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The hydrate decomposition kinetics is a key factor for the gas production from hydrate-
saturated porous media. Meanwhile, it is also related to other factors. Among them, the
permeability and hydrate dissociation surface area on hydrate dissociation kinetics have
been studied experimentally and numerically in this work. First, the permeability to water
was experimentally determined at different hydrate saturations (0%, 10%, 17%, 21%,
34%, 40.5%, and 48.75%) in hydrate-bearing porous media. By the comparison of
permeability results from the experimental measurements and theoretical calculations
with the empirical permeability models, it was found that, for the lower hydrate saturations
(less than 40%), the experimental results of water permeability are closer to the predicted
values of the grain-coating permeability model, whereas, for the hydrate saturation above
40%, the tendencies of hydrate accumulation in porous media are quite consistent with the
pore-filling hydrate habits. A developed two-dimensional core-scale numerical code,
which incorporates the models for permeability and hydrate dissociation surface area
along with the hydrate accumulation habits in porous media, was used to investigate the
kinetics of hydrate dissociation by depressurization, and a “shrinking-core” hydrate
dissociation driven by the radial heat transfer was found in the numerical simulations of
hydrate dissociation induced by depressurization in core-scale porous media. The
numerical results indicate that the gas production from hydrates in porous media has
a strong dependence on the permeability and hydrate dissociation surface area.
Meanwhile, the simulation shows that the controlling factor for the dissociation kinetics
of hydrate switches from permeability to hydrate dissociation surface area depending on
the hydrate saturation and hydrate accumulation habits in porous media.

Keywords: gas hydrate, decomposition kinetics, surface area, permeability, hydrate saturation, hydrate
accumulation habit, numerical simulation, depressurization

1 INTRODUCTION

Gas hydrates (GHs) are ice-like chemical compounds formed by small “guest” gas molecules, such as
CH, or CO,, and water at the suitable environmental conditions of pressure and temperature (Sloan,
2003). They could play a major role in energy and environment fields because of their huge
hydrocarbon gas reserves in nature and high gas storage capacity (Kumar et al., 2013). It is known
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that one cubic volume of GH (S.T.P) can store about 164 m> of
gas (Boswell and Collett, 2011), which represents a very attractive
advantage in the application of CO, capture and storage (CCS)
and carbon sequestration. One of the proposed interesting
applications is to recovery methane by carbon dioxide
replacement from GHs (Goel, 2006; Zhao et al, 2012; Xu
et al, 2015; Li et al, 2016; Wang X. et al, 2020). This
production method is deemed to be the most environment-
friendly and safety scheme for the methane hydrate
exploitation (Ohgaki et al., 1996). It is believed that CH, gases
were produced by CO, injection, and simultaneously, the CO,
was sequestered and stored as CO, hydrate in hydrate reservoir,
which also maintains the stability of the pore structure and
reservoir (Lin et al., 2020). However, both the commercial
methane hydrate exploitation and CO, sequestration in the
form of CO, hydrate have not yet been feasible. One of the
reason is that our knowledge of hydrate dissociation kinetics and
fluid flow in porous media are still limited, which also occurs in
the application of CO, injection in sediments for CCS (Hoteit
et al,, 2019; Gauteplass et al., 2020). During CO, injection in
geological formations (e.g., depleted gas reservoirs), hydrates may
form in the near-wellbore under moderate thermodynamic
conditions, causing the flow blockage in porous media and
permeability reduction (Gauteplass et al., 2020). Therefore,
understanding the hydrate formation, the dissociation, and the
impact on permeability is also crucial for CO, injection and
storage in sediments.

Compared with the productions of other conventional fossil
fuels, the methane gas production from hydrate reservoir should
make hydrate in situ dissociation and ensure the safety and
stability of reservoir. Generally, the hydrate dissociation in
porous media is controlled by dissociation reaction kinetics
(Kim et al., 1987; Hong et al, 2003; Tang et al., 2007; Yin
et al., 2020), heat and mass transfer (Selim and Sloan, 1989;
Tonnet and Herri, 2009; Konno et al., 2014; Chen et al., 2017;
Wan et al., 2020; Yin et al., 2020; Li et al., 2021), and fluid flow
(Yousif et al., 1990; Moridis, 2004; Tang et al., 2007; Kumar et al.,
2010; Yu et al., 2021). It is considered that different control
mechanisms are coupling, and any of the abovementioned
mechanisms (mechanisms discussed above) could be the
dominating factor in the gas production process according to
the scale and properties of hydrate-bearing sediments (Tang et al.,
2007; Tonnet and Herri, 2009; Kumar et al., 2013; Wang Y.-F.
et al., 2020; Ruan et al., 2021). For instance, Tang et al. (Tang
et al., 2007) reported that the dissociation kinetics of hydrate is
the main controlling mechanism during the core-scale hydrate
production experiments. Their numerical results simulated by
Tough + Hydrate simulator also indicated that, in the field scale
hydrate-bearing reservoir (HBR), the fluid flow becomes the
dominant factor for gas production from HBR. The results
revealed that the process of hydrate dissociation and gas
production in porous media is complex, and the knowledge of
dissociation characteristics in hydrate-bearing porous media is
still not completely understood.

The hydrate dissociation kinetics plays a critically important
role in the prediction of gas production potential and gas
production strategy (Ruan et al., 2021). However, according to
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the literatures, the studies that examined the hydrate dissociation
kinetics in porous media are limited. To obtain more abundant
research results on kinetics characteristics is required for the
assessment of gas production from HBR. Kim et al. (1987) first
studied the kinetics of hydrate dissociation in a batch reactor; the
experimental results showed that the dissociation rate was the
relationship with the hydrate surface area and the difference in
the fugacity of methane at the equilibrium pressure (P,) and the
decomposition pressure. Yousif et al. (1991) reported the kinetics
behavior and fluid flow in porous media for the depressurization-
induced hydrate dissociation and gas production under the
isothermal conditions. Kneafsey et al. (2007) performed CT
experiments to investigate the kinetics of hydrate dissociation
in partially saturated sand. Some important kinetic parameters
for hydrate dissociation in porous media were obtained by their
experimental tests. Kerkar et al. (2013) studied the kinetics of
methane hydrate  dissociation induced by = stepwise
depressurization at a constant temperature; the effects of
effective pressure and temperature on the dissociation kinetics
also were analyzed. In the pilot-scale experimental investigation
of Tang et al. (2007), it is worth noting that the intrinsic
dissociation constant in the condition of porous media is
much lower than that of the bulk hydrate dissociation. The
difference could be attributed to the heat and mass transfer
effect on hydrate dissociation in porous media. Similarly, the
abovementioned experiments on the kinetics of hydrate
dissociation by depressurization in a porous medium were
carried out under the isothermal conditions, which could
eliminate the heat transfer resistances. In addition, Kono et al.

(2002)  experimentally obtained the rates of hydrate
depressurization-induced dissociation in sediments with
different particle sizes and derived the mathematical

expression for kinetic dissociation rate, which included the
coupling effect of heat and mass transfer, and intrinsic kinetics
dissociation reaction. More interesting, their study also indicated
that the dissociation rate could be obviously affected by different
sediment particle sizes. In other words, sediment properties can
significantly affect the dissociation kinetics of GHs. Meanwhile,
there have also been several numerical investigations focusing on
the hydrate dissociation kinetics in a porous medium. Hong et al.
(2003) presented an analytical work on depressurization-induced
hydrate dissociation and reported that the influence of fluid flow
to hydrate decomposition is much less than those of heat transfer
and intrinsic kinetics. Nazridoust and Ahmadi (2007) proposed
an axisymmetric model to study the hydrate dissociation in a
porous medium of sandstone; the dissociation kinetics and
gas-water flow were simulated numerically. Their numerical
results indicated that hydrate dissociation rate is related to
physical and thermal conditions of hydrate-bearing core
sample; the porosity and permeability have an essential impact
on hydrate dissociation. More recently, a one-dimensional (1D)
numerical simulation on hydrate dissociation with a deep
depressurization method reported that the fluid flow and
hydrate dissociation kinetics have a significant influence on
gas and water production from GHs above the freezing point
(Jin et al., 2019). In view of the observations mentioned above, it
could be concluded that the kinetics of hydrate dissociation is an
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essential factor affecting the gas production. Meanwhile, it is also
related to other factors.

In this work, a series of absolute permeability experiments
with different hydrate saturations was first carried out in artificial
hydrate-bearing glass beads, and then, on the basis the results of
permeability experiments with that obtained from permeability
model, the hydrate morphology in porous media would be
inferred. Subsequently, a two-dimensional (2D) core-scale
numerical code, which incorporates the models for
permeability and hydrate dissociation surface area along with
the hydrate accumulation habits in porous media, was used to
investigate the kinetics of hydrate dissociation by
depressurization in a porous medium. Last, the simulation
results of temperature, pressure, hydrate saturation, and gas
production from hydrate dissociation were drawn based on
the proven and prescriptive model. The effects of permeability
and hydrate dissociation surface area on the dissociation kinetics
of hydrate also were numerically studied.

2 EXPERIMENTAL INVESTIGATION

2.1 Instruments and Materials

In this study, a 316 stainless steel high pressure cylinder cell with
an inner volume of 153 ml (as shown in Figure 1) was used, in
which the hydrate dissociation kinetics and permeability
measurement could be conducted. The maximum pressure of
the cell is 20 MPa. A plunger pump was employed to inject water
into the cell for hydrate formation and permeability
measurement. A back pressure valve was applied to keep the
system pressure at a constant pressure by releasing extra water or
gas. To maintain a stable low-temperature condition and reduce
the influence of heat transfer from surrounding environment, the
cell was situated in a low-temperature and temperature-
controlled glycol bath. Five type E thermocouples with a
measurement uncertainty of #0.1°C and two pressure
transducers with the uncertainty of +0.01 MPa were connected
to the reactor. The digital signals of temperature and pressure
from the thermocouples and pressure transducers were acquired
by an A/D module (Advantech Co., Ltd.) and saved in the
Monitor and Control Generated System. The glass beads of
BZ-01 (AS-One Co., Ltd, Japan) with diameter of
0.105-0.125 mm were filled in the high pressure cell to form a
porous medium with high-permeability, in which the
investigation of GHs dissociation kinetics could be conducted
with the elimination of the effects caused by the heat/mass
transfer and fluid flow (Kumar et al, 2013). The porosity of
glass beads was determined to be 35.4%, which was kept to stay
the same for the all following experiments. The CH, gas
(99.999%, in purity) was used for the following experiments,
and the deionized water was adopted in all tests. The experiment
system in this work was mainly composed of four parts: the gas/
water injection system, the high pressure reaction cell with low
temperature-controlled system, the separation and collection
system for gas and water, and the data monitoring and
acquisition system (as shown in Figure 2). The specific
introduction of the experimental apparatus could be found in
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FIGURE 1 | Schematic showing the real experimental equipment.

detail in the previous publications (Yang et al., 2013a; Yang et al.,
2013b; Chen et al., 2018; Ruan and Li, 2021).

2.2 Experimental Procedure

The whole experimental procedure for all tests in this study could
be performed with three steps: first, the hydrate formed in the
glass beads sample; then, the permeability measurements were
conducted; and last, the depressurization experiments for
hydrates dissociation were implemented. The details of
experimental procedure are presented in the following.

First, according to the required initial water saturations, the
glass beads were thoroughly saturated with different volumes of
de-ionized water and then were packed into the reactor. The
experimental apparatus was left for hours, so that the water could
distribute evenly in glass beads, and the pressure and temperature
of system could become gradually stabilized. During the above
whole process, the bath temperature was kept at a constant
temperature of 292.15K. Once no leakage occurred in all of
the system, the residual air remaining in the reactor was sucked
away by a vacuum pump, then CH, gas was injected into the high
pressure cell at a pressure of 6 MPa, and the system was cooled to
273.7K below the anticipated hydrate-forming temperature.
Here, the higher supercooling degree (ie., the difference
between the actual operating temperature and equilibrium
temperature (Englezos, 1993; DuQuesnay et al., 2016), which
has a critical impact on the reaction of hydrate formation as a
form of driving force (Yang et al., 2012; Yang et al., 2014; Liu et al.,
2019)), provides a stronger driving force and makes hydrate
formation easier and faster to achieve. As seen from Figure 3,
when the GHs began to form, a sudden and rapid increase in the
temperature could be observed, and, in turn, the system pressure
could be found to also be decreased gradually. The system stayed
under the formation conditions of GHs for a period of time until
the system pressure and temperature do not change to ensure the
complete of hydrate formation. The hydrate saturation (S;,) could
be calculated based on the data of pressure and temperature. The
detailed determination of S;, would be displayed in the section of
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FIGURE 2 | Methane hydrate experimental apparatus schematic.
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To avoid the dissociation of hydrate in the measurement
process of permeability to water, the temperature of the
injected fluid was required to be consistent with the
temperature of hydrate-saturated reactor, a long enough
(about 3m) coiled water injection pipeline was used, the
deionized water sample used to injection was first mixed and
saturated with methane gas by stirring the water vigorously for
about 15 min in a water tank, and then the water tank filled with
the mixing of water and gas and the coiled water injection
pipeline were immersed in the low-temperature (273.7 K)
glycol bath for 20-30 min. To commence the permeability
measurement, the water tank and the coiled pipeline were
connected with the experimental system, the back pressure
and the pressure of water flood injection pump were adjusted
accordingly (much higher than the equilibrium pressure of GHs
in glass beads), the mixture of de-ionized water and dissolved
methane gas were injected with a constant flow rate into the
reactor and to measure the permeability with different hydrate
saturations, which ensured that there would be very limited GHs
dissociation during permeability measurement (Li et al., 2017;
Chen et al.,, 2018).

In the whole permeability experiments, the pressure and
temperature of the reactor were monitored and collected by a
monitor and control generated system. Figure 4 shows the
variations in the pressure and temperature of the Run 4
permeability experiment for S, = 21%. As seen in Figure 4,
the pressure and temperature of the system maintained nearly

Calculation of hydrate

steady, and there were no obvious sharp fluctuations during water
permeability measurement, which indicated that the amount of
hydrate formed or decomposed could be ignored. The water
permeability of artificial hydrate-bearing glass beads was
investigated with different hydrate saturations using the
Darcy’s law, and the experimental conditions and results are
presented in Table 1.

Last, to implement the experiments of hydrate dissociation by
depressurization, the back pressure regulator was opened, and the
system pressure was dropped below the P.. As the methane
hydrates in the glass beads dissociated, the gas generated and
water flowed to the outlet and were collected by gas/water
collection system. Meanwhile, all the production behaviors of
hydrate kinetic dissociation are dynamically recorded and
calculated. Because of the true nature of endothermic reaction
for GHs dissociation, once the dissociation was initiated by the
pressure drop, the temperature in the dissociation zone would
decrease rapidly and then reached the lowest temperature. After
that, the system temperature rose to the initial temperature as the
heat supplied from the bath with a constant temperature.

3 NUMERICAL MODEL

A 2D numerical simulator of hydrate dissociation was modified
and adopted to implement the investigation of hydrate
dissociation kinetics, and more detailed equations can be
found in our published literatures (Ruan et al., 2012a; Ruan
et al., 2012b; Ruan et al., 2017; Ruan and Li, 2021). The main

Frontiers in Energy Research | www.frontiersin.org

December 2021 | Volume 9 | Article 779635


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Ruan et al.

Characteristics of Hydrate Dissociation Kinetics

7 280
6F —— ~ - 279
L1
\ Inl ]
[} = = - Inlet pressure
5 b \_ — - —Outlet pressure 278
— \ m  Temperature 1 ] N
QCE - '\ ® Temperature 2 EA./
S 4 v A Temperature 3 4277 &
SN— ”
> |‘ W Temperature 5 5
L ]
2 . \ g
v 3 * \ - 276 g-
2 \ o
o ¥ 3 — E —
| . T T e e e
2 - - 275
. L ]
1+ - » - 274
L™ By By 4"y NI g T e n g |
0 1 " 1 " 1 " 1 " 1 L 1 " 1 " 1 273
0 100 200 300 400 500 600 700
Time (min)
FIGURE 3 | The changes in temperature and pressure during GHs formation.
TABLE 1 | Experimental conditions and parameters.
Experiment No. Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
Initial pressure, MPa 5.54 5.67 5.88 5.70 5.48 5.81
Initial temperature, K 273.70 273.70 273.70 273.70 273.70 273.70
Initial water saturation, % 81.25 65.60 61.80 23.75 19.75 18.43
Absolute permeability, pum? 44.00 44.00 44.00 44.00 44.00 44.00
Hydrate saturation, % 48.75 40.5 34 21 17 10
Average permeability value, pm? 2.24 6.58 11.39 22.05 24.74 32.67
K. (grain coating), pm? 8.27 12.02 15.58 24.41 27.62 33.81
K; (pore filling), um? 2.16 3.42 4.15 8.24 9.68 12.89
Temperature in the process of permeability measurement, K 273.70 273.70 273.70 273.70 273.70 273.70
Production pressure, MPa 1.50 1.50 1.50 1.50 1.50 1.50
Note: The initial temperature was used in the experiments of hydrate dissociation, and the initial temperature in the experiments of hydrate formation is 292.15 K.
mechanisms including the hydrate decomposition reaction Recent published studies indicated that hydrate

kinetics, gas-liquid fluid flow, and heat and mass transfer are
all considered in this simulator. In the following section, we will
pay more attention on the discussion of permeability, hydrate
saturation, and dissociation kinetics with numerical models.

3.1 Equations for the Absolute Permeability
The experiments of permeability measurement and the
calculation of absolute permeability K (um®) were based on
the Darcy’s law as follows:

k=t

" AAP 1)

where Q is the average fluid flow rate (m*/s), L is the length (cm)
of the hydrate-bearing core sample (L = 25 cm), y is the fluid
viscosity (Pas); here, the water was used for the permeability
measurement; AP is the pressure difference (Pa) at the inlet and
outlet section of reactor; here, the cross-sectional area (cm?) of the
hydrate-bearing core sample can be calculated as A = 7r° =
19.2345 cm®. 1 Darcy = 9.87 x 10> m* = 0.987 um>.

morphology (i.e., how hydrates accumulate in the pores
and contact with sediments) and hydrate saturation have
been regarded as essential factors affecting the permeability
and fluid flow in hydrate-bearing porous media (Kumar et al.,
2010; Li et al.,, 2017; Mahabadi et al., 2019; Mahabadi et al.,
20163 Ren et al.,, 2020; Shen et al., 2020). The reduction in the
permeability of hydrate-bearing sediments can be attributed
to the fact that the shape and size of pores can be changed
along with hydrate morphology and hydrate saturation
(Kumar et al,, 2010). The main accumulation habits of
artificial GHs found in porous media are the grain-coating
(GC) and pore-filling (PF) types (as shown in Figure 5).
Meanwhile, the variation of hydrate morphology is related
with hydrate saturation (Kumar et al., 2010; Liang et al., 2011;
Xue et al., 2012; Ren et al., 2020). If hydrate coats the grain
surface of porous media, then the influence on the porous
structure and permeability reduction would be expected to be
not obvious, whereas hydrate accumulation in the center of
pores would reduce the pore volume and is potential to block
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FIGURE 4 | The variations in inlet/outlet pressure and temperature during permeability measurement.

the path for fluid-flow. Consequently, the permeability model
for hydrate-bearing sediments should be expressed with the
consideration of the influence of hydrate saturation and
hydrate morphology.

In this study, the permeability of hydrate-bearing glass beads is
represented by the following (Kleinberg et al., 2003):
Case 1 Grain-coating type

K. =Ky (1-8)"" )

K. is the permeability of GC hydrate-bearing sediments, K, means
the permeability of porous media without hydrate, and §,
presents the hydrate saturation. Note that there are different
values that varied with hydrate saturation for the index n (for S, >
0.8, n would be larger than 1.5; whereas 0 < S;, < 0.8, n is given
as 1.5).

Case 2 Pore-filling type

Ky = Ko (1-8,)"2/(1 + 82%)? (3)

where n = 0.75;, +0.3.

3.2 Equations for the Hydrate Dissociation

Kinetics

Exactly predicting the potential of GHs production requires a
better understanding for the kinetics of GHs dissociation (Jarrar
etal., 2020). Kim and Bishnoi (Kim et al., 1987) first proposed the
known dissociation kinetic model for hydrate; the gas
productivity of hydrate dissociation reaction was given as follows:

g = kaMyA, (fe ‘f) (4)

where ri1,= gas production rate (kg/m?’s), M, = the molar mass for
CH,; (kg/kmol), k; = hydrate decomposition rate constant

(mol-(m*Pas)™"), A, = the hydrate decomposition surface area
(m?), and f and f, are the fugacities of CH, at gas phase and
equilibrium condition, respectively.

For the surface area of hydrate dissociation A, which has
significant influence over the hydrate dissociation kinetics (Liu
and Gamwo, 2012; Chen and Espinoza, 2018) and also is related
closely to the hydrate accumulation habit in pores (Li et al,
2016; Jarrar et al., 2020; Ruan et al., 2021; Ruan and Li, 2021),
only a handful of researches have been carried out for the
quantitative description of the GHs dissociation surface area.
Kim et al. (1987) studied the surface area based on the
assumption that there is all the same particle diameter for
hydrate particles in the bulk phase system. Yousif et al
(1991), Masuda et al. (1999), and Moridis et al. (2004) all
have given the correlations for the computation of surface
area considering the hydrate saturation. Yousif et al. (Yousif
et al,, 1991) defined the A using a combination of hydrate
saturation, porosity, and permeability. Masuda et al. (1999)
presented a formula of hydrate saturation and porosity for
descripting the A;. Kumar et al. (2013) and Nakayama et al.
(2018) computed the A, considering the influence of pore shape
and the hydrate accumulation habit in pores. In addition, other
detail discussions on the experimental and numerical studies of
surface area for hydrate dissociation can be found in our recent
studies (Ruan et al., 2021; Ruan and Li, 2021).

In this study, the computation for A was based on our recent
work as in Equations 5 and 7, in which the mathematical
formulation of A was linked to the porosity of sediment &,
hydrate saturation S;,, and sediment particle size (Ruan and Li,
2021).

Case 1 Grain-coating model

A, = (N,36m)"* (23S, +1 - @) (5)
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Grain Coating

Grain Coating type

FIGURE 5 | The schematic of main hydrate morphology in porous media.

Pore Filling

Pore Filling type

6(1-
N, = (_9 (6)
nD
»
Case 2 Pore-filling model
A, = (36N,m)'"” (28" )

where N is the number of particles per unit volume and is
associated with the sediment particle diameter D,,. Here, N, = 4
(Ruan and Li, 2021).

4 RESULTS AND DISCUSSIONS

In this study, a series of permeability measurements at hydrate
saturations of 0%, 10%, 17%, 21%, 34%, 40.5%, and 48.75%
were conducted in the hydrate-saturated glass beads. The
experimental data of hydrate formation and permeability
measurements were listed in Table 1. The water
permeability was calculated by the Darcy’s formula, as
shown in Equation 1. The experimental results of
permeability in presence of GHs were compared with the
values of empirical model for permeability. The comparison
results indicated that the permeability data of the glass beads
with different hydrate saturations lied between the theoretical
estimations of GC and PF permeability model (Kleinberg
et al., 2003). In this work, a developed 2D laboratory-scale
numerical code was used to investigate the production
behavior and hydrate kinetic decomposition. On the basis
of the different hydrate morphologies and hydrate
saturations, two conceptual models of surface area
proposed by our previous research (Ruan and Li, 2021)
were adopted in the following numerical simulations to
describe the hydrate decomposition surface area and model
the hydrate kinetic decomposition by depressurization in
hydrate-bearing glass beads. During the depressurization
process, the outlet pressure was kept at a constant pressure

of 2.84 MPa, which was below the equilibrium hydrate
decomposition pressure.

4.1 Hydrate Formation and Permeability

Measurement

The initial pressures of hydrate formation for Run 1 to Run 6
were 5.48-5.88 MPa, and the initial temperatures for
experiments of Run 1 to Run 6 were 292.15K. The
experimental conditions were shown in Table 1. The typical
pressure and temperature time evolution curves during GHs
formation were shown in Figure 3. As shown in Figure 3, the
inlet and outlet pressures, the temperatures at the point 1, 2, 3,
and 5 were presented. The curves of temperature and pressure
showed that, in a certain period of time, the temperature
increased with the decrease of pressure. This phenomenon
could be attributed to the fact of GHs formation. When the
hydrate began to form, a lot of water would form the hydrate
cages and a great quantity of gas would be consumed and
encaged into the cages, which led the great decrease in the
amount of gas under the isochoric and closed condition, and
made the pressure drop sharply. Meanwhile, because of the
exothermic nature of GHs formation, the temperature would
increase briefly in the formation process. For an example, in the
process of hydrate formation at S, = 17%, the GHs formation
started at the time of 75min, the completion of hydrate
formation was about at the time of 100 min. The rise in
temperature was near 2.3 K, and the pressure drop was up to
3 MPa.

In the permeability experiments, the pressure difference across
the vessel (as shown in Figure 2) was monitored by the
differential pressure device, and the difference pressure was
maintained at about 4kPa. During the permeability
measurement for hydrate-bearing glass beads, the back
pressure regulator together with the water flood injection
pump were used to keep a constant water flow rate for
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permeability measurement. The inlet/outlet pressures and the
temperatures in the reactor vessel were also measured. Figure 4
shows the variations of pressure and temperature in the
experimental process of measuring permeability. It can be
noted that the variations of pressure and temperature were
very small and nearly steady in the process of measuring
permeability. It indicates that the water flow through the
hydrate-bearing glass beads was steady, and there was no clear
indication of hydrate formation or dissociation in the
measurement process. Permeability to water in the hydrate-
saturated glass beads was measured by three water flow rates
at different hydrate saturations, and the experimental data of
average permeability are presented in Table 1. According to
Darcy’s law, the permeability for S;, = 0 was obtained as 44 um>.

4.2 Comparison of the Experimental Data
and Permeability Models

Permeability has been regarded to be a key factor for the success
of depressurization-induced gas production from GHs and
affecting the fluid flow in hydrate-saturated porous medium
(Tang et al., 2007; Konno et al., 2010; Moridis et al., 2011; Li
X.-S. etal., 2012). Once hydrate forms in the porous medium, the
pore structure and porosity would be changed, and the flow
channel could be hindered and even blocked. It means that the
permeability of a hydrate-saturated porous medium relies on
where hydrate accumulates in pore space (Kumar et al., 2010;
Liang et al., 2011; Ruan et al., 2021). When the hydrates form as
thin films coating on grain surface, the impact of hydrate
accumulation in pores on the permeability is considered to be
unremarkable. When the hydrate accumulates in the center of the
pores or flow channel, the decrease of permeability can be obvious
(as shown in Figure 5). Therefore, the permeability is closely
related to the hydrate morphology in a porous medium. In other
words, the hydrate morphology in porous media could be made
clear indirectly by means of the investigation of permeability
measurement (Hou et al., 2018).

According to the published literature, the empirical
permeability models from Kleinberg et al. (2003) are regarded
as the commonly used models for the prediction of permeability
considering hydrate accumulation habits in pore space of porous
media, which include the GC and PF permeability models (as
shown in Equations 2, 3. The experimental data of water
permeability are correlated with these empirical models (as
shown in Table 2), and according to the comparative
relationships of the experimental and theoretical permeability
results, it can be analyzed to provide an insight for further
understanding the hydrate accumulation habits in porous
media. Table 2 and Figure 6, respectively, show the
comparison results of the different permeability models with
the experimental results of permeability for hydrate-saturated
glass beads. From Table 2 and Figure 6, it is clear that, in the case
of lower hydrate saturations (less than 40%), the water
permeability measurement data are much closer to the
predicted permeability from the GC permeability model.
Whereas, the experimental results for permeability may switch
with the increase of S,. For the higher hydrate saturations (above
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Sn = 40%), the comparison results between the experimental and
theoretical data for permeability indicated that the tendencies of
hydrate accumulation in porous media are more consistent with
the PF hydrate habits.

4.3 Numerical Results of Hydrate Kinetic
Decomposition Induced by

Depressurization in a Porous Medium

The numerical simulations for hydrate dissociation in hydrate-
saturated glass beads using depressurization method were
presented to study the hydrate decomposition kinetics in a
core-scale porous medium. The models of permeability and
surface area considering that the hydrate accumulation habits
in porous media were incorporated into the 2D numerical
simulator (Ruan et al.,, 2012a; Ruan et al.,, 2012b; Ruan et al,,
2017). The numerical code has been validated using different
experimental data of the hydrate-saturated porous media
depressurization-induced dissociation, which include the test
dataset of Masuda et al. (1999), Yousif et al. (1991), Falser
et al. (2012), and Ruan and Li (2021). The simulation
conditions are listed in Table 3. The numerical results at three
interesting time points (e.g., 50, 100, and 200 min) have been
selected and compared to illustrate the different stages of hydrate
dissociation. The time evolutions of hydrate saturation (Sj),
temperature (7), and gas pressure (P) during the pressure-
induced dissociation of hydrate were tracked and illustrated
using the numerical results, which were displayed as 2D plots
(length vs. diameter).

In this simulation of hydrate dissociation in core-scale glass
beads [the initial hydrate saturation (S,) is 70%], there is no free
water in the sample before the dissociation, the boundary
temperature (T},) and initial temperature (T,) are regulated to
280.45 K, and the initial pressure (P) is equal to 6.84 MPa and is
depressurized to the constant pressure (P,,,; = 2.84 MPa). Figures
7-9 record the changes in P, T, and S, over time, respectively. In
Figure 7, the 2D plots display the changes of gas pressure during
hydrate dissociation, and the depressurization was applied at time
t = 0 and at the outlet end. With the advance of the
depressurization process, hydrates in core sample become
unstable, the endothermic hydrate dissociation reaction would
take place, and the decrease of T and S;, could be observed in
Figures 8, 9, respectively. The gas and water generated from
hydrate dissociation flow to the outlet, and then, the longitudinal
pressure gradient would expand toward the end of core sample
(as shown in Figure 7), as a result, the changes in temperature
and hydrate saturation occur along the longitudinal (as shown in
Figures 8, 9, respectively).

In addition, as seen in Figures 8, 9, the numerical results show
that the temperature and hydrate saturation distribution in core
sample at 50, 100, and 200 min display the radial symmetry
obviously. In other words, the hydrates closes to the boundary
dissociate earlier than those existing in the center of the core
sample, and the process of depressurization-induced hydrate
dissociation presents the “shrinking-core” dissociation (Tonnet
and Herri, 2009; Li and Zhang, 2011; Ruan et al, 2012a).
Meanwhile, the constant thermal boundary and the
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TABLE 2 | Comparison of the different permealbility models with the experimental results.

Shy % Kexp (experiment) K. (grain-coating) K; (pore-filling) K,» (masuda model)
Ke = Ko(1-8p)™" K :% Km = Ko(1-Sp)"

0 44 44 44 44

10 32.67 33.81 12.89 —

17 24.74 27.62 9.68 —

21 22.05 24.41 8.24 3.3

34 11.39 15.58 415 0.46

40.5 6.58 12.02 3.42 0.15

48.75 2.24 8.27 2.16 —

50

N
<
T

. —&— Grain-Coating
—e— Pore-Filling
A Experimental data in this study

N w
o <
T T

Absolute permeability (um?)
s

0 20 40
Hydrate saturation (%)

FIGURE 6 | Absolute permeability variation with hydrate saturation from experimental data and permeability models.

60 80 100

TABLE 3 | The parameters and data used in the numerical simulation.

Parameters and units Values Parameters and units Values
Core length L (cm) 150 Core diameter R (cm) 1.00
Core pressure, Py (MPa) 6.84 Core temperature, Tp (K) 273.70
Intrinsic porosity, ¢o 0.35 Intrinsic permeability, Ko (um?) 44.00
Outlet pressure, Pyo (MPa) 1.50 Bath temperature, T, (K) 273.70
Hydrate saturation, Sy, 0.70 Gas saturation, Sy 0.30
0.50 0.32
0.34 0.37
0.21 0.44

endothermic dissociation reaction lead to a radial temperature
gradient in the hydrate-saturated core sample, as illustrated in
Figure 8, which supports the endothermic reaction during
dissociation and the temperature rebound after hydrate
decomposition.

4.4 Influence of Permeability on Hydrate
Decomposition Kinetics in a Porous

Medium

Several simulation studies have indicated that the permeability is
a critical factor for the success of recovering gas from GHs by
depressurization (Moridis et al., 2004; Tang et al., 2007; Moridis
et al., 2009; Konno et al., 2010; Ruan et al., 2012¢; Su et al., 2012;
Zhao et al,, 2016; Wang et al., 2018; Sun et al., 2020). The
depressurization-induced GHs production in a porous medium
would be greatly affected by the permeability variation. In this
section, the effect of permeability variation with hydrate

saturation and hydrate morphology on the hydrate
decomposition kinetics in porous media was studied
numerically. The simulation results of cumulative gas

generated from depressurization-induced hydrate
decomposition in a hydrate-saturated core sample with
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FIGURE 7 | Time evolution of pressure for the initial hydrate saturation
of 70%.

different permeability models were presented and analyzed.
Table 1 and 3 summarize the initial values and the main
model parameters for the simulations.

Figure 10 presents the modeling results of cumulative gas
generated for three different permeability models at the S, of 34%.
These three permeability models (GC, PF, and Masuda models)
were displayed in Table 2. As seen from Figure 10, the GC model
is able to match the experimental results of cumulative gas
production reasonably well at this initial hydrate saturation.
The average deviation and the maximum deviation between
the experimental data and the numerical results from the new
model are 2.37% and 4.67%, respectively.

As indicated in Figure 10, the numerical evaluation of
cumulative gas generated largely depends on the permeability
models. The numerical result of cumulative gas generated
using Masuda permeability model is much lower than the gas
generated in the other two cases. Because the GC and PF
permeability models are respectively related to different
hydrate accumulation habits in porous media and
represent the impact of permeability under various hydrate
accumulation habits, so it also indicated that the hydrate

FIGURE 8 | Time evolution of temperature for the initial hydrate
saturation of 70%.

accumulation habits are important for hydrate production
and its accurate accumulation habit in sediment is essential
for reliable numerical predictions of gas produced from GHs.
In Figure 10, the simulations of cumulative gas generated
from depressurization-induced hydrate decomposition also
showed that using the Masuda permeability model
underpredicts the gas production. Meanwhile, the
predicted cumulative gas generated with GC model is
higher than that with PF model, which is mainly attributed
to the fact mentioned above that the effect of GC
accumulation habit on permeability is smaller than that of
PF accumulation habit.

Figures 10, 11 present the evolution of cumulative gas
generated over time using the GC and PF permeability models
at initial hydrate saturations of 21%, 34%, and 60%, respectively.
From Figures 10, 11, we can draw a general conclusion that there
are the corresponding discrepancies in the gas generated for
different permeability models at the same hydrate saturation.
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FIGURE 9 | Time evolution of hydrate saturation for the initial hydrate
saturation of 70%.

This indicated again that the accumulation habits of GHs in a
porous medium impose substantial influence to the gas
generated. Moreover, the discrepancy will increase largely with
the increase of Sj. It can be concluded that the accumulation
habits of GHs in a porous medium are strongly dependent on the
hydrate saturation, which further supports the stated issues in
section of 4.3. Meanwhile, it suggests that the reasonable and
accurate permeability model should be adopted in the modeling
studies of hydrate production for the corresponding hydrate
properties in a porous medium.

4.5 Influence of Hydrate Decomposition
Surface Area on Hydrate Decomposition

Kinetics in a Porous Medium

In porous media, the depressurization-induced decomposition of
GHs is under the control of heat transfer (Oyama et al., 2009),
permeability (Konno et al., 2010), and interfacial reaction (Chen
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and Espinoza, 2018). The heat transfer is related with the
permeability properties, and the interfacial reaction is
associated with the contact of hydrates and porous media, in
which the hydrate morphology all plays a very important role;
more specifically, it will affect the permeability and
decomposition surface area. There have been many numerical
simulations related to the decomposition of GHs in a porous
medium; however, there is little research paper for investigating
the impact of the hydrate accumulation habits and surface area on
hydrate dissociation. In this section, the investigation for the
effect of surface area with the consideration of hydrate
accumulation habits on hydrate decomposition kinetics will be
performed by the mean of numerical simulations.

The different models of surface area for GHs decomposition in
a porous medium were used in the simulation studies related to
different hydrate accumulation habits and hydrate saturations.
Figure 12 shows the simulation predictions of gas production
with different hydrate decomposition surface areas at hydrate
saturations of 21% and 50%. The GC and PF surface area models
for hydrate dissociation (as shown in Equations 5 and 7) were
adopted in this numerical simulation. As seen in Figure 12, there
are some distinctions in the cumulative gas generated based on
different mathematical models for surface area, and the difference
will become larger with increasing hydrate saturation. It
suggested that the surface area for hydrate dissociation has an
important influence on the gas production. Meanwhile, the
conclusions drawn above (as discussed in Sections 4.3 and
4.4) indicated that, for initial hydrate saturation less than 40%,
hydrate preferentially accumulates on the surfaces of porous
media as the accumulation habit of GC, and at higher hydrate
saturation, the hydrate accumulation habit in porous media
presents the tendency of PF, which can be used to explain the
different differences of gas production as seen in Figure 12. For S,
= 21%, the experimental and numerical results indicate a GC
accumulation habit for hydrate growth in a porous medium, and
the predicted values of surface area for GC and PF hydrates
dissociation are 6.04 x 10* and 1.32 x 104 m*/m?, respectively.
The difference in cumulative gas production for S; = 21% (as
shown in Figure 12) means that the numerical simulation using
the decomposition surface area model of PF hydrate to evaluate
the depressurization-induced hydrate production would
underpredict the gas production. However, for S, = 50%, the
difference of the modeling predicted cumulative gas productions
is small. That is because, when the hydrates continuously
accumulate in a porous medium, the surface area of GC
hydrate (as shown in the schematic of Figure 5A, GC type)
would be not only not increase or even decreasing. Therefore, at
higher hydrate saturation, the surface area of PF hydrate could be
larger than that of GC hydrate, and there is a corresponding
higher gas production (as displayed in Figure 12).

Moreover, as seen from Figures 11, 12, a distinction could be
found between the gas productions controlled by permeability
and others controlled by surface area of hydrate. For high initial
hydrate saturation, Figure 12 shows that the decomposition
surface area of GHs (with considering the different hydrate
accumulation habits) has little influence on the dissociation
kinetics and gas production; however, in Figure 11, it can be
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FIGURE 10 | Cumulative gas production time evolution for different permeability model (S;, = 34%).
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FIGURE 11 | The changes of cumulative gas production for different permeability models at the hydrate saturations of 21% and 60%.

seen that the permeability is important in the hydrate
decomposition kinetics and gas production. For low initial
hydrate saturation, the hydrate dissociation kinetics becomes
dependent upon the decomposition surface area (as indicated
in Figure 12), and the permeability of GC or PF hydrate-
saturated porous media does not significantly change the time
evolution of gas production (as shown in Figure 11).

5 CONCLUSION

The experimental study on the dependence of water
permeability on different hydrate saturations was carried
out in glass bead porous media. The experimental data of
permeability in hydrate-bearing glass beads was correlated
with the empirical permeability relationships for GC and PF
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accumulation habits of GHs in a porous medium. When the
hydrate saturation was less than 40%, the water permeability
was closer to the GC modeling predicted permeability. When
the hydrate saturation was above 40%, the tendencies of
hydrate accumulation in porous media more
consistent with the PF hydrate habit.

A developed 2D core-scale numerical code was used to
model the kinetic dissociation process in hydrate-bearing glass
beads using depressurization method. The permeability and
specific surface area model of hydrate dissociation considering
the accumulation habits of hydrate in porous media were
introduced into the numerical simulation. The 2D
simulation results indicated that the radial temperature
gradient and longitudinal pressure gradient appeared in the
changes of temperature and gas pressure, and in core-scale
porous media, there was a phenomenon of “shrinking-core”
hydrate decomposition driven by the radial heat transfer in the
kinetic ~ dissociation  process induced by  hydrate
depressurization.

The influence of permeability and hydrate dissociation
surface area on the dissociation kinetics of hydrate was
numerically studied. The numerical results showed that the
hydrate production by depressurization in hydrate-bearing
glass beads was closely connected with permeability and
hydrate dissociation surface area. Meanwhile, a distinction
was found between the gas productions controlled by
permeability and others controlled by surface area of
hydrate. For high initial hydrate saturation (PF hydrate
accumulation habit in glass-beads porous media), the
permeability was an important parameter that played a
determining role in the production process of hydrate

were

kinetic decomposition. Whereas, for low initial hydrate
saturation (GC hydrate accumulation habit), the hydrate
dissociation kinetics became dependent upon the surface
area of hydrate.
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