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Abstract: The internal fluid flow capacity of hydrate-bearing sediment (HBS) is one of the important
factors affecting the efficiency of natural gas exploitation. This paper focuses on seepage studies on
gas hydrates with the following contents: scope of theories’ application, normalized permeability
(Kt) models, extension combined with new technology, and development. No review has elucidated
the prediction of original permeability (K0) of sediments without hydrates. Moreover, there are few
studies on seepage theories with new technologies, such as Computed Tomography (CT), Nuclear
Magnetic Resonance (NMR), Magnetic Resonance Imaging (MRI), and resistivity. However, this
review summarizes the prospects, evolution, and application of HBS seepage theories from the
perspectives of experiments, numerical simulation, and microscopic visualization. Finally, we discuss
the current limitations and directions of the seepage theories of HBS.

Keywords: natural gas hydrate; permeability; pore characteristics; porous media; multiphase flow;
challenges and prospects

1. Introduction

Natural gas hydrates (NGHs), which are widely found in oceanic sediments and
permafrost regions, are ice-like non-stoichiometric crystalline compounds [1,2] composed
of gas (methane, ethane, carbon dioxide) and water molecules, in low-temperature and
high-pressure environments [3,4]. NGHs are generally viewed as a new energy source
due to their abundance and zero environmental implications after combustion [5–10].
Therefore, the efficient exploitation of NGHs is of great importance to ensure energy
security and social stability. Many countries, such as China, Japan, the United States, India,
and South Korea, have carried out hydrate exploration and trial exploitation [11–14]. In
2017, China completed its first trial production in the Shenhu area of the South China Sea
and set a record of 60 consecutive days with a cumulative methane output of more than
3 × 105 m3 [15]. Based on the first trial production, the second trial production was carried
out in 2020, using the horizontal well-depressurization production technology. An average
daily output of 2.87 × 104 m3 was achieved within 30 days, which was 5.57-times higher
than the first trial production [16].

Since NGHs were discovered in the last century [17,18], several basic production
methods have been gradually proposed, such as thermal stimulation, depressurization,
inhibitor injection, replacement with CO2, and a combination of these methods [19–23].
The essence of these production methods is to decompose NGHs into gas and water
by endothermic reaction in the reservoirs in situ, collect the gas–liquid fluid through
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the wellbore, and transport it to the ocean surface. The research experiences and trial
production indicated that seepage of gas–liquid fluid significantly impacts production
efficiency during the exploitation [24–26]. Low permeability is a key factor restricting
production efficiency, especially in clayey-silt NGHs. The seepage ability of HBS directly
affects the flow velocity and spread distance during depressurization production, which
also determines the decomposition rate of hydrates. At the same time, the seepage ability
significantly impacts the gas–liquid fluid collection. During thermal stimulation, inhibitor
injection and the replacement with CO2 production method involve the collection of
gas–liquid fluid after the decomposition of NGHs, and the seepage process of injecting
thermal fluid, chemical agent and CO2 fluid in HBS. Besides, the fluid flow in HBS is also
closely related to the heat transfer process, which also affects the hydrate decomposition
and recovery rate. Therefore, it is necessary to study the seepage characteristics and
mechanisms of gas–liquid fluid in HBS and establish suitable flow models to accurately
describe the HBS seepage properties and changing laws.

Permeability is a commonly used critical parameter to quantitively describe the macro-
scopic seepage capacity of fluid in HBS [27–29]. On the one hand, the effect of exploitation
is mainly evaluated by the final gas production. On the other hand, permeability is a
straight evaluation index to predict the gas recovery from HBS. Permeability data in the
field are often difficult to obtain directly. Temperature and pressure preservation measures
should be taken after coring. Such measures require sophisticated equipment and are costly.
However, the permeability of sediments without hydrates is easily measured, and each
reservoir has a specific absolute permeability value. Therefore, permeability measurement
of HBS is transformed into the calculation of the ratio for the permeability of HBS to that
of sediments without hydrates. This ratio is generally defined as normalized permeabil-
ity [30,31]. At present, many normalized permeability models have been established by
scholars and evaluated at different levels [32–40]. The results indicate that macroscopic flow
characteristics can be measured, but the effect of pore-throat thickness and particle arrange-
ment on permeability remains unclear. Therefore, Lv [41] summarized the developments
of micro-computed tomography (CT) technology in pore habits and flow characteristics.
Similarly, Yang [42] comprehensively analyzed the advances of nuclear magnetic resonance
(NMR) and magnetic resonance imaging (MRI) techniques in hydrate phase transforma-
tion, displacement exploitation, heat transfer and multiphase flow. Ren [43] reviewed the
progress in theoretical analysis, numerical simulation, experimental measurement and
field test of permeability in HBS. None of the above reviews summarize the permeability
prediction model of sediments without hydrates. In addition, resistivity technology has
developed rapidly in recent years, which can calculate permeability from the resistance
value. Therefore, this paper focuses on the application and development of HBS seepage
theories, including the research progress driven by traditional and new technologies.

In this review, normalized peremeability models are first introduced. Moreover,
theoretical expansion under new technology is reviewed. These theories are verified by
classical experiments, simulation, microcosmic technology and a combination of these
methods. Finally, the challenges and prospects of seepage theories are addressed. The
two main aims of this review are: (1) to summarize the permeability models of the current
theories in an organized way and analyze the parameters and influencing factors of each
model; (2) to classify the current limitations and challenges in the seepage theories in NGHs
and propose development directions in the future to achieve high production in HBS.

2. Application of Seepage Law in NGHs

The flow capacity in HBS determines the exploitation effect. On the one hand, there is
a huge pressure difference between the interior and exterior of the wellbore. On the other
hand, the pressure difference increases the fluid velocity in the area near the production
well. Inertia and turbulence effects become obvious and Forcheimer’s equation is used to
compensate for Darcy’s law and Bernoulli’s law for high-speed flow. Apart from the rapid
gas–water flow rate, temperature and pressure changes in the production well are more



Energies 2022, 15, 4952 3 of 33

likely to reform and plug the wellbore. Consequently, the flow state at the production well
is different from that in HBS.

Although many seepage theories can be directly applied to HBS, these theories are
generally based on Darcy’s law. Therefore, the scope of seepage theories should be clearly
defined. According to the seepage velocity, HBS can be divided into three zones:

(1) The exploitation area near the production well: Because the pressure at the bottom
of the production well is less than that in HBS, NGHs transition into methane and
water. Under the pressure difference between the front and the back, the fluid velocity
is too fast to satisfy the linear relationship between flow velocity and pressure drop.
This phenomenon belongs to high-speed non-Darcy flow. Three kinds of non-Darcy
flow (up warping, down bending and compound) will appear due to the obvious
change in the pressure drop. For some areas with large pore size or decomposition,
the influence of velocity with pressure drop is small, and the trend of down bending
appears easily. Conversely, if the pore size of the area is small, a small amount of
hydrate decomposes and there is no obvious dominant channel. When the pressure
breaks through the starting pressure gradient, the flow rate and pressure drop show
an obvious upward trend. Similarly, complex piecewise non-Darcy flows also exist.

(2) Stability zone of HBS: This region is far away from the production well. HBS is
relatively stable and does not decompose. However, this area determines the final
effect of exploitation because the decomposition front is continuously spreading to
the HBS stability zone to achieve continuous mining. In this process, permeability is a
crucial parameter for evaluating the exploitation efficiency.

(3) Boundary of HBS: This is often an unexploited area where the pressure drop does not
propagate. In this region, there is no pressure difference driving without reaching the
staring pressure gradient, the fluids in an ultralow velocity. Low-velocity non-Darcy
flow will happen, which belongs to the down-bending curve. According to the flow
characteristics, we should attach more importance to describe flow capacity in the
stability zone.

To further study the exploitation principle of HBS, this paper focused on the undecom-
posed area of HBS and used permeability to characterize the ability of fluid to pass through
porous media (as shown in Figure 1). Furthermore, the interior of HBS is a low-speed flow
area, which conforms to the linear relation between pressure gradient and flow velocity.
Therefore, the flow in porous media can be analyzed by Darcy’s law.

Figure 1. The distribution of flow characteristics in hydrate exploitation.

The existence morphology and saturation of hydrates in HBS are essential parameters
that control permeability and flow process [44–46]. From the morphology perspective, the
shape and arrangement of NGHs are determined by the effective stress of formation and
the host sediments [47]. In the actual site, hydrates occur in the sediment layers in the form
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of lenses, nodules, blocks and meridians [12,48,49]. Hydrate samples were obtained from
actual exploitation in the South China Sea [50,51], as shown in Figure 2.

Figure 2. The natural samples and simplified modes of NGHs. (a–c) Massive hydrate; (d,e) thin layers
of hydrate; (f) nodular hydrate; (g–i) concretion hydrate; (j,k) vein hydrate; (l) disperse hydrate.

According to the theoretical analysis, the growth modes of hydrates in sediment pores
are divided into two modes [34,52–54]: (1) grain coating, hydrates form around sediments,
accumulate and enclose the sediment particles (they are often formed in this way in the
laboratory and reduce the formation time); (2) pore filling, hydrates are freely occupied
in the pores of sediments without connecting two or more particles. In addition, the
distribution of hydrates is extremely uneven. Permeability of HBS is anisotropic due to
the difference in hydrate arrangement and the existence of fractures in sediments. It is
undoubtedly complicated and difficult to accurately describe the flow capacity of HBS
directly by absolute permeability.

As for the saturation of hydrates, which profoundly impacts the permeability of
HBS, the presence of hydrates changes the pore space inside porous media and reduces
the size of the pore-throat channels. With an increase in the saturation, the connected
channels of fluid flow are blocked, and the flow capacity in HBS is reduced, leading
to a decrease in permeability. Decomposition of NGHs is a phase transformation that
involves the decomposition of solid hydrate in situ into gas and water before extraction.
Therefore, the influence of the relative flow capacity of different phases in the microscopic
pores of sediments should be viewed from the point of relative permeability. The relative
permeability of the gas phase and the water phase is negatively correlated, indicating that
the relative permeability of the water phase increases with an increase in the saturation, and
the relative permeability curve of the gas phase decreases accordingly. Due to the increase
in the saturation of the aqueous phase, the flow space of water in porous media increases.
When the water phase occupies the flow space of the gas phase, the gas phase easily loses
its original shape due to the resistance effect (Jamin effect). This effect plays a vital role
in gas–water flow. The gas phase will gradually lose its continuity and distribute in the
water phase, leading to a gradual decrease in the relative permeability of the gas phase
and remaining in the pores at last. Hydrates in porous media will occupy the pores used
for fluid flow, resulting in a decrease in the pore-throat radius and a significant increase in
capillary force in porous media to hinder the flow of the water phase.

Besides, when hydrates are decomposed into gas and water, three-phase migration of
gas–water–hydrate particles occurs, resulting in a constant change in absolute permeability
of HBS. In turn, decomposition leads to a drop in environment temperature, resulting in
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the secondary formation of hydrates or rearrangement of hydrates during the three-phase
migration. Hence, it is still a difficult point to directly express the absolute permeability of
each phase of HBS at the present stage.

3. Traditional Seepage Theories in NGHs

The traditional seepage theories of NGHs regard saturation as the only variable in
HBS permeability. The advantage of these theories is that they only need to find the relation
between saturation and existence morphology to build models. In this paper, five widely
accepted models were summarized, respectively, from the perspectives of grain coating
and pore-filling type. The development and evolution of the models are shown in Figure 3.

Figure 3. Evolution of normalized permeability models in HBS.

3.1. Parallel Capillary Model

It is assumed that pore configuration in sediments is made up of many equal-diameter
parallel capillaries [55] with the cross-sectional area consisting of X capillaries. When fluid
flows through a capillary of length L (m) and inner radius r (m), the flow rate is q (m3/s).
According to Poiseuille’s theory, the total flow in the cross-sectional area of the capillaries
can be expressed as follows:

Q = xq =
xπr4∆p

8µL
(1)

where µ (MPa·s) is liquid viscosity and ∆P (MPa) is the pressure difference on both ends.
The relationship between porosity ϕ and the number X of capillaries per unit cross-

sectional area is
ϕ = xπr2 (2)

The real fluid flow in HBS can be expressed by Darcy’s formula as follows:

Q =
KA∆P

µL
(3)

Assuming the total cross-sectional area is A (m2) and substituting Equations (1) and (2)
into Equation (3), the absolute permeability K0 in the sediments without hydrates can be
obtained:

K0 =
ϕr2

8
(4)

If the hydrate particles grow uniformly on the surface of the sediment particles, the
thickness of the hydrate is d (m), so the radius of the capillary decreases from r to r-d.
Combined with the above theories, the absolute permeability of HBS is

KH =
ϕrH

4

8r2 (5)
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According to the geometric relation in Figure 4a, the relationship between capillary
radius and hydrate saturation SH can be expressed as

(r− d)2 = r2(1− SH) (6)

Figure 4. Two filling modes of parallel capillary.

Hence, when saturation is SH, the normalized permeability in HBS is

kt =
KH
K0

=
r2 ϕ(1− SH)

8

2

/
ϕr2

8
= (1− SH)

2 (7)

In particular, Masuda [33] further concluded that the normalized permeability of HBS is

kt = (1− SH)
n (8)

Based on the above-mentioned results, this index model was also known as the Tokyo
model. However, the adjustable parameter n lacks a physical basis and its value varies
with different pore habits in HBS. Dai [39] found that n ranged from 1.25 to 25 and many
researchers also gave different values, so a piecewise function with varying different values
of n for different filling of hydrates in HBS was put forward [56].

Similarly, according to Figure 4b, the parallel capillary model of pore filling can be
expressed as

kt = 1− SH
2 +

2(1− SH)
2

ln SH
(9)

The parallel capillary model [32] is the simplest model for normalized permeability
prediction, which has no empirical parameters and simple mathematical form. However,
the pores in the actual sediments are not uniform and different in diameter. Besides, the
migration route of fluid through the pores is not a straight line. Therefore, the application
of this theory still has a lot of limitations.

3.2. Kozeny–Carman Model with Fractal Theory

The internal structure of porous media is very complicated in the actual environment.
Therefore, some scholars proposed the fractal theories [57–59] that porous media was
constructed by parallel capillaries with unequal diameters. The absolute permeability,
porosity, and specific surface can be expressed as, respectively

K0 =
παD

8τ(4− D)
rmax

4−D (10)

ϕ =
απτD
2− D

rmax
2−D (11)

σ =
2απτD
D− 1

rmin
1−D (12)

where α, D, τ, rmax, ϕ, and σ represent fractal parameter, fractal dimension, tortuosity,
maximum capillary radius (m), porosity, and specific surface (cm2/cm3), respectively.
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Equations (10)–(12) can be transformed into the following from the Kozeny–Carman
equation (KC equation for short), as follows:

K0 =
ϕ3

Cσ2 (13)

C =
2τ2(4− D)(D− 1)2

(2− D)3α2(1−D)
(14)

Equation (13) is the KC equation with fractal characteristics, which shows that perme-
ability is a function of the fractal dimension of pore structure, macroscopic physical and
microscopic pore structure parameters of porous media. This formula has no empirical
parameters and each parameter has a specific physical meaning. Compared with the classi-
cal KC equation, it can be seen that C is a new KC constant, and its value is related to the
fractal dimension D and microscopic pore structure parameters of porous media.

However, the actual HBS skeleton is composed of particles, and the actual flow path
of fluid is longer than the geometrical length of HBS due to the irregularity of pore space.
To deal with the problem, the concept of tortuosity is introduced [60].

3.2.1. Development of Tortuosity in Fractal Theory

Tortuosity in sediments is difficult to observe directly due to the diversity and random-
ness of the flow path. In order to better analyze the influence of tortuosity on flow, Yu [61]
summarized the models of porous media without hydrates. In addition, some scholars
proposed relative tortuosity to represent the relative change in HBS to sediments without
hydrates, as shown in Table 1, below.

Table 1. Tortuosity models of sediments without/with hydrates.

Type Model Literature

Without hydrates

Cube & Sphericity τ = 1 + ν ln(1/ϕ) (ν is shape factor) Yu [61]
Fine Particles τ =

√
1− ln(ϕ)2 Boundreau [62]

Sphericity τ = 1/
√

ϕ Sen [63]

Square
τ = 1

2

1 + 1
2
√

1− ϕ +

√
(1−ϕ)

[(
1/
√

1/ϕ−1
)2

+ 1
4

]
1−
√

1−ϕ


Yu [61]

Contain hydrates Sphericity
τH =

√
1 + 2[1− ϕ0(1− SH)] Iversen [64]

τH= 1 + 0.41 ln(1/[ϕ0(1− SH)]) Liu [65]
(τ × A/V)= 1+2SH(A/V is specific surface) Dai [39]

Zhang [66] used X-ray CT to propose a fractal model for predicting flow capacity in
HBS. The fractal-theory-based model included extracted parameters, such as tortuosity
dimension, pore-size dimensions, and maximal pore diameter. It is suitable for the model
to detect the physics of saturated water permeability reduction in HBS during formation.

kt =
D f ,h

D f ,0

3 + Dτ,0 − D f ,0

3 + Dτ,h − D f ,h

(
λmax,h

λmax,0

)3+Dτ,0

(15)

where Df, Dτ , and λmax represent pore-size dimension, tortuosity dimension, and normal-
ized maximal area pore diameter, respectively. The parameters with the subscripts “0” and
“H” are without hydrates and completely full of hydrates.

3.2.2. Electrical Tortuosity in HBS

In HBS, Archie’s first formula [67] is most widely used to solve tortuosity, which can
be obtained:

τ =

(
La

L

)2
=

Ro

RW
ϕ = Fϕ (16)
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where La (m), L (m), Ro (Ω·m), RW (Ω·m), and F represent the actual flow length inside
HBS, the geometric length of HBS, the resistivity of the sediments completely saturated
with water, the resistivity of formation water, and formation factor, respectively. In some
studies, tortuosity is defined as the ratio of the path length for flow in the streamline to
the straight-line distance of the sediments [58]. In fact, in anisotropic media, tortuosity is a
second-order tensor, so in this paper, tortuosity is defined as the square value.

In order to get closer to the actual flow capacity in the HBS, Kleinberg [32] revised the
model based on the KC equation [68–71], as follows:

K0 =
ϕ

ντ(A/V)2 =
ϕ

ντσ2 (17)

where ν, τ, σ (cm2/ cm3), K0 (D), and ϕ represent shape factor, tortuosity, the specific
surface of the particles, the absolute permeability of the HBS, and porosity, respectively.

Substituting Equation (16) into Equation (17) to obtain the effective permeability of
water phase under HBS with different saturation (only hydrate and water are in HBS,
SW + SH = 1) leads to:

KH =
1

νFH

(
AH
VH

)2 (18)

As for further comments about the idea of normalized permeability, the effective
permeability of the aqueous phase in HBS can be compared with the absolute permeability
of the sediment saturated with water:

kt =
KH
K0

=
F0

FH

(
VH
V0

)2( A0

AH

)2
(19)

where KH (D), K0 (D), FH, F0, VH/AH (cm2/cm3), and V0/A0 (cm2/cm3) represent effec-
tive permeability of water phase in HBS, absolute permeability of sediments completely
saturated with water, formation factor of HBS, formation factor without hydrates, vol-
ume/surface area of HBS, and volume/surface area without hydrate, respectively.

Many empirical data verified that Archie’s second formula could be described as:

RH
R0

=
z

SW
n (20)

In the above formula, z is the parameter, close to 1 (it can be directly equal to 1 in
practical application); n is the saturation index, which is influenced by rock wettability and
pore structure, but mainly by wettability. In many experiments, it is found that the n of
oil-wet rock is significantly higher than that of water-wet rock [59,72,73].

It is worth noting that (VH/V0) is the ratio of the volume of water in HBS pores
(partially hydrates, SW + SH = 1) to the total pore volume filled with water in HBS, so
Equation (19) can be transformed as

kt =
KH
K0

= SW
n+2
(

A0

AH

)2
(21)

(1) Grain coating

If hydrate particles grow uniformly on the surface of sediment particles, the radius of
the capillary decreases from r to r-d. Combining with the geometric relation in Figure 4a,
the relationship between the ratio of area and saturation can be linked, and the normalized
permeability of HBS can be obtained as

kt =
KH
K0

= (1− SH)
n+1 (22)
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Note: For Equation (22), when 0 < SH < 0.8, n = 1.5. When SH > 0.8, n is very small,
it has little influence on the permeability prediction model under the low-permeability
condition [74].

(2) Pore filling

It is assumed that hydrates grow in the center of the sediment particles and are
distributed in cylindrical form. The capillary radius is r and the thickness of hydrate is d, so

kt =
KH
K0

=
(1− SH)

n+2

(1 + SH0.5)
2 (23)

Note: In Equation (23), n = 0.7 SH + 0.3.

3.3. Hybrid Model

It is generally accepted that the two filling modes in HBS are determined by the degree
of saturation, and the permeability of HBS is dependent on the value of hydrate saturation.
Because the distribution of hydrates in the sediment is heterogeneous, it is not very accurate
to use the saturation alone to estimate which filling method exists. For this reason, Delli [37]
put forward a new theoretical model based on the weighting idea, as

kt = SH
Nkt

PF + (1− SH)
Mkt

GC (24)

where Kt
PF, Kt

GC, N and M represent normalized permeability of pore filling obtained from
Equation (9), normalized permeability of grain coating obtained from Equation (7), and
weight index, respectively. Particularly, when SH = 1, it is pore filling; when SH = 0, it is
basically grain coating.

3.4. Gas–Water Two-Phase Seepage Model

The above capillary models assumed only a single phase, but there is a complex
system of gas–water–hydrate coexistence in the actual pores of HBS. Singh [52] derived a
new analytical model based on the Navier–Stokes equation of gas–water two-phase flow
and the concept of tortuosity. In this analytical model, the absolute permeability is the
variable of HBS, which will change with the hydrate’s saturation. The concept of relative
permeability is introduced to better characterize the flow of two fluids in the pores. The
two filling modes are shown in Figure 5 and satisfy SW + Swr + Sg + SH = 1.

Figure 5. Two filling modes under gas–liquid flow.

(1) Grain coating

In the mobile phase, gas and liquid can flow in the pores, and water occupies the walls
of the pores during the wetting phase. Gas, a non-wetting phase, is adjacent to water, so
the relative permeability of gas and liquid must be considered separately.

krg =
(

rg
r

)2
×
[
2ψ
(

1− rW
2

rg2

)
− 1
]
×
[

τ(ϕ,1−SH−Swr)

τ(ϕ,Sg)

]
krW =

[
(rW

2−rg
2)

2

r2(rW
2−rg2)

]
×
[

τ(ϕ,1−SH−Swr)
τ(ϕ,SW )

] (25)
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where ψ = (µg/µw) and τ (ϕ, 1 − SH − Swr) represent the viscosity ratio of gas to liquid and
tortuosity of a mobile phase in a medium, respectively.

Note: τ (ϕ, 1− Si) represents the tortuosity of each mobile phase (i = g, w) as a function
of each phase saturation and the porosity of HBS. Meanwhile, the porosity of HBS decreases
linearly with hydrate saturation. The formulas are expressed as follows{

ϕ(SH) = ϕi × (1− SH)

τ(ϕ, Si) =
(

Si
ϕ

)−2
× (Si)

−4
3

(26)

(2) Pore filling

The growth pattern of most hydrates is that hydrates gather in the middle of pores [49,52].
As shown in Figure 5b, water is close to the wall of pores in the wetting phase, while gas is
close to the middle of pores in the non-wetting phase. The final relative permeability is

krg =

[
1

r2(rg2−d2)

]
×


−
(
rg

4 − d4)+ 4
[

rg
2(1−ψ)+ψr2−d2

(1−ψ) ln(rg)+ψ ln(r)−ln(d)

]
×
[

rg
2 ln(rg)−rW

2 ln(rW )
2 − (rg

2−d2)
4

]
+2
{

(1−ψ)[d2 ln(rg)−rg
2 ln(d)]+ψ[rH

2 ln(r)−r2 ln(d)]
(1−ψ) ln(rg)+ψ ln(r)−ln(d)

}
×
(
rg

2 − d2)


×
[

τ(ϕ,1−SH−Swr)

τ(ϕ,Sg)

] (27)

krw =

[
1

r2(rW
2−rg2)

]
×


−
(
r4 − rg

4)+ 4
[

rg
2(1−ψ)+ψr2−d2

(1−ψ) ln(rg)+ψ ln(r)−ln(d)

]
×
[

r2 ln(r)−rg
2 ln(rg)

2 − (r2−rg
2)

4

]
+2
{

(1−ψ)[r2 ln(rg)−rg
2 ln(r)]−[r2 ln(d)−rH

2 ln(r)]
(1−ψ) ln(rg)+ψ ln(r)−ln(d)

}
×
(
r2 − rg

2)


×
[

τ(ϕ,1−SH−Swr)
τ(ϕ,SW )

] (28)

3.5. Three-Dimensional Cubic Stacking Model

In the actual HBS pores, hydrate particles are not all stacked in a parallel disjoint way,
so capillary models are extended to a three-dimensional space, based on Section 3.1, and
the traditional models are modified by cylindrical, spherical, and random accumulation,
respectively.

3.5.1. Cylindrical Accumulation

(a) Grain coating

Assuming that the pores consist of hydrates and free water, as shown in Figure 6a, the
relationship between saturation and radius is as follows:

SH = VH
Vpore

Vpore = (4− π)r2L
π(r + d)2 = πr2 + VH

⇒ r + d
r

=

(
4− (4− π)× (1− SH)

π

)0.5
(29)

Thus, the relationship between hydrate saturation and permeability can be further
deduced by combination with Equation (21) to give:

kt =
π(1− SH)

n+2

4− (4− π)(1− SH)
(30)
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Figure 6. Two filling modes of cubic cylinder.

(b) Pore filling

Assuming that the pores are composed of hydrates and free water, as shown in
Figure 6b, the relationship between saturation and radius is as follows:

SH = VH
Vpore

Vpore = (4− π)r2L
VH = πd2

⇒ d
r
=

(
(4− π)× SH

π

)0.5
(31)

Thus, the relationship between hydrate saturation and normalized permeability can
be given by combining with Equation (21):

kt =
(1− SH)

n+2[
1 +

(
(4−π)SH

π

)0.5
]2 (32)

Note: In order to make permeability only dependent on saturation, the above formulas
do not consider the overlap between particles. In particular, Equation (30) applies to
saturation less than 0.6238 and d/r < 0.732 [34].

3.5.2. Spherical Accumulation

(1) Grain coating

By referring to Figure 7a, saturation, pore volume, and hydrate volume can be obtained
as follows: 

SH = VH
Vpore

Vpore =
(

8− 4π
3

)
d3

VH = 4π
3

[
(r + d)3 − r3

] (33)

Thus, the relationship between hydrate saturation and normalized permeability can
be further deduced by combining with Equation (28):

kt =
(1− SH)

n+2[
1 +

( 6
π − 1

)
SH
] 4

3
(34)
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Figure 7. Two filling models of Cubic Sphere.

(2) Pore filling

The relationship between normalized permeability and saturation can be obtained by
referring to the above derivation, according to the geometric relation:

kt =
(1− SH)

n+2[
1 +

[( 6
π − 1

)
SH
] 2

3

]2 (35)

Li [75] considered the overlap between particles based on spherical cubic accumulation
and derived the normalized permeability containing only the radius of sediment particles
and hydrate particles. Kt =

{[
−π

3
( r

L
)3

+ 3π
4
( r

L
)2 − 5π

12

]
/
(
1− π

6
)}n+2

[
3
√

2−4
3( r

L )−2( r
L )

2

]2

1 ≤ r
L ≤
√

2
(36)

3.5.3. Random Accumulation

In the above cubic models, the particles are arranged in a spherical shape according
to certain rules, but in HBS, the particle arrangement is quite irregular. Hence, we can
imagine that the spherical particles are randomly distributed in a cube.

When hydrates grow on the surface of sediment particles, the normalized permeability
can be expressed as [34]:

kt =
(1− SH)

n+2

[1 + εSH ]
4
3

(37)

When hydrates grow in the center of pores, the normalized permeability can be
expressed as [52]:

kt =
(1− SH)

n+2

[1 + εCPSH ]
2 (38)

where ε is the pore ratio and its value is ϕ/(1 − ϕ); CP is the ratio of sediment particle
radius to hydrate particle radius.
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3.6. Other Models

According to the self-developed EOSHYDR, from the Lawrence Berkeley National
Laboratory in the United States: TOUGH2 simulator [35] coupled with the Genuchten [76]
model, the normalized permeability of HBS can be obtained: krw =

√
SW

[
1−

(
1− m

√
SW

)m]2

krg =
√

Sg

(
1− m

√
SW

)2m (39)

where m = 1 − 1/l, Sw = (SW − Swr)/(1 − Swr) and Swr is the irreducible water saturation.
In sandstone and other cores, m could be 0.46, Swr as 0.09 [32]. Parker [77] reported l was
1.84 for sand and 1.86 for clay.

Singh [78] used empirical parameters to derive a gas–water two-phase flow model
in HBS, where Kri, Kpm, (qi,pm/Ai), µi, Ai, τ (ϕ, 1 − SH − Swr), and r represent the relative
permeability of gas/liquid, the absolute permeability of HBS (when the saturation is SH),
superficial velocity, viscosity of phase, the cross-sectional area of flow occupied by phase,
tortuosity of a mobile phase in a porous media, and radius of cylindrical tubes, respectively.
βi and ηi are empirical parameters. kri =

(qi,pm/Ai)µi
Kpm [(βi×Si

ηi )×∆P]

Kpm = r2

8
ϕSH

τ(ϕ,1−SH−Swr)

(40)

From the view of Singh, the parameter βi is considered to be linked with constant
properties, such as fluid densities, initial pore volume, and pore radius. The parameter ηi
reflects petrophysical properties, such as the arrangement of specific properties in porous
media. Therefore, the parameter βi and ηi are independent of hydrate saturation. Only by
fitting a curve of relative permeability for any hydrate saturation, two parameters can be
estimated to predict relative permeability curves of HBS.

3.7. Overview of Permeability Models in HBS

Based on the above analysis and induction, the permeability prediction models of HBS
are classified into single-phase flow and multi-phase flow, as shown in Table 2.

3.8. Permeability Prediction Model of Original Sediments

In the previous model derivation, the normalized permeability is the ratio of the
absolute permeability of HBS to the absolute permeability of sediments without hydrates.
The value of normalized permeability is only related to hydrate saturation. When the
saturation increases, the value of normalized permeability decreases, reflecting the influence
of hydrate formation on pore connectivity and pore-throat size. Because of the influence
of hydrates on the internal permeability of sediments, it is difficult to directly evaluate
the seepage in the reservoirs. In addition, in-situ measurement is the most direct method,
but the cost is very high, and the numerical simulation also needs to be established based
on suitable theories. Consequently, from the perspective of normalized permeability,
establishing permeability models for sediments without hydrates can inversely drive the
absolute permeability model of HBS to predict the seepage capacity of HBS. Although
the prediction theories of permeability of sediments are still relatively small in the field of
hydrates, a lot of research has been done in the traditional oil and gas field. These prediction
theories mainly start from the relation between porosity, capillary pressure, pore-throat
radius and permeability.
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Table 2. Comparison of normalized permeability models of HBS and original permeability models of sediments without hydrate.

Schematic Diagram Single Phase Flow Equation Highlights Advantages Disadvantages Recommendations Reference

Parallel capillary

(4) Equal-diameter capillaries
Easy to simulate and

compare Suitable for homogeneous system Suitable as a basic model compared to
other models due to its simple form

[32,56–59]
(7) Simple form

Easy to calculation(9)
(8) Tokyo model [33]

KC model
Fractal theory

(17)
Formation factor replaces

tortuosity
The solution of tortuosity
is avoided and the value
can be fitted flexibly by

saturation index

The value range of saturation index
varies greatly and has no physical sense

The influence of capillary diameter and
microcosmic parameters on permeability is

considered
[60,66–74]

(18)
(22)
(23)

(15) Introducing microscopic
parameters

Hybrid model (24) Combining PF and GC

The influence of two
hydrate occurrence forms

on permeability is
considered

Too many empirical parameters for
application

Reduce empirical parameters and consider
how PF and GC interact to make effect on

normalized permeability
[37]

Cylindrical accumulation (30) Extending to 3D space
Compared with the

two-dimensional capillary
model, it is more accurate

Homogeneous configuration with equal
diameter

The unequal inner diameter of the capillary
is not considered and empirical parameters

are included.

[34]
(32)

Spherical accumulation
(34) Regarding particles as

spheres
The spherical appearance

of sediment particles is
simulated

The unequal dimeter of particles and
inhomogeneity of distribution are not

considered

It can 1be used as a basic model of clay
mineral system

[34]

(35)

(36) Modification in fluid area
of pores at PF mode. [75]

Random accumulation
(37) Representing random as

arrangement as
heterogeneity

The heterogeneity of
formation is simulated by

particle random
distribution

The unequal diameter of sediment
particles in the actual formation is not

taken into account

The model has potential for further
research in the future

[34]

(38)

Gas water

(25) In line with the actual flow
characteristics, and no

parameters

The gas–liquid two phase
flow is considered, which
accords with the objective

flow law

It is still a two-dimensional structure,
and there are many solving parameters.

The model is not conducive to direct
application in the field.

The model should be generalized from two
dimensions to three dimensions

[52]
(26)
(27)
(28)

TOUGH2 simulator (39)
Widely applicable and

without considering the
occurrence form of hydrate

It is suitable for numerical
simulation and has wide

extension
Containing empirical parameters Based on numerical results, it is hard to

apply in the field [35,76]

Empirical model (40)
The effect of capillary on

gas–liquid flow is
considered

Combining capillary force
with two phase flow

Difficult to apply due to empirical
parameters

Simplifying form and reducing empirical
parameters to improve applicability [78]
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In the earliest study of sandstone reservoirs, it was found that the logarithm of absolute
permeability has a linear relationship with porosity, which is

ln K0 = ln a + bφ (41)

where K0 and ϕ represent absolute permeability and porosity, respectively. a and b are
empirical parameters. Although this formula is simple and can be obtained directly from
logging data, it has some limitations in that Equation (49) can only reflect the properties of
certain cores and cannot be applied to complex reservoirs.

In order to better describe pore properties in sediments, the Kozeny–Carman equa-
tion [56–59] can be converted to another form, which starts from the simplest
homogeneous media.

K0 =
aϕ3

(1− ϕ)2σ2
(42)

where σ, ϕ, and a represent specific surface, porosity, and empirical parameters, respectively.
Since σ cannot be obtained directly from logging data, the application of the KC formula
is limited.

With the study, it was found that the sorting degree, consolidation degree, and porosity
range of different rock samples greatly influenced permeability. Based on several groups of
sandstone samples in the oilfield, Timur established a power function relation containing
the permeability and reciprocal of saturation of irreducible water [79], which is expressed as

K0 =
aϕb

Swr2 (43)

where ϕ and Swr represent porosity and irreducible water saturation, respectively. a and b
are determined by statistics. According to Timur’s statistical results, it is shown that the
value range of b is between 3 and 5 to get better satisfaction.

At present, the microscopic properties of rock samples are difficult to observe directly,
and the changes in permeability cannot be directly and continuously measured by logging
data. Therefore, many scholars have established relation models between capillary pressure
curve and permeability to indirectly reflect the flow capacity in sediments, which started
from the throat size in the pores. The permeability is determined by the size of the
interconnected pores, and the most direct way to measure the permeability of the cores is to
inject mercury into the dry samples and obtain the capillary pressure curve, thus, finding
the permeability.

Pc =
2γ cos θ

r
(44)

where Pc (MPa), θ (◦), and γ (dyn/cm) represent capillary pressure, wetting angle, and
interfacial tension, respectively. In an ideal capillary pressure curve, mercury is first injected
into the dry samples at a certain pressure. When the first breakpoint (injection pressure)
occurs, mercury occupies a small portion of the pore. Then, the pressure builds up and
most of the pore spaces are taken up by mercury. Eventually, a sharp increase in pressure is
needed to force more mercury into the smallest pores.

Purcel derived a model for the relationship between permeability, porosity, mercury
saturation, and pressure based on the capillary model and Darcy’s seepage law [80].

K0 = 0.66Fφ

ρ=100∫
ρ=0

dρ

(Pc)
2 (45)

where ϕ, F, ρ, and Pc represent porosity, formation factor, and the percentage of the entire
pore occupied by fluid and capillary pressure, respectively.

Through statistical analysis of a large number of carbonate rocks and clastic rocks,
Winland found that r35 (throat radius corresponding to 35% mercury saturation) has a
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good correlation with permeability and porosity, so as to establish the corresponding
semi-empirical model [81], as follows:

lgr35 = 0.732 + 0.588lgK0 − 0.864lgϕ (46)

where r35, ϕ, and K0 represent pore-throat radius corresponding to a mercury saturation of
35%, porosity, and permeability, respectively.

Swanson [82] provided a method for determining air and brine permeability from a
single point on the capillary pressure curve. His method is to select the ratio of maximum
mercury saturation to pressure from the capillary pressure curve, and this value can
indicate all interconnecting spaces are saturated with mercury. In other words, this capillary
pressure reflects the pore size with effective interconnection in the total pore system.

According to the linear regression relation, the simple form of Swanson’s model is

K0 = a
[

SHg

PC

]b

max
(47)

where a and b are constants, depending on the rock type (carbonate and sandstone) and
fluid type (air or salt water). SHg is the mercury saturation equivalent to the total volume,
which is directly proportional to porosity. Equation (44) shows that the capillary pressure
is related to the pore-throat radius, so the Swanson model also indicates that the value of
K0 depends on the square of the pore size.

Pittman [83] combined Winland and Swanson’s model to establish a statistical relation
between the throat radius, corresponding to 10–75% mercury saturation, porosity, and
permeability based on 202 sandstone samples.

lgrapex = −0.117 + 0.475lgK0−0.099lgϕ (48)

where K0, ϕ, and rapex represent permeability, porosity, and pore-throat radius correspond-
ing to the apex, respectively.

The above permeability models are mainly predicted for carbonate rocks and sand-
stones, but HBSs are mineral systems containing clay. In general, the existence of clay
minerals mainly affects the size, shape, and position of sediment particles, which later af-
fects the permeability. For example, clay affects the specific surface in the Kozeny–Carman
equation and the saturation of irreducible water in the Timur model. Therefore, clay
minerals should be considered in permeability models for clayey-silt sediments without
hydrates. According to the core data of consolidated marine sediments, Bryant used statis-
tical methods to obtain the exponential relation between permeability and porosity [84], as
follows:

K0 = eB(ϕ)+Ω (49)

where e, ϕ, Ω, B, and K0 represent exponential or 2.718, porosity (not percent) computed
from the void ratio (ϕ = e/(e + 1)), intercept, linear regression coefficient, and coefficient
of permeability (hydraulic conductivity), respectively. The relation between porosity and
permeability of different sediment types is shown in Table 3.

Table 3. Equations for permeability–porosity relationships [77].

Sediment Group Equation Sediment Type

1 K0 = eϕ(15.75)−27.37 80% clay
2 K0 = eϕ(14.18)−26.50 60–80% clay
3 K0 = eϕ(15.59)−26.65 Silty clays and clayey silts
4 K0 = eϕ(17.51)−26.93 Sandy clays and silts

All data K0 = eϕ(14.30)−26.30

Note: The above Equations from (1) to (49) have been adjusted differently from the original formulas for
unifying symbols.
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4. Extension of Seepage Theories in NGHs Combined with Frontier Technology

With the upgrade in technology, a series of microscopic methods can describe the flow
capacity of fluid in porous media more precisely, so some new methods that transform the
existence and distribution of hydrates in complex porous media into images have been
put forward. These methods for detecting flow capacity are based on enough gas or water
source. The content and distribution of the hydrates in the internal pores of the HBS can be
obtained by detecting the change and movement in the content of the liquid water.

It is difficult to apply the flow characteristics of HBS to the field. The production
process on site is a macroscopic field-scale project, and the local microscopic data are not
suited to support the change in the overall structure. Therefore, the research idea from
micro to macro is a network staggered structure, as shown in Figure 8, below: (1) select
a target point to be exploited in the actual occurrence area and attain samples in situ by
drilling exploratory wells; (2) send samples to test by micro equipment in the laboratory
and get a series of physical parameters (porosity, saturation, thickness, and distribution
characteristics); (3) model the parameters to numerically simulate gas–liquid two-phase
flow pore in the HBS; and (4) establish proper permeability characteristics of the equation
according to the flow characteristics. The equation is inverted to the actual reservoir by
similarity effect and is checked.

Figure 8. Field-scale permeability simulation based on combined micro-macro research.

Currently, there are two main methods for permeability research of HBS: one is to send
the natural core obtained on site to the laboratory equipment for permeability measure-
ment experiment and find the functional relationship between saturation and permeability
through the experimental data. In this process, the determination of saturation is a difficult
problem to solve. Traditional methods combine pressure data with the Peng–Robinson
equation to calculate the saturation, which is often inaccurate. The saturation results can
only reflect the whole value and cannot describe the saturation distribution of different
areas. Therefore, resistivity measurement is introduced into the evaluation experiment of
saturation measurement. Another method to study permeability is using high-precision
microscopic instruments to obtain the corresponding saturation distribution, porosity, thick-
ness, and flow characteristics. The distribution characteristics of HBS are reconstructed
from these microscopic data to simulate the pore-throat structure. Furthermore, the perme-
ability is calculated by PNM and LBM. Compared with the experimental method, computer
simulation requires much calculation and is unsuitable for field-scale application. There-
fore, the most direct and effective method is to build a permeability prediction model,
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including hydrate saturation, and use experiments and microscopic instruments to correct
and improve it to be applicated in field exploitation.

4.1. Seepage Theories in NGHs Using CT Technique

The microscopic CT technique is a visual quantitative analysis method that can easily
obtain 3D layers of porous media [85], which has been successively applied to relevant
studies of gas hydrates since 1970. The CT technique is based on mapping the spatial-
distributed absorption of the X-ray beam as it passes through the samples [86]. This
technique can be used to image the distribution and arrangement of different components
of HBS, to determine the microscopic pore structure of HBS and evaluate the flow capacity
of the fluid.

The CT technique mainly obtains X-ray projection sequences with different attenuation
coefficients through the difference in X-ray absorption degree of different components
within the sample. This technique converts directly obtained two-dimensional grey density
images into image binarization in a reasonable threshold area, and finally, superpositions
the physical space to form three-dimensional numerical HBS cores. The specific research
process of HBS microscopic detection and analysis by using the CT technique includes the
following steps: (1) grey image acquisition, (2) image preprocessing, (3) core component
extraction, (4) pore parameter analysis, and so on, as shown in Figure 9.

Figure 9. Analytical workflow of the pore-structure characteristics of the hydrate-bearing sediments
using digital core method based on CT scanning (pores and phase from Zhang [87], (a–d) from
Zhao [88], pore network from Jarrar [89]).

4.1.1. Grey Image Acquisition

According to the Lambert–Bee equation:

I1 = I0e−Γd (50)

where I1 and I0 represent the intensity of the X-ray transmitted through hydrate samples
and initial radiation intensity at incident, respectively. I0 can be controlled by an X-ray
source and I1 is gained by CT Scanner. d is the thickness of the hydrate sample. Γ is the
linear absorption coefficient [90], which can be calculated by Equation (51):

∆ = C× (Γ− ΓW)/ΓW (51)

where C is constant and ∆ is CT number reported by CT image data. ΓW is the linear
absorption coefficient of pure water and is a comparison parameter. The value of ∆ reflects
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the change in CT images of different grey levels rather than an absolute value, so the higher
the value is, the higher the sample density.

4.1.2. Image Preprocessing

Different phases of HBS in CT images are represented by different grey intensities.
The similar difference in grey intensity is hard to distinguish by human vision. In addition,
the hydrate phase and water phases are difficult to extract from the pores in multiphase
materials with hydrates, which cause misunderstanding and overestimate the hydrate
phase. Therefore, a color difference phase separation method is developed to deal with the
problem. This method can highlight the hydrate phase and some tiny component phases
with weak and similar gray intensity. The original grey intensity images are later converted
to the color difference images. Moreover, the hydrate and grain phases in these colored
images based on their color bars are also easily distinguished.

4.1.3. Core Component Extraction

HBS can be divided into sediment particles, pores, and hydrate phase. Sediment
particles are the skeleton used to host HBS. The characteristics of the pores reflect the
distribution, migration, dissolution, and storage of hydrates in HBS, and the hydrate phase
represents the immobile area inside the HBS. More importantly, the pores extracted are
effectively connected to each other because only the effective pores can observe the change
in the hydrate phase.

4.1.4. Pore Parameter Analysis

Based on the pore parameters of HBS, many scholars have put forward new theories
combined with experiments/simulations. The studies on seepage studies of HBS employing
CT techniques are summarized in Table 4.

Liu [91] used the CT technique and simulation to establish an empirical formula
for characteristic maximum pore diameter and saturation. Using this formula, a new
normalized permeability model based on fractal theory was proposed.

kt =
(a + b− 1)×

(
L0

λmax,0

)Dτ,0 × (λmax, t)3+Dτ,0Dtτ

a + bDtτ − Dt f
(52)

where a = 3/Df,0, b = Dτ ,0/Df,0. λmax,0, and λmax,t represent maximal pore diameter in
sediments without hydrates and normalized maximal pore diameter, respectively.

Kou [92] considered the effect of hydrate occurrence on pore inter-connectivity in HBS;
the relationship between interconnectivity degree (m) and hydrate saturation (SH) can be
expressed as

m = 1− SH (53)

The modified equations of normalized permeability are given as follows:

kt−GC = (1− SH)
n+3, n = 1.5 (54)

kt−PF =
(1− SH)

n+4

(1 + SH0.5)
2 , n = 0.7× SH + 0.3 (55)

In order to compare the simulated permeability from the real sample structure and the
calculated permeability based on permeability reduction models, the KC equations are also
employed to calculate the normalized permeability.

Kou [93] built new permeability reduction models to indicate real sample structure
based on KC equation. For better prediction, hydrate saturation is modified by average
saturation. The normalized permeability of GC, PF, and averaged hydrate saturation are
as follows:

kt−GC =
(
1− SH

)n (56)
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kt−PF =
(
1− SH

)n+2/
(

1 + SH
0.5
)2

, n = 0.7× SH + 0.3 (57)

SH =
m

∑
i=1

SH/m (58)

Table 4. The application of CT technique to hydrate seepage studies.

Year Method Direction Results Reference

2013 CT + Experiment
Calculated the absolute permeability

of each phase and detected the
movement of the displacement front.

With the increase of saturation, the
growth mode from GC to PF. [94]

2014 CT + PNM Simulated gas invasion, hydrate
decomposition, gas expansion.

Confirmed the fitting parameters in
permeability models. [45]

2016 CT + PNM
Simulated the influence mechanism

of particles size and porosity on
permeability.

Porosity increases with the increase
of particles size. [95]

2019 CT + Experiment
Seepage experiments on the

clayey-silt sediments in the Shenhu
area of the South China Sea.

Power-law relation between
effective permeability and porosity. [96]

2019 CT + Simulation

Simulated different existence modes
of fractal parameter of pores in

sediments and the influence law of
pores radius.

Equation (52) [91]

2020 CT + Experiment
Pore-scale distribution and

reformation characteristics of gas
hydrate in HBS, during dissociation.

Mass and heat transfer can lead to
GC to PF. [97]

2021 CT + Experiment Detected pore structure
characteristics of NGHS in HBS. Equations (53)–(55) [92]

2021 CT + Experiment

The differences in distribution and
morphology properties of NGHs

under two gas occurrence patterns
have been analyzed

During formation, gas diffusion is
the crucial factor that influences

the growth habit and morphology.
[98]

2021 CT + Experiment To define the hydrate phase
heterogeneity degree of HBS Equations (56)–(58) [93]

2022 CT + Experiment To understand the memory effect of
HBS.

Memory effect can not only shorten
the induction time of

hydrate nucleation but also reduce
the formation rate.

[99]

2022 CT + Experiment
To understand the interactions

between NGHs decomposition and
heat/mass transfer.

The mass transfer of gas shows
significant effects on hydrate

morphology evolution.
[100]

4.2. Seepage Theories in NGHs by NMR and MRI

It is known that Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging
(MRI) are two useful techniques to obtain information about the molecular level and
microscopic dynamics.

In NMR, the transverse relaxation time T2 is an effective parameter for observing the
porous media. In the study of HBS, the transverse magnetization attenuation index is M.
The relation with time changes follows the law.

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn:

Mt = M0e(−t/T2) (59)
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where Mt and M0 represent the transverse magnetization vector intensity at any time and
the maximum transverse magnetization vector. The velocity of the transverse relaxation
process is consistent with the uniformity of the magnetic field in which the nucleus is
located, and the internal structure of porous media is more uniform as T2 gets longer.

As for MRI, the change in liquid water content in HBS pores can be quantitatively
detected, and the content of hydrates can be evaluated by the change in MI (mean intensity)
data [101]. Zhao [102] found the methane hydrate saturation during the dissociation was
obtained from the MRI intensity data. Their results showed that the hydrate saturation
initially decreased rapidly, and then slowed down, which was in line with predictions
based on pressure solely. The relationship between hydrate saturation with MRI intensity
data is as follows:

SHt =
G0 − Gt

Gt
× 100% (60)

On this basis, Chen [103] revised the relationship between saturation and MI data
based on experiments. The equation can be given as

SHt = 1.25
(G0 − Gt)SW0

Gt
× 100% (61)

where SW0, G0, and Gt represent the state that the HBS pores are completely saturated with
water in the initial stage, the value of MI at the initial time, and MI at any time, respectively.

NMR and MRI are two important methods to study the distribution of water and
hydrates in HBS. The formation and decomposition of hydrates can be observed by these
two methods, as shown in Figure 10. The summary of the seepage characteristics of HBS
employing NMR/MRI techniques is presented in Table 5.

Figure 10. MRI Images during methane hydrate formation and dissociation ((a–d) adapted from
Yang [42]).

4.3. Predicting Permeability of HBS by Electrical Resistivity

The Archie formula mainly applies to pure sandstone systems, and there are clays
in the actual existence environment of HBS. In order to get closer to the actual seabed
environment, the resistivity model needs to be revised in different directions. The resistivity
method is applied in HBS, which is mainly developed from two aspects: (1) the distribution
and content of the fluid in the HBS are reflected by the value of the resistivity, so as to
calculate the saturation and tortuosity of hydrates; (2) resistivity index can be calculated by
the ratio of resistivity for a part of the water and complete water, thereby combining the
irreducible water content to simultaneously calculate the relative permeability in the water
phase of HBS.
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Table 5. The seepage characteristics of NMR/MRI technique on hydrate studies.

Year Method Subject Highlights Reference

2003 NMR + Experiments Natural samples in
Monterey Bay

Measuring relaxation time to reveal hydrates
tended to replace water in the largest pore spaces. [32]

2005 NMR + MRI +
Experiments

THF hydrates in the
Laboratory

Measuring and monitoring the lattice relaxation
times of THF hydrate formation/dissociation and

patterns.
[104]

2012 MRI + Experiments THF hydrates in
Laboratory

To investigate the growth law and microstructure
of hydrates in porous media, the growth process of

THF hydrates under different concentrations.
[105]

2014 NMR + Experiments Natural samples in
shenhu

Pore-filling hydrates significantly affect the
permeability of HBS. [106]

2015 MRI + Experiments Methane hydrates in
Laboratory Calculation by Equation (60) [102]

2021 MRI + Experiments Methane hydrates in
Laboratory Calculation by Equation (61) [103]

Lee [107] added a muddy modification method to the Archie formula.

SH= 1−

 aRW

(
1− RHQclay

)
RH ϕm

1/n

(62)

where RW, RH, Qclay, and ϕ represent resistivity of the connate water, formation resistivity
with gas hydrate, effective clay conductivity, and porosity, respectively. a and m are Archie
constants. n is an empirically derived parameter close to 2 and varies between 1.715
(unconsolidated sediment) and 2.1661 (sandstone).

Li [108] conducted a three-dimensional study using electrical and acoustic measure-
ment methods and found that the discontinuity of hydrate distribution was caused by
concentration, temperature, and fluid viscosity. The relationship between saturation with
resistivity can be written as

RH = a× ϕ× (1− SH)
−mRW (63)

where RW, RH, and ϕ represent resistivity of the pore water at a special temperature,
formation resistivity with gas hydrate, and porosity, respectively. a and m are empirical
parameters set at 1 and 1.5, respectively [63].

Li [109] eliminated the influence of free gas by injecting saline with saturated methane.
The results of Archie formula regression under different saturations showed that both the
cementation index m and saturation index n deviated significantly from the expected values.

Therefore, the modifications and characteristics of Archie’s formula are summarized
in Table 6.

4.4. Simulation of Hydrate Seepage under Pore Network

Traditional theoretical models are based on the basis of fixed HBS skeleton, so they are
suitable for calculating and evaluating the seepage with the change in hydrate saturation
under certain existing conditions. Therefore, it is difficult to characterize the influence of
HBS microstructure on the flow capacity. At present, some new simulation methods have
been proposed to solve the problem of the difficulty in describing the microstructure inside
HBS, among which the widely accepted methods are the Pore Network Model (PNM) and
Lattice Boltzmann Method (LBM).
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Table 6. The advances in electrical resistivity on hydrate saturation/permeability.

Year Modification Points Highlights Reference

2006 Added the muddy modification Equation (62) [107]

2012 Considering the effect of brine saturations. Exists linear relationship between (Rt/RW) and
1-SH on log–log coordinates. [109]

2018 Considering the effect of effective porosity and
temperature on the fluid. Equation (63) [108]

<2019 Considering the effect of saturation index. The logarithmic relationship between saturation
index and saturation is established. [110]

2020 Considering the effect of gas, water, hydrate, and
sediment on the overall resistance of HBS.

La
L = 1

akrW
[111]

4.4.1. Pore Network Model

Fatt [112] established PNM to simulate the microstructure as the Pore Network system,
which is shown in Figure 11. In this system, the hydrate phase and sand particles are
used as the skeleton to provide pore channels for gas and liquid, and then the skeleton is
transformed into a 3D structure to build a network. The sphere represents the pores and
the tubes simulate the throats. The relative permeability of gas and liquid is calculated by
controlling the two-phase flow in the pore structure. Many scholars have established PNM
to simulate the influence on permeability in porous media with hydrates. Mahabadi [45]
considered the difference between pores and throats and realized the combination of models
with the CT technique through the maximum-ball algorithm. In the modified model,
hydrate saturation is assigned according to the orders in which it occupies the bigger pores.
Yang [113] developed a three-dimensional pore network structure and concluded that the
permeability would decrease exponentially with increased hydrate saturation. Li [106]
also concluded that permeability decreases exponentially with an increase in saturation by
studying the difference between pore filling and grain coating. Heterogeneity in HBS can
reduce fluidity and porosity and increase tortuosity in sediments. Dai [39] established the
relationship between normalized permeability and hydrate saturation by using the PNM
method, in accordance with the Kozeny–Carman equation, as shown in Equation (64).

kt =
(1− SH)

3

(1 + 2SH)
2 (64)

Figure 11. The brief procedure of PNM (every unit from Yang, et al. [113]).
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The PNM method can better characterize the relation between pore structure and fluid
flow, but it is limited in its application. The equivalent process of characterizing the pore
space will result in a lack of microscopic pore information. Besides, the over-simplified
pore network neither accurately describes the structural characteristics of the pores nor
reflects the spatial heterogeneity of hydrate saturation during decomposition.

4.4.2. Lattice Boltzmann Method

LBM is a micro-simulation method that simulates macroscopic characteristics of fluid
by statistics of migration and collision of discrete particles among grid points after time and
space are completely discrete. The Navier–Stokes equation does not need to be solved when
calculating seepage, it only needs to describe the basic laws of discrete particles [114–116].
Some scholars [40,117] used the LBM method to calculate the relation between relative
permeability and hydrate saturation in pores of HBS from CT images and put forward
Equation (65). Chen [118] observed the formation of xenon hydrates by using CT technology
and analyzed the change of gas-phase permeability with hydrate saturation combined with
the LBM method, as shown in Equation (66).

Kt = −1.8× SH + 1 (65)

Kt = (1− SH) · exp(−4.95× SH) (66)

Compared with the PNM method, the application of the LBM method in the study
of HBS is still in the development stage. Many models are limited to single-phase or
two-phase flow in homogeneous media, and the chemical reactions between components
are ignored during the establishment of microscopic models. However, this method can be
used to deal with complex fluid–solid boundaries and multiphase flow interfaces.

5. Challenges and Prospects

Many research results have been achieved in permeability measurements, theoret-
ical models, and multi-phase seepage characteristics of NGHs in Chinese and overseas
exploitation. According to the literature review summarized in this paper, Figure 12 is
made to summarize the development trend of some seepage studies in recent decades.
The results show that there are more studies on the sediments without hydrates, before
2000. Then, after 2000, the research highlights gradually focused on HBS. In the whole
research background, the research methods of seepage theories have also changed greatly,
as shown in Figure 13. Before 2000, the research methods were more inclined to combine
theoretical derivation with experimental verification. After 2000, numerical simulation
and microscopic detection gradually began to occupy the space due to the obvious advan-
tages. This difference indicates that the researchers’ thinking has gradually transitioned
from macroscopic multiphase seepage to microscopic mechanism. However, experimental
means still occupy the largest proportion, and it is believed that the future research system
will be the integration of theory–experiment–simulation–micro test.

In addition, Table 7 describes the main research progress of seepage theories in sedi-
ments that contain hydrates and those that do not. Obviously, the overall research process
of hydrates is based on the basic structure of porous media, and a series of prediction
models have been established. With the studies ongoing, the models are improved for the
microscopic appearance inside the pores and the formation mechanism and distribution
characteristics of hydrates.

With the upgrading of technology and the extension of hot spots, the following areas
still need to be studied and improved to achieve a breakthrough in the magnitude of
production [119]. The key points of development in seepage theories that need to be
considered are shown in Figure 14.
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Figure 12. Research-trend of HBS and without hydrates on seepage in past few decades.

Figure 13. Advances in the research methods of NGHs in past few decades.

Table 7. Main progress and hotpots of seepage theories during past few decades.

Stage Period Hotspots

1 Before 1990 Build models and parameters measurements

2 1990–2000 Pore habits of porous media

3 2000–2010 Permeability models modification

4 2010–2020s Microscopic mechanism

5.1. Influence of Reservoir Heterogeneity on Permeability

Currently, most seepage studies are focused on the coarse-grained HBS with a stable
structure of sediments. Due to the single-particle composition and small size, reservoirs
tend to form more homogeneous existence environments. Under such conditions, the
absolute permeability of HBS measured is generally higher. However, there is heterogene-
ity in spatial distribution and phase saturation in the actual seafloor target area, which
seriously affects production efficiency [120,121]. In particular, water production is affected
by the absolute permeability, K0 of the heterogeneous reservoir [122]. HBS is composed
of unconsolidated clayey-silt with different particle sizes. The small particles in these
porous media overlap and compress each other, resulting in narrow pore channels and a
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pronounced capillary effect. At the same time, the narrow structure of pores makes the
connectivity inside the reservoirs worse and affects the flow of gas and liquid in the pores.
The existence of mud not only changes the size of the pore-throats, but makes the surface of
the sediment particles coarse. Irregular shape will also affect the flow of the fluid medium
in HBS. Furthermore, the muddy soft soil structure is characterized by a large specific
surface and strong adsorption, so there are abundant charges in the soft soil. The uneven
distribution of charges will make the force field between the components unbalanced. The
most direct effect is that the cation adsorbed by clay particles will interact with water
molecules to form water film, which will change the wettability of the particle surface and
reduce the permeability of HBS.

Figure 14. Key points of development in seepage theories in HBS.

5.2. Influence of Spatial Scale on Permeability

Existing research methods mainly use core and pore scale to carry out experiments
and simulations. To comprehensively and systematically study the seepage mechanism
of clayey-silt NGHs during the exploitation, it is necessary to explore the correlation
mechanism between the occurrence characteristics of clayey-silt NGHs and the gas–water
seepage characteristics by combining the field scale of HBS. In the actual environment,
hydrates are stratified, mainly in the form of lenticular, nodular, block, and vein, and there
are fractures in HBS. This distribution heterogeneity causes fluid migration within HBS to
become discontinuous, resulting in reduced permeability.

5.3. Effect of Time Change on Permeability

The changeable permeability of HBS is not only affected by the heterogeneity of
reservoirs, but will also constantly impact the gas–liquid distribution in the pores during
the decomposition process of hydrates. Besides, distribution is linked with many factors,
such as composition of sediments, pore structure, interface effect, and composition of
pore water. Consequently, the decomposition process of hydrates is a complex heat–fluid–
mechanical–chemical coupling model: decomposition needs to absorb heat. The seepage
characteristics of HBS affect the flow of decomposed gas and liquid from the front of the
HBS to the production well and also determine the pressure distribution and heat transfer in
HBS. Moreover, pressure and temperature will directly affect the rate of the decomposition
reaction. At the same time, the transformative structure caused by hydrate decomposition
will affect the seepage and heat transfer characteristics of gas–water–sand in the sediments.
These factors influence each other, restrict each other, and change dynamically.

5.4. Effect of Gas–Liquid Phase Change on Permeability

Because of the multi-phase flow of gas, water, and sand in the production process, the
changeable seepage inside HBS is not enough to describe by using hydrate saturation as the
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only variable. Therefore, the influence of the relative flow capacity of different phases in
the microscopic pores of sediments should be viewed dialectically from the point of relative
permeability. Generally speaking, the relative permeability of the gas phase and the water
phase is negatively correlated. The relative permeability of the water phase increases with
the increase in the water phase saturation, while the relative permeability of the gas phase
decreases. Hence, it is necessary to indirectly increase the relative permeability in the gas
phase by changing the relative permeability in the water phase to increase the final gas
production. Under the existing experimental technology, it is difficult to obtain the relative
permeability of each phase in the laboratory due to these two reasons: the experiment
requires controlling the hydrate saturation and ensuring that the relative permeability of gas
and water are measured at different saturation levels and, on the other hand, to accurately
maintain the system temperature and pressure to meet the equilibrium of hydrate phase
under high-pressure and low-temperature conditions.

6. Conclusions and Suggestions

The seepage theories of NGHs are still developing, and it is difficult to describe the
complex conditions of the actual sediments and the seepage characteristics. This paper sum-
marized and introduced several common permeability models in hydrate-bearing/hydrate-
free sediments. CT, MRI/MRI, and resistivity play an important role in describing pore
morphology and seepage characteristics of HBS. These new technologies can also be com-
bined with experiments and simulations to provide fundamental information for building
more accurate permeability prediction models of HBS.

Although significant developments have been made in obtaining the pore habits and
seepage capacity of HBS, we suggest the following recommendations:

(1) Comprehensive studies should be conducted on heterogeneous physical properties of
sediments, such as particle arrangement, diameter, pore-throat size, and clay.

(2) New technologies should be applied to improve the modelling of skeletal structure
and hydrate occurrence patterns in HBS.

(3) More research involving phase state change, heat and mass transfer, mechanical prop-
erties, and the combination of multiple fluids during the formation/decomposition of
HBS should be carried out.
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Nomenclature

r radius of capillary (m)
L length of capillary (m)
∆P pressure difference (MPa)
µ viscosity of fluid (mPa·s)
q flow rate of single capillary on per unit cross-sectional area (m3/s)
Q cumulative flow rate on per unit cross-sectional area (m3/s)
d thickness of hydrate (m)
ϕ porosity
K permeability (D)
k normalized permeability
S phase saturation
τ tortuosity
ν shape factor
σ specific surface (cm2/ cm3)
F formation factor, constant
R resistivity (Ω·m)
α fractal parameter
D fractal dimension
X number of capillaries
CP ratio of sediment particle radius to hydrate particle radius
π 3.14159265
a, b, β, η, Z empirical parameter, variable
ψ viscosity ratio of gas to liquid
A total area
l clay parameter, variable
λ pore diameter
C constant
La actual flow length (m)
ε pores ratio
e 2.718281828459
γ interfacial tension (dyn/cm)
θ angle, ◦

ρ percentage of the entire pore occupied by fluid
B linear regression coefficient
Ω intercept
I intensity
∆ CT number
Γ linear absorption coefficient
M transverse magnetization vector intensity
t at any time
T Time (s)
G value of MI
Superscript
PF pore filling
GC grain coating
N, M weight index
n saturation index
Subscript
0 initial condition without hydrate
H hydrate phase
W water phase
wr irreducible water phase
g gas phase
c capillary
t normalized parameter
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f pore-size
r relative amount
min Minimal state
max maximum state
i gas/liquid phase
1,2 parameter
Abbreviation
NGH Natural gas hydrates
HBS Hydrate-Bearing sediments
NMR nuclear magnetic resonance
MRI magnetic resonance imaging
CT computed tomography
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