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ABSTRACT: Natural gas hydrate widely exists in the South China Sea as clean energy. A three-phase transition
layer widely exists in low permeability Class I hydrates in the Shenhu offshore area. Therefore, taking into account
the low-permeability characteristics with an average permeability of 5.5 mD and moderate heterogeneity, a 3-D
geological model of heterogeneous Class I hydrate reservoirs with three-phase transition layers is established by
Kriging interpolation and stochastic modeling method, and a numerical simulation model is used to describe the
depressurization production performance of the reservoir. With the development of depressurization, a specific range
of complete decomposition zones appear both in the hydrate and transition layers. The entire decomposition zone
of the whole reservoir tends to outward and upward diffusion. There is apparent methane escape in the three-phase
transition layer. Due to the improvement of local permeability caused by the phase transition of hydrate dissociation,
some methane accumulation occurs at the bottom of the hydrate layer, forming a local methane enrichment zone. The
methane migration trends in reservoirs are mainly characterized by movement toward production wells and hydrate
layers under the influence of gravity. However, due to the permeability limitation of hydrate reservoirs, many fluids
have not been effectively produced and remain in the reservoir. Therefore, to improve the effective pressure drop of
the reservoir, the perforation method and pressure reduction method were optimized by analyzing the influencing
factors based on the gas production rate. The comparative study demonstrates that perforating through the free gas
layer combined with one-time depressurization can enhance the effective depressurization and improve production
performance. The gas production rate from perforating through the free gas layer can be twice as high as that from
perforating through the transition layer. This study can provide theoretical support for the utilization of marine energy.

KEYWORDS: Class I hydrate; transitional layers; heterogeneity; depressurization; numerical simulation; perforation
mode

1 Introduction
Gas hydrates are widely distributed in permafrost or in deep seawater with a depth of more than

500 m [1–4]. Low temperature, high pressure, sufficient natural gas sources, and favorable reservoir space
are the fundamental conditions for gas hydrate formation [5–7]. Different from conventional oil and
gas reservoir exploitation mechanisms, hydrate is decomposed into movable fluid (gas and water) by
destroying or changing phase equilibrium conditions. At present, hydrate production methods mainly
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include depressurization, thermal stimulation, inhibitor injection, gas exchange, and solid fluidization
[8–12]. Among the above methods for hydrate deposit development, the depressurization method stands out
as the most technologically mature, cost-effective, and economically viable option [13]. It requires no special
equipment or external energy injection, making it an efficient choice [14]. The depressurization method has
been widely applied in trial production of hydrate deposits in various countries, including Canada, the United
States, China, and others [15–19].

According to geological structure and reservoir conditions, hydrate reservoirs can be divided into three
classes [20,21]. Jiang X, Jiang Y, Long X, et al. conducted experimental and numerical simulation studies
on the depressurization production of various hydrate reservoirs [22–24]. Among them, Class I hydrate
reservoir has become the most complex gas-liquid distributed deposit due to the existence of underlying gas
layers. So, it is necessary to study the corresponding depressurization development method and scheme. At
the same time, due to the complex environment and high requirements for drilling technology of marine gas
hydrate, a rock-solid theoretical foundation is required in the scheme design stage. Therefore, the numerical
simulation method is undoubtedly a highly economical and effective approach to simulate the dynamic
evolution of hydrate reservoirs during the depressurization process and to study the optimal depressurization
strategy. It provides valuable insights for the practical development and utilization of gas hydrates.

Yang et al. [25] believe that the dissociation process of hydrates deposits is controlled by both mass and
heat transfer, and it is more reasonable to use a depressurization method in the early stage. Lee et al. [26]
analyzed the dissociation characteristics and rates of hydrates under depressurization conditions through
laboratory experiments and compared the gas production of hydrates and the relationship between the
propagation of the dissociation front and time under different depressurization conditions. Wang et al. [27]
believe that rapid depressurization can result in the rapid dissociation of hydrates, leading to fast gas
production. However, under rapid depressurization and low production pressure, issues such as secondary
hydrate formation may arise. Zhao et al. [28] believe that the gas production process can be divided into
three main stages: dissociation of free gas, hydrate dissociation supported by thermal conduction in the
reservoir, and hydrate dissociation driven by environmental heat exchange, with the latter two stages both
dependent on the degree of depressurization. Li et al. [29] conducted a physical experiment to divide the
hydrate depressurization production into the free gas stage (stage 1) and the hydrate dissociation stage (stage
2). Chong et al. [30] conducted a comparative study through experimental methods on the characteristics of
gas production under various depressurization levels. Zhao et al. [31] conducted laboratory experiments to
study the differences of gas production behavior between fine-grained and coarse-grained hydrate sediments.
Konno et al. [32] conducted a numerical simulation study on the dissociation and reformation behavior of
hydrate reservoir during depressurization and well shut-in. High gas production could only be maintained
for a few years after the initial depressurization. Sun et al. [33] employed magnetic resonance imaging (MRI)
technology to investigate the dissociation behavior of hydrates. They clarified the comprehensive influence
mechanism of different depressurization methods and gas-water flow on hydrate dissociation.

For low-permeability hydrate reservoirs, pressure reduction-induced hydrate dissociation is an effective
development method. Meanwhile, the underlying free gas layer makes it easier to achieve effective pressure
reduction and efficient development of Class I hydrate reservoirs. Xu et al. [34] clarified the impact of free
gas layers in Class I hydrates on the stimulation effect of hydrate reservoirs through fracturing simulations.
Merey et al. [35] believed that during the depressurization of hydrate reservoirs, the contribution of the free
gas layer to cumulative gas production is significant. Alp et al. [36] clarified the considerable contribution of
the free gas layer in depressurization production through the study of natural gas production in two classes
of Class I deposits: Class 1 G and Class 1 W [37]. Ge et al. [38] believed that the presence of a free gas layer
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in Class I hydrate reservoirs could promote the diffusion of the pressure drop interface, thereby further
accelerating the dissociation of hydrates.

Based on Class I hydrate reservoirs with the highest commercial development potential, this study first
considers the transition layer (coexistence of gas-water-hydrate three phases) under the critical temperature
and pressure conditions of the hydrate stability zone. Utilizing the Gauss stochastic simulation method, a
numerical simulation model considering the hydrate-gas transition layer is established. The dynamic patterns
of hydrate development and the evolution of physical fields are then revealed. This clarifies the main hydrate
dissociation area as well as the migration and accumulation behaviors of gas and water. Finally, the study
optimizes the perforation location and depressurization method, determining the best perforation location
and depressurization approach for Class I hydrate reservoirs with a transition layer.

2 Numerical Simulation
The following reactions occur during the depressurization process of hydrate reservoirs, as shown

in Eq. (1) [3].

CH4 + NmH2O ⇄ CH4 ⋅ NmH2O (1)

2.1 Numerical Simulation Model
Compared with traditional fossil energy, hydrate exploitation has the characteristics of phase transition.

Therefore, it is necessary to consider the immobile phase (solid phase gas hydrate) besides the mobile
phase in the numerical simulation. CMG-stars is relatively mature in evaluating the process of multiphase
flow, heat transfer and phase change in porous media. Different hydrate simulation software has different
characteristics [39]. And the rationality and reliability of CMG stars module has been verified [40,41].

Based on the CMG-stars module, the dissociation and formation of hydrate are simulated by
Kim-Bishinoi dissociation kinetic model and Vysniauskas-Bishinoi formation kinetic model (as shown
in Formulas (2) and (3)) [42,43], and the judgment of hydrate formation/dissociation is obtained by Moridis
model [44].
⋅

nd = k0
d exp (−ΔE

RT ) f (AHS , ϕ, SH) [ feH (T) − fG]
f (AHS , ϕ, SH) = ϕAHS SH

(2)

⋅

n f = k0
f exp (−ΔE

RT )A f (ϕ, Sw , SH , AHS) (pg − pe)
A f (ϕ, Sw , SH , AHS) = ϕSw AHS + ϕ2Sw SH AHS

(3)

In the model, the production pressure is 7 MPa. Other geological parameters used are shown in Table 1.
In the process of hydrate dissociation, the equilibrium model is shown in Eq. (4) [42].

T ≥ 273.2K ln Pe =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

−1.94138504464560 × 105 + 3.31018213397926 × 103T
−2.25540264493806 × 101T2 + 7.67559117787059 × 10−2T3

−1.30465829788791 × 10−4T4 + 8.86065316687571 × 10−8T5

T < 273.2K ln Pe =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

−4.38921173434628 × 101 + 7.76302133739303 × 10−1T
−7.27291427030502 × 10−3T2 + 3.85413985900724 × 10−5T3

−1.03669656828834 × 10−7T4 + 1.09882180475307 × 10−10T5

(4)



2506 Energy Eng. 2025;122(6)

Table 1: Geological parameters [45,46]

Parameters Value
Thickness (gas layer), m 10

Thickness (transition layer), m 20
Thickness (hydrate layer), m 30

Initial T (bottom of transition layer), ○C 14.59
Initial P (bottom of transition layer), MPa 14.50

Gas composition 100% CH4
Coefficient variation 0.4

Average intrinsic permeability (gas layer), mD 1.16
Average intrinsic permeability (transition layer), mD 2.61
Average intrinsic permeability (hydrate layer), mD 5.5

Porosity (gas layer) 0.42
Porosity (transition layer) 0.45
Porosity (hydrate layer) 0.48

SH (transition layer) 0.15
SH (hydrate layer) 0.45

SG (gas layer) 0.194
SG (transition layer) 0.194
SG (hydrate layer) 0.05

SirA 0.3
SirG 0.05
nA 3.572
nG 3.572

Salinity, % 3.5
Temperature gradient,○C/100 m 4.5

2.2 Permeability Model
To simulate the production dynamics of the actual hydrate deposits, the stochastic modeling method is

employed to account for heterogeneous permeability. Based on the average permeability, the heterogeneity
model is constructed using the Gaussian stochastic simulation method for permeability distribution. To
reflect the moderate heterogeneity of the Shenhu area, a permeability variation coefficient of 0.4 was
selected [47–49]. The grid permeability was then smoothed to conform to a Gaussian distribution, providing
a more reasonable representation of the geological characteristics. Then, a heterogeneity permeability
distribution model is generated. To make the established heterogeneity model closer to the actual geo-
logical characteristics and knowledge, the generated heterogeneity model is smoothed to create the final
heterogeneity permeability field.

Based on the established geological and permeability model, the numerical simulation model is divided
into 19× 19 grids on the plane, in which the grid size is 20 m × 20 m. The grid is refined near the wellbore. The
specific mesh grid and heterogeneous field are shown in Fig. 1, and the hydrate deposits structure is shown
in Fig. 2.
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Figure 1: Heterogeneous permeability

Figure 2: Hydrate deposits in the simulation

Given that hydrate exists as a solid within porous media, variations in its saturation directly impact
the effective absolute permeability. Consequently, the movement patterns of gas and water through the
porous media are altered. The model employed in this phenomenon to represent absolute permeability is the
Carmen-Kozeny model [50] as follows:

K (φ) = K0 × (
φ
φ0
)

nk

× ( 1 − φ0

1 − φ
)

2

(5)

The equations utilized in this model for relative permeability [51] and capillary force [52] are as follows:

krA = (
SA − SirA

1 − SirA
)

nA

(6)

krG = (
SG − SirG

1 − SirG
)

nG

(7)

krH = 0 (8)

Pca p = −P0

⎡⎢⎢⎢⎢⎣
( SA − SirA

Smx A − SirA
)
−1
λ

− 1
⎤⎥⎥⎥⎥⎦

1−λ

(9)
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2.3 Model Validation
This study is based on the CMG stars simulator for simulating the depressurization development of

hydrates. Therefore, the reliability of the CMG stars hydrate simulation is verified. The paper conducts
mutual verification with simulation using MH21 HYDRES under the same parameter conditions by Konno
et al. [53] as shown in Fig. 3. The fitting results fully demonstrate the reliability of the model used in hydrate
depressurization simulation. Because the primary fluid in the Shenhu area is seawater with a salinity of
3.5%, it has a significant impact on the phase equilibrium temperature and pressure conditions. Therefore,
based on the salt content mass fraction, the corresponding temperature offset value is 1.693○C. So that the
corresponding modified phase equilibrium is determined, and it is ensured that the critical equilibrium
condition is precisely at the bottom boundary of the transition layer, providing the initial equilibrium of the
model. Based on the actual trial production data in the Shenhu Sea area (2017), the natural gas hydrate trial
production has been continuously stable for 60 days. And the corresponding cumulative gas is 3.09 × 105 m3,
the average daily production is 5151 m3, which is entirely consistent with this study.

Figure 3: Model validation [53]

3 Discussion

3.1 Production Dynamic
Fig. 4a,b illustrates a continuous upward trend in the cumulative production of both gas and water

during the production period, respectively. The rate of gas and water production decrease rapidly at the
beginning, which was due to the pressure drop at the beginning of production was considerable. Then, the gas
and water production rate gradually increase in the subsequent production process, which is due to the
improvement of reservoir permeability and more effortless gas-water flow due to hydrate decomposition.
After 250 days, the gas production rate remained stable at about 6000 m3/d, while the water production
rate rose gradually. This is due to the limited reserves of methane in the reservoir. During the early stages, a
surge in methane production occurs, but this is followed by a gradual decline in the flow of methane within
the reservoir, ultimately constraining the potential for a continued increase in the rate of gas production.
Accordingly, the water in the reservoir is not produced rapidly, so the water production is still restricted by
the permeability of the reservoir.
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(a) (b)

Figure 4: Production performance. (a) gas dynamic; (b) water dynamic

The cumulative gas and water production and average reservoir pressure after 730 days of depressur-
ization are 434.04 × 104 m3, 1384.86 m3, 12.47 MPa, respectively. It can be seen that the reservoir pressure is
limited by permeability, the reduction rate of the pressure is slow, and the accumulated gas/water production
is limited.

The dissociation of hydrate requires that the actual P-T conditions fall outside the range of those
required for maintaining phase equilibrium. That is, the original P-T conditions need to be destroyed. The
decomposition of hydrate is a process that absorbs heat. And hydrate decomposition in reservoirs is often
accompanied by a drop in the ambient temperature. Therefore, the physical fields at the initial time, 60 days,
and 730 days of hydrate reservoir production are respectively made, as shown in Figs. 5a–c and 6a–c.

MPa
(a) (b) (c)

Figure 5: Pressure field. (a) 0 d; (b) 60 d; (c) 730 d

Figs. 5b and 6b show that during the production, the pressure and temperature decrease in the first
60 days. Due to the significant expansion of the methane, the pressure within the transition and the gas layer
declines slower, in contrast to the faster rate of pressure drop experienced by the hydrate layer. The pressure
distribution is “umbrella” with significant pressure drop in the upper part and negligible pressure drop in the
lower part. The migration of natural gas upwards is a compensatory mechanism for the temperature decrease
resulting from hydrate dissociation. As the distance from the gas reservoir increases, the temperature drop
becomes more pronounced. During the depressurization development phase, which spans from 60 days to
2 years, as shown in Figs. 5c and 6c, there is a notable recovery in the temperature field and pressure field
within the hydrate layer, particularly at its base. The bottom hole temperature also has a certain degree of
recovery. This is because the reservoir pressure is getting lower and lower, and more and more hydrates are
decomposed in the reservoir. However, because of the restricted permeability of the hydrate layer, there are
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challenges in efficiently extracting the decomposed gas and water. However, gas and water retention in the
hydrate layer leads to a pressure rise. The pressure rise simultaneously leads to the regeneration of hydrate
in the hydrate layer. Thus, the reservoir temperature also rises.

°C

(a) (b) (c)

Figure 6: Temperature field. (a) 0 d; (b) 60 d; (c) 730 d

As the permeability is heterogeneous random distribution, the absolute permeability improvement
coefficient (APIC) is defined. That is, the ratio of the permeability at the current time of each grid to the
initial permeability, to measure the rate and trend of reservoir permeability change, as shown in Fig. 7. And
the hydrate distribution and evolution is shown in Fig. 8.

(a) (b) (c)

Figure 7: Absolute permeability improvement coefficient field (APIC). (a) 0 d; (b) 60 d; (c) 730 d

Figs. 7a–c and 8a–c demonstrate that the primary regions of hydrate dissociation are concentrated
within a limited area at the base and outer edges of the transition layer. With the development of depressur-
ization, the hydrate saturation surrounding the well gradually decreases, and the permeability improvement
coefficient around the well gradually increases. Moreover, the migration of natural gas towards the well’s
base partially replenishes the energy required for hydrate dissociation, resulting in a notably wider extent of
hydrate dissociation in the transition layer compared to the hydrate layer. During the hydrate dissociation,
the absolute permeability increases, with the permeability near the well in the transition layer showing the
most significant rise.
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(a) (b) (c)

Figure 8: Hydrate saturation field. (a) 0 d; (b) 60 d; (c) 730 d

The water saturation distribution in the reservoir at 60 days and 2 years of depressurization production
was counted, respectively (Scw). At the same time, the difference in the field of water saturation in the
reservoir between the current time and the initial time is made. The formula of ΔSwater is shown in Eq. (10).

ΔSwater = Scw − Siw (10)

Fig. 9a,b shows the ΔSwater distribution at 60 and 730 d, respectively. ΔSwater > 0 indicates the water at
this location has accumulated (yellow area), ΔSwater < 0 indicates that the water at this location has escaped
(blue area).

(a) (b)

Figure 9: Water migration trend. (a) 60 d; (b) 730 d

Fig. 9a,b shows that the migration trend of water during depressurization is as follows: the free water
in the reservoir migrates to the well, and the water generated in the hydrate decomposition area migrates to
the well. Due to the low permeability and capillary force, the fluidity of water is very low. After 60 days of
development, only a tiny amount of water increased in dissociation area around the well, which was due to the
failure to produce the water dissociated by hydrate decomposition in time. After two years of development,
there is more water accumulation around the well, while there is only a tiny water reduction in other reservoir
areas. Vertically, water has no noticeable migration trend.
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The molar amount of methane per unit volume in the reservoir (nc g) at 60 days and 2 years of
depressurization production is calculated, respectively. At the same time, the difference in the field of free
methane molar amount per unit volume in the reservoir between the current time and the initial time is
made. The formula of Δngas is shown in Eq. (11).

Δngas =
nc g − ni g

V
(11)

Fig. 10a,b shows the Δngas distribution at 60 d and 730 d, respectively. Δngas > 0 demonstrates the free
natural gas at this location has accumulated (yellow area), Δngas < 0 demonstrates that the free natural gas
at this location has escaped (blue area), Δngas = 0, that is, the free natural gas in the colorless area in Fig. 9
does not have noticeable migration.

(a) (b)

Figure 10: Methane migration trend. (a) 60 d; (b) 730 d

In general, the methane in the large area around the well in the transition layer is escaped, so the
methane produced is mainly from the methane in the transition layer. The methane accumulation near the
transition layer is relatively apparent, which indicates that part of the methane in the reservoir migrates to
the production well, and the other part of the methane migrates to the hydrate layer under the influence
of gravity. Fig. 10a shows there is no apparent phenomenon of gas floating up at 60 days. Only part of the
methane in the transition layer is produced through the bottom hole perforation. Fig. 10b shows that after
2 years of depressurization, gas has floated upward significantly and accumulated above the transition layer.
The reason is that as the pressure decreases, the hydrates in the hydrate layer undergo a phase transition
and gradually decompose, improving the reservoir permeability. Thus, the free gas in the transition layer
can overcome capillary forces and float to the hydrate layer. However, limited by permeability, the hydrate
deposits near the transition layer can receive more energy replenishment, resulting in a higher degree of
permeability improvement, and free gas accumulates in this area. In addition, gas accumulation in the area
around the well is more evident than that in the area far from the well. That is to say, even in the gas
accumulation area, there is still a trend of migration from the high pressure area far from the well to low
pressure area near the well. There is noticeable methane escape in the underlying transition layer and gas
layer, and the gas escape in the bottom hole area is more evident than in other areas. It can be considered
that the methane flows to the wellbore and is produced, while the methane in the transition layer and the gas
layer is continuously rising.
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3.2 Perforation Selection
Because the reservoir is divided into three layers: hydrate, transition and gas layer. The three parts have

corresponding permeability and hydrate saturation. Different perforation layers have significant influence
on development effect. The development performance of three schemes is compared, which are perforation
to hydrate layer (Hydrate Layer), perforation to hydrate layer and transition layer (Transition Layer),
perforation to hydrate layer, transition layer and gas layer (Gas Layer). Fig. 11 presents the varying trends of
gas and water production during depressurization, as they correlate with distinct perforation methods.

(a) (b)

Figure 11: Production performance of different perforation model. (a) gas dynamic; (b) water dynamic

Fig. 11a shows that there is a significant gap in gas rate among the three perforation schemes. Among the
three perforation schemes, the gas rate of the perforation to gas layer is the highest of the three perforation
schemes. Additionally, the lowest gas production rate is observed in the perforation directed towards the
hydrate layer. Due to the limited energy of the gas reservoir, the gas rate of the perforation to gas layer
scheme began to decrease after a period of stability. During the initial stage, due to the improvement of
reservoir permeability, the gas rate gradually increased. Compared with the other two schemes, the gas
rate of the perforation to the hydrate layer is minimal, resulting in a significantly suboptimal development
outcome. Fig. 11b shows that the water rate change in the three schemes is relatively stable. And with the
improvement of permeability, the water rate increases slowly. In brief, perforation to hydrate layer, transition
layer and gas layer is the best perforation scheme.

3.3 Depressurization Selection
For the same target production pressure, there are many ways to reduce the pressure. Different ways of

reducing pressure lead to different production performance. The development effects and dynamics of one
step down, two step down and three step down pressure reduction were compared. The dynamic curves of
gas and water dynamic corresponding to diverse depressurization methods are shown in Fig. 12.
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(a) (b)

Figure 12: Production performance of different depressurization model. (a) gas dynamic; (b) water dynamic

Fig. 12a,b respectively shows that the gas and water rate of each scheme is directly proportional to the
depressurization amplitude of the corresponding time. At 730 years, the cumulative gas of one-step-down,
two-step-down, and three-step-down depressurization was 434.04× 104 m3, 295.75× 104 m3, 252.90× 104 m3,
respectively. One step down depressurization has the highest average gas production. The increase in the
magnitude of pressure reduction leads to an enhancement in the gas production rate within the multiple-step
depressurization scheme. The gas and water production rates tend to be the same when different production
schemes reach the same pressure reduction amplitude through different pressure reduction processes.
Therefore, the improvement effect on gas rate depends on the effective pressure drop. The one-step-down
depressurization method has the best effect because it has the highest effective pressure drop.

4 Conclusions
(1) In the early production stage, the gas and water rates increase with reservoir permeability. After 250

days, the gas rate stabilized because of the limitation of natural gas reserves, while the water rate still
increased with the permeability of the reservoir.

(2) There are two main migration trends of methane in the reservoir: migration to production wells and
migration to the hydrate layer under the influence of gravity. There is apparent methane escape in the
three-phase transition layer, and methane accumulation occurs above the transition layer. Therefore,
during the depressurization extraction of hydrate deposits, it is essential to focus on detecting the
location of methane accumulation to prevent methane leakage.

(3) Different perforation methods greatly influence production efficiency. Because of the fast gas flow, it
is easy to reduce the reservoir’s pressure effectively. Therefore, the perforation scheme of the hydrate
layer, transition layer, and gas layer has the best production effect.

(4) Different depressurization methods greatly influence production performance. The gas rate is directly
proportional to the effective depressurization range; therefore, within a reasonable range of voltage
reduction, one-step voltage reduction is the most efficient.
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Nomenclature
Symbols
k0

d Initial reaction rate constants of dissociation, mol/(s⋅Pa⋅m2)
k0

f Initial reaction rate constants of formation, mol/(s⋅Pa⋅m2)
Nm Hydration number
nd Molar rate of dissociation, mol/s
n f Molar rate of formation, mol/s
feH Phase equilibrium fugacity at temperature T, Pa
fG Gas phase fugacity at temperature T, Pa
ΔE Activating energy, J/mol
Scw Current water saturation
Siw Initial water saturation
AHS Hydrate particles specific surface area, m2/m3

A f Hydrate formation area occupied by water and gas in the porous medium, m2/m3

nc g Molar density of methane, mol/m3

ni g Initial molar density of methane, mol/m3

V Volume of grid, m3

nk Permeability change factor, 2
R Constant, 8.314 J/mol/K
Pcap Capillary pressure
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