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Abstract:

The exploitation of natural gas hydrates is in essence the process of hydrate dissociation
from the solid phase into the gas and liquid phases, which is a complex problem involving
phase transition and gas-water multi-phase flow. Permeability is a useful parameter for
characterizing the flow capacity of sediments, and the pore-structure changes caused by
hydrate dissociation make this parameter characterized by spatial and temporal evolution.
Clayey silt sediments form the hydrate accumulation reservoir in the South China Sea,
whose lithological characteristics (shallow buried deep, poor permeability, and low ce-
mentation) are unfavorable to fluid flow, leading to difficulties in the production prediction
of clayey silt hydrate-bearing sediments. In this paper, the mutual feed-back mechanism
between pore-structure and permeability during hydrate dissociation was clarified using
the lattice Boltzmann model method. Core-scale seepage experiments were carried out to
validate the dynamic evolution of permeability relationship. The permeability calculation
module of Tough+Hydrate code was developed to quantitatively describe the evolution of
this relationship, and the first hydrate production test in the Shenhu area was evaluated
to validate the applicability of pore- and core-scale study at the site scale. This study
clarifies the dynamic evolution mechanism of permeability during hydrate dissociation, and
establishes a permeability evolution model in a S-shape suitable for clayey silt hydrate-
bearing sediments.

1. Introduction

Natural gas hydrates (NGH) are generally considered as an

3.0 x 103 m3/d) for commercial production (Wu et al., 2020).
Thus far, ten production tests have been carried out in

important potential future energy resource (Sloan, 2003; Tian
et al., 2024), which could be used during the transition of the
energy system from the existing fossil energy to commercial
renewable energy (Chu et al., 2023; Lu et al., 2023; Olga et
al., 2023). The production methods and technologies of NGH
are gradually becoming more mature, while they are still a long
way away from the stage of “commercial production.” There
is still an order of magnitude difference between the produc-
tivity obtained from hydrate production test and the minimum
standard (the sea area, 5.0 x 105 m3/d; the permafrost area,

Canada, the United States, Japan, and China, successively
(Uddin et al., 2014; Yamamoto et al., 2019; Ye et al., 2020;
Gajanan et al., 2024). The encountered problems include
serious sand blockage (Uchida et al., 2019) and significant
land subsidence (Yakushev, 2023), which are caused by the
change in the pore-structure of sediments due to hydrate phase
transition. From the productivity point of view, completed
NGH production tests suffer from low daily gas production
(Yoshimoto et al., 2023) and insufficient stable-production
period (Pratama et al., 2023). It can be seen that the key
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problem limiting the productivity increase in production test
is that existing studies are unclear about the hydrate phase
transition and fluid flow processes during NGH production in
hydrate-bearing sediments (HBS) (Lu et al., 2023).

Unlike conventional oil-gas resources, NGH are trapped
in solid form in the pore space of seafloor unconsolidated
sediment (Boswell et al., 2022; Moridis et al., 2023). The ex-
ploitation of hydrates by means of depressurization, injecting
heat, or injecting inhibitors is based on the process of hydrate
dissociation from the solid phase into the gas and liquid
phases. This is a complex problem involving phase transition
and gas-water multi-phase flow (Anderson et al., 2014; Mah-
mood and Guo, 2023). The pore structure changes caused by
hydrate dissociation directly affect the permeability evolution
and can be considered a typical dynamic parameter with spatial
and temporal evolution. Therefore, quantitatively describing
the dynamic evolution of permeability during hydrate dissoci-
ation is an urgent challenge in the prediction of recovery and
the environmental impact assessment of the NGH production
process (Cai et al., 2020b).

Sandy hydrate-bearing sediments exhibit favorable perme-
ability and high hydrate saturation, while clayey silt hydrate-
bearing sediments have good stratification, poor permeability,
and high irreducible water saturation, which leads to obvious
differences in seepage characteristics between them. Hydrates
in these two types of sediment are also fundamentally different
in their occurrence patterns and decomposition behaviors
(Shunsuke et al., 2023). Clayey silt sediments in the South
China Sea (SCS) form a hydrate accumulation reservoir,
whose lithological characteristics are unfavorable to gas-water
production and fluid flow, such as shallow buried depth, poor
permeability, and low cementation. These factors lead to diffi-
culties in production prediction for clayey silt hydrate-bearing
sediments (Li et al., 2018). Therefore, regarding practical
applications, this study focuses on the dynamic evolution of
permeability during hydrate dissociation in clayey silt hydrate-
bearing sediments.

A single-scale physical mechanism is insufficient to de-
scribe the complex phenomena of the hydrate dissociation
system. Micro-scale studies could clarify the physical process
of the dynamic evolution of pore-structure and fluid flow, but
if the physical quantities derived from pore-scale calculations
cannot be transferred to the core and site scale, the physical
characteristics of the system as a whole will not be accurately
understood (Wang et al., 2023). Consequently, it is necessary
to combine multiple scales, such as micro-scale characteri-
zation, core-scale laboratory seepage experiments, and site-
scale production test, to comprehensively study the dynamic
evolution of permeability during hydrate dissociation.

In recent years, researchers at home and abroad have put
considerable effort into clarifying the dynamic evolution of
permeability during hydrate dissociation at different scales.
On the pore scale, some micro-simulation methods, such as
pore network model, lattice Boltzmann model (LBM), and
Monte Carlo method, were used to describe the hydrate
formation and dissociation process (Ji et al., 2017; Abdoli et
al., 2018), and to qualitatively calculate the effects of different
factors on the permeability of porous media during hydrate
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dissociation (Yang et al., 2022; Wu et al., 2023; Yamaguchi
et al., 2023; Wang et al., 2024). At the core scale, hydrates
were synthesized in quartz sands with different particle sizes,
the permeability of the quartz sands at different hydrate
saturation was measured, and the evolution of the relationship
between permeability and hydrate saturation was obtained (Li
et al., 2019; Shen et al., 2020; Lei et al.,, 2021; Cheng et
al., 2023). At the site scale, according to the geological and
engineering conditions of the actual hydrate production area,
taking into account the geological structure conditions and the
heterogeneity of hydrate saturation, the production processes
of hydrate production tests were reproduced, and the long-term
hydrate production has been predicted by the Tough+Hydrate
code (Vedachalam et al., 2019; Yu et al., 2019; Myshakin et
al., 2022). In addition, seepage experiments of hydrate-bearing
sediments samples were conducted, which combined concur-
rent imaging by X-ray CT to study the dynamic evolution of
permeability (Chen et al., 2018; Cai et al., 2020a; Zhao et
al., 2023).

However, with the continuous deepening of research, some
problems still need to be solved:

1) Lack of consideration of the complex pore-structure of
clayey silt sediments in the research of the dynamic
evolution relationship between permeability and pore
structure during hydrate dissociation;

2) Studies based on the core-scale seepage experiments have
difficulties in clarifying the pore-structure evolution of
sediments during hydrate dissociation, and need to be
preceded by characterizing the hydrate phase transition
on the pore-scale;

3) Most pore-scale simulation and core-scale experimental
results fail to perform validation against observations
from site-scale hydrate production tests.

To address the above problems, this study focused on the
dynamic evolution of permeability during hydrate dissociation
in clayey silt hydrate-bearing sediments based on the actual
geological conditions of hydrate accumulation area in the
SCS. In response to this scientific challenge, the mutual
feed-back mechanism between pore-structure and permeability
during hydrate dissociation was clarified using the LBM
method, and core-scale seepage experiments were carried out
to validate the dynamic evolution relationship of permeability.
The permeability calculation module of Tough+Hydrate code
was developed to quantitatively describe the evolution of
this relationship, and the first hydrate production test in the
Shenhu area was taken to validate the applicability of pore-
and core-scale study at the site scale. This study clarifies the
dynamic evolution mechanism of permeability during hydrate
dissociation and establishes the permeability evolution model
suitable for clayey silt hydrate-bearing sediments, providing
theoretical guidance for the future commercial production of
NGH in China.

2. Permeability model establishment

2.1 Pore-scale permeability evolution mechanism
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Fig. 1. Pore-scale LBM model of the clayey silt hydrate-bearing sediment setup. (a) Boundary conditions; (b) 3-D pore structure
(Li, 2020); (c) 2-D pore structure; (d) A-type pore structure of the simulation setup; (e) B-type pore structure of the simulation

setup and (f) C-type pore structure of the simulation setup.

2.1.1 Model systems

The LBM was used to study the dynamic evolution of
permeability during hydrate dissociation at the pore scale.
The basic idea of the LBM method is to fully discretize the
time and space in which the fluid exists, and to calculate the
fluid flow process through the migration and collision of the
distribution function of particles on the lattice points (Fuji et
al., 2020).

On the two-dimensions (2-D) LBM model, mass transfer,
heat transfer and NGH dissociation kinetic models were sup-
plemented to characterize the hydrate phase transition, where
the mass transfer process is considered only in the liquid
phase and is solved at the gas-water interface by Henry’s law;
hydrate dissociation absorbs heat all the time and obeys Kim’s
model (Hamid and Christian, 2015; Prasad and Sangwai, 2023;
Pratama et al., 2023).

2.1.2 Model setup

(i) Conceptual model

The D2Q9 model, which is most commonly used in solving
fluid flow process, was used to study the dynamic evolution
mechanism of permeability during hydrate dissociation in
hydrate-bearing sediments. After comprehensively considering
the description accuracy and the computational efficiency, a
LBM system with 500 x 500 (X, Y) grids was constructed. In
this system, the upper and lower boundary and the rock particle
surface were solid phase, which was set as a bounce-back
scheme. This boundary condition was simple in form, easy to
compute, and suitable for describing irregular boundaries. The
lateral boundary was set as a hydrodynamic scheme (Zou-He
scheme), in which a constant value of pressure or velocity is
assigned to the boundary to provide a driving force for fluid

flow (Fig. 1(a)).

Fig. 1(b) shows the microscopic pore-structure of the
clayey silt hydrate-bearing sediment samples obtained from
the Shenhu Sea. The D2Q9 model used for this study was 2-
D. It should be noted that pores were generally incompletely
connected in the 2-D core section (Fig. 1(c)), that is, the
permeability of sediments could not be measured before the
extensive dissociation of the hydrate. Therefore, it is necessary
to carve the control seepage channel on the 2-D pore structure
according to the characterization of three-dimensions (3-D)
pore structure and fluid flow (Fig. 1(b)). Finally, as shown
in Figs. 1(d)-1(f), three clayey silt hydrate-bearing sediments
with different initial pore structure were designed.

(ii) Determination of parameters

In the designed system, the initial macroscopic velocity
and density of the fluid was 0 cm/s and 1 g/cm?, respectively,
and the pressure difference between the two lateral boundaries
was 6.0 x 10~7 Pa/cm.

To characterize the clayey silt hydrate-bearing sediments,
the initial spatial distribution of hydrate and rock particles
were given with reference to the hydrate-bearing core sample
from the Shenhu area in the SCS.

The length of the LBM system was only 500 pum, and
the initial temperature and pressure distributions within the
hydrate-bearing sediments were hardly affected by the geother-
mal gradient and hydrostatic pressure. Thus, the initial temper-
ature and pressure values within the entire LBM grids system
were set to 13.6 °C and 13.4 MPa, respectively, under which
conditions the hydrate could stably exist (Li et al., 2023a).

(iii) Simulation scheme

In order to establish a mathematical equation accurately
describing the dynamic evolution relationship between perme-
ability and hydrate saturation during hydrate dissociation, the
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Fig. 2. Pore-scale hydrate dissociation in sediments with A-type pore structure. (a) Pore structure evolution and (b) seepage

field evolution.

evolution of pore structure in three types of sediments under
depressurization were studied (Sy = 0.52, 0.51, 0.50, -- -, 0.01,
0.00, 53 hydrate dissociation schemes). Then, the permeability
in the sediments corresponding to different hydrate saturation
were measured (Sy = 0.52, 0.51, 0.50, ---, 0.01, 0.00, 53 flow
schemes).

2.1.3 Simulation results

(1) Evolution of pore structure

The right boundary was set at constant low-pressure to
simulate depressurization wells. The length of LBM system
was small, and the depressurization amplitude was set to
0.3 MPa to avoid the unclear evolution of pore structure in
the clayey silt sediments caused by the rapid dissociation of
hydrate.

The pore structure and seepage field evolution during
hydrate dissociation in sediments with A-type pore structure
were shown in Fig. 2. In the early stage of depressurization, the
hydrate dissociation behavior occurred mainly near the low-
pressure boundary (0.52 — 0.45). With the progress of depres-
surization, the pressure drop was transferred at different rates
in different sediments areas, and the rate of thermal convection
within the control seepage channel was much greater than of

thermal conduction across the primary rock particles. As a
result, the hydrate dissociation regions gradually developed
differences. This phenomenon was reflected in the figures,
where the hydrate dissociation behavior occurs firstly near the
control seepage channel with connectivity and progressively
unfolds around the control seepage channel with continued
depressurization (0.45 — 0.00).

(ii) Permeability evolution

The primary key parameter to characterize the fluid flow
capacity of sediments is absolute permeability, which depends
solely on the sediment characteristics. According to the dif-
ferent hydrate states of the sediments, absolute permeability
could be classified as follows: Effective permeability k(Sg):
Absolute permeability of sediments with hydrate; and intrinsic
permeability ko: Absolute permeability of sediments without
hydrate.

The fluid flow capacity of the sediments varies from region
to region and even from site to site in the same region, so there
is no practical significance in studying the dynamic evolution
of effective permeability alone. Therefore, the normalized per-
meability k,,- was used to characterize the dynamic evolution
of absolute permeability during hydrate dissociation, to make
the datasets comparable to each other while maintaining their
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Fig. 3. Evolution of permeability during hydrate dissociation. pink area-early stage of hydrate dissociation; light yellow area-
developing stage of hydrate dissociation; light blue area-decaying stage of hydrate dissociation. (a) Normalized permeability;
(b) comparison of the regression model and the Masuda mode.

internal statistical relationship:

0

According to the simulation results, the dynamic evolution
of normalized permeability (k,,,) during hydrate dissociation
in the sediments were plotted in Fig. 3. It could be found that
the hydrate dissociation improves permeability.

Combining the pore structure evolution during hydrate
dissociation (Fig. 2(a)) in the different sediments, the dynamic
evolution of permeability during hydrate dissociation in clayey
silt hydrate-bearing sediments could be divided into three
stages:

1) Early stage of hydrate dissociation (0.52 — 0.35): The
hydrate dissociation behavior occurred mainly near the
depressurization wells and control seepage channel. Due
to the large amount of hydrate dissociation, the fluid flow
capacity of the right-side region of the sediments was
enhanced. However, the dissociation behavior occurred
only in the local regions, so the permeability growth of
the whole sediments was limited. Moreover, the evolution
trend of k,,, was similar to that of k(Sg ), with a relatively
smooth growth.

Developing stage of hydrate dissociation (0.35 — 0.08):
With the progress of depressurization, particle-filled hy-
drates in the sediments begin to dissociate in large
quantities, and the slope of the k(Sy) evolution curve at
this stage is the largest. Many enriched hydrates in pore
throats or small pore channels dissociate, as presented in
Fig. 3(a). The slope of the k(Sy) and kj,, evolution curve
approaches 90 degrees at a particular hydrate saturation,
which greatly improves the permeability growth of the
whole sediments. Thus, the k;,,, of the sediments increase
rapidly with hydrate dissociation. However, because the
sediments exhibit differences in pore structure, control

knor =

2)

seepage channel and hydrate distribution, at this stage,
the evolution trend of k,,,, in different sediments still have
some differences in the specific rate while maintaining the
same general trend.

Decaying stage of hydrate dissociation (0.08 — 0.00):
Particle-filled hydrates have been essentially dissociated,
and particle-encapsulated hydrates away from the control
seepage channel dissociate in this stage. These small
amounts of residual hydrates affect the fluid flow capacity
of the sediments mainly by influencing the hydraulic
tortuosity and pore diameter of seepage channels, and
exerting less effect on the pore throats size, also making
the slope of the k(Sy) evolution curve at this stage less
steep. This is also in line with existing studies: Compared
with particle-encapsulated hydrates, the occurrence of
pore-filled hydrate has a greater effect on the effective
permeability of sediments (Katagiri et al., 2017).

3)

In order to quantitatively describe the pore-scale dynamic
evolution of pore structure and permeability during hydrate
dissociation in clayey silt hydrate-bearing sediments, this study
establishes a mathematical equation describing the evolution
relationship between normalized permeability (k,,-) and hy-
drate saturation (Sg) during hydrate dissociation in sediments:

k(S 97.19184
knor (%) = (k:):2.28826+ e @
H
1
- 0.14732)

The curve of regression model was shown in Fig. 3(a).
The R-squared (R?) value was chosen to evaluate the fitting
effect of the mathematical regression model with the micro-
simulation data. The R? values were between [0,1], and the
larger R?, the better fitting effect. The R> of the regression
model was 0.973, so the mathematical equation obtained from
the logistic regression analysis could greatly explain the pore-
scale evolution relationship between permeability and hydrate
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Fig. 4. Schematic of the multi-phase seepage experiment.

saturation during hydrate dissociation in the hydrate-bearing
sediments.

To illustrate the physical significance of the regression
model, it was compared with the Masuda model, which
is currently the most commonly used effective permeability
evolution model:

knor = (1 Sp)" (3)
where N represents the attenuation index of permeability; its
values are different for different hydrate-bearing sediments and
need to be determined by core seepage experiments.

The Masuda model has been widely used and optimized.
Minagawa et al. (2005) fitted the permeability at different
hydrate saturations and proposed a range of N values between
2.5 and 9.8; Hardwick and Mathias (2018) used improved
estimates of the hydrate saturation in the model.

As shown in Fig. 3(b), compared with the Masuda model
with a simple form, the regression model obtained from pore-
scale simulation could describe the dynamic evolution of
permeability during hydrate dissociation in sediments more
flexibly. At the early stage of hydrate dissociation (0.52 —
0.35), the change in permeability with decreased hydrate
saturation was similar to the Masuda model with N = 10. At
the developing stage of hydrate dissociation (0.35 — 0.08), the
change in permeability with hydrate saturation decreased was
similar to the Masuda model with N = 3 or 5. At the decaying
stage of hydrate dissociation (0.08 — 0.00), the change in
permeability with decreased hydrate saturation was similar
to the Masuda model with N = 0.3. The empirical value
of the Masuda model (N) was given based on the lithology,
pore structure, and hydrate distribution characteristics of the
sediments. This study optimized this value from a constant to
a dynamic parameter that changes constantly with the hydrate
saturation during hydrate dissociation. Subsequently, based on
the research on the characteristics of the clayey silt hydrate-
bearing sediments, a permeability evolution model suitable
for the clayey silt hydrate-bearing sediments in the SCS was

}l(Hand—operated
[~pump

=

Electronic
balance

T
00.00 Back pressure |

Outlet (MPa) valve Dosing-cup

proposed.

2.2 Core-scale permeability evolution
comparison

2.2.1 Experimental system

Core-scale experimental validation was conducted to pro-
vide a link between the pore-scale mechanism study and
site-scale practical application. The hydrate-bearing core with
characteristic porosity and hydrate saturation was prepared
according to the characteristics of the lithology and hydrate
distribution of sediments in the SCS. On this basis, the seepage
parameters of core without and during hydrate dissociation
were measured by a self-developed seepage experimental
system.

The working principle of the self-developed seepage exper-
iment system was shown in Fig. 4. On this basis, the following
procedures could be carried out sequentially: the preparation of
a hydrate-bearing core that was closer to the actual lithology of
the clayey silt hydrate-bearing sediment; intrinsic permeability
measurement according to Darcy’s law; hydrate synthesis by
the excess gas method; effective permeability measurement
according to Darcy’s law; and hydrate dissociation by depres-
surization.

2.2.2 Main experimental procedure

(i) Hydrate-bearing core preparation

Based on the mineral composition and particle size grada-
tion of sediments in the South China Sea, core samples could
be divided into two groups: Core skeleton (80%) and clayey
filler (20%). Quartz sand (200 mesh) was chosen to replace
the core skeleton with large particle size. Illite (4,000 mesh)
was selected to replace the clayey filler with small particle
size. The two were evenly mixed, and appropriate distilled
water was added followed by thorough stirring (the moisture
content was set at 10%). The particles were compacted and
shaped by using an electric stripper, and a hydrate-bearing
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Table 1. Data of the permeability evolution experiment.

Scheme P (MPa) P, MPa) V| (cm®) Vo (ecm®) Sy (%) k(Sy) (mD)  kir (%)

Formation  13.915 2.93 / / 2029 2388 20.85
/ / 0.00 256.97 1819  4.199 36.67
/ / 256.97  653.43 1495 5770 50.38
/ / 653.43  936.09 1264  7.531 65.76

Dissociation ~ / / 936.09 1,321.55  9.49 8.687 75.86
/ / 1,321.55 171801 6.25 10.351 90.39
/ / 1,71801  2,114.47  3.05 10.886 95.06
/ / 2,114.47 248769  0.00 11.452 100

core was obtained that closely resembled the actual lithology
of the clayey silt HBS.

(i) Permeability measurement

By adjusting the constant-flux pump and the valve V3 used
to control the water input, distilled water was injected into
the high-pressure reaction column at a certain rate. When the
electric balance was stable in a certain period, that is, the
seepage exhibited steady flow, the pressure of inlet P, and
outlet P,,, were recorded and the pressure difference between
them could be calculated AP = P,, — P,,;. Furthermore, the
permeability of core could be calculated based on the observed
data and Darcy’s law:

HOL

k= AP “)

where U represents the dynamic viscosity of the distilled water,

1.175 x 1073 Pa-s; Q represents the flow rate of flow rate,

5.0 x 1078 m3/s; L represents the length of core sample, 0.1

m; A represents the cross sectional area of core, 0.0019635

m?.

(iii) Hydrate synthesis

Methane gas hydrates were synthesized by the excess gas

method. According to the state equation of ideal gas, the actual

synthesized hydrate saturation could be calculated as:

(P — P,)VoMcu,
SH = T64 x pALPY ©)
PALpcy, RT)
where P; and P> respectively represent the expected pressure
before hydrate synthesis and equilibrium pressure after hydrate
synthesis in the reaction column, Pa; Vi represents the volume
of gas inside the core, m?; Mcn, represents the molar mass
of methane gas, 0.016 kg/mol; ¢ represents the core porosity,
dimensionless; ng , represents the density of methane gas,
0.7174 kg/m>; R represents the ideal gas constant, 8.314
J/(K-mol); T; is the low temperature required for hydrate
synthesis, 274.15 K.
(iv) Hydrate dissociation
After synthesizing the hydrate-bearing core with highest
hydrate saturation and measuring its effective permeability,
the pressure inside the high-pressure reaction column was
gradually reduced to make hydrate dissociate to reach a certain
hydrate saturation level. In practice, the specific amount of

hydrate dissociation could be deduced inversely from the
methane gas mass discharged by dissociation:

Vo, —Vi
PV (6)
164pAL
where V| and V), respectively represent the mass of discharged
methane gas before and after hydrate dissociation under a

single depressurization, m?.

ASy =

2.2.3 Experimental scheme setup

In order to better study the multi-scale dynamic evo-
lution of permeability, the core-scale experiment needs to
be combined with pore-scale simulation, so we referred the
experimental scheme setup to the site data of clayey silt
hydrate-bearing sediments in the SCS.

According to the geological data of the research area,
different porosities and hydrate saturations of the sediments
were considered. Previous studies have shown that the average
value of sediment porosity and hydrate saturation in the
Shenhu Sea were 0.38 and 0.21, respectively (Li et al., 2023a).
Accordingly, the experimental scheme was designed: A clayey
silt core with a porosity of 0.38 was synthesized using 80%
quartz sand (75 um) and 20% illite (3.75 pum), and the hydrate
saturation was set to 0.00, 0.03, 0.06, 0.09, 0.12, 0.15, 0.18
and 0.20, separately.

The intrinsic permeability and effective permeability of the
core samples with different hydrate saturation were measured
at the experimental temperature of 274.15 K. The intrinsic
permeability of the core sample kg was 11.452 mD, and other
experimental data were arranged in Table 1.

2.2.4 Comparative analysis

The experimental results of core-scale permeability evo-
lution and the regression model of pore-scale permeability
evolution were compared as shown in Fig. 5.

The R-squared value between the core-scale experimental
results and the prediction data of the pore-scale regression
model was calculated to be 0.966. The fitting effect between
them was great, which indicated that the regression model used
for describing the permeability dynamic evolution obtained
by the pore-scale simulation could well explain the core-scale
effective permeability evolution.
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Fig. 5. Comparison of the experimental results of core-scale
permeability evolution and the regression model of pore-
scale permeability evolution. Pink area-early stage of hydrate
dissociation; light yellow area-developing stage of hydrate
dissociation; light blue area-decaying stage of hydrate disso-
ciation.

It should be noted that, under the hydrate saturation
range set by this study, the fitting effect between the pore-
scale regression model and the core-scale experimental results
was good at the developing stage of hydrate dissociation
(0.35 — 0.08), but the figures predicted by the regression
model were slightly larger the experimental results at the
decaying stage of hydrate dissociation (0.08 — 0.00). This is
because in the pore-scale simulation, at the developing stage
of hydrate dissociation, the particle-filled hydrates had been
essentially dissociated, and mainly the particle-encapsulated
hydrates away from the control seepage channel were subject
to dissociation. These residual hydrates were small in amount
and dispersed in distribution, so their dissociation had limited
effects on the fluid flow capacity of the sediments. However,
in the core-scale seepage experiment, on the one hand, the
pressure of inlet was higher than the hydrate equilibrium
pressure at the experimental temperature due to the driving
pressure perturbation, which led to the localized distribution of
hydrate and difficult dissociation; on the other hand, after the
developing stage of hydrate dissociation, secondary hydrates
were generated in the sediments due to the change in temper-
ature and pressure conditions and methane gas distribution,
which changed the hydrate distribution and pore structure
in the sediments. Therefore, some differences were found
between the pore- and core-scale permeability evolutions at
the decaying stage of hydrate dissociation.

3. Permeability model programming and
application

3.1 Model programming
3.1.1 Tough+Hydrate code

The Tough+Hydrate code (T+H) was developed by
Lawrence Berkeley National Laboratory in the United States
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based on the subsurface multi-phase seepage numerical sim-
ulation code TOUGH2 coupled with the natural gas hydrate
formation and dissociation calculation module, which could
be used to calculate the hydrate production process in the
permafrost and sea area. Four phases (gas, liquid, hydrate,
and ice) and four mass components (methane, water, hydrate,
and inhibitors) were considered in the T+H code, and the
equilibrium and kinetic models were used to describe the
hydrate phase transition.

When calculating multi-phase fluid flow processes using
the T+H code, it is necessary to establish the mass (or energy)
conservation equations for each component (or energy) within
the seepage system:

% / MKy = / FK ndl' + / gKav )
v, I, 1

where ¢ represents the time, s; V), represents the simulation ele-
ment volume, m3; [’ represents the simulation element surface
area, m”>; MX represents the mass (or energy) accumulation
term of component K, kg/m3; FX represents the mass (or
energy) flow term of component K, kg/(m?-s); n represents the
unit normal vector, dimensionless; qK represents the mass (or

energy) source/sink term of component K, kg/(m>-s) (Moridis
et al., 2008; Moridis, 2014; Li et al., 2023b).

3.1.2 Permeability calculation module

Based on the T+H code involving the coupling of Ther-
mal (T)-Hydrological (H) field, the permeability calculation
module was developed to quantitatively describe the dynamic
evolution of permeability during hydrate dissociation in clayey
silt sediments, which was then coupled to the T+H code.

The workflow of the permeability calculation module in
the T+H code is shown in Fig. 6.

Hydrate dissociation (change in hydrate saturation) can
impact the transportation space of fluids in the sediments
(porosity), which further affects the transportation fluids ability
of the sediments (permeability). The T+H v1.5 code being
used regards the porous media as a serially connected bundle,
and the evolution of permeability with porosity is calculated
based on the series model and the preferential locations of
hydrate dissociation:

knor =

0 ®o— @
where ¢ represents the porosity without hydrate, dimen-
sionless; ¢, represents the critical porosity, dimensionless;
n represents the attenuation index of permeability, which
generally ranges from 5 to 29, and the higher the consolidation
of sediments, the larger the n value will be (Li et al., 2023a).

The permeability calculation module in the T+H v1.5
code does not consider the complex particle morphology of
clayey silt sediments and the effects of hydrate saturation
on the permeability evolution during hydrate dissociation.
Therefore, on the basis of the existing workflow, a module
for calculating the dynamic evolution of permeability during
hydrate dissociation in clayey silt sediments was developed
and coupled to the Tough+Hydrate code.

The evolution of permeability during hydrate dissociation
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Fig. 6. Workflow of the permeability calculation module in the T+H code.

was related to the deformation degree of the sediment skeleton,
which could be calculated in two stages:

1) The change in sediment porosity (¢) with the temperature
and pressure evolution, which could be described by the
pore compression coefficient in the existing T+H v1.5
code (Eq. (6)).

2) The change in sediment pore structure during hydrate
dissociation, which could be described according to the
permeability evolution model (Eq. (2)) obtained from
the pore-scale mechanism simulation and the core-scale
experimental validation:

¢ = @oFpr (1 —Su) ©)
Fpr =exp ((XpAPl + OCTAT)
where Fpr is a function of porosity as a function of temper-
ature and pressure; op represents the formation compression
coefficient, dimensionless; o represents the thermal expan-
sion coefficient of formation, dimensionless; AP and AT are
the difference between the pressure and temperature and the
standard value, AP =P— Py, AT =T —T,.

3.2 Site application
3.2.1 Geological background of the research area

As show in Fig. 7(a), the Shenhu area is located geologi-
cally in the Zhu II depression, Pearl River Mouth Basin, and
geographically near the southeastern part of the Shenhu Shoal
sea area in the SCS. The area topography is complex, with a
general trend of low in the south and high in the north. A large
number of landform units such as erosion flume, sea valley,
sea mount, sea plateau, and submarine fan are developed in
this area. Therefore, the Shenhu area has tectonic conditions
for natural gas hydrate accumulation and is a key resource
target area for hydrate exploration and production.

Since 2007, several hydrate drilling expeditions have been
carried out in the Shenhu area: GMGS1 (2007), GMGS2
(2013), GMGS3 (2015), and GMGS4 (2016). As a result,
the site characteristics of hydrate-bearing sediments and a
large number of in-situ hydrate samples were obtained. A
vertical well (SHSC-4) in 2017 and a horizontal well (SHSC2-
6) in 2020 were set up to carry out hydrate depressurization
productions; two successful hydrate production tests greatly
advanced the natural gas hydrate research in China (Li et
al., 2023b).

3.2.2 Model setup

In 2017, the China Geological Survey successfully carried
out the first marine gas hydrate production tests in the Shenhu
area. From the seismic reflection profiles (Fig. 7(b)), it could
be seen that the production well (SHSC-4) is located in the
middle of the southeastern continental slope of the Shenhu
area, with a water depth of 1,266 m. The hydrate-bearing
sediments system could be classified into three layers, the top
to bottom (Li et al., 2018):

1) Hydrate layer (201-236 mbsf): Contains the hydrate and
water (H+W), with an average porosity of 0.35, hydrate
saturation of 0.34, and permeability of 2.9 mD;

2) Three-phase co-existence layer (236-251 mbsf): Contains
the hydrate, free methane gas and water (H+G+W), with
an average porosity of 0.33, hydrate saturation of 0.32,
gas saturation of 0.16, and permeability of 1.5 mD, the
water salinity linearly attenuates with the buried depth
increasing;

3) Free gas layer (251-278 mbsf): Contains the free methane
gas and water (G+W), with an average porosity of 0.32,
gas saturation of 0.078 and permeability of 7.4 mD.

The lithology of all of the hydrate layer, three-phase co-
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Table 2. Main parameters and sediment properties of the production model.

Subsystems Parameter Value  Parameter Value
Thickness (m) 35 Porosity (-) 0.35
Hydrate + Water layer Permeability (mD) 2.9 Water saturation (-) 0.66
Hydrate saturation (-) 0.34 Gas saturation (-) 0.00
Thickness (m) 15 Porosity (-) 0.33
Hydrate + Gas + Water layer  Permeability (mD) 1.5 Water saturation (-) 0.53
Hydrate saturation (-) 0.31 Gas saturation (-) 0.16
Thickness (m) 37 Porosity (-) 0.32
Gas + Water layer Permeability (mD) 7.4 Water saturation (-) 0.08
Hydrate saturation (-) 0.00 Gas saturation (-) 092
Water salinity (-) 0.033
Thickness (m) 25 .
Overburden/underburden Porosity (-) 0.38
Permeability (mD) 10
. Rock grain density (kg/m3) 2,600  Geothermal gradient (°C/100 m) 4.37
Hydrate properties
Thermal conductivity (W/m/K)  0.50 Specific heat capacity (kJ/’kg/K) 2.1

existence layer, and free gas layer is clayey silt.

Based on the above data, a hydrate production model of
the Shenhu area was established (Fig. 8(a)), which comprised
cuboids with dimensions of 50 m length x 50 m width x 127
m thickness. Along the X-coordinate and Y-coordinate, the
mesh precision was 2.5 m, and 20 layers were equally divided;
along the Z-coordinate, the mesh precision of hydrate layer,
three-phase co-existence layer, and free gas layer was 1.5 m,
the mesh precision of the overburden and underburden was 5.0
m, and 62 layers were divided. The whole hydrate production
model was divided into 20 x 20 x 62 = 24,800 grids.

As shown in Fig. 8(b), in the hydrate production model,
the initial temperature gradually increased from the seafloor
temperature (4.61 °C) based on the geothermal gradient (43.7
°C/km), and the initial pressure was calculated by the hydro-
static pressure. After calculation, the initial temperature and
pressure at the bottom of the three-phase co-existence layer
were 14.20 °C and 14.06 MPa, respectively, and the hydrate
could exist under this situation. The main model parameters
and sediment properties were given in Table 2.

The overburden and underburden with 30 m thickness
were sufficient to characterize the temperature and pressure
evolution during hydrate production, so the upper and lower
boundary were set as constant pressure and temperature
boundary where the fluid flow and heat exchange could occur.
The lateral boundary was set to have no mass and heat flux.
The vertical production well was laid in the middle of the
clayey silt sediments (X = 100 m, Y = 400 m), which passes
through the hydrate layer, three-phase co-existence layer, and
free gas layer, which could be seen as an inner boundary with
given pressure.

Table 3. Gas production comparison at key time nodes.

Time (d) Production Simglatiqn without Simqlatiqn with
test (-) modification (-) modification (-)

8 12.5 11.25 12.04

16 16.1 15.04 16.13

22 18.4 16.66 17.79

31 21.1 17.21 20.72

42 235 21.83 23.61

60 30.9 28.03 30.13

3.2.3 Simulation results

As shown in Fig. 8(c), the depressurization process of the
first marine gas hydrate production tests could be divided into
three stages (Ning et al., 2020):

1) 0-10 d: The bottom-hole pressure rapidly reduced to
about 13.5 MPa, stable production;

2) 10-30 d: The bottom-hole pressure gradually reduced to
about 7.0 MPa;

3) 30-60 d: The bottom-hole pressure was maintained at 7.0
MPa, stable production.

According the actual depressurization process, the first gas
hydrate production tests of the Shenhu area were simulated by
using the T+H code with and without the modified permeabil-
ity calculation module, respectively. Gas production between
the simulation results and the production test was compared
in Fig. 8(d) and Table 3.

As can be seen from Fig. 8(d), compared with the T+H
code without modification, the gas production data obtained
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by the T+H code with the modified permeability calculation
module were closer to those in the actual production test.

The difference between the two numerical simulation mod-
els is mainly reflected in the fact that the model with the
modified permeability calculation module could more flexibly
describe the dynamic evolution of permeability during hydrate
dissociation. The pore-scale research results indicated that the
permeability increased with the hydrate dissociation quicker in
the model with modification compared with the model without
modification.

Combined with the actual depressurization (Fig. 8(c)) and
gas production (Fig. 8(d)) processes, the hydrate production
process could be divided into two stages:

1) 0-7.6 d: In this stage, the gas production obtained by the
simulation without modification and with modification
was basically the same, and both fitted well with the
production test data. This indicated that the permeability
evolution within the two models was similar, that is,
hydrate in the hydrate layer and three-phase co-existence
layer basically did not dissociate under the small de-
pressurization amplitude, and the obtained methane gas
mainly came from the free gas in the three-phase co-
existence layer and free gas layer. Therefore, the pro-
duction rate of methane gas was larger in this stage,
and gas production reached almost half of the total gas
production.

2) 7.6-60 d: With the increase in depressurization amplitude,
hydrate in the hydrate layer and three-phase co-existence
layer underwent dissociation, and the permeability of
the sediments gradually increased. The permeability in-
creased with decreasing hydrate saturation quicker in the
model with the modified permeability calculation module.
On the one hand, the greater flow capacity led to the
pressure-drop transmit and gas discharge quicker in the
sediments, that is, the range of hydrate dissociation was
larger in the same time period, and the discharge process
of methane gas to production well was hindered. On the
other hand, the discharge of free gas in the sediments
meant that the average pressure of the sediments lowered,
which made the actual pressure difference between the
production well and the sediments larger and the hydrate
dissociate quicker. Therefore, in this stage, the gas pro-
duction calculated by the T+H code with the modified
permeability calculation module was higher than that
without the modified permeability calculation module and
closer to that in the actual production test.

In summary, the simulation results obtained by using the
T+H code with the modified permeability calculation module
for the first marine gas hydrate production tests could well ex-
plain the evolution trend of the actual gas production process,
and the permeability evolution model obtained from the pore-
scale mechanism simulation and the core-scale experimental
validation was suitable for calculating the depressurization
production of actual clayey silt hydrate-bearing sediments.
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4. Conclusions

This study focused on the dynamic evolution of per-
meability during hydrate dissociation in clayey silt hydrate-
bearing sediments. The contributions of this work and some
recommendations for future work can be given as follows:

1) Pore-scale mechanism study: On the basis of the LBM
model, mass transfer, heat transfer and NGH dissociation
kinetic models were supplemented to describe the hydrate
phase transition to clarify the mutual feed-back mech-
anism between pore-structure and permeability during
hydrate dissociation and to establish a mathematical equa-
tion describing the dynamic evolution of permeability.

2) Core-scale comparative study: A multi-phase seepage
experiment system considering hydrate dissociation was
designed. The hydrate-bearing core with characteristic
porosity was prepared according to the characteristics of
hydrate distribution and lithology of the sediments, and
the permeability of core during hydrate dissociation were
measured. Then, the pore- and core-scale results were
compared to verify the applicability of the permeability
evolution model suitable for the clayey silt hydrate-
bearing sediments obtained in pore-scale simulation.

3) Programming of the permeability evolution model: On
the basis of the T+H v1.5 code, a module for calculating
the dynamic evolution of permeability during hydrate
dissociation in clayey silt sediments was developed by
replacing the previous series model with the permeability
evolution model obtained from this research, and this
module was coupled to the T+H code.

4) Site application of the permeability evolution model:
Aimed at the area of hydrate production tests in the SCS,
the production site (SHSC-4) was selected to establish
the conceptual model and numerical simulation model of
clayey silt hydrate-bearing sediments. The T+H code with
and without the modified permeability calculation module
was used to calculate the hydrate production process of
the clayey silt sediments, and the gas production data
were obtained. The simulation results and the production
data of the first gas hydrate production tests in the SCS
were fitted and compared, and the applicability of the
permeability evolution model suitable for the clayey silt
hydrate-bearing sediments was verified in an actual site.

5) We could establish that, in addition to change in the
micro-pore structure of HBS caused by the dissociation of
natural gas hydrate, which directly affect the permeability
evolution, the dissociation of hydrate also deteriorates the
HBS integrity and mechanical characteristics, which in
turn affect the dynamic evolution of permeability. Thus,
the geo-mechanical evolution during hydrate dissociation
in sediments needs to be fully deciphered in future work.
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