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Abstract: Natural gas hydrates (NGHs) are regarded as a new energy resource with great potential
and wide application prospects due to their tremendous reserves and low CO2 emission. Permeability,
which governs the fluid flow and transport through hydrate-bearing sediments (HBSs), directly affects
the fluid production from hydrate deposits. Therefore, permeability models play a significant role in
the prediction and optimization of gas production from NGH reservoirs via numerical simulators. To
quantitatively analyze and predict the long-term gas production performance of hydrate deposits
under distinct hydrate phase behavior and saturation, it is essential to well-establish the permeability
model, which can accurately capture the characteristics of permeability change during production.
Recently, a wide variety of permeability models for single-phase fluid flowing sediment have been
established. They typically consider the influences of hydrate saturation, hydrate pore habits,
sediment pore structure, and other related factors on the hydraulic properties of hydrate sediments.
However, the choice of permeability prediction models leads to substantially different predictions of
gas production in numerical modeling. In this work, the most available and widely used permeability
models proposed by researchers worldwide were firstly reviewed in detail. We divide them into
four categories, namely the classical permeability models, reservoir simulator used models, modified
permeability models, and novel permeability models, based on their theoretical basis and derivation
method. In addition, the advantages and limitations of each model were discussed with suggestions
provided. Finally, the challenges existing in the current research were discussed and the potential
future investigation directions were proposed. This review can provide insightful guidance for
understanding the modeling of fluid flow in HBSs and can be useful for developing more advanced
models for accurately predicting the permeability change during hydrate resources exploitation.

Keywords: natural gas hydrates (NGHs); hydrate-bearing sediments (HBSs); numerical simulators;
permeability models; gas production performance; hydrate resources exploitation

1. Introduction

Natural gas hydrates (NGHs) are ice-like crystalline compounds composed of water
molecules and gas molecules [1]. Gas molecules, such as methane (CH4), carbon dioxide
(CO2), and so on, are known as “guest” and are trapped in cages of hydrogen-bonded
water molecules [2]. Global NGH resources are mainly found to be widely distributed
in high-altitude permafrost and deep-sea marine sediments, where low-temperature and
high-pressure conditions are favorable for nucleation and formation of NGH, and enough
supply of methane gas is available [3].

NGH has been treated as a crucial future energy source in the 21st century due to
its massive reserve in nature [4] and high energy density [5]. In recent years, NGHs have
received more attention from several countries (USA, China, Japan, Canada, India, etc.)
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and drawn tremendous interest in commercial production developments [6]. Additionally,
numerous researchers have begun to investigate the evolution of the physical properties
of hydrate-bearing sediments (HBSs) for the safe and effective exploitation of NGH re-
sources [7,8]. HBSs are naturally occurring multiphase composite geomaterials, which are
composed of the soil skeleton, solid hydrates, and pore fluids (gas and water) [9]. Methane
gas can be extracted from HBSs by using commonly-adopted NGH production methods,
such as depressurization, thermal stimulation, chemical inhibitor injection, carbon diox-
ide replacement, or their combinations [4]. In the process of NGH exploitation, the HBS
permeability is one of the most crucial determinants of gas-water transport and fluid flow
performance, which directly affects mass transfer, hydrate formation/dissociation, solid
migration, sediments deformation, gas production efficiency, etc. [10].

In the past few decades, limited field tests [11–14] or laboratory experiments [15–17]
have been carried out to explore the fluid production performance at the field or core scale.
In addition, the fluid production efficiency of hydrate reservoirs under different NGH disso-
ciation methods is also normally evaluated by a variety of numerical simulators [18,19]. As
the basic inputs to all numerical simulators, the evolution of hydraulic properties of HBSs
before, during, and after hydrate dissociation is crucial for gas production modeling [20].
Permeability (K), as a significant hydraulic parameter, is one of the key parameters for
quantifying fluid flux and determining the economic feasibility of gas recovery from NGH
deposits [21]. Therefore, the development and establishment of theoretical permeability
models can make up for the shortcomings of physical experiments and numerical simula-
tions, which is not only important but also necessary and urgent for scientific research and
engineering practice related to hydrate resource exploitation.

The permeability controlling gas-water flow within pores of coarse-grained HBSs
has been extensively investigated, as they are considered to be most beneficial for gas
production in the future [22]. Previous experimental and numerical investigations have
shown that the HBS permeability is affected by a series of factors, including hydrate
growth habits [23–25], hydrate saturation [26,27], sediment particle size [28,29], effective
stress [30,31], anisotropy and heterogeneity of sediments [32–34], hydrate dissociation and
reformation [35,36], wettability [37], interfacial tension [38], etc. Consequently, the study of
the HBS permeability is more complicated than that of other types of sediments. Among
the above factors, hydrate saturation and growth habits are generally considered to be
the two most critical factors determining the pore structure of HBSs [10]. The pore space
available for gas-water flow in sediments shrinks with the formation and growth of hydrate.
Furthermore, the pore characteristics (pore geometry, pore connectivity, and pore size dis-
tribution) can be dramatically changed by hydrate saturation and occurrence morphology,
leading to different phenomena of increasing or decreasing fluid permeability caused by
hydrate formation or reformation (i.e., a wide-range variation in the permeability under
the same hydrate saturation) [39]. NGHs usually occur in the pores of coarse-grained sedi-
ments in the form of grain-coating, pore-filling, load-bearing, cementing, and patchy [10].
Pore-filling (PF) hydrates reduce permeability much more than grain-coating (GC) hydrates
under the same hydrate saturation due to the larger surface area [40]. Consequently, the
existing theoretical models for predicting HBS permeability are mostly established based on
the function of hydrate saturation (Sh), combined with the characteristics of sediment pore
space (e.g., parallel capillary tube model (PCTM) and Kozeny grain model (KGM)) and the
occurrence position of hydrate in the pore space (e.g., grain coating (GC) and pore-filling
(PF)) [23]. However, few efforts have been reported to incorporate other influencing factors
into the theoretical investigation and establishment of the permeability model.

Due to the difficulties, the time-consuming nature, and the high cost of laboratory
experiments study and field tests, theoretical analysis is widely used to investigate the
permeability variation characteristics of HBSs. To characterize the HBS permeability change
during theoretical analysis, the normalized permeability (Kn) is commonly used, which is
defined as the ratio of the effective permeability (K(Sh)) for single-phase fluid through a
porous media with a certain hydrate saturation to the absolute/intrinsic permeability (K0)
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for single-phase fluid through a porous media without hydrates [10]. At present, several
permeability models have already been proposed to predict the dynamic permeability
evolution of HBSs based on different methods (e.g., theoretical derivation or empirical
fitting) or assumptions (e.g., idealized hydrate pore habits, morphology, and distribu-
tion) [10,23,40]. Appropriate selections of permeability prediction models and values of
embedding parameters are required by macroscopic numerical modeling on gas production
from hydrate deposits. In the gas hydrate community, empirical and semiempirical models
are widely used [10]. However, these models vary greatly in expressions and contain many
empirical constants or fitting parameters whose physical meaning is rather not clear, and
even the values obtained by different researchers and methods are often quite different.
Particularly, these empirical constants or fitting parameters often appear at the power expo-
nential position in the expression of the analytical model, thus making small differences
in values lead to large prediction errors [41]. From the above discussions, it is clear that
there are still many problems and challenges in the study and establishment of the HBS
permeability model due to the complex influence mechanism of the seepage characteristics
of hydrate reservoirs. Therefore, there is an urgent need to establish an HBS permeability
prediction model, which is elegant and simple in form, reasonable in physical parameters,
and can be easily implemented for numerical simulations and practical applications. There-
fore, a comprehensive review and summary of existing permeability models of HBSs are
very important and necessary for future work.

In the past 20 years, great progress has been made in the study and development of the
HBS normalized permeability model based on two classical theoretical models, the PCTM
and the KGM [23]. For instance, Masuda et al. [42,43] proposed a fully empirical model
(i.e., Tokyo model), which is based on the PCTM and uses the reduction exponent N to
relate the permeability and the hydrate saturation. However, the exponent N lacks a clear
physical meaning, and its value is difficult to determine, ranging from 2.6–14 for different
hydrate formation methods [44] and from 1.25–25 for different hydrate pore habits [40].
Therefore, there is still much controversy here regarding the determination of the value of
exponent N. Compared to the widely used Tokyo model, the LBNL model [45], the CMG
built-in model [46], and the Civan model [47] were less adopted but have also been written
into some special simulators for gas production from hydrate reservoirs during NGH ex-
ploitation. For example, the LBNL model was incorporated into EOSHYDR/Tough2 [48,49]
and the CMG built-in model was employed by CMG STARS. In addition to the models
mentioned above, Sakamoto et al. [50] proposed a new permeability model with a piecewise
form based on the Tokyo model. In different hydrate saturation ranges, the exponent N
value is different due to the different assumptions of hydrate growth habits. These models
also utilize various fitting parameters without specific physical meaning, which could
result in a wide range of prediction results.

The HBS permeability model proposed based on the Kozeny–Carman (KC) equa-
tion [51,52] and its equivalent form [23] is called the KC-based or modified KC model. As
numerical methods develop, some modified models were further proposed [40,53]. Some
modified model was also established through geometric analyses to enhance the under-
standing of the relationship between the pore structure characteristics and the normalized
permeability in ideal porous media containing hydrates [54–57]. However, some of the
built parameters in these modified models either have unclear physical meaning or are
difficult to accurately measure through experiments [58]. Moreover, different values of
exponents in these models are suggested for different hydrate saturation ranges [56] due to
there being no strict correlation with characteristics of the pore structure of HBSs [59,60].

Recently, to overcome the inherent shortcomings of the permeability models proposed
in previous literature, the influence of other hydrate- or sediment-related factors on fluid
flow and permeability changes has been studied based on new theories and research meth-
ods, and many new HBS permeability prediction models have been developed. As known,
where and how a hydrate forms in pores significantly influence the microscopic pore struc-
ture characteristics of sediments and thus affect the permeability evolution [7]. Therefore, it
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is generally believed that the empirical parameter values of normalized permeability mod-
els are mostly determined by the microscopic pore structure of sediments [61]. However,
the pore structure becomes more complex due to the presence of hydrates, which makes
it difficult to select values of empirical parameters. Hence, the fractal geometry method
was adopted to study the relationship between permeability evolution and pore structure
change in HBSs induced by hydrate phase transition [60–62] by fractal dimensions, which
can quantify how inner microstructures evolve. In addition, Hou et al. [63] studied the
influence of hydrate pore habits and morphology on the size and tortuosity evolution of
controlling seepage channels through 2D lattice Boltzmann micro-flow simulation. Based
on the simulation results, a permeability model with a new form and easily determined
parameters associated with physical concepts was proposed. Guo et al. [58] proposed
an innovative permeability model based on Poiseuille’s law and the concept of the three-
dimensional hydraulic radius. A key advantage of this model is that the unique embedded
parameter has a clear physical meaning and is easy to determine, and illustrates the contri-
bution of hydrate. Considering the effect of hydrate-related interface evolution on the NMR
transverse surface relaxivity, Zhang et al. [64] modified the SDR model. However, this
model may be only acceptable for engineering applications but not suitable for modeling
gas production from hydrate reservoirs. Chen et al. [65] and Liu et al. [66] modified the
Corey model by considering the effect of hydrate growth habits on the exponent of the
Corey model. Due to the coexisting hydrate pore habits in HBSs, Delli and Grozic [67]
and Wang et al. [68] proposed hybrid models in the form of a weighted combination. Two
fitting parameters need to be determined for these two hybrid models respectively and the
parameter uncertainty is a challenge to numerical simulation and application.

These permeability models based on new theories and methods proposed in recent
years can capture the general characteristics of the dynamic evolution of permeability with
hydrate saturation, but they still ignore some potential and non-negligible factors affecting
fluid flow and pore structure in HBSs. The influence of wettability of hydrate-bearing
mix systems on fluid flow, which had been commonly neglected by previous permeability
model studies, was first considered by Lv et al. [69]. In a significant step forward for the
investigation of the HBS permeability model, the Tokyo model widely used in numerical
simulation studies was modified by adding a wettability term. In addition, the permeability
stress sensitivity of fine-grained sediments is higher than that of coarse-grained sediments,
and its permeability changes are very sensitive to pore structure changes caused by ef-
fective stress [70]. Based on the unique mechanical characteristics of fine-grained HBSs,
Lei et al. [71] and Zhang et al. [20] developed novel stress-dependent permeability models
to predict the fined-grain HBS permeability behavior under stress conditions by theoretical
derivation based on fractal theory and modification of KC equation based on experimental
results, respectively. Moreover, Lei et al. [72] innovatively introduced the cubic-fracture
permeability model commonly used in coalbed methane (CBM) reservoir [73] into the
NGH reservoir and established a new semi-theoretical permeability model, which is quite
different from the assumptions of previous theoretical models on pore space characteristics
and hydrate pore morphology.

In summary, much research on permeability models for HBSs has been carried out
recently. However, data from different researchers are widely distributed. The data tend to
deviate from the predictions of permeability models, sometimes falling outside the bounds.
These findings indicate that our understanding of how the presence of hydrates affects
HBS permeability is still limited [10,27,39]. In addition, due to the various form and lack
of a unified understanding of their applicability, how to choose the appropriate one from
various permeability models for numerical modeling is still a problem. It is generally
believed that uncertainties in permeability models have become one of the main error
sources in the numerical analysis of gas production behavior during NGH exploitation [41].
Therefore, establishing a comprehensive permeability model is necessary to improve the
reliability of the modeling and analysis of NGH resource extraction from different hydrate
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reservoirs. To the best of our knowledge, no literature review has been published in recent
years on the permeability model of HBSs.

The primary goal of this study is to review the efforts that have been made to establish
permeability models of HBSs. To realize this objective, the existing normalized permeability
models of HBSs are primarily divided into the four groups based on their theoretical
basis and derivation method: classical permeability models derived from classical theories
(Section 2), reservoir simulator used models (Section 3), modified permeability models
based on the KC equation (Section 4), and novel permeability models based on new theories
and research methods (Section 5). We review the various permeability models in detail
and summarize the advantages, limitations, and characteristics of each model. Then in
Section 6, the conclusions of existing work are given. We also provide suggestions for
establishing new permeability models. Research challenges and prospects for this subject
are comprehensively discussed in Section 7.

2. Classical Permeability Models Derived from Classical Theories
2.1. SDR Model

In the petroleum industry, an NMR-based permeability model based on the Kenyon
relationship [74], known as Schlumberger-Doll Research (SDR) model, is widely recognized
in oilfield NMR logging as follows:

K = C(φNMR)
4(T2LM)2 (1)

where K is the absolute permeability; C is a mineralogy-dependent constant; T2LM is the
logarithmic mean value of the distribution of transverse relaxation time T2. Physically,
T2LM is conceptually related to the ratio of surface area to volume of pore space, Apore/Vpore.
In addition, φNMR was the porosity measured by NMR and C is expected to be proportional
to the square of the surface relaxivity ρ2.

Kleinberg et al. [23] assumed that hydrates are located in pore centers based on the
evidence of T2 distribution. The NMR-determined permeability of hydrate sediments was
proposed by Kleinberg et al. [23] as follows:

Kn = (1− Sh)
4
(

T2LM(Sh)

T2LM(Sh = 0)

)2
(2)

The predicted results of this model can be used for engineering applications. However,
the pore structure changes during hydrate formation and dissociation are mainly reflected
by the logarithmic average value of the T2 characteristic spectrum, which inevitably leads
to oversimplification of the influence of pore structure factors on permeability in the
SDR model.

2.2. Classical Conceptual Models

The study of the permeability of hydrate sediments is more complicated but more
attractive and interesting than other types of sediments due to the existence of hydrate in
the pore. Kleinberg et al. [23] provided two porous media conceptual models simulating
different microscopic pore geometry and pore space characteristics of porous media and
considering two idealized pore habits of hydrate in pore space, to quantify the relationship
between normalized permeability (Kn) and hydrate saturation (Sh). A schematic diagram
of the pore geometry of HBSs with different hydrate pore habits is shown in Figure 1.
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Figure 1. Idealized pore space characteristics and hydrate pore habits in porous media for permeabil-
ity conceptual models. (a,b) refer to tube-wall coating and tube-center occupying hydrates within a
cylindrical tube; (c,d) refer to grain-coating and pore-filling hydrates within an intergranular pore.

2.2.1. Parallel Capillary Tube Model

The first one, the Parallel capillary tube model (PCTM) [10,23], is derived based on the
Hagen−Poiseuille equation and the assumption of pore spaces in sediment as a bundle of
the equal-diameter parallel capillary. There are two types of hydrate pore habits in capillary
(i.e., capillary wall coating hydrates and capillary center occupying hydrates) to explain
the relationship between normalized permeability and hydrate saturation.

It is assumed that the pore space of a porous media consists of a bundle of the straight
and equal-diameter parallel capillary with length L and inner radius a. The total volume
flow rate of fluid through a unit cross-sectional area containing n such capillaries is:

q =
nπa4∆p

8µL
(3)

where µ is the dynamic viscosity of fluid and ∆p/L is the pressure gradient. Considering
the relationship between porosity φ and capillary number n per unit cross-sectional area
(φ = nπa2), the absolute permeability of a porous media without hydrate is:

K0 =
φa2

8
(4)

If hydrates uniformly coat the walls of each cylindrical capillary tube wall, the rela-
tionship between normalized permeability and hydrate saturation of sediments is given by:

Kn_GC = (1− Sh)
2 (5)

When the formed hydrate occupies the center of the cylindrical capillary, leaving the
annular pore space for fluid flow, the radius of the hydrate cylinder in pore space is b, and
the volume flow rate of fluid in a single capillary tube is:

q =
π

8µ

∆p
L

[
a4 − b4 −

(
a2 − b2)2

ln
( a

b
) ]

(6)

Considering the relationship between hydrate saturation, pore radius, and hydrate ra-
dius (Sh = (b/a)2), the relationship between normalized permeability and hydrate saturation
of sediments is given by:

Kn_PF = 1− S2
h +

2(1− Sh)
2

ln Sh
(7)

2.2.2. Kozeny Grain Model

The second one, the Kozeny grain model (KGM) [10,23], is derived based the on
Kozeny–Carman (KC) equation and the assumption of simulating pore spaces as cylindrical
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tubes between packed spherical grains in sediment. The following assumptions are made
in the model: (1) the electrical tortuosity of sediment can replace the hydraulic tortuosity;
(2) the shape factor does not change with varying hydrate saturation; (3) sediment pores can
be regarded as capillaries. Based on the above assumptions, there are also two hydrate pore
habits in pores (i.e., grain surface coating hydrates and pore center occupying hydrates) to
explain the relationships between normalized permeability Kn and hydrate saturation Sh
for hydrate-bearing sediments.

It is well known that the skeleton of actual sediments is composed of matrix parti-
cles/grains. Due to the irregularity of pore space, in this case, the actual fluid flow path
la in the pore space is longer than the straight-line distance l along the direction of the
pressure gradient. Therefore, permeability estimation of granular media is significantly
more difficult than that of simple capillary tube media. A widely used starting point is the
KC equation. KC equation is widely used in liquid permeability calculation [75,76]:

K =
φ

υτ
(

Apore/Vpore
)2 (8)

where υ is the shape factor of skeleton grains in sediments; Apore is the internal surface area
of the pore space; Vpore is the volume of the pore space; τ is the tortuosity of the seepage
channel, τ = (la/l)2. Hearst et al. [77,78] pointed out that the relationship between the
tortuosity τ, the electrical formation factor F, and the porosity φ is τ = Fφ. Spangenberg [79]
discusses the electrical conduction problem for various hydrate growth habits. Then the
relationship between F(Sh) and F0 is:

F(Sh)

F0
= (1− Sh)

−n (9)

where n is the Archie saturation exponent. Therefore, the normalized permeability of
hydrate-bearing sediments with a certain hydrate saturation is given by the KC permeabil-
ity model:

Kn = (1− Sh)
n+2
(

A0

A(Sh)

)2
(10)

When hydrates coat the grain surface, if the sediment pores are cylindrical tubes, the
pore surface area initially filled with water decreases with increasing hydrate saturation.
Therefore, the relationship between normalized permeability and hydrate saturation of
sediments is given by:

Kn_GC = (1− Sh)
n+1 (11)

where the saturation exponent n equals 1.5 [79].
If the generated hydrates occupy the pore center, the internal pore surface area in-

creases with the increase of hydrate saturation. Then the normalized permeability of
sediments is given by:

Kn_PF =
(1− Sh)

n+2(
1 +
√

Sh
)2 (12)

where the saturation exponent n equals 0.7 Sh + 0.3 [79].
The permeability reduction curves for PCTM and KGM are shown in Figure 2. Gen-

erally, pore-filling hydrate reduces the normalized permeability more significantly than
grain-coating hydrate. The Kn-Sh relationships predicted by PCTM and KGM change
dramatically, with results too broad to be useful in field application. In addition, it should
be noted that the permeability prediction area of KGM is smaller than that of PCTM due to
the main difference in the assumption of pore space characteristics. For example, as shown
in Figure 2b, to reduce the normalized permeability to one-tenth of that in hydrate-free
sediments (i.e., Kn = 0.1), the PCTM and KGM for pore-filling hydrate require Sh = ~0.3
and Sh = ~0.4, respectively; while the PCTM and KGM for grain-coating hydrate require
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Sh = ~0.7 and Sh = ~0.6, respectively. These two models also do not consider the pore-scale
heterogeneity of hydrate distribution in natural sediments. In addition, pore geometry
plays a key role in the dependence between normalized permeability on hydrate saturation
(Figures 1 and 2).

Figure 2. The Kn-Sh relationships of PCTM and KGM. (a) A description in the general coordinate
system; (b) A description in the semilog coordinate system.

2.3. Summary

(1) The SDR model can be used for engineering applications to predict the field perme-
ability data of hydrate reservoirs in the presence of NMR data. However, the SDR
model described in this section is not well established due to the lack of consideration
for the effects of hydrate formation and dissociation characteristics on the transverse
surface relaxation. In addition, it is not recommended to use this model for modeling
the gas production behavior of hydrate reservoirs due to the difficulty of obtaining
NMR data for natural hydrate sediments.

(2) PCTM and KGM are introduced into the study of HBS permeability, and their applica-
tion to numerical modeling of gas production has been widely accepted due to their
simplicity and ability to capture the main pore structure characteristic of sediments
and two typical hydrate pore habits. Both models show that pore-filling hydrates de-
crease normalized permeability more significantly than grain-coating hydrates. They
provided a theoretical fundamental basis for other permeability models considering
the effect of saturation of hydrate with these two typical pore habits on permeability.

(3) The prediction results of PCTM and KGM can well describe the general reduction
trend of the permeability with increased hydrate saturation. However, due to the
assumptions of the idealized inner structure of pore space and growth habits and
morphology of hydrate, their analytical expressions are oversimplified.

(4) The research methods, the advantages and limitations, the using parameters and their
physical meaning of various models, and the factors that models consider are also
provided. Table 1 lists the research methods, advantages, and limitations of classical
models of HBSs, while Table 2 summarizes the characteristics of various classical
models of HBSs.
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Table 1. Research methods, advantages, and limitations of classical models for permeability predic-
tion of HBSs.

Model Research Methods Advantages and Limitations

SDR model [23,74] Derived based on Kenyon
relationship

Simple form and generally
known; but neglecting the
effect of hydrate-related
surface evolution on
mineralogy constant C

PCTM [23] Derived based on capillary
tube assumption

Simple form and generally
known; but a little idealistic
about assumption on
pore structure

KGM [23] Derived based on the
KC equation

Simple form and generally
known; but containing
empirical parameters n

Table 2. Characteristics of classical models for permeability prediction of HBSs.

Model Parameters Physical Meaning Influencing Factors

SDR model [23,74] T2LM X Hydrate saturation

PCTM [23] \ \

Hydrate saturation, pore
habits, morphology, and

distribution; the pore
structure of sediment

KGM [23] n ×

Hydrate saturation, pore
habits, morphology, and

distribution; the pore
structure of sediment

3. Reservoir Simulator Used Models

Numerical simulations of gas production from HBSs are derived from theoretical
models and extensive data from various laboratory-scale and field-scale tests, which are
used to assess the gas production potential of NGH reservoirs and predict gas production
performance with the help of numerical simulators [80]. As the key input parameter for
laboratory-scale numerical simulation of the hydrate exploitation process, permeability is
the most important for controlling hydrate decomposition kinetics and the productivity of
hydrate reservoirs [10]. To date, multiple types of permeability reduction models without
considering specific hydrate pore habits have been proposed and implemented into the
numerical simulators for simulating gas production from reservoirs containing hydrates.

3.1. Tokyo Model

Among the models used in the numerical simulators, the Tokyo model (also known as
the Masuda model) is the most widely and frequently adopted model. Masuda et al. [42,43]
generalized the PCTM in which hydrate grows on the capillary tube walls and proposed
an exponential relationship model between the permeability of HBSs and the saturation of
hydrate. The Kn is given by:

Kn = (1− Sh)
N (13)

In this purely empirical model with the simplest form, an adjustable permeability
reduction exponent N was proposed, which makes the model capable of agreeing well
with experimental data and suitable for permeability variation trends for different hydrate
pore habits. The effect of the hydrates on the permeability is reflected in the exponent
N. However, the determination of N lacks a reliable physical basis and its value varies
with the nature of hydrate formation. Considering the growth of hydrate in the throat,
the value of N should be appropriately increased. For different hydrate reservoirs, the
corresponding N value is different, which needs to be obtained by fitting data from the
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seepage experiment. Various N values in the Tokyo model, such as 10 or 15 [43], 2.6 to
14 [44,81], 3 to 5 [82], 4.4 [83], 7.7 to 9.4 [84], and 1.25 to 25 [40], have been suggested or
used for certain sediment and/or specific pore habits under different research method.
By adjusting the value of exponential parameter N (N = 3, 5, 10, 15, 25), the Tokyo model
with the simplest form provides a wide normalized permeability prediction range that
can cover the predictions of all other numerical models (Figure 3a), which make it as the
most popular permeability model used in field-scale modeling gas production from NGH
reservoirs. Figure 3b summarizes the dependence of normalized permeability on hydrate
saturation from PCTM and KGM, together with the Tokyo model using three N values (i.e.,
1.25, 5, and 25).

Figure 3. (a) The Kn-Sh relationships of various permeability models (i.e., reservoir simulator used
models called in this paper); (b) changes in normalized permeability vs. hydrate saturation of PCTM
and KGM, together with results of the Tokyo model assuming N = 1.25, 5, and 25 (green lines).

3.2. Lawrence Berkeley National Laboratory (LBNL) Model

In the EOSHYDR/TOUGH2 simulator developed by Lawrence Berkeley National
Laboratory, Moridis et al. [48,49] proposed the LBNL model based on the van Genuchten
(vG) model [45,85] since HBSs are partially saturated with hydrate. The Kn is given by:

Kn = S0.5
nw

[
1−

(
1− S1/m

nw

)m]2
(14)

Snw =
Sw − Swr

1− Swr
(15)

where Sw is the water saturation. This model employs two parameters. One is the irre-
ducible water saturation Swr, which depends on the pore structure of sediment (Swr = 0.09
for Berea sandstone [23]), whereas the other is an empirical fitting parameter m, which is
0.46 for sands, silts, and sandstones [86]. It is worth noting that there is no direct hydrate
saturation term in this model.
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3.3. CMG Built-In Model

CMG-STARS [46], mature software widely used in the oil and gas industry, offers the
option to determine the reservoir’s effective permeability using a Carman–Kozeny type
formula, which regards permeability as a function of fluid porosity:

Kn =

(
φe

φ0

)ε[1− φ0

1− φe

]2
(16)

where φe is the effective porosity, φ0 is the initial porosity, and ε is an empirical parameter
(ε = 10 [41]) that determines the decreasing rate of normalized permeability with effective
porosity. During the hydrate dissociation process, the hydrate-occupied pore space is freed,
thus increasing sediment porosity and permeability, which favors fluid transport through
the reservoir. The effective porosity may be reduced with the increasing hydrate saturation
as represented by Equation (17), and a new form of normalized permeability model is given
by Equation (18):

φe = φ0(1− Sh) (17)

Kn = (1− Sh)
ε
[

(1− φ0)

1− φ0(1− Sh)

]2
(18)

3.4. Civan Model

Phirani, Pitchumani, and Mohanty [87] studied the transport characteristics of HBSs
through pore-scale modeling. Additionally, the seepage theory proposed by Helba et al. [88]
was adopted to simulate fluid migration through the sediments. The above authors
have considered the relationship between the porosity and permeability, presented by
Equation (19), which is a power law model proposed by Civan [47]:

Kn =
φe

φ0

[
φe(1− φ0)

φ0(1− φe)

]2β

(19)

where β is Civan’s correlation (β = 0.75 [87], 2 or 3 [41]), which determines the decreasing
rate of normalized permeability with effective porosity. This model accurate representation
of the effect of porosity on permeability by a simpler lumped-parameter model. The
effective porosity reduces with an increase in Sh, as represented by the relationship in
Equation (17). Thus, a new form of the Civan model for normalized permeability Kn
prediction) is given by Equation (20):

Kn = (1− Sh)

[
(1− Sh)(1− φ0)

1− φ0(1− Sh)

]2β

(20)

3.5. Sakamoto et al. Model

Sakamoto et al. [50] proposed a permeability model in the form of a piecewise func-
tion with different N values based on the Tokyo model according to the definition of a
two-component system of hydrate, as illustrated in Figure 4a, in pore space, and this
function was introduced into the developed numerical simulator by themselves. In the
two-component system of hydrate, one component that coats the sediment grain surface is
derived from irreducible water and the other component that forms inside the pore space
is derived from free water. The Kn in the hydrate two-component system is expressed
as follows:

Kn = (1− Sh)
N1 ; Sh ≤ Sh1,max (21)

Kn = (1− Sh1,max)
N1

(
1− Sh

1− Sh1,max

)N2

; Sh ≤ Sh1,max (22)

where Sh1,max is the maximum value of saturation of hydrate derived from irreducible water,
and N1 and N2 are permeability reduction exponents for different hydrate saturation condi-
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tions. In this model, setting the value of N2 to be smaller than N1, it is possible to reproduce
the extreme permeability reduction observed in the experiments of Sakamoto et al. [50]
(Figure 4b).

Figure 4. (a) Schematic diagram of hydrate two-component system; (b) formulation of permeability
as a function of hydrate saturation in the two-component system. All rights reserved [50].

3.6. Summary

(1) The reservoir simulator used models for permeability prediction of HBSs directly
used for the numerical study on gas production from NGH reservoirs or embedded in
simulators only taking into hydrate saturation account. Moreover, the determination
of empirical parameters (N, m, ε, β) lacks a reliable physical basis, and their values
vary with the properties of HBSs.

(2) One special parameter in the LBNL model is the irreducible water saturation Swr
measured by the lab experiment and it is difficult to determine in numerical simulation,
as well as Sh1,max in the Sakamoto et al. model.

(3) The inherent power law fitting characteristic of the Tokyo model makes it possible to
match the experimental data well by adjusting the N value. However, the determina-
tion of the N value still lacks a sound physical foundation and cannot be estimated
based on lithology or other remotely detectable reservoir parameters. Since the Tokyo
model is widely adopted in many modeling studies to estimate gas production from
NGH reservoirs, the influence of hydrate (considering the effects of hydrate pore
habits, hydrate heterogeneous distribution) and pore structure on the value of the
exponent N will be a new research hotspot for the permeability model of HBSs.

(4) Figure 3 shows the permeability reduction curves with varying hydrate saturation
depicted by these mentioned above reservoir simulator used models. The research
methods, the advantages and limitations, the using parameters and their physical
meaning of various reservoir simulator used models, and the factors that models
consider are also provided. Table 3 lists the methods, advantages, and limitations
of these reservoir simulator used models of HBSs, while Table 4 summarizes the
characteristics of these reservoir simulator used models for permeability prediction
of HBSs.

Table 3. Research methods, advantages, and limitations of reservoir simulator used models for
permeability prediction of HBSs.

Model Research Methods Advantages and Limitations

Tokyo model [42,43] Generalized form based
on PCTM

Simplest form and widely used
but containing empirical
parameter N
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Table 3. Cont.

Model Research Methods Advantages and Limitations

LBNL model [45,48,49]
Derived based on
the vG model for
unsaturated soils

Simple form and generally
known; but containing empirical
parameters m and irreducible
water saturation Swr

CMG built-in model [46] Derived based on
KC equation

Simple form and generally
known; but neglecting the effect
of hydrate pore habits and pore
structure and containing
empirical parameter ε

Civan model [47] Derived based on
KC equation

Simple form and generally
known; but neglecting the effect
of hydrate pore habits and pore
structure and containing
empirical parameter β

Sakamoto et al. [50] A piecewise function
based on the Tokyo model

Considering two hydrate
formation mechanisms; but
containing empirical parameters
N1 and N2

Table 4. Characteristics of reservoir simulator used models for permeability prediction of HBSs.

Model Parameters Physical Meaning Influencing Factors

Tokyo model [42,43] N ×

Hydrate saturation and the
assumed tube-wall coating
hydrate; the pore structure

of sediment

LBNL model
[45,48,49]

m
Sw
Swr

×
X
X

Water and irreducible
water saturation

CMG built-in
model [46]

ε
φ0

×
X

Hydrate saturation; intrinsic
porosity of sediment

Civan model [47] β
φ0

×
X

Hydrate saturation; intrinsic
porosity of sediment

Sakamoto et al. [50] N1,N2
Sh1,max

×
X

Hydrate saturation and growth
patterns; irreducible water and

free water

4. Modified Permeability Models Based on KC Equation

Many various modified permeability models have been proposed by different research
methods for accurately describing and predicting the permeability variations of HBSs
based on the classical Kozeny–Carman (KC) equation and some related assumptions. At
present, the transformed form of the KC equation (i.e., Equation (10) called KC permeability
model in this paper) was generally accepted, and this model was widely used as the
starting point for other equivalent forms [10,23]. Hence, these modified models were also
known as modified KC models or KC-based models in the permeability research field of
the hydrate community.

4.1. Dai and Seol Model

To a large extent, the fluid flow through a porous media depends on relationships
between permeability and porosity K-φ. Kozeny defined this relationship as K proportional
to φ3 [51]. Later, Carman realized that streamlines in the pore space are far from being



Energies 2022, 15, 4524 14 of 65

straight and parallel, and fluid flows faster in a porous media with less flow path tortuosity
τ [52], as described by the Kozeny-Carman equation:

K = c
φ3

τ2S2
s

(23)

where c is a constant and the Ss is the specific surface of the pore space in porous media.
Dai and Seol [40] first attempted to study the τ-φ relationship in HBSs. For a given pore
network, τ and Sh would be related directly.

Dai and Seol [40] investigated the relationship between water permeability and hy-
drate saturation using a pore network modeling method, considering hydrate saturation,
hydrate growth habits, and heterogeneity. Their modeling results showed that accumulat-
ing hydrates within pore space reduces the porosity and increases the tortuosity to slow the
fluid flow. They further proposed a modified Kozeny-Carman model based on the various
linear relationships between hydrate saturation and multiplying of tortuosity and specific
surface (Figure 5a) to characterize the reduction of water permeability with increasing
hydrate saturation in HBSs. The Kn-Sh relationship is given by:

Kn =
(1− Sh)

3

(1 + BSh)
2 (24)

Figure 5. (a) Changes in tortuosity and specific surface in sediments due to hydrate formation;
(b) relative water permeability as a function of hydrate saturation: comparison of models and
experimental data [23,42,43,82,89–91]. Reprinted with permission from Ref. [40]. Copyright 2014
American Geophysical Union.

According to their modeling results, the upper and lower limits of the empirical
parameter B value are 0.1 and 4, respectively. They also recommended B = 2 as an average
value in simulations (the middle solid green line in Figure 5b). This model uses no extra
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empirical variables other than B, to describe the permeability reduction trend during the
hydrate formation process, but still captures the basic flow characteristics and can be easily
incorporated into reservoir numerical simulators to investigate the seepage characteristics
of HBSs. In this model, parameter B reflects the relationships among tortuosity, specific
surface, and hydrate saturation. As shown in Figure 5b, this model agrees well with the
measurement data of both laboratory-synthesized samples and field-recovered samples.

4.2. Kang et al. Model

The experimental permeability values shown in Figure 6 show that in excess-gas con-
dition or excess-water condition, data scatter widely due to the difference in measurement
methods and the uncertainty in hydrate formation. It is worth mentioning that some mea-
sured permeability values fall outside the predicted ranges of two analytical models (i.e.,
PCTM and KGM). In addition, the PCTM [23], KGM [23], and Dai and Seol’s model [40],
shown in Figure 6, does not take into account the effect of capillarity on nucleation patterns.

Figure 6. Comparison of experimental data [24,82,89,92–98] and prediction results [23,40] due to
hydrate growth. Reprinted with permission from Ref. [53]. Copyright 2022 American Geophysi-
cal Union.

Kang et al. [53] conducted LBM flow simulations considering the capillary effect during
hydrate formation and growth and different shape of pore channels due to the different
hydrate pore habits to study the evolution of water permeability. A salient observation
from flow simulation results (Figure 7) is that for both grain-coating and pore-filling cases,
the normalized permeability is higher when the capillarity is considered than when it is
not considered.

The Kozeny–Carman equation (Equation (23) in this paper), a semi-empirical and
semi-theoretical model, is transformed into various other forms based on the relationships
among tortuosity, specific surface area, and porosity. Normalized permeability can be
further derived as follows [53]:

Kn =
K(Sh)

K0
= cr

(1− Sh)
3

(τSs)
2
r

=
(1− Sh)

3(
τSs√

c

)2

r

(25)
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Previous studies have commonly set cr = 1 for permeability studies [23,40]. However,
there exists a difference in the micromorphologies between GC and PF hydrate, resulting
in different shapes of flow channels in porous media. This means that the geometrical
parameter c should be varied with increased hydrate saturation. Hence, Kang et al. [53]
conserved the geometrical parameter c in Equation (25) as τSs/

√
c, which is called the

effective pore area.

Figure 7. Normalized permeability calculated by lattice Boltzmann flow simulation that (a) ignores
capillary effects and (b) considers capillary effects. Reprinted with permission from Ref. [53].
Copyright 2022 American Geophysical Union. Note: Please refer to the original literature for the
experimental data points and equations shown in the figure.

As shown in Figure 8, relative effective pore area (τSs/
√

c)r increase with increasing
hydrate saturation. In addition, polynomial regression is conducted for the curve fitting of
relative effective pore area with hydrate saturation by Kang et al. using the formula:(

τSs√
c

)
r
= 1 + ∑

i
aiSi

h (26)

Figure 8. Relative effective pore area for the noncapillary effect. The dashed lines are obtained from
KGM for the grain-coating (red color) and pore-filling (blue color) cases. Reprinted with permission
from Ref. [53]. Copyright 2022 American Geophysical Union. Note: Please refer to the original
literature for the experimental data points shown in the figure.
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In the cases of noncapillary effect, simple linear regression was used. The values
of a1 are 0.197 and 1.946 for grain-coating and pore-filling cases, respectively (Figure 8).
Therefore, based on the modification of the KC equation, Kang et al. [53] proposed a new
normalized permeability model:

Kn =
(1− Sh)

3(
1 + ∑

i
aiSi

h

)2 (27)

where i and ai represent the order of polynomial and fitting parameters, respectively. For
the capillary effect cases in the Kang et al. simulations [53], cubic polynomial equations (i.e.,
i = 3) are used for fitting the simulated results considering different hydrate pore habits.
A polynomial-based model improves prediction accuracy by changing the value of the
polynomial order. However, as the polynomial order increases, the number of parameters
increases significantly. Many experiments are required to estimate multiple parameter
values, which may result in overfitting.

4.3. Katagiri et al. Model

Based on the KC permeability model (i.e., Equation (10) in this paper), Katagiri et al. [54]
assumed that the sediment grains were cubic packs for cylinders, cubic and random packs
for spheres, and then formulated the KC-based permeability models when hydrates grow
uniformly on the grain surface/cylindrical tube wall and pore center. In this paper, the
model was only chosen from the premise of a random sphere pack. For a random sphere
pack with GC hydrate, the Kn is:

Kn_GC =
(1− Sh)

n+2

(1 + eSh)
4
3

(28)

where e is the void ratio, e = φ0/(1 − φ0). For a random sphere pack with PF hydrate, the
Kn is given by:

Kn_PF =
(1− Sh)

n+2(
1 + CpeSh

)2 (29)

where Cp is the ratio of the sediment grain radius to the hydrate’s radius. More over, Cp
has a certain physical significance, that is, it can be used to represent the average size of
small PF hydrate clusters in pores. Hence, the value of Cp indicates whether the main
hydrate is GC or PF, and Cp increases as PF hydrate dominates. This also indicates that the
morphology of hydrate in pores can be predicted by the relationship between Sh and Kn in
this model.

In addition, the Kn obtained by pore-scale CFD modeling was compared with that
from their analytical models and with reported experimental results (Figure 9a). Finally,
they compared the prediction accuracy of their model with reported permeability reduction
models (Figure 9b,c). Their proposed model showed reasonable prediction accuracy.
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Figure 9. Relation between hydrate saturation and the normalized permeability [54]. (a) Compari-
son between simulated Kn from Katagiri et al. CFD simulations, calculated Kn from Katagiri et al.
analytical models, and experimental results from previous studies [24,82,95,99]. (b,c) Prediction
performances of the Katagiri et al. analytical models and other existing permeability reduction mod-
els [40,42,53]. Reprinted from Journal of Natural Gas Science and Engineering, Vol. 45/pages 537–551,
Katagiri et al. Pore-scale modeling of flow in particle packs containing grain-coating and pore-filling
hydrates: Verification of a Kozeny-Carman-based permeability reduction model, Copyright (2017),
with permission from Elsevier.

4.4. Li et al. Model

In 2017, Li et al. [55] investigated the permeability of HBSs in the two aspects of
experimental and theoretical research. The different Kn-Sh relationships were obtained with
the verification and fitting of experimental data from the permeability test in coarse quartz
sands under different hydrate saturations. For Sh lower than 0.1, the Kn-Sh relationship
was proposed based on the KGM for hydrate occupying the pore centers (i.e., Equation (12)
in this paper). For the case of Sh higher than 0.1, the Kn-Sh relationship was mathematically
derived based on the 3D model of a simple cubic sphere pack for quartz sands with the
assumptions of uniform sphere sediment grain and homogeneous hydrate distribution.
Additionally, pore water was considered to be an ideal spherical shell surrounding the
grain surface (i.e., the three-dimensional shape of hydrate particle, which occupies pore
centers is not a regular ideal sphere), as shown in Figure 10. Based on the KC permeability
model (i.e., Equation (10) in this paper), the Kn is expressed as a function of r/L and the
saturation exponent n:

Kn =

{[
−2π

( r
L

)3
+ 4.5π

( r
L

)2
− 2.5π

]
/(6− π)

}n+2
[

3
√

2− 4

3
( r

L
)
− 2
( r

L
)2

]2

; 1 ≤ r
L
≤
√

2 (30)

where r is the radius of pore fluid and L is the radius of sediment grain.
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Figure 10. A model of a simple cubic sphere pack for unconsolidated quartz sands reprinted from [55]
with permission from Elsevier. (a) Simple cubic sphere pack for unconsolidated quartz sands; (b) front
view of simple cubic sphere pack model; (c) the sand grain and the pore space without hydrate;
(d) the sand grain and the pore space filled with gas hydrate and the water shell around the grains;
(e,f) the calculation process of the volume of the water shell within the matrix.

The Kozeny–Carman equation [51,52] is a widely used model, which successfully
relates the permeability of porous media with the parameters that describe the properties of
the pore structure. It is important to note that in a previous study [23,55], the shape factor υ
in the Kozeny–Carman equation was assumed to be a constant, which did not change with
hydrate saturation. However, the pore-specific surface area would increase because of the
presence of hydrates, which would cause a decrease in the shape factor. Additionally, the
shape factor υ was significantly sensitive to the characteristics of the porous media with
wide particle size ranges, complex grain shapes, surface roughnesses, and packing patterns.
Therefore, in 2019, Li et al. [26] further proposed new piecewise Kn-Sh relationships for
Sh lower and higher than 0.1 based on Equations (8), (12), and (30) and the relationship
between shape factor ν and Sh (i.e., ν(Sh) = ν0(1 − Sh)2) in HBSs. The new piecewise Kn-Sh
relationships are:

Kn =
(1− Sh)

n(
1 +
√

Sh
)2 ; 0 ≤ Sh ≤ 0.1 (31)

Kn =

{[
−2π

( r
L

)3
+ 4.5π

( r
L

)2
− 2.5π

]
/(6− π)

}n
[

3
√

2− 4

3
( r

L
)
− 2
( r

L
)2

]2

; 1 ≤ r
L
≤
√

2; Sh ≥ 0.1 (32)

4.5. Shen et al. Model

Shen et al. [56] conducted permeability measurements in fine quartz sands with
various grain sizes and further derived the normalized permeability model based on the
KC permeability model (i.e., Equation (10) in this paper) and the 3D simple cubic model
with regular ideal sphere hydrate occupying pore centers (Figure 11). The Kn was given by:

Kn =

[
1− π

6− π

( r
L

)3
]n+2( L2

r2 + L2

)2

; 0 ≤ r
L
≤
√

3− 1; Sh ≤ 0.43 (33)
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where r is the radius of hydrate particle and L is the radius of sediment grain. The effect of
grain size on Kn was eliminated and the saturation exponent n was recommended between
20 and 30 in their experiments [56]. It is worth mentioning that n tended to increase with
increased hydrate saturation. Due to the complexity of the formula, the expressions of Kn
for higher Sh were not given.

Figure 11. The simple cubic sphere pack model unit of hydrate occupying pore centers reprinted
from [56] with permission from Elsevier. (a) The simple cubic sphere pack model; (b,c) the simple
cubic sphere pack model with hydrate growth; (d) the front view of the sand grain and the pore space
without hydrate; (e) the front view of hydrate occupying pore center; (f) the front view of the cubic
matrix when the grains intersect with hydrates.

Shen et al. [100] investigated permeability variation in fine quartz sands with different
initial porosities of porous media and further derived the new permeability reduction
models based on the KC permeability model (i.e., Equation (10) in this paper) and different
particle stacking structures (the simple cubic model and the oblique cubic model consider-
ing sphere hydrate, which occupies pore centers, as shown in Figure 12). The unification
model of Kn for different stacking structures could be simplified as:

Kn =
(1− Sh)

n+2(
1 + Sh

2
3

)2 (34)

In this unification model, the normalized permeability could be expressed by Sh and n.
The effect of the initial porosity of porous media on Kn could be eliminated.

According to the KC permeability model, it was found that the Kn of HBSs was
closely related to Sh, n, A0, and A(Sh). However, the calculation of the A0 and A(Sh) was
extremely difficult, and many researchers ignored the effect of the ratio of A0 and A(Sh) on
the Kn, or simply replaced it with Sh. Hence, in the work by Shen et al. [101], the water
permeability of glass beads with Sh from 0 to 0.42 was determined, and a single matrix
unit considering GC and PF hydrate was constructed based on the hypothesis of wedge
tetrahedral filling of glass beads (Figure 13). Moreover, the hydrate occupying pores and
the hydrate coating particle surfaces were two completely different modes in this unit.
Therefore, it was assumed that the diameter of the glass bead was the same in the wedge
tetrahedral model so that the internal surface area of the pore space could be expressed by
a mathematical formula, which provided an ideal method to evaluate the influence of the
evolution of internal surface area caused by hydrate growth on the permeability.
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Figure 12. Simple cubic model and oblique cubic model of hydrate occupying pore centers reprinted
from [100] with permission from Elsevier. (a) The simple cubic stacking structure; (b) the minimum
cubic matrix of the simple cubic model; (c) a side view of the minimum cubic matrix of the simple
cubic model with hydrate; (d) the oblique cubic stacking structure; (e) the minimum cubic matrix
of the oblique cubic model; (f) a side view of the minimum cubic matrix the oblique cubic model
with hydrate.

Figure 13. The models of hydrate coating grain and hydrate occupying pore center reprinted
from [101] with permission from Elsevier. (a) A minimum repeatable matrix unit with purple glass
bead in the center of a wedge tetrahedral; (b) the top view of the A minimum repeatable matrix unit;
(c) the model of hydrate coating grain; (d) the model of hydrate occupying pore center.

It was found in Figure 14a,b that the evolution of the internal surface area of pore
space under two hydrate occurrence modes was completely different. When hydrate
coats the grain surface, the A0/A(Sh) decreased with increased Sh; however, when hydrate
occupies the pore center, the A0/A(Sh) increased with increasing Sh. This difference made a
completely different influence on the sediment permeability. In other words, this difference
can be used to find out whether the hydrate coats the grain surface or hydrate occupies
the pore center. Only normalized permeability model for GC hydrate based on a new
expression of Sh and the ratio of internal surface area A0/A(Sh) was given:

Kn =

{
(9 + 5π)− 15π

( r
L
)2

+ 8π
( r

L
)3

9− 2π

}n+2[
L2

5rL− 4r2

]2

; 1 ≤ r
L
≤ 2
√

3/3; Sh ≤ 0.79 (35)
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where r is the radius of hydrate and L is the radius of the glass bead. As shown in Figure 14c,
it was found that the model of hydrate coating grain surface was similar to the model of
Masuda et al., and the only difference was the value of n. Therefore, the Equation (35) could
be simplified as follows:

Kn = (1− Sh)
n+1 (36)

Figure 14. The relationship between Sh, A0/A(Sh), and r/L in the model of (a) hydrates coating grain
surfaces and (b) hydrates occupying pore centers; (c) experimental data and the Kn-Sh relationship
reprinted from [101] with permission from Elsevier.

4.6. Xiao et al. Model

In a study by Xiao et al. [57], methane hydrate was synthesized in porous media
with glass beads as the skeleton structure and the water permeability were obtained. The
distribution of hydrate at the pore scale appeared as irregular hydrate clusters in the
sediments [10]. Hence, a clustered equal diameter particle (CEDP) model was proposed
that hydrate was clustered as equal diameter spheres and occupied the center of pore space
of the oblique cubic model, as shown in Figure 15. The internal surface area of pore space
with and without hydrate was simplified and a new mathematical model of the hydrate
saturation and the normalized permeability was proposed:

Kn =
(1− Sh)

n+2[
1 + (3

√
3−π)
π · rs

rh
· Sh

]2 (37)

where rs is the radius of glass beads, µm; rh is the radius of hydrate particle, µm. In the
Xiao et al. study, the radius of hydrate particles adopted the measured results of Clarke’s
work [102] and was defined as rh = 8.0/2 = 4.0 µm.
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Figure 15. The oblique cubic model of hydrate particles occupying pore centers reprinted from [57]
with permission from Elsevier. (a) The schematic diagram of a three-dimensional oblique accumula-
tion structure; (b) a minimum unit of the oblique cubic model; (c) a side view.

4.7. Kou et al. Model

Kou et al. [103] used X-ray CT to identify the pore structure characteristics of porous
media containing hydrates with different growth habits. It was found that the formation
and growth of hydrates in the pore led to the occurrence of non-interconnected pores
(Figure 16), which further limits the validity of pore structure analysis and the accuracy
of permeability estimation. Hence, they proposed a permeability model based on the KC
equation according to the linear correlation of hydrate saturation with interconnectivity
degree m with a definite physical meaning.

Figure 16. The pore structure of hydrate-bearing porous media reprinted from [103] with permission
from Elsevier. (a,c) the 3-D structure of effective pores in blue and non-interconnected pores in purple;
(b,d) the skeleton of effective pores.

In previous studies, the premises of establishing permeability models included that all
pores are interconnected and the pore size is reasonable and uniform [10,23,54–57,100,101].
However, in the work by Kou et al. [103], it was found that the hydrate in pore space
strongly affects the effective pore diameter distribution, as well as the pore interconnectivity.
Therefore, the interconnectivity degree (m) of the porous media was proposed by Kou et al.
to clarify the effects of hydrate formation and growth on pore interconnectivity and to
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modify the KC permeability model. The interconnectivity degree (m) denoted the ratio
between the mean diameter of overall pores (DAll) and interconnected pores (DEff):

m =
DAll
DE f f

(38)

The dependence of m on Sh was shown in Figure 17a. It was evident that mi linearly reduces
with increasing Sh, either for GC hydrate or PF hydrate. This indicated that the difference
between the overall pore size and effective pore size increases significantly with the further
increased hydrate saturation. The linear correlation between m and Sh has been given by:

m = 1− Sh (39)

Figure 17. Dependence of interconnectivity degree and normalized permeability on hydrate satura-
tion reprinted from [103] with permission from Elsevier. (a) Interconnectivity degree; (b) normalized
permeability with experimental data [27,82,89,95] and analytical results [23]. Note: Please refer to the
original literature for the experimental data points shown in the figure.

Based on the above, considering the effect of hydrate with different growth habits on
pore interconnectivity in sediments, the modified models of permeability estimation were
given by:

Kn_GC = (1− Sh)
n+3; n = 1.5 (40)

Kn_PF =
(1− Sh)

n+4(
1 +
√

Sh
)2 ; n = 0.7× Sh + 0.3 (41)

Figure 17b shows the relationship between normalized permeability and hydrate satu-
ration from previous experiments and reported permeability models. It can be concluded
that the modified model proposed by Kou et al. [103] performs better with higher accuracy
in permeability prediction.

4.8. Summary

(1) The modified KC model for permeability prediction of HBSs can be established by
adding the fitting parameter or the polynomial, which comprehensively considers the
relationship between hydrate saturation and shape factor, porosity, tortuosity, pore
surface area, and pore volume based on numerical simulation results. The prediction
accuracy of models could be improved by changing the value of the fitting parameters
or the order of the polynomial.
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(2) The modified permeability model of HBSs based on the KC equation can be established
by strict mathematical deduction of new expressions of Sh and the ratio of internal
surface area A0/A(Sh) based on assumptions of particle stacking structures, hydrate
pore habits, and 3D microscopic growth morphology. Moreover, there are only
parameters in part of the modified models that represent the radius of sediment
particles and hydrate to show the effect of related factors on the permeability of HBSs.

(3) The KC-based modified permeability models consisted of parameters with specific
physical meaning to better explain the effect of hydrate on the pore structure char-
acteristic and permeability variation. The influences of hydrates (considering the
effect factors such as the hydrate saturation and hydrate growth habits) on the pore
structure characteristics (e.g., porosity, pore-throat size, tortuosity, pore connectivity)
of hydrate sediments will be a new research hotspot for the permeability prediction
model of HBSs.

(4) The research methods, the advantages and limitations, the using parameters and
their physical meaning of various modified permeability models, and the factors
that models consider are also provided. Table 5 lists the methods, advantages, and
limitations of these modified permeability models of HBSs, while Table 6 summarizes
the characteristics of these modified permeability models for permeability prediction
of HBSs.

Table 5. Research methods, advantages, and limitations of modified permeability models for perme-
ability prediction of HBSs.

Model Research Methods Advantages and Limitations

Dai and Seol [40] Modified KC model based on
PNM simulation

Simple form based on
simulation results; but may
not apply to all the actual
sediments and containing
empirical parameter B

Kang et al. [53] Modified KC model based on
fitting by LBM simulation

A polynomial-based model
with high prediction accuracy
but overfitting may arise with
the increased value of the
polynomial order

Katagiri et al. [54] Derived based on the KC
permeability model

Simple form based on
geometric analyses and strict
mathematical derivation but
containing empirical
parameter n

Li et al. [26,55] Derived based on the KC
permeability model

Piecewise function based on
experiment results strict
mathematical derivation but
complicated form and based
on the assumption of
sediment particle and hydrate

Shen et al. [56,100,101] Derived based on the KC
permeability model

Analytical formula based on
experimental results and strict
mathematical derivation but
complicated form with limited
prediction range and based on
the assumption of sediment
particle and hydrate
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Table 5. Cont.

Model Research Methods Advantages and Limitations

Xiao et al. [57] Derived based on the KC
permeability model

Analytical formula based on
experimental results and strict
mathematical derivation but
complicated form and based
on the assumption of
sediment particle and hydrate

Kou et al. [103]
Derived based on the KC
permeability model and
experimental results

Simple form based on pore
structure analysis but aiming
at specific experimental
conditions and containing
empirical parameters n

Table 6. Characteristics of modified permeability models for permeability prediction of HBSs.

Model Parameters Physical
Meaning Influencing Factors

Dai and Seol [40] B ×
Hydrate saturation and

heterogeneity; tortuosity and
specific surface

Kang et al. [53] aiSh
i × Hydrate saturation; tortuosity,

specific surface, and shape factor

Katagiri et al. [54]
e

Cp
n

X
X
×

Hydrate saturation and pore
habits; 3D sediment particles

packing patterns

Li et al. [26,55]
r1
L
n

X
X
X

Hydrate saturation, 3D shape, and
assumed the pore-filling habit; 3D

simple cubic sphere pack, the
radius of pore fluid and sediment

grain, shape factor

Shen et al.
[56,100,101]

r2
L
n

X
X
×

Hydrate saturation, 3D shape, and
pore habits; 3D packing patterns
and radius of sediment particle

Xiao et al. [57]
rs
rh
n

X
X
×

Hydrate saturation and radius of
clustered hydrate particle in pore
center; 3D packing patterns and

radius of sediment particle

Kou et al. [103] n ×
Hydrate saturation and pore

habits; Pore structure and pore
connectivity of sediments

5. Novel Permeability Models Based on New Theories and Research Methods

Most existing models for permeability prediction in the existence of hydrate are either
empirical based on data fitting of simulated results or theoretically based on simplistic
representations of the pore structure and hydrate morphology. Multiple models are usually
required to interpret widely distributed permeability data observed in the laboratory
experiment over different hydrate saturation ranges. To assess the long-term gas production
capacities of HBSs over a time scale of decades, it is necessary to establish a comprehensive
permeability model that can accurately capture the complex seepage characteristics of
HBSs during NGH exploitation and to introduce the model into a numerical simulator
for the prediction and optimization of gas production performance of marine hydrate
deposits. Recently, many novel normalized permeability prediction models of HBSs have



Energies 2022, 15, 4524 27 of 65

been developed based on new theories and research methods investigating the effect of
other hydrate- or sediment-related factors on the fluid flow and the permeability variation.

5.1. New SDR Model Considering the Effect of Hydrate-Related Interface Evolution

The decomposition of hydrate results in the variations in the multiphase saturation
and the evolution of the interfaces between fluid (i.e., water and gas), hydrate, and sedi-
ment particles. In HBSs, the working principles of NMR measurement are based on the
nuclear magnetic relaxation response of target nuclei residing in the various phases are
different [104,105]. Recently, several studies have been conducted to study the hydrate
formation and dissociation characteristics of, pore size distribution (PSD), and hydraulic
permeability of hydrate sediments estimated by explaining the transverse relaxation time
(T2) spectrum obtained from NMR measurements [106–108]. In the surface-limited regime,
the transverse relaxation time T2 can be estimated by:

T2 =
1
ρ2

Vpore

Apore
(42)

where Vpore/Apore is the ratio of pore volume over pore surface area; ρ2 is the transverse
surface relaxivity and the value of ρ2 is highly dependent on the mineralogy of the solid
surface. Even though the surface mineralogy of minerals is different in most cases in
a porous media, an equivalent ρ2-value (i.e., a uniform value throughout the sample
measured volume) is commonly used. However, if the mineralogy and morphology of the
fluid-solid interface vary in a porous media the equivalent ρ2-value is expected to change
as well [92], which suggests that further deep investigation is required to understand the
influences of the spatially variable ρ2 in the petro-physical properties predictions based on
NMR data [64].

In these researches [106–108], the ρ2-value of HBSs is assumed to be constant during
hydrate phase transition. However, during the actual phase transitions process, the ρ2
value in hydrate sediments will change due to variations in the mineralogy and mor-
phology of the fluid-solid interface. It should be noted that the SDR model expressed as
Equation (2) ignores the effect of hydrate-related interface evolution on the NMR transverse
surface relaxivity.

In NMR measurements, to quantitatively evaluate the effect of hydrate-related surface
evolution on ρ2, Zhang et al. [64] proposed a normalized transverse surface relaxivity
ρ2

*, which was defined as a ratio between the transverse surface relaxivity of hydrate-
bearing media to that of hydrate-free media. The value of ρ2 depends independently on
the relaxation characteristics of different solid surfaces in the porous media [92]. Next,
considering the two main controlling factors (i.e., the influencing weight and surface
proportion of hydrate phase and quarzitic sand phase) influencing ρ2

* in the HBSs, a
prediction model for ρ2

* is also proposed:

ρ∗2 = α(Sh)∏+β(Sh) (43)

where α(Sh) and β(Sh) are the proportion of the hydrate-brine interface area and the sand-
brine interface area over the total solid-brine interface area, respectively, which follows
α(Sh) + β(Sh) = 1; Π is a dimensionless coefficient defined as a ratio of the transverse mag-
netic relaxivity of the hydrate-brine interface to that of the sand-brine interface.

Considering the effect of hydrate-related interface evolution during the hydrate disso-
ciation process on the NMR transverse surface relaxivity [64], the normalized permeability
Kn can be calculated by:

Kn = ρ∗2(1− Sh)
4
[

T2LM(Sh)

T2LM(Sh = 0)

]2
(44)
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5.2. Fractal Theory-Based Permeability Prediction Model

Prediction of permeability in HBSs has been a challenge because there are many
different models based on simple pore characteristics and grain geometries [10,23,40]. Most
of these models do not consider the interaction between hydrate and pore structure of the
host sediment. However, the key to accurately predicting the permeability of HBSs is to
extract effective parameters that can reflect the microscopic pore structure characteristics
of sediments and establish a quantitative relationship between these parameters and
permeability [60,61].

To date, the fractal geometry method is introduced by many scholars to investigate
the effects of pore structure change caused by hydrate formation and dissociation on
permeability [109]. Many permeability prediction models based on fractal characterization
of HBSs have been proposed recently [60,61]. The most important aspect of using these
models to predict HBS permeability is that microscopic pore structure information (e.g.,
the maximal pore diameter and related fractal dimensions) can be properly and precisely
characterized [61].

5.2.1. Daigles Model

Most existing permeability models contain several empirical constants that are not
strictly related to the pore characteristics of HBSs. In addition, a common issue faced by
all these permeability models is that the permeability does not fall to 0 until the hydrate
saturation is 100%. This is not consistent with the concepts of percolation threshold or
irreducible saturation.

Daigle [60] first proposed a theoretical permeability model of HBSs based on the
combination of pore-solid-fractal (PSF) geometry and the critical path analysis (CPA)
method. Critical path analysis (CPA) provides a framework for permeability prediction
based on the properties of the pore system, including the percolation threshold and width
of the pore size distribution (PSD). Regardless of hydrate growth habits, permeability
variation estimated by this model considers the presence of hydrate in the largest pores
(Figure 18). This work has made significant progress in linking pore structure and transport
properties of HBSs. The permeability model is given by:

Kn =

[
β− φ0 + φ0(1− Sh − pc)

β− φ0 pc

] D
3−D

; Sh < 1− Sx (45)

Kn =

[
β− φ0 + φ0(Sx − pc)

β− φ0 pc

] D
3−D
[

Sw − pc

Sx − pc

]2
; Sh > 1− Sx (46)

Sx = pc +
2
(

β
φ0
− 1
)

D
3−D − 2

(47)

where β is a scaling factor in the PSF model; pc is the percolation threshold that depends
on the connectivity degree of the pore system, and the flow of the given phase occurs only
when the saturation of that phase exceeds pc; D is the fractal dimension; Sx is crossover
saturation determined as the saturation at which the derivatives of Equations (45) and (46)
with respect to Sw equal.
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Figure 18. Conceptual illustration of hydrate formation reprinted from [60] with permission from
Elsevier. (a) Hydrate formation from dissolved gas; (b) hydrate formation from the partial water
saturation method; (c) when hydrate forms it occupies the larger pores due to redistribution of phases.

5.2.2. Zhang et al. Model

In a Zhang et al. study [61], the area and volume pore-size fractal dimensions, tortu-
osity fractal dimension, and the area maximal pore diameter for the pore space occupied
by fluids were extracted by X-ray computed tomography scans of methane hydrate sands.
Then, a permeability prediction model of HBSs based on fractal theory is established
by extending the extracted parameters. After a series of simplifications, the normalized
permeability of HBSs can be expressed as follows:

Kn = [λ∗max2]
3+DT,0 (48)

λ∗max2 = 1− (1− a)
√

Sh − aSb
h (49)

where a and b are fitting parameters. DT,0 is the tortuosity fractal dimension and 1 ≤ DT,0 ≤ 2
for a two-dimensional space while 1≤DT,0 ≤ 3 for three-dimensional space. It is obvious in
Equation (48) that the normalized maximal pore diameter λmax2

* is the main parameter to
determine the normalized permeability of HBSs. Moreover, Equation (49) is an alternative
form for the weighted average of theoretical models λmax2

* = 1 − Sh
0.5 for PF hydrates and

λmax2
* = (1 − Sh)0.5 for GC hydrates [109,110].

Figure 19 shows normalized permeability curves determined by Equation (48) and
available experimental data. The results show that the proposed permeability model has
good feasibility and can reflect the basic physics of permeability evolution in artificial hydrate
samples. It is inferred from this model that the variation of the normalized permeability
is largely determined by the uncertainty of the maximal pore diameter value. Moreover,
some fine-grained sediments contain a large number of dead pores that are occupied by pore
fluids but do not contribute to fluid flow. Therefore, this fractal theory-based normalized
permeability prediction model can only be applied for coarse-grained sediments.
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Figure 19. Comparison of prediction results from fractal-based models and reported experimental
data [55,95,99]. Reprinted with permission from Ref. [61]. Copyright 2022 American Geophysi-
cal Union.

5.2.3. Du et al. Model

Du et al. [62] established a permeability prediction model for hydrate-bearing porous
media with the coexistence of pore-filling and grain-coating hydrate (Figure 20) based
on the fractal theory. This model is a function of some parameters with specific physical
meaning, such as the pore area fractal dimension, tortuous dimension, porosity, hydrate
saturation, and maximum pore diameter. Here, the pore area fractal dimension reflects the
size distribution of the particles and the complexity of the pore space at the micro scale.
The tortuous dimension describes the tortuosity of the capillary tube and streamlines and
porosity characterizes the pore space size in porous media.

Figure 20. Representative elementary volume (REV) of hydrate-bearing porous media with the coex-
istence of pore-filling and grain-coating hydrate reprinted from [62] with permission from Elsevier.
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Combined with Darcy’s law and modified Hagen–Poiseulle equation, the fractal
normalized permeability can be written as:

Kn =
C f ,h

C f ,0

(1− φ0)
(1+Dt)/2φ0

(Dt,h−Dt)/2

(1− φ)(1+Dt,h)/2
(1− Sh)

(7+Dt,h)/2 (50)

C f ,h =

(
πD f ,h

)(1−Dt,h)/2[
4(2− D f ,h)

](1+Dt,h)/2

128(3 + Dt,h − D f ,h)
(51)

C f ,0 =

(
πD f

)(1−Dt)/2[
4
(

2− D f

)](1+Dt)/2

128
(

3 + Dt − D f

) (52)

where Dt and Dt,h are the water phase tortuous dimension of hydrate-free and hydrate-
bearing porous media, respectively; Df and Df,h are the pore area fractal dimension of
hydrate-free and hydrate-bearing porous media, respectively.

To further verify the reliability of the proposed fractal permeability model, relevant
parameters in the above equation were calculated as follows:

D f = DE −
ln φ0

ln(λmin,0/λmax,0)
(53)

Dt ≈
(

DE − D f + 1
)
+
(

DE − D f

) log
[

D f /
(

D f − 1
)]

log φ0
(54)

D f ,h = D f −
ln(1− Sh)

ln(λmin,0/λmax,0)
(55)

Dt,h ≈
(

DE − D f ,h + 1
)
+
(

DE − D f ,h

) log
[

D f ,h/
(

D f ,h − 1
)]

log φ
(56)

where DE is the Euler dimension; λmax,0 and λmin,0 are the maximum and minimum
pore diameters of porous media in the absence of hydrate. It can be seen clearly from
Equations (50)–(56) that the normalized permeability is expressed as the function of struc-
tural parameters of porous media and fluid properties. The Kn is not only closely related
to the macrostructure parameters (the porosity φ0/φ, the fractal dimension Df, and the
tortuous dimension Dt) but also to the microstructure parameters (the maximum pore size
λmax,0, and the particle diameter Dp) of porous media.

From Figure 21, it can be seen that the prediction results of this proposed fractal
permeability model agree well with the experimental data than other reported empirical
models. It is clear that almost all experimental data points fall around the black solid line.
Additionally, Du et al. [62] also found that the permeability reduction index (N) and the
saturation index (n) are nonlinear functions related to porosity, hydrate saturation, and
pore size ratio, rather than empirical constants without physical significance. However,
this discovery is not well reflected in the traditional permeability models. Thus, traditional
permeability prediction models cannot capture the underlying physical mechanism that
determines the permeability variation of HBSs.
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Figure 21. Relationships between relative water permeability and hydrate saturation from reported
experiment data [23,24,27,82,89,94,111–114] and analytical prediction results [23,24,40,42] reprinted
from [62] with permission from Elsevier.

5.3. Chen et al. Model

Chen et al. [65] used the LBM flow simulation to calculate the pore-scale gas perme-
ability in the pore structure of the experimental HBSs retrieved from µCT data. Based
on their simulation results, the expression of the proposed modified Corey model that
multiplies a linear Corey model (i.e., Kn = 1 − Sh) with an exponential function of Sh is:

Kn = (1− Sh) · exp(−C · Sh) (57)

where C is a fitting parameter. The linear Corey term (1 − Sh) makes endpoint perme-
ability in its simplest form, and the exponential function helps this new model fit the
simulation data.

The solid black line in Figure 22 is Equation (57) and fully represents the permeability
data across the entire range of hydrate saturation with only one fitting parameter C (C = 4.95
for best fit of LBM simulation results [65]). Chen et al. further suggested that C indicates the
degree of crystal coarsening and patch size in general for a multiphase system. For example,
a small value of C means strong coarsening, crystal coalescence, and long correlation length
between patches that make permeability slowly decrease with increasing hydrate saturation.
On the other hand, a large value of C means little coarsening, dispersed crystal, and short
correlation length that make permeability quickly decrease with increased Sh.
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Figure 22. Gas relative permeability versus hydrate saturation, Corey-type fits, and new model fits.
Reprinted with permission from Ref. [65]. Copyright 2022 American Geophysical Union.

5.4. Liu et al. Model

Liu et al. [66] proposed a new permeability prediction model based on a simple Corey
model and permeability data for HBSs obtained from LBM simulation with X-ray micro-CT
imaging information of xenon hydrate pore-scale distribution in sand sediments, pointing
out that exponent N in simple Corey model can be described by a function with Sh as an
independent variable:

Kn = (1− Sh)
N = (1− Sh)

f (Sh) = (1− Sh)
a·Sh (58)

where a is a fitting parameter without definite physical meaning. This modified functional
form effectively quantifies the Kn-Sh relationship and enhances the applicability of the
simple Corey model.

Gas relative permeability data for the xenon hydrate-bearing sediments of the Liu et al.
experiment [58] is plotted in Figure 23. The experimental permeability data could be fitted
with the simple Corey model (blue solid line in Figure 23a) with the Corey exponent of
4.42. However, the correlation coefficient for this fit was 0.74. While this fit was good for
Sh > 0.52, it was very poor for Sh < 0.52. Thus, Liu et al. fitted the data with the new model
(Equation (66)). A much better fit was obtained, with a significant improvement in the
correlation coefficient (R2 = 0.98), implying a very good correlation.

Figure 23. The relative permeability data for xenon hydrate-bearing sediments reprinted from [66]
with permission from Elsevier. (a) Simple Corey model fit (blue solid line) and new proposed model
fit (red solid line); (b) simple Corey model fit with different exponent N.
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5.5. Hou et al. Model

Hou et al. [63] conducted micro-flow simulations using LBM to study the effects of
mineral particle arrangement, hydrate saturation, hydrate pore habits, and distribution
morphology in 2D porous media on permeability. Their simulation results showed that
the effect of mineral particle arrangement on permeability evolution is not obvious in the
2D homogeneous porous media; however, the permeability variation is sensitive to the
hydrate pore habits (i.e., GC hydrate or PF hydrate) and distribution morphology in the
pore center (i.e., PF hydrate with a different shape), as shown in Figure 24. In addition,
they proposed the control seepage channel between mineral particles and hydrates, which
controls the dynamic permeability evolution characteristics by comparing and analyzing
the pore-scale distribution difference in velocity field obtained by LBM flow simulation
(Figure 24).

Figure 24. Distribution of hydrate and pore-scale velocity field in the porous media model reprinted
from [63] with permission from Elsevier. (a) Hydrate coats grain surface; (b–d) hydrate occupies pore
centers with different micromorphology. The gray is regarded as hydrate. The color fluid is regarded
as a velocity field obtained by LBM.

Furthermore, they established a novel permeability prediction model based on the
size and tortuosity of the control seepage channel according to the simulation results and
the relationship between permeability and porosity (i.e., K∝φ3 [52]). In considering two
hydrate-formation habits (GC and PF), the relationships of Kn-Sh are as follows:

Kn_GC = (1− bSh)(1− Sh)
3 (59)

Kn_PF =
(

1− d
√

Sh

)
(1− Sh)

3 (60)

where b and d are fitting parameters. Moreover, the value of b is related to the porosity of
hydrate-free porous media and the value of d is relevant to the micromorphology of PF
hydrate, which occupies the pore center.

This proposed model contains two parameters that can be easily obtained or set in
practical applications, which describe the basic seepage characteristics and pore-scale
influencing mechanism of permeability evolution of HBSs. Hence, they can be easily
implemented in reservoir simulators for gas production behavior modeling. In addition,
Kn-Sh relationships presented on the base of 2D homogeneous porous media are appropriate
for 2D inhomogeneous porous media. Hence, it provides a reference for microscopic
visualization experiments.

Compared to the models proposed by Kleinberg et al. [23] (i.e., PCTM and KGM)
and Masuda et al. [42], the Hou et al. permeability model provided a better agreement
with the reported experimental data, as shown in Figure 25. The results show that the
permeability model for PF hydrate (Equation (60)) can better describe the evolution of
experimental relative permeability than that of GC hydrate (Equation (59)), and this in-
dicates that the hydrate mainly grows in the pore center as a pore-filling type under the
experimental conditions.
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Figure 25. Comparison of experiment results [89,93] and calculation results from reported permeabil-
ity models [23,42] reprinted from [63] with permission from Elsevier.

5.6. Guo et al. Model

In a study by Guo et al. [58], the space occupied by hydrate was assumed to be part of
the pore volume and hydrate was thought to be an independent phase. Hence, for sediment
with given hydrate saturation (as shown in Figure 26), there are three components: water,
sediment particles, and solid hydrates. Then, Guo et al. [58] proposed two new concepts
of hydrate void ratio eh and effective void ratio ee, which were defined as the ratio of the
hydrate volume Vh and the water volume Vw to the volume of sediment particles Vs.

Based on Poiseuille’s law and the concept of the three-dimension hydraulic radius
(Figure 27), Guo et al. [58] proposed a novel permeability prediction model considering
different hydrate pore habits in coarse-grained HBSs. Equations (61) and (62) show the
permeability model for GC HBS and PF HBS, respectively.

Kn_GC =
(1− Sh)

3

(1 + etSh)
4
3

(61)

Kn_PF =
(1− Sh)

3[
1 + (etSh)

2
3
]2 (62)

where et is total void ratio, that is, the ratio of pores volume to sediment particles volume.
The et in this Guo et al. study [58] was assumed to be the total void ratio of sediment
without hydrate, that is, a constant parameter. Due to the assumption of et, the accuracy
of this model is slightly lower, but it is easier to be applied in numerical simulation and
practical applications. However, it is undeniable that the unique embedded parameter et
has a clear physical meaning and is easy to determine, which is the main advantage of this
novel model.

Figure 28 shows the comparison of the predicted results of the Guo et al. permeability
model with the observed data taken from laboratory-synthesized coarse-grained sediment
samples and with the predicted permeability of other widely used analytical models. The
model for the GC case and PF case proposed by Guo et al. form the upper bound and
lower bound of the prediction area in grey, respectively. In addition, compared with
PCTM and KGM, this new model has a narrower prediction range of permeability, which
means that a more accurate prediction of permeability can be obtained even hydrate
pore habits are unclear (Figure 28a). However, the relative inconsistency (Figure 28b,c)
or large deviation (Figure 28e,f) between the prediction results of the new model and
experimental data compared to other KC-based models is due to the ideal assumption of
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the embedding parameters in this model, i.e., the void ratio et without considering hydrate
is used throughout the prediction range.

Figure 26. Schematic diagram of sediment (a) without hydrate and (b) with hydrate reprinted
from [58] with permission from Elsevier.

Figure 27. The schematic diagram of saturated sediment with hydrates reprinted from [58] with
permission from Elsevier. (a) The real internal pore structure of HBSs; (b) grain-coating hydrates in
HBSs; (c) capillary tube with grain-coating hydrates; (d) the 3D hydraulic radius of grain-coating
hydrate; (e) pore-filling hydrates in HBSs; (f) capillary tube model with pore-filling hydrates; (g) the
3D hydraulic radius of the pore-filling hydrate.



Energies 2022, 15, 4524 37 of 65

Figure 28. The verification of the new model reprinted from [58] with permission from Else-
vier. The adopted existing KC-based models are from literatures [23,40,53,54]; experiment results:
(a) Yousif et al. [111]; (b) Kumar et al. [82]; (c) Delli and Grozic [24]; (d) Mahabadi et al. [27];
(e) Liang et al. [95]; (f) Li et al. [55].

For a given natural or an artificial HBS sample, it is usually difficult to distinguish
whether the hydrate pore habit is a single pore-filling type or a single grain-coating type.
Hydrate pore habits vary depending on hydrate formation methods, hydrate saturation,
and host sediment types [10,27], and can change from one type to another (e.g., Chen and
Espinoza [115]). Additionally, there may be multiple types of hydrate pore habits coexisting
in HBSs. Hence, Guo et al. [58] proposed that for a given sample with unknown pore habits
of hydrate, the normalized permeability can be expressed as follows:

Kn = αKn_GC + βKn_PF = α
(1− Sh)

3

(1 + etSh)
4
3
+ β

(1− Sh)
3[

1 + (etSh)
2
3
]2 (63)
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where α and β are weighting parameters for GC hydrate and PF hydrate, respectively.

5.7. Lei et al. Model

Lei et al. [72] introduced the cubic fracture-permeability model (simplified as the Cubic
model) that is commonly used in coalbed methane reservoirs [73] into the gas hydrate
reservoir and constructed a new semi-theoretical permeability model based on the pore
space characteristics and hydrate pore morphology, which are completely different from
those assumed by PCTM and KGM. As shown in Figure 29, in the physical model of their
Cubic permeability model considering different hydrate growth habits, the cubes, and the
platy pores are simulated as the sediment grains and pores of HBSs, respectively.

Figure 29. Geometry scheme of the Cubic model for GC and PF hydrate reprinted from [72] with
permission from Elsevier. (a) Pore system and framework of the cubic model; (b) pore system changed
by GC hydrate; (c) pore system changed by PF hydrate.

The cubic permeability model for GC hydrate and PF hydrate can be expressed as
Equations (64) and (65), respectively:

Kn_GC =

(
1− 3Sh

φ0(1−Sh)+3

)3(
1 + φ0Sh

φ0(1−Sh)+3

) (64)

Kn_PF =

 (1− Sh)
13.157

(
1− φ0Sh

6+φ0

)
(1− Sh)

3; 0<Sh<0.1
1
4

(
1− φ0Sh

6+φ0

)
(1− Sh)

3; Sh ≥ 0.1
(65)

where φ0 is the porosity of the hydrate-free sediment. The φ0 has little effect on Kn, therefore,
this model still works when the porosity of the reservoir cannot be accurately measured in
permeability prediction.

Two sets of experimental data from Lei et al. work [72] were used to validate the
Cubic permeability model. Results showed that most of the experimental permeability
data points fall between two fitted line segments of the provided cubic models (pink area
in Figure 30). When selecting the calibration models, most of the experimental data should
plot between the curves of the GC and PF models, and the models should aim to provide
the narrowest possible prediction range. The cubic model (pink area) covered more data
than the Kozeny grain model (green lines in Figure 30) and covered a narrower area than
the Parallel capillary tube model (blue lines in Figure 30) in the case that both models cover
the same amount of data. This suggested that the Cubic model provides more accurate
prediction results. These results also indicated that the behaviors of existing GC and PF
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hydrates in the process of hydrate synthesis and thus a hybrid growth pattern (Figure 31)
provide a better explanation for the experimental and simulated results in their study.

Figure 30. Model validation by the analytical model predictions [23,42] and experimental results
from the work by Lei et al. reprinted from [72] with permission from Elsevier. (a) Sample A, initial
porosity φ0 = 10.96%; (b) sample B, φ0 = 21.57%. Note: Please refer to the original literature for the
experimental data points shown in the figure.

Figure 31. Hybrid growth habit of hydrate in pore spaces reprinted from [72] with permission from
Elsevier. (a) Low hydrate saturation stage; (b) middle hydrate saturation stage; (c) high hydrate
saturation stage.

5.8. Delli and Grozic Hybrid Model

Delli and Grozic introduced quantitative performance measurement methods, nor-
malized mean squared error (NMSE) [67] and geometric mean variance (GMV) [24], to
evaluate the effectiveness of a model in predicting permeability. Then, a hybrid modeling
approach based on the weighted combination of the existing permeability model (i.e., KGM)
is proposed.

Delli and Grozic [24,67] comprehensively considered the two growth patterns of
hydrate in hydrate-bearing porous media and derived a hybrid permeability prediction
model based on weights by modifying the KG model. The normalized permeability of the
hybrid modeling can be expressed as:

Kn = αKn_PF + βKn_GC (66)

where Kn_PF and Kn_GC are the normalized permeabilities obtained from the KGM [23] of
pore-filling and grain-coating hydrate as given in Equations (11) and (12), respectively; α
and β are the corresponding weighting parameters that are functions of hydrate saturations.

The relation between weighting parameters α and β and hydrate saturation is as follows:

α = SN
h

β = (1− Sh)
M (67)
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where N and M are the exponents and empirical parameters controlling the change of α
and β with hydrate saturation. Additionally, N and M determine the dominant role of
single hydrate pore habits in porous media on permeability evolution. Figure 32 shows
the variation of weighting parameters as a function of Sh for N = M, N > M, and N < M.
Assuming N = M = 1, the pore-filling weight α increase and (grain-coating weight β reduces)
linearly with increasing hydrate saturation with α = β at 50% of hydrate saturation. To
determine the exponents N and M, Delli and Grozic adopted the NMSE and GMV measure
as a performance criterion. The optimal N and M are expected to produce the least NMSE.

Figure 32. The change of weighting parameters as a function of hydrate saturation. Red lines: grain
coating; green lines: pore-filling. Reprinted with permission from Ref. [67]. Copyright 2013 Society
of Petroleum Engineers.

Figure 33 shows the measured relative permeability from Yousif et al. [111], the
predicted results from KGM for GC and PF cases, and the predicted results of the hybrid
modeling. The results show that the hybrid model can better predict the experimental
results with N = M = 1.6. Thus, this model predicts the evolution of the GC hydrate at
lower hydrate saturation to PF hydrate for higher hydrate saturation.

Figure 33. Relative permeability values varying with hydrate saturation from experiment [111] and
theoretical models [23,67]. Reprinted with permission from Ref. [67]. Copyright 2013 Society of
Petroleum Engineers.
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5.9. Wang et al. Hybrid Model

Pore morphology of hydrate in sediment pore evolves from a single pore habit toward
a complicated hybrid pore habit, which depends on hydrate formation conditions with
increasing hydrate saturation, exerting diverse controls over permeability. However, al-
most all existing permeability prediction models assume single and simplified hydrate
pore morphology in HBSs, thus they fail to capture the dynamic permeability evolution
characteristics with varying hydrate saturation in sediments.

As can be seen from Figure 34, regardless of whether hydrate is formed by the excess-
gas method, the excess-water method, or the dissolved-gas method, the pore habits of
hydrate will be mainly characterized by the coexisting GC and PF hydrates with increased
hydrate saturation. Therefore, in most cases, the hydrates in sediment exist in the existing
pore habits, while hydrates with a single pore habit occur only in a few extreme cases.

Figure 34. Diverse and complex morphology of hydrate in sediments. (a–d) Distribution charac-
teristics of water, gas, and hydrate in systems with is abundant, scarce, moderate, and dissolved
gas phase; (e) a micro-CT image of methane hydrate in the pore under excess-gas conditions; (f) a
micro-CT image of methane hydrate in the pore under excess-water conditions; (g) a microscopic
image of methane hydrate formed from dissolved methane in water. Reprinted with permission from
Ref. [68]. Copyright 2022 American Geophysical Union.

Previous studies have shown that the change in pore habits of hydrate in the sediment
pores varies with sediment types and hydrate formation conditions [115–117], leading to a
significant difference in the reduction trend of permeability with the increase of hydrate
saturation [24,27]. Based on the understanding of the dynamic evolution of hydrate pore
habits in sediment pores shown in Figure 34, Wang et al. [68] established a new model called
the pore-morphology-weighted permeability model by using a two-parameter logistic
function [118,119] based on the logarithm form of the overall permeability considering
coexistence of hydrate pore habits [120] to quantitatively relate microscopic hydrate pore
habits evolution with macroscopic permeability change as hydrate saturation changes. The
new permeability prediction model considering both grain-coating and pore-filling hydrate
and their evolution with the increase of hydrate saturation is expressed as follows:

Kn =

[
(Kn_GC)

1/[1+(Sh/α)β ] · (Kn_PF)
1−1/[1+(Sh/α)β ]

]
(68)

where Kn_PF and Kn_GC are the normalized permeabilities obtained from the PCTM [23]
of PF and GC hydrate as given in Equations (5) and (7), respectively. It can be seen
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from Equation (68) that the weight in this model is the reciprocal function of hydrate
saturation. In addition, two fitting parameters α and β with definite physical significance
will be described in detail as follows. Here, α defines a transitional hydrate saturation,
at which both the grain-coating and pore-filling hydrates contribute equally to sediment
the sediment permeability, and the dominant pattern of permeability evolution begins
to change from one pore habit to the other pore habit. Additionally, the parameter β
indicates the evolutional direction of hydrate pore habits and the sensitivity of permeability
variation with increasing hydrate saturation: the pore habit of hydrate changes from PF to
the coexisting habits with the increase of hydrate saturation when the value of β is negative,
while a positive β value suggests that hydrate pore habit changes from GC to the coexisting
habits. Moreover, the smaller α or bigger β makes the permeability reduction curve more
easily changes from one type of hydrate pore habits to the other type.

To verify the applicability and robustness of the new model (i.e., Equation (68)),
Wang et al. [68] used published permeability data of HBS samples with hydrate formed
under excess-gas, excess-water, or dissolved-gas conditions, as shown in Figure 35. The
comparison results show that this physics-based permeability model provides a mechanistic
understanding of permeability variation and can capture well the dynamic permeability char-
acteristics of sediments containing hydrates in the pore with complex pore habits. Moreover,
due to the elegant form and solid theoretical basis of this new model, it can be implemented
in reservoir simulators for field studies and field-scale gas production estimation.

Figure 35. Permeability evolution in hydrate-bearing sediments with hydrate formed under different
conditions. (a) Experimental results from excess-gas method [24]; (b) experimental results from
excess-water method [112]; (c) experimental results from dissolved-gas method [114]. The adopted
existing analytical models are from literatures [23,40,42]. Reprinted with permission from Ref. [68].
Copyright 2022 American Geophysical Union.

5.10. Lei et al. Stress-Dependent Permeability Model

In the process of methane gas exaction from the hydrate reservoir, the pore structure
permeability will be strongly affected by the geomechanical conditions due to the change
in pore pressure induced by hydrate phase transition, thus changing the seepage charac-
teristics of HBSs. Therefore, due to insufficient research on the mechanical properties of
hydrate sediments, the modeling and prediction of permeability behavior in HBSs under
stress conditions are extremely difficult.

Lei et al. [71] established a new analytical model to predict the dynamic evolution
behavior of stress-dependent permeability of HBSs based on the assumption that the pore
structures of porous media containing hydrates are statistically self-similar fractals. This
permeability model was derived by solving the steady-state Navier–Stokes equations for
fluid flow in the capillary tube model with hydrate under stress conditions (Figure 36). Com-
pared with the previous empirical and theoretical models, Lei et al. analytical model [71]
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took the hydrate saturation, hydrate pore habits, retained water, and stresses (e.g., radial
stress and axial stress) into account.

Figure 36. Schematic diagram of two hydrate pore habits in the pore under stress condition reprinted
from [71] with permission from Elsevier. (a) Pore under zero stress condition; (b) pore deformation
under normal stress; (c) wall-coating hydrates in the pore; (d) pore-filling hydrates in the pore.

Based on the total volumetric flow rates for hydrate-bearing porous media and Darcy’s
law, normalized permeability of fractal sediments with GC and PF hydrates under stress
conditions are:

Kn_GC =

{
1− 1−

√
1− Sh

ψ

}4

(69)

Kn_PF = 2− 2Sh
ψ2 −

[
1− Sh

ψ2

]2
·
[

1 +
1

ln
〈
ψ/
(√

Sh
)〉] (70)

ψ = 1− 4

[
3π
(
1− ν2)pe f f r

4E

]β

(71)

where petrophysical parameters of porous media ν are the Poisson’s ratio independent
Sh, while E is the elastic modulus (GPa), which is a linear function of Sh; peffr is the radius
stress, MPa; β is the power law index related to the pore surface morphology.

Based on Equations (69) and (70), Lei et al. further proposed an average permeability
model considering different hydrate pore habits by using the statistical average method, as
shown in the following equation:

Kn = Kλ
n_PFK1−λ

n_GC (72)

where λ is the proportion of PF habits in all pore habits of hydrates. Figure 37 shows
the relationship between dimensionless permeability (i.e., normalized permeability in this
paper) and hydrate saturation of different experimental samples, as well as the stress-
dependent permeability model of Lei et al. [71]. It can be seen from Figure 37 that with the
increase of hydrate saturation, the parameter λ increases (i.e., the proportion of PF habit
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in all pore habits of hydrate increases), that is, the pore habit of hydrate changes from GC
habit to PF habit.

Figure 37. Dimensionless permeability varying with hydrate saturation reprinted from [71] with
permission from Elsevier. (a) Experimental results of Delli and Grozic [24]; (b) experimental results
from Kumar et al. [82].

5.11. Zhang et al. Stress-Dependent Permeability Model

It is well known that hydrate saturation and effective stress are the most significant
factors controlling permeability evolution by changing the internal pore structure of hydrate
sediments. As the permeability of fine-grained hydrate reservoirs is highly sensitive to
stress [70], the permeability variations are very sensitive to the changes in pore structure
available for fluid flow caused by effective stress.

In the experimental study by Zhang et al. [20], tetrahydrofuran (THF) hydrate-bearing
sediments with Sh = 0–0.6 were synthesized using clay silty cores recovered from the
Shenhu hydrate area in the South China Sea as the skeleton. Then, a series of stepwise
loading and water permeability measurements were carried out on the permeability mea-
surement system to quantitatively evaluate the effect of consolidation on the porosity and
permeability of fine-grained HBSs. Furthermore, Zhang et al. proposed a modified KC
equation to characterize the relationship between permeability, porosity, and effective stress
in clay-silty sediments (Figure 38).

Figure 38. Measured water permeability with hydrate saturation of 0–0.6 at effective stress between 0
and 8 MPa reprinted from [20] with permission from Elsevier.
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The experimental results-based empirical permeability model, describing the joint
effect of effective stress and hydrate saturation on permeability, is given as follows:

K(Sh) = m
φe

(1− φe)
n−1 = m

[
φ0(1− Sh)− 0.05σ

α0(1−3.12S3
h)

e

]n

[
1− φ0(1− Sh) + 0.05σ

α0(1−3.12S3
h)

e

]n−1 (73)

where m is the parameter characterizing the sensitivity of water permeability reduction to
effective porosity reduction (m = 5.2 in the Zhang et al. study for clay silty sediments [20]);
α0 is the porosity stress sensitivity index of the sample without hydrate (α0 = 0.57 in Zhang
et al. study for clay silty sediments [20]); n is an exponent that depends on the type of
sediment (n = 4 in the Zhang et al. study for clay silty sediments [20]); σe is the effective
stress, MPa.

The work by Zhang et al. [20] aimed to better understand the hydraulic properties
of hydrate-bearing clay-silty sediments considering the effective stress and attempted to
elucidate the combined effect of effective stress and hydrate saturation on permeability
evolution [121]. Their findings provide a theoretical basis for the selection of permeability
models during gas production modeling and accurate prediction of fluid production from
fine-grained hydrate reservoirs.

5.12. Lv et al. Model

Lv et al. [69] studied the methane hydrate dissociation behaviors under different ex-
ploitation methods (depressurization, step-wise depressurization, and thermal stimulation),
and analyzed the gas production behavior with the help of the NMR technique. Moreover,
as shown in Figure 39, the current widely used permeability prediction models have limited
accuracy because of lacking consideration of the effect of wettability of hydrate-bearing
mix system on seepage behaviors (Figure 39). Compared with the other models, the Tokyo
model (N = 3) had the best permeability prediction result for the experimental data, but the
R2 value is 0.8897, which is still not ideal.

Figure 39. Comparison of normalized gas permeability between experimental results and perme-
ability model predictions reprinted from [69] with permission from Elsevier. The adopted existing
analytical models are from literatures [23,40,42].
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An NMR-based approach for quantitively characterizing the overall wettability of
HBSs was proposed by Lv et al. [69] for the first time based on the theoretical basis that the
average value of T1/T2 reflects the overall wettability of the sample [122]. In addition, a
prediction model of normalized hydrophilicity (NH) of hydrate-bearing mix systems was
proposed based on NMR experimental results. The equation of NH is shown as follows:

NH = 1− 1
Sa

h
(74)

where NH is the normalized hydrophilicity defined as the ratio between the average value
of T1/T2 at a given hydrate saturation to intrinsic hydrophilicity value (average value of
T1/T2 at initial condition Sh = 0%), a is an adjustable parameter. The calculation using the
NH prediction model requires the hydrate saturation to be larger than 0, while the default
value of NH at Sh = 0% is 1.

As shown in Figure 40, the value of NH increases gradually with decreased hydrate
saturation during the hydrate dissociation process. It should be noted that this NH predic-
tion model assumed that the original sediment grains in hydrate-bearing porous media are
more hydrophilic compared with the hydrate surface [123–125]. Therefore, the inner pore
surface changes from hydrate dominant to quartz dominant, resulting in the increasing
hydrophilicity of hydrate-bearing sediments with decreasing hydrate saturation.

Figure 40. Normalized hydrophilicity versus hydrate saturation for different cases and prediction
curve of hydrophilicity proposed in the study by Lv et al. reprinted from [69] with permission
from Elsevier.

Next, based on the comparison of the goodness of fit for widely used permeability
prediction models, Lv et al. further established a modified Tokyo model coupled with a
wettability term for the prediction of permeability in HBSs. The equation of Kn is shown
as follows:

Kn = (1− Sh)
3 × NHb (75)

where b is an adjustable parameter. Figure 41 presents the comparison between exper-
imental normalized permeability data and permeability model prediction results. The
results clearly showed that the prediction accuracy of the modified Tokyo model was
improved significantly. Compared with the original Tokyo model, the prediction accuracy
was improved by 9.75%.
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The results also implied that the evolution of wettability in HBSs is crucial to the
gas–water multiphase flow. Lv et al. [69] also pointed out that the fluid seepage behavior
in the pore was not only governed by the hydrate pore habits but also by the wettability
evolution, as shown in Figure 42.

Figure 41. Comparison of normalized permeability between experimental results and permeability
model predictions (The R2 values for different models are shown in the inset) reprinted from [69]
with permission from Elsevier.

Figure 42. Schematic diagrams of the coupled influence mechanism of hydrate pore habits and
wettability evolution on flow behavior in hydrate-bearing mix system reprinted from [69] with
permission from Elsevier. (a) Initial stage; (b) medium Sh condition; (c) high Sh condition.

5.13. Summary

(1) New SDR model adds one parameter to model the effect of hydrate-related interface
evolution during the hydrate dissociation process on the NMR transverse surface
relaxivity for closer to the actual situation and better used in engineering applications.

(2) The established fractal theory-based permeability prediction models of HBSs that
consider the interaction between hydrate formation/dissociation and pore structure
in the host sediment enable one to well establish a quantitative relationship between
pore-scale structure parameters and permeability. The most important aspect of using
these models to predict HBS permeability is that microscale structure information
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(e.g., the maximal pore diameter and related fractal dimensions) in the porous media
can be properly and precisely characterized. However, these models are all complex
and many parameters cannot be accurately obtained by experiments.

(3) The modified Corey models are proposed to capture the permeability variation behav-
iors with hydrate of HBSs using multiplying a linear Corey model with an exponential
function of hydrate saturation or describing the index in a simple Corey model by a
function with hydrate saturation as an independent variable. These types of mod-
els show good predictive performance due to the variability of fitting parameters.
However, the fitting parameters do not have e clear physical meaning.

(4) Some permeability reduction models with novel mathematic forms and physical
parameters proposed by some researchers consider the pore-scale effect of hydrates
on the width and tortuosity of fluid seepage channels and the size of pore space
available for fluid flow. Furthermore, these models take into different hydrate pore
habits within pores account and the parameters in these models have definite physical
meaning and are easy to be determined. However, there are still some assumptions
and simplifications in the derivation of these models. Innovatively, the permeability
theoretical model that is commonly used in coalbed methane reservoirs is introduced
into the gas hydrate reservoir considering the pore space characteristics and the
hydrate pore morphology, which are completely different from those assumed by
PCTM and KGM.

(5) The hybrid permeability model based on the weighted combination of existing perme-
ability models considers the evolution of hydrate pore habits with hydrate saturation
and the dominance of hydrate pore habits within pores on the permeability change.
In addition, this type of model offers an elegant expression that can be easily imple-
mented in reservoir simulators for a more accurate estimation of gas production from
hydrate reservoirs.

(6) The stress-dependent permeability models of HBSs capture the permeability evolution
controlled by the pore structure of inner space and geomechanical behavior of hydrate
reservoirs under stress conditions. However, existing models do not comprehensively
consider the influence of different hydrate pore habits (e.g., grain-cementing, load-
bearing hydrate, and patchy hydrates), the combined effect of particle crushing, and
water-rock interactions on permeability, which are difficult to address in numerical
modeling and analysis. The influence of the geomechanical behavior (considering the
effects of the hydrate saturation, stress state, and hydrate pore habits) and chemical
reaction between sediment and pore fluid on the permeability of fined-grained HBSs
will be a new research hotspot for the permeability model of HBSs.

(7) The prediction accuracy of the modified Tokyo model considering the effect of wetta-
bility is better than reported permeability prediction models without consideration
of the effect of the wettability and its evolution on the seepage characteristics. The
evolution of wettability is crucial to impacting the gas–water two-phase flow in HBSs.
In addition, the coupled influence mechanism of hydrate pore habits and wettability
evolution on flow behavior at the pore scale in HBSs will be a new research hotspot
and direction for the permeability model of HBSs.

(8) The research methods, the advantages and limitations, the using parameters and their
physical meaning of various novel permeability models, and the factors that models
consider are also provided. Table 7 lists the methods, advantages, and limitations of
these novel permeability models of HBSs, while Table 8 summarizes the character-
istics of these novel permeability models that used other theories and methods for
permeability prediction of HBSs.
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Table 7. Research methods, advantages, and limitations of novel permeability models for permeability
prediction of HBSs.

Model Research Methods Advantages and Limitations

New SDR model [64]
Derived based on Kenyon
relationship and NMR
experiment data

Simple form and generally known,
and considering the effect of
hydrate-related interface evolution
but needing NMR experiment data

Daigle [60]

Derived based on the
pore-solid-fractal
geometry with the critical
path analysis method

Generally known and considering
pore system properties but containing
parameters that are difficult to
simultaneously determine and only
be suitable for disseminated hydrate
within pores

Zhang et al. [61]
Derived based on fractal
theory and
experimental results

Simple form and containing
parameters that quantify the
evolution of pore space extracted
from experimental results but
containing a series of simplifications
and empirical parameters, and only
be suitable for coarse-grained HBSs

Du et al. [62]
Derived based on fractal
theory and modified
Hagen–Poiseuille equation

A power exponential function of
structural parameters of porous
media with specific physical meaning
but complicated form with
parameters that are difficult to
determine

Chen et al. [65]
Modified Corey model
based on fitting by
LBM simulation

Simple form and generally known, an
exponential function with only one
fitting parameter with clear physical
meaning

Liu et al. [66]
Modified Corey model
based on fitting by
LBM simulation

A simple and modified functional
form effectively enhances the
applicability of the simple Corey
model but containing the fitting
parameter without definite physical
meaning and the uncertain functional
relation between exponent N and
hydrate saturation

Hou et al. [63]

Modified
permeability-porosity
relationship based on LBM
simulation and
geometrical analysis

Simple form and generally known,
and considering the evolution of the
control seepage channel with hydrate
saturation, and containing fitting
parameters related to physical
phenomenon but containing
empirical fitting parameters without
definite physical meaning and may
be restricted to two-dimensional
porous media

Guo et al. [58]

Derived based on
Poiseuille’s law and
three-dimension
hydraulic radius

Simple form and considering the
evolution of pore size with hydrate
saturation, and containing only one
embedded parameter with clear
physical meaning, but the accuracy
may be slightly lower due to the
embedded parameter assumed to be a
constant parameter
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Table 7. Cont.

Model Research Methods Advantages and Limitations

Lei et al. [72]

Derived based on
the cubic
fracture-permeability
model commonly used in
coalbed methane reservoir

Considering the novel type assumed
pore space characteristics and hydrate
pore morphology but piecewise
function with complicated form and
relatively rough prediction accuracy

Delli and Grozic [24,67]

A hybrid model based on
the weighted combination
of the KG model with two
different pore habits
in sediment

Generally known and considering
hybrid hydrates pore habits but
containing empirical parameters and
complicated calculations

Wang et al. [68]

A pore-morphology-
weighted model based on
a two-parameter logistic
function and grain-coating
and pore-filling
PCT model

Theoretical and elegant expression
with two fitting parameters with clear
physical meaning, considering
coexisting hydrate pore habits and
their evolution with ensued hydrate
crystallization but containing
complicated calculations

Lei et al. [71]

Derived by solving the
steady-state
Navier–Stokes equations
in a fractal capillary tube
with hydrate under
stress condition

Comprehensively considering the
effect of radial stress and coexisting
hydrate pore habits on the
permeability evolution in HBSs under
different hydrate saturations, but
complex form with empirical
parameters, and neglecting the
thickness of retained water film and
deformation of hydrates

Zhang et al. [20]

Modified KC model based
on step-by-step stress
loading and water
permeability tests and
curve fitting method

Considering the combined influence
of effective stress and hydrate
saturation on hydraulic properties
and porosity of fined-grained HBSs
but complex form and containing
empirical parameters

Lv et al. [69]

Modified Tokyo model
coupled with wettability
term based on
NMR measurement

Simple form and considering the
influence mechanism of wettability
evolution on flow behavior but
containing fitting parameters and
neglecting coexisting hydrate pore
habits

Table 8. Characteristics of novel permeability models for permeability prediction of HBSs.

Model Parameters Physical
Meaning Influencing Factors

New SDR model [64] ρ2*
T2LM

X
X

Hydrate saturation and interface
evolution; the effect weight and
surface proportion of quarzitic

sand phase

Daigle [60]

β
φ0
pc
D
Sx
Sw

X
X
X
X
X
X

Hydrate saturation, pore
disseminated hydrates; pore

structure fractal characteristics,
and percolation threshold
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Table 8. Cont.

Model Parameters Physical
Meaning Influencing Factors

Zhang et al. [61]

DT,0
λmax2*

a
b

X
X
×
×

Hydrate saturation; pore
structure fractal characteristics

and maximal pore diameter

Du et al. [62]

φ0
φ

Dt,h
Dt

Df,h
Df
DE

λmax,0
λmin,0

X
X
X
X
X
X
X
X
X

Hydrate saturation and
coexistence of pore-filling and

grain-coating hydrate; pore
structure fractal characteristics,

maximal pore diameter, and
porosity of sediment without

and with hydrates

Chen et al. [65] C X
Hydrate saturation; he degree of
crystal coarsening and patch size

in a multiphase system
Liu et al. [66] a × Hydrate saturation

Hou et al. [63] b
d

×
×

Hydrate saturation, pore habits,
and morphology; the intrinsic

porosity of sediment and the size
and tortuosity of the control

seepage channel

Guo et al. [58] et X
Hydrate saturation and pore

habits; the change in pore
volumes of sediment

Lei et al. [72] φ0 X

Hydrate saturation, pore habits,
and morphology; the pore

structure and intrinsic porosity
of sediment

Delli and Grozic [24,67] N
M

×
×

Hydrate saturation and
coexisting pore habits

Wang et al. [68] α
β

X
X

Hydrate saturation and
coexisting pore habits; hydrate

formation conditions and
sediments types

Lei et al. [71]

ν
E

peffr
β

X
X
X
X

Hydrate saturation and single or
coexisting pore habits; retained

water, effective stress,
deformation of grains, and pore

structure of sediment

Zhang et al. [20]

φ0
σe
α0
n
m

X
X
X
×
×

Hydrate saturation; effective
stress, porosity, and host

sediment types

Lv et al. [69]
a

NH
b

×
X
×

Hydrate saturation;
hydrophilicity of HBSs

6. Conclusions

This paper presents the various permeability models of HBSs and summarizes the
characteristics of various models in detail. The conclusions are briefly reviewed below:

(1) The SDR model can be used for engineering applications to evaluate the permeability
field data of NGH reservoirs in the presence of NMR data. PCTM and KGM were
introduced into the research of HBS permeability and implemented for numerical
simulations of gas production and provided a theoretical fundamental basis for
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other permeability models because of their simplicity and capability of capturing
the main pore structure characteristic in sediments and two typical hydrate pore
habits. They can well describe the general reduction trend of the permeability with
increased hydrate saturation However, the analytical expressions of PCTM and KGM
are oversimplified, which is too idealistic and far from actual HBSs due to the idealized
inner structure of pore space and growth habits and morphology of hydrate.

(2) The reservoir simulator used models took hydrate saturation into account but cannot
capture the effect of hydrate pore habits on permeability. In addition, the determina-
tion of empirical parameters lacks a sound physical basis, and their values vary with
the properties of HBSs. The inherent power law fitting characteristic of the Tokyo
model makes good fitness by adjusting the value of parameter N. The Tokyo model is
widely used in numerical modeling of gas production from hydrate reservoirs. The
influence of pore structure characteristics and hydrate heterogeneous distribution on
the value of the exponent N will be a new research hotspot.

(3) The modified permeability models of HBSs based on the KC equation were mainly
established in two ways: adding the fitting parameter or the polynomial, which com-
prehensively considers the relationship between hydrate saturation and pore structure
properties based on numerical simulation results, or by strict mathematical deduc-
tion of new expressions of Sh and the ratio of internal surface area A0/A(Sh) based
on series assumptions about sediment particles packing patterns. Some modified
permeability models consisted of parameters with specific physical meaning to better
explain the effect of hydrate on the characteristic of pore structure and the variation
of permeability. The influences of hydrates (considering the effect factors such as
the hydrate saturation, pore habits, and inhomogeneous distribution) on the pore
structure characteristics (e.g., porosity, pore-throat size, tortuosity, pore connectivity)
of hydrate sediments will be a new research hotspot.

(4) Many novel permeability models of HBSs have been developed based on new theories
and research methods investigating the effect of other hydrate- or sediment-related
factors on the fluid flow and the permeability evolution. The fractal theory-based
permeability model of HBSs considering the interaction between hydrate pore habits
and pore structure in the host sediment enables to well establish a quantitative rela-
tionship between microstructure parameters and permeability. The modified Corey
models show good predictive performance due to the variability of fitting parameters,
but the fitting parameters do not have a definite physical meaning. Some permeabil-
ity models with novel mathematic forms and novel physical concepts proposed by
some researchers consider the effect of hydrates on the evolution of the main seep-
age channel and pore space size. The hybrid permeability model of HBSs considers
the evolution of hydrate pore habits with hydrate saturation and the dominance of
hydrate pore habits within pores on the permeability evolution.

(5) The stress-dependent permeability models of HBSs capture the permeability evolution
induced by the pore structure change of hydrate reservoirs under stress conditions.
The influence of the geomechanical behavior and chemical reaction between sediment
and pore fluid on the permeability of fined-grained HBSs will be a new research
hotspot. In addition, wettability is crucial to influencing the multiphase flow in
hydrate sediments. The coupled influence mechanism of hydrate pore habits and
wettability evolution on seepage characteristics at the pore scale in HBSs will be a
new research hotspot and direction.

7. Challenges and Suggestions of Future Research Directions

There are still many challenges and limitations in these models for elaborating the mech-
anisms of influencing factors on HBS permeability because of some idealized assumptions.

These idealized models assume [10]: (1) hydrates are evenly distributed in the pores
with one or two pore habits, (2) hydrates are with isotropic surface tension, (3) the contact
angles between hydrate and pore surfaces are 0◦ or 180◦, that is, grain-coating or tube-
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wall coating hydrate pore habit implicitly assumes that the grain or tube wall surface
is completely hydrate-philic, while the pore-filling pore habit assumes that surface is
completely hydrate-phobic, as shown in Figure 1, and (4) the pore size distribution (PSD)
in sediment is uniform.

However, the following characteristics exist in natural hydrate sediments: (1) hydrate
distribution in pores is heterogeneous, (2) hydrate with anisotropic surface tension, and
(3) the contact angle between hydrate and the pore surface varies between 0◦ and 180◦

depending on the pressure-temperature condition, hydrate former and contacting phase as
liquid or gas, and (4) pore size distribution (PSD) in sediment is non-uniform.

In addition, there are four main challenges in existing permeability models:

(1) At present, most of the research on seepage theory in hydrate-bearing porous media
still uses Darcy’s law for reference. Most of the existing permeability models contain
fitting parameters or make ideal assumptions in terms of sediment pore structure and
hydrate pore habits, which have great limitations in practical applications. However,
there is still no universally accepted general form to reflect the permeability reduction
trend in HBSs even ignoring more complex aspects (e.g., heterogeneity, actual hydrate
morphology, and so on). In addition, the exponent N of the widely used Tokyo
model has a large variation range and still lacks a sound physical basis, and cannot be
estimated based on easily measured parameters in HBSs [44].

(2) Most of the empirical parameters used in the widely used permeability models are
mainly derived from experimental data fitting in the limited hydrate saturation
range. These fitting parameters are only applicable to specific conditions and the
permeability prediction results are usually not universally representative of their
participation. Moreover, due to the lack of enough experimental data, an appropriate
selection of empirical constant values in some permeability models is not available
for HBSs [126].

(3) The existing permeability models almost ignore the analysis of some pore-scale influ-
encing factors such as pore geometries, heterogeneous distribution of hydrates and
sediment particles, capillarity, wettability, and so on [53,60,63], leading to inevitable
discrepancies between hypotheses in theoretical models and reality in actual sediments.

(4) None of these permeability models capture the common existing issue that perme-
ability decreases to 0 before hydrate saturation reaches 100% [60]. This is inconsistent
with the concepts of percolation threshold or irreducible saturation in natural porous
media. Therefore, a physically realistic permeability model should be proposed for
HBSs. With the above-mentioned issue, existing models for permeability prediction
could not capture the intrinsic fluid flow and transport process in the pore of the
natural host sediment.

Natural gas hydrates, as a promising strategic resource, need further exploitation
and development [127]. To bridge the gap between hypothesis and reality and make
the theoretical model closer to the actual situation, future research should start from
the following aspects: anisotropy and heterogeneity of HBSs, hydrate pore habits and
morphology, pore characteristics of sediments, fine-grained HBSs, embedded parameter in
the model and multi-field coupling seepage characteristics.

7.1. Anisotropy and Heterogeneity of HBSs

The anisotropy and heterogeneity of HBSs are common characteristics in gas hydrate
reservoirs [34]. The complicated pore structures of actual sediments make inherent flow
characteristics complex and elusive. The nucleation and growth of gas hydrates in the pore
show great randomness [32,34], leading to the uniform distribution of hydrates within
pore space, as shown in Figure 43. The intrinsic anisotropy and heterogeneity exist in
the distribution of hydrate in natural sediments, such as patchy in aged coarse-grained
HBSs, or lenses/chunks in fine-grained HBSs [10,40]. It has been neglected for a long time
that the distribution characteristics of hydrate in the pore may have more influence on the
permeability evolution than its pore habit. Both inhomogeneously distributed sediment
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particles and hydrate particles could result in scattered permeability measurements and
unexpected predictions [39]. For example, this anisotropy and heterogeneity can result in a
very large discrepancy in measured permeability, which can even reach several orders of
magnitude [10,27], as shown in Figure 44. This indicates that multiple permeability models
are needed to describe permeability evolution over the entire hydrate saturation range.

Figure 43. Several potential cases of heterogeneous hydrate distribution during upscaling process
reprinted from [39] with permission from Elsevier. (a) Typical patchy distribution; (b,c) heterogeneous
hydrate distribution due to water migration towards the cold boundary during hydrate formation;
(d) heterogeneous hydrate distribution in layered systems.

Figure 44. The relationship between normalized permeability and hydrate saturation
reprinted from [10] with permission from Elsevier. (a) Data from laboratory synthesized spec-
imens [24,27,55,82,89,95,111,112,128–131]; (b) data from pressure-core samples [97,114,132–136];
(c) data obtained from well log analysis [11,90,94,137]; (d) data obtained from existing widely used
models in the literatures [23,24,40,42,48].

Recently, existing research has adopted homogenous assumptions of porous media in
the flow tests and microscale numerical simulations [25,29,123,138]. In addition, most of
the existing permeability models, especially the simplified theoretical models [23], assume
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a homogeneous distribution of sediment particles and hydrates in pore space, which
is different from the actual microstructure of gas hydrate reservoirs, and further adopt
the parallel capillary theory, Kozeny–Carman equation and Darcy’s law to facilitate the
theoretical derivation of the analytical expression of permeability. As Dai and Seol [40]
suggested, although these models are easy to implement for numerical simulators of gas
production from NGH reservoirs, they fail to capture the anisotropy and heterogeneity of
natural HBSs since the distribution of sediment particles and hydrates is assumed to be
homogeneous. Also, the previous discussion in the study by Pan et al. [39] suggested that
pore connectivity controlled by overall hydrate distribution in pore space would be crucial
for permeability evolution compared to the hydrate pore habits. They also discussed the
distribution of permeability results in different hydrate saturation-normalized permeability
zones (Figure 45) with respect to the inhomogeneous hydrates distribution (Figure 43)
during the scaling process.

Figure 45. Several zones in the hydrate saturation-normalized permeability space reprinted from [39]
with permission from Elsevier.

The complicated pore structures of sediment make inherent seepage characteristics
elusive. In view of the vital role of anisotropy and heterogeneity in sediments, the mi-
croscopic pore structures and multi-scale hydrate distribution characteristics should be
considered in permeability models to improve the prediction accuracy. Therefore, CT and
NMR technology are necessary to visualize and measure the pore structures of hydrate
reservoirs. Moreover, CT imaging can help capture 3D distributions of hydrate in pore
space, and PNM enable to consider anisotropy of pore structure in porous media, more
efforts should be made to use these two methods or their combination to study the effects
of anisotropy and heterogeneity of HBSs on permeability evolution (some attempts have
been made by Yang et al. [32] and Hu et al. [139]). The findings from these investigations
will aid in a basic understanding of gas and water flow in hydrate-bearing sediments at
the micro, meso, and macro scales, and in effectively evaluating how natural anisotropy
and heterogeneity characteristics of hydrate reservoirs can affect gas production behavior.
However, more efforts are still needed to modify existing widely used permeability models
to add terms that consider anisotropy and heterogeneity, or to establish a new form of a
theoretical model to better apply to field-scale gas production simulations.

7.2. Pore Habits and Morphology of Hydrate

It is known that the grain-coating and pore-filling hydrate are two typical pore habits
that are usually considered in existing permeability models. On the one hand, natural
HBSs include but are not limited to these two pore habits [10,103], as shown in Figure 46.
Although grain-coating and pore-filling are two typical and valuable pore habits in the
permeability study of hydrate sediments, it does not mean the existence of hydrates
with other pore habits in natural sediments can be ignored. On the other hand, the
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permeability model of HBSs suitable for different hydrate formation conditions needs
careful consideration. Meanwhile, the difference between the idealized conceptual model
of hydrate morphology and the actual shape of hydrates in natural HBSs may cause
discrepancies in predictions and measurements. Actual and natural hydrate morphology
presents some level of variability, such as lenses, nodules, chunks, veins, etc. [140]. Different
shapes represent different roughness and specific surface area, which may affect wettability
and capillarity, further influencing the flow characteristics at the pore scale. Additionally,
the single hydrate pore habit exists only in a few extreme cases while the coexisting hydrate
habits prevail in most cases [67,68], as shown in Figure 34. Hence, it is necessary to develop
more physically reliable conceptual models to accurately describe the single or co-existing
pore habits, morphology evolution, and distribution characteristics of hydrates in sediment
pores, and to use these models to establish advanced permeability models and accurately
predict gas production.

Figure 46. Core-scale hydrate morphology in hydrate samples from different geological settings and
conceptual pore habits reprinted from [10] with permission from Elsevier. (a–l) Particle-displacive
hydrate in fine-grained sediments (in white) shown as veins, lenses, and nodules; (m–p) coarse-
grained sediments where hydrate is distributed in pores therefore not readily visible; (q) the formation
of hydrate displaces surrounding sediment particles; (r–u) conceptual pore habits for hydrate in
coarse-grained sediments: grain-coating, pore-filling, cementing and load-bearing; (v) hydrate
distribution in the pore network may not be homogeneous but is likely to be locally concentrated and
form patches.
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7.3. Pore Characteristics of Sediments

It is well known that pore characteristics (e.g., pore-throat size, pore geometry, pore
connectivity) play a significant role in the permeability of porous media. Since flow tests
cannot capture the pore characteristics, it is necessary to combine the flow tests with
other pore-scale visualization techniques such as CT [39,103,116] to study the effect of
hydrate growth and/or dissociation on pore characteristics, and then on the permeability
evolution of HBSs. Most of the existing models for permeability prediction lack quantitative
descriptions of the evolution of pore space for fluid flow with varying hydrate saturation.
More specific pore space characteristics need to be fully measured by indirect imaging
techniques or direct methods, providing complete microstructure information to study
seepage characteristics in HBSs. In addition, the sediment particles were assumed to
be round or idealized in the most theoretical permeability models [10,23,26,54–56,58,72],
though the natural sediment grains exhibit varying shapes. The category and shape of
particles also determine their hydrophilicity and hydrophobicity [125]. The idealized shape
simplifies the simulation and calculation process and ignores its effect on the permeability
of HBSs, as well as a wide variety of measured permeability results [27,39].

7.4. Fine-Grained Sediments

Coarse-grained HBSs are more suitable for potential and commercial gas production
due to relatively high hydrate saturation, high permeability, non-displacive pore habit,
and small skeleton volume shrinkage during hydrate dissociation [55,141,142]. Therefore,
existing investigations have mainly focused on coarse-grained sediments. However, over
90% of the sediments worldwide are fine-grained sediment [143] and exhibit particle-
displacive pore habits [10], as shown in Figure 46.

In recent times, most laboratory flow tests have been performed on coarse-grained
sediments, but only very few flow tests have been conducted for the fine-grained host
sediments [30,31,144–146]. Therefore, due to the lack of reliable experimental permeability
data, it is difficult to determine whether the existing permeability prediction models in
the literature are suitable for fine-grained sediments or not. It should be noted that at
a theoretical level, there is no difference in the derivation process of the permeability
model for both coarse- and fine-grained sediments [58]. However, the variation trend
of permeability may be different from that of coarse-grained sediments, because of the
difference in lithology (argillaceous siltstone, silty mudstone), smaller pore sizes, and
stronger capillary actions, and other unique characteristics of fine-grained sediments [10].
For instance, in the process of hydrate dissociation in fine-grained sediments, clay swelling
caused by the bound water will lead to a reduction of permeability, which is contrary
to the changing trend of permeability in coarse-grained sediments [31]. Moreover, the
permeability increased during hydrate formation probably due to the influence of blockage
of hydrates and the increase of pores in interaggregate zones [20].

In addition, due to the different mechanical strengths of different porous media
skeletons, the strong stress sensitivity of formed fine-grained hydrate-bearing samples in
the laboratory should be different. The effective stress generated during the hydrate phase
transition will cause the change of pore structure (such as pore radius) of fine-grained
HBSs and then affect the permeability. At present, there are few studies on the relationship
between permeability and effective stress of HBSs [20,146]. It is urgent to establish a
comprehensive permeability-stress model of HBSs to guide subsequent research.

Field evidence shows that hydrate displaces grains in fine-grained sediments and
forms segregated lenses, veins, and nodules as particle-displacive type [10,147]. Addi-
tionally, previous laboratory studies have shown that hydrates can form in fractures in
fine-grained sediments, where they inherit the morphology of fractures [141]. The latest
micro-CT experimental study [148] showed that the occurrence patterns of hydrate in
fractured hydrate reservoirs consist of contiguous-sheet, clustered, and isolated, which
are slightly different from those of porous hydrate reservoirs (i.e., coarse-grained sedi-
ments). Moreover, the contiguous-sheet hydrate is the main morphology that determines
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the seepage characteristics of fractured hydrate-bearing sediments. The distribution of
fracture-filling hydrate at the pore scale is of great significance [10,141,147], which provides
a theoretical basis for investigating the seepage capacity and permeability variation of
fine-grained hydrate-bearing sediments by experiment [148] or numerical simulation [149].

In summary, there is still an inadequate understanding of the permeability charac-
teristics of fine-grained HBSs. Therefore, to establish a permeability model suitable for
fine-grained sediments, future studies need more laboratory experiments and numerical
modeling to provide mechanism understanding.

7.5. Embedded Parameters in the Model

Reported theoretical models in previous studies that relate permeability to hydrate
saturation are usually embedded with parameters whose physical meaning is not clear
or difficult to determine, as well as the complicated analytical expression forms, which
limits their application in numerical simulations and practices. Permeability of HBSs
depends on several parameters: hydrate saturation, hydrate morphology, hydrate pore
habits, hydrate reformation and dissociation during flow tests, lithology (e.g., mineral,
sediments particle size), anisotropy, and heterogeneity of HBSs, effective stress, pore
characteristics (e.g., pore/throat size, pore size distribution), wettability, interfacial tension
and so on [10,140,147]. Although each of the factors mentioned above has been studied
to a greater or less extent, the sensitivity of all the factors to the HBS permeability has
not been analyzed yet. A theoretical model that predicts permeability with a simple form
and physically sound parameters needs to be developed urgently based on the sensitivity
analysis for the degree of effect of the above factors on permeability evolution.

As known, the Tokyo model [42,43], with a parameter of reduction exponent N, is
widely used in numerical investigations. This model is simple, has only one parameter, and
is easy to conduct fitting of permeability data. However, the value of N varies greatly with
the nature of HBSs, such as sediments types and pore habits [10,40]. Determining the value
of exponent N remains a challenge due to the lack of a reliable physical basis and estimation
equations [40]. Three probable ways of dealing with this challenge are suggested [10]:
(1) Theoretical analysis. Mathematical models should be derived based on the seepage
theory of porous media to lay a good physical foundation for the study of N; (2) Laboratory
experiments. The effecting factors of N should be studied, and N should be estimated with
easily measured parameters in HBSs; (3) Data statistical analysis. An alternative approach
is to obtain and compile a large number of relevant data sets to discuss the clear physical
meaning of the value of N based on big data and machine learning techniques.

In summary, classical permeability models were usually divided into different forms
because of hydrate pore habits. Some general or modified forms were also proposed to
cover different situations. However, there exist limitations, some embedded parameters
in models lack a sound physical foundation and relationship with other easily measured
parameters of HBSs. In addition, some new models were proposed based on new theo-
ries and assumptions. However, none of them underwent extensive and comprehensive
verifications by further experiments and field tests.

7.6. Multi-Field Coupling Seepage Characteristics

No matter which exploitation method is adopted, the hydrate production process
involves four coupling physical processes: heat transfer (T), multiphase seepage (H),
formation deformation (M), and hydrate phase transformation (C) [7–10]. The seepage
characteristics of hydrate reservoirs are the key to hydrate development research. However,
the fluid seepage in hydrate sediments, influenced by many factors such as phase transi-
tion, heat transfer, and reservoir stability, is a complex multi-field coupled process. The
effects of the thermal-mechanical-chemical (TMC) multi-field coupling process on seepage
characteristics during the exploitation of natural gas hydrate are as follows:
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(1) Due to the decomposition of solid hydrate into liquid water and methane gas, the pore
structure available for fluid flow in the sediment changes, which affects the porosity,
fluid flow behavior, and permeability of the seepage field.

(2) The decrease in temperature will even lead to the reformation of hydrate or the
formation of ice, which will block the pores and greatly affect the seepage capacity of
the reservoir.

(3) The formation/decomposition of hydrate increases/decreases the cementation and
support effect of hydrate on sediments, and sand migration and even formation
deformation may occur, which affects the mechanical properties of the reservoir and
leads to changes in pressure, porosity, and permeability of the seepage field.

Thus, hydrate exploitation is a very complex multi-field coupling fluid seepage process.
Advanced permeability models are very important for the dynamic prediction and

analysis of long-term gas production simulation in hydrate reservoirs. However, the
permeability models proposed recently do not comprehensively consider the effects of heat
and mass transfer, and sediment deformation during the hydrate decomposition process,
and only focus on the dynamic permeability change of the single-phase flow of the seepage
field. Therefore, in the HBS permeability study, experiments or numerical simulations
should be used to further explore the influence mechanism of the TMC process on fluid flow
and permeability changes in hydrate-bearing sediments, and to establish a more advanced
and comprehensive permeability model for macroscopic gas production modeling.

This paper provides guidance and constructive suggestions for the construction of
new permeability models and the numerical simulation of the gas production from hydrate
reservoirs during hydrate exploitation, and it will be a useful tool for researchers and
practitioners to simulate and evaluate the physical properties of HBSs both on the laboratory
and field scales.
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