calculated with the following equation:

Sh � Vw · η/0.99 · V · ϕ, (2)

where Sh is the hydrate saturation, Vw is the volume of liquid
water in the sample, η is the calculated conversion ratio of water
to hydrate, V is the volume of the experimental sample, and ϕ is
the porosity, which is 77.44%. The coefficient 0.99 expresses the
volume difference between solid hydrate and liquid water.

Using Darcy’s law (Eq. 3) for reference, the permeability
capability of gas during the dissociation processes of hydrate
can be expressed with the permeability coefficient of medium K.
The expression of Darcy’s law is as follows:

Q � Kωh/L, (3)

where Q is the amount of liquid flowed out in unit time, K is the
permeability coefficient, ω is the wetted cross section, h is the
water head loss, and L is the permeability path. In this work, the
water contents (Table 1) and heights of the media are almost
similar. The cross section of the reactor is fixed (Figure 1). Hence,
the permeability of gas during dissociation is expressed as follows:

K � Q/h, (4)

where Q is the measured instantaneous flow rate of gas (L/min)
and h is the set production pressure (MPa). Because the measured

parameter during dissociation is the gas flow rate, the reciprocal
of permeability coefficient K, that is, 1/K ((min·MPa)/L),
characterizes the gas discharge resistance.

While dissociating into gas and water, the hydrate volume
shrinks by 1%. Hence, the change pattern of the
experimental sample volume along with the released gas
amount was also investigated. Because the cross section of
the reactor is fixed (Figure 1), the volume can be expressed
with the sample length. The change pattern is hence
expressed as follows:

Vc � D/Vg , (5)

where Vc is the change degree of the experimental sample
volume (mm/L), D is the deformation of the sample (mm),
and Vg is the accumulative amount of the released gas (L). Vc

also characterizes the sample damage degree while discharging
unit volume of gas.

By plotting Q versus h and D versus Vg using Excel, the gas
discharge resistance and damage degree of the sample along with
hydrate dissociation processes were calculated and discussed. For
simplicity, the specific ambient condition while dissociating was
symbolized with the predetermined pressure value to form
hydrates, that is, 5, 10, or 12 MPa, in the following sections.

TABLE 1 | Specific dissociation conditions of experimental media containing hydrate.

Experiment
number

Production
pressure (MPa)

Dissociation
temperature (°C)

Amount of
water (g)

Dissociation
temperature (°C)

Amount of
water (g)

Dissociation
temperature (°C)

Amount of
water (g)

1 0.5 2.99 224.83 9.41 224.12 10.98 224.75
2 1.5 2.99 224.79 9.41 224.82 10.98 224.61
3 2.5 2.99 224.76 9.41 224.30 10.98 224.65
4 1.5 4.99 224.86 11.41 224.08 12.98 224.99
5 1.5 6.99 224.74 13.41 225.16 14.98 224.71
6 (1re) 0.5 2.99 224.72 9.41 224.31 10.98 224.58
7 (2re) 1.5 2.99 225.11 9.41 225.79 10.98 224.57
8 (3re) 2.5 2.99 225.26 9.41 224.50 10.98 224.92
9 (4re) 1.5 4.99 224.61 11.41 224.96 12.98 224.77
10 (5re) 1.5 6.99 224.65 13.41 224.66 14.98 224.80

The abbreviation “re” means the repeat of the corresponding experiment number.

FIGURE 2 | Changes in temperature and pressure inside the reactor
during the hydrate formation at the predetermined pressure 10 Mpa.
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RESULTS AND DISCUSSION

Influence of Different Conditions on the
Hydrate Formation Process
Using a semi-batch coolingmethod, methane hydrate was formed
in porous media. As shown in Figure 2, the hydrate formation
process shows two distinct stages (AB and CD). After undergoing
an induction period (denoted by sections AB and PC) of rapid
temperature reduction, hydrate begins nucleating, and the
temperatures at three different layer positions rise suddenly
(BC section). Then, the temperatures slowly decrease along
with a significant pressure drop (CD section). All the
parameters finally tend to remain stable (after point D) when
the hydrates are thoroughly formed. Because the change patterns
of pressure and temperatures at other formation conditions are
similar, the representative formation process at the
predetermined pressure 10 MPa with a dissociation production
pressure 2.5 MPa was only exhibited in Figure 2. The sudden
temperatures rise from B to C is caused by the rapid heat releasing
while nucleating. After that, hydrate crystals slowly grow, and
methane gas is fiercely consumed. The curves of pressure and
temperatures remain stable after the formation process is finally
completed. The high similarity between the three temperature
curves indicates that hydrates were uniformly formed at the
different layer positions inside the porous medium.

The experimental results show that formation conditions at
which hydrate was formed have a significant influence on
saturation. As shown in Figure 3, the saturations tend to
gradually increase along with pressure rise. The average value
of saturation is 26.7% at 5 MPa, 38.6% at 10 MPa, and 44.1% at
12 MPa, that is, when pressure increases by 5 and 7 MPa, the
hydrate saturation increased to 1.45 and 1.65 times of the original,
respectively. Studies have shown that lower temperatures lead to
the easier generation of such hydrate clathrate structures
including some unstable pseudocages (defective structures)
that are empty, or occupied by water molecules; while at

higher temperature, these defective structures are efficiently
inhibited (Guo and Rodger, 2013). As stated above, these
symbolized pressures in Figure 3 correspond to the
dissociation temperatures 2.99, 9.41°C, and 10.98°C (Table 1),
from low to high. In this work, a fixed cooling magnitude of 3.5°C
and a cooling rate of 1°C/h were employed to form hydrates.
These hydrates formed at higher temperatures hence have the
higher saturations and less structure defects.

Gas Discharge Resistance and Medium
Damage Degree as Dissociation
With a back-pressure valve, different production pressures were
regulated to dissociate the as-formed hydrates. As shown in
Figure 4, for one complete hydrate dissociation, several times
of depressurization performances are required. During each one,
the change patterns of production pressure show obvious
synchronism with that of gas releasing, showing that the
stability of hydrates is significantly affected by the pressure
decline (Figure 4A). A fixed production pressure
corresponding to the pressure inside reactor was provided to
dissociate hydrate (Figure 4B). Because the valve was manually
regulated, some slight differences occur between the two different
performances (Figures 4A,B). But, the pressure difference
between the top and bottom of the reactor (P1 and P2 in

FIGURE 3 | Saturations of hydrates formed at different ambient
conditions. The smooth curve was calculated with points of window five and
polynomial order 3.

FIGURE 4 | Changes in measured parameters as a function of time
during dissociation processes: (A) production pressure and flow rate at
predetermined pressure 5 MPa through production pressure 2.5 MPa; (B)
regulations of a back pressure valve at 5 MPa with production pressure
1.5 MPa in the repeated experiment and pressure difference between P1 and
P2 in Figure 1.
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Figure 1) remains less than 0.01 MPa constantly (Figure 4B) over
the entire dissociation process. Based on the synchronism
between the gas releasing and production pressure, the
releasing rates (Q, L/min) were then plotted against the
corresponding production pressures (h, MPa). As shown in
Figure 5A, there is a significant linear relationship between
them during each depressurization (Figure 4A) as well as
between the sample deformation (D, mm) and accumulative
amount of released gas (Vg, L) (Figure 5B). The slopes of
these two types of lines were then calculated to characterize
the gas permeability capability (K, L/(min·MPa)) and the
sample damage degree caused by gas discharge (Vc, mm/L),
respectively. Among them, the gas discharge resistance as
dissociation was characterized by the reciprocal of K. Because
one complete hydrate dissociation requires several
depressurizations (Figure 5), the calculated values were
averaged at each experimental condition.

As shown in Figure 6, along with pressure rise, both the gas
discharge resistance (1/K) and sample damage degree (Vc)
decrease gradually. The average values are, respectively, 1.05
(min·MPa)/L, 0.062 mm/L at 5 MPa, 0.52 (min·MPa)/L,

0.052 mm/L at 10 MPa, 0.30 (min·MPa)/L, and 0.041 mm/L at
12 MPa. Besides, among all the dissociation methods, the
combination of 1.5 MPa production pressure and top heating
by 2.0°C is the most favorable for hydrate dissociation, according
to the minimum value of gas discharge resistance at each
condition in Figure 6, that is, 0.28 (min·MPa)/L at 5 MPa
(Point A), 0.25 (min·MPa)/L at 10 MPa (Point B), and 0.144
and 0.145 (min·MPa)/L at 10 MPa (Points C and D). They are all
generated by this combined method. By comparison, the
performances corresponding to the minimum of the sample
damage degree do not have obvious regularity. Basing the
similarity between two trend lines in Figure 6, the ratios of
discharge resistances to damage degrees were calculated. As
shown in Figure 7, both the change pattern and minimum
values of ratios are similar with those of the discharge
resistances in Figure 6. The ratio gradually decreased along
with the rise in pressure condition with an average value 18.30
at 5 MPa, 9.76 at 10 MPa, and 7.68 at 12 MPa, reduced by about
1.8 and 2.4 times, respectively. Due to the significant hydrate
saturation difference in all experiments (Figure 3), the

FIGURE 5 | Linear relation between the flow rate of gas and production pressure and between deformation of the sample and accumulative amount of gas during
dissociation: (A) the former; (B) the latter. More details are listed in Supplementary Table S1.

FIGURE 6 | Calculated discharge resistance of gas and damage degree
of the sample volume during dissociation in all the experiments. FIGURE 7 | Calculation results on ratios of the discharge resistance to

damage degree in Figure 6.
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relationships among gas discharge resistance, total sample
deformation, and hydrate saturation were additionally
considered. As shown in Figure 8, along with the rise in
saturation, the gas discharge resistance tends to decrease
gradually as dissociation, while the total sample deformation
shows an obvious increase, with R2 equals to 0.81.

During each depressurization, the excellent linear
relationships in Figure 5 imply the reliability of statistic
results in Figure 6. It can be found that the higher ambient
condition is beneficial to discharge gas and keep the experimental
sample undamaged as hydrate dissociation. The main reason is
that higher formation conditions lead to higher hydrate
saturations (Figure 3), thus less total pore volume that gas
needs to pass inside the sample remains. In accordance with
the relation between hydrate saturation and specific ambient
condition (Figure 3), the gas discharge resistance logically
presents a reverse correlation with hydrate saturation
(Figure 8). However, the constant pressure difference between
P1 and P2 (Figure 4) in fact means that the released gas can
disperse instantly in entire space inside the sample once hydrate
dissociates, suggesting that the gas discharge resistance is actually
not predominated by the remaining pore spaces after deducting
these occupied by solid hydrate. In addition, comparing Figures 6
and 7, it can be found that the change pattern of the ratio during
all experiments is similar to that of single gas discharge resistance,
especially the four minimum points A to D. Conclusively, the gas
discharge resistance is not dominated by the sample damages as
hydrate dissociation but the specific dissociation process.

Because the gas discharge resistance has no direct relation with
these physical properties of experimental samples to contain
hydrate, we infer that the above conclusion is mainly induced
by the product properties from dissociation, for example, liquid
water and gas released during dissociation of hydrates. Because
when the temperature is lowered, the flow activation energy of
water molecules reduces significantly, and the molecular
collisions and other motions inside the water become more

moderate, which enhances the viscosity of liquid water
significantly. Relevant measurements showed that when the
temperature drops from 10 to 0°C, the viscosity of water
increases by 37%, from 1.3069 to 1.7916 (Korson et al., 1969).
In addition, a decrease in temperature results in a reduction in the
distance between molecules, and the chemical bonds of gas–water
and water–medium will be strengthened, leading to a further
increase in the viscosity of water. Moreover, because the hydrates
were all formed above 0°C, the liquid water existing in the media
could not be converted into hydrate absolutely (Figure 3). As a
consequence, the lower the temperature is, the more residual
liquid water remains in the pores of samples after hydrate
formations. It is then more difficult for the released gas to
escape from the liquid water at the lower ambient
temperature. And the samples will be damaged more seriously
by these dissociations with a longer discharging process, that is,
greater skeleton deformation of hydrate sediments. Additionally,
the loss of the total sample length exhibits a significant positive
correlation with hydrate saturation (Figure 8), implying that in
all experiments, the total loss of the sample volume under some
mechanical loadings after dissociation is dominated by the
hydrate saturation.

Influence of Different Dissociation Methods
on Each Layer
Using the three pin-type temperature sensors mounted in the
reactor vertically, changes in temperature at different layers inside
one sample were measured during dissociation. Owing to the
similarity with the change patterns of temperatures at other
ambient conditions, only two representatives at 10 and
12 MPa are exhibited in Figure 9. As shown, the change
patterns are significantly influenced by the dissociation

FIGURE 8 | Relation among discharge resistance of gas, total sample
deformation, and hydrate saturation during the all dissociation. The trend lines
were fitted without three obvious abnormal points in experimental results
(Supplementary Figure S1).

FIGURE 9 | Changes in the temperatures at different positions as a
function of the accumulative volume of gas during dissociation. The red line
denotes the depressurization through a production pressure of 1.5 MPa. The
blue denotes the combination of 1.5 MPa and top heating by 4°C. The
number is the absolute value of the slope of lines in different sections. The
specific fitted equations are exhibited in Supplementary Table S2.
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methods. Like the pressure curves in Figure 4, the change
patterns of temperature curves also show that several times of
depressurizations are required to dissociate the as-formed
hydrate completely, that is, the sections AB, BC, DE, and EF
at 12 MPa and AʹBʹ, CʹDʹ, and EʹFʹ at 10 MPa. During the first
depressurization (AʹBʹ), the extremely approximation between
the slopes of three curves, 0.86 (T1), 0.86 (T2), and 0.88 (T3),
suggests that the hydrate formed at the predetermined pressure
10 MPa is uniformly dissociated at three different layer positions.
In contrast, the change patterns of the three curves show a high
diversity during the second depressurization (CʹDʹ). The curves
slopes are, respectively, 0.79 and 0.90 of T3 and T2, being 2.3 and
2.6 times higher than those of T1, 0.34. During the final
performance (EʹFʹ), the temperatures almost remain stable
even if the accumulative volumes of gas continue to increase.
By comparison, at 12 MPa, the change patterns of curves in the
two former periods are contrary to those at 10 MPa. During the
first depressurization, the smallest slope among the three layers is
T3, 0.03, and then the immediate T2, 0.17, which are 11 and
1.9 times smaller than that of the biggest one T1, 0.33,
respectively. During the second performance, the three curves
tend to converge, with the almost similar slopes of T1, 0.67; T2,
0.68; and T3, 0.66. The latter sections DE and EF are similar to the
final EʹFʹ at 10 MPa.

The gas source for hydrate formation is a digital gas pump
(Figure 1); all the experimental samples had been compacted
with a loading by 3 MPa higher than the predetermined pressure
before formation. Before dissociation, the valve between the gas
pump and reactor was closed; as a result, only a very small
amount of free gas in the system is released during the first
depressurization period. The significant temperature reduction
inside the reactor in Figure 9 is mainly attributed to the
endothermic hydrate dissociation but not the free gas releasing
(Li X. S. et al., 2012). Hence, these slopes in fact denote the
hydrate dissociation efficiency at the different layer positions
inside the sample. Because the average saturation at
predetermined pressure 10 MPa is lower than that at 12 MPa
(Figure 3), the hydrate with lower saturation is uniformly
dissociated during first depressurization. The thermal buffering
effect induced by depressurization (Circone et al., 2000)
subsequently lowers the dissociation efficiency significantly,
and the first depressurization is then forced to end. During
the second depressurization, the hydrate with lower saturation
at layer positions T2 and T3 dissociates much faster than that at
T1. By comparison, the hydrate with higher saturation at 12 MPa
is dissociated in a layer sequence T1 to T3 during the first
depressurization and with lower dissociation efficiencies, that
is, the three slopes less than 0.33. The thermal buffering effect
(Circone et al., 2000) is significantly weakened by the combined
dissociation method of 1.5 MPa production pressure and top
heating by 4°C, as shown by the red double head arrow at Point B
in Figure 9. In the subsequent second depressurization, the
nonuniformity of dissociation processes at different layer
positions is also inhibited significantly. This means that during
methane hydrate dissociation by depressurization at the higher
ambient condition, the nonuniformity of dissociation processes
appearing at different layer positions can be inhibited

significantly, especially when combing an extra energy source
(Holder et al., 1982).

CONCLUSION

Methane hydrates formed inside porous media with different
saturations were dissociated through different depressurization
methods at different ambient conditions. During dissociation, the
instantaneous gas flow rate was plotted versus production
pressure and the experimental sample deformation versus
accumulative amount of released gas to investigate some new
dissociation behaviors. The plotted relationships exhibit excellent
linear properties, and the lines slopes are then used to
characterize the gas discharge resistance, that is, the reciprocal
of slope, and the damage degree of the sample volume during
dissociation. The results show that under higher ambient
condition, that is, higher temperature and pressure, the
hydrates formed have higher saturation. The higher condition
is beneficial to discharge gas and keep the sample undamaged
during dissociation. The main reason is that the viscosity of the
dissociation product, that is, liquid water, is significantly
decreased at that condition. And the nonuniformity of
dissociation processes by depressurization at different layer
positions can be inhibited significantly, especially if combing
extra heating.
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