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ABSTRACT: Shale gas seepage theory provides a scientific basis
for dynamically analyzing the physical gas flow processes involved
in shale gas extraction and for estimating shale gas production.
Conventional experimental techniques and theoretical methods
applied in seepage research are unable to accurately illustrate shale
gas mass transfer processes at the micro- and nanoscale. In view of
these scientific issues, the knowledge of seepage mechanisms and
production development design was improved from the
perspective of experimental techniques and theoretical models in
the paper. First, multiple techniques (e.g., focused ion beam
scanning electron microscopy and a combination of mercury
intrusion porosimetry and adsorption measurement techniques)
were integrated to characterize the micro- and nanopore
distribution in shales. Then, molecular dynamics simulations
were carried out to analyze the microscale distribution of gas
molecules in nanopores. In addition, an upscaled gas flow model
for the shale matrix was developed based on molecular dynamics simulations. Finally, the coupled flow and productivity models were
set up according to a long-term production physical simulation to identify the production patterns for adsorbed and free gas. The
research results show that micropores (diameter: <2 nm) and mesopores (diameter: 2−50 nm) account for more than 70% of all the
pores in shales and that they are the primary space hosting adsorbed gas. Molecular simulations reveal that microscopic adsorption
layers in organic matter nanopores can be as thick as 0.7 nm and that desorption and diffusion are the main mechanisms behind the
migration of gas molecules. An apparent permeability model that comprehensively accounts for adsorption, diffusion, and seepage
was developed to address the deficiency of Darcy’s law in characterizing gas flowability in shale reservoirs. The productivity model
results for a certain gas well show that the production in the first three years accounts for more than 50% of its estimated ultimate
recovery and that adsorbed gas contributes more to the annual production than free gas in the eighth year. These research results
provide theoretical and technical support for improving the theoretical understanding of shale gas seepage and optimizing shale gas
extraction techniques in China.

■ INTRODUCTION
Through more than a decade of exploration and development
efforts, China has made significant strides in shale gas
development, through a combination of multiple maturing
subjects including shale gas exploration and development as
well as geological engineering. It is estimated that China’s
national shale gas production increased by 50% year over year
in 2019, showing a strong momentum of growth.1,2 Shale gas
seepage and development theories provide a theoretical basis
for dynamically analyzing the gas flow process of gas shale
systems, estimating shale gas productivity, and moreover
effectively improving the overall gas recovery of a single well,
which is substantially supportive to the upscaled shale gas
production in southern Sichuan.3,4

Highly heterogeneous shale reservoirs are abundant in
micro- and nanopores as the primary space for gas
accumulation and seepage. However, poor pore interconnec-
tivity can lead to an extremely low gas flowability.
Consequently, vertical wells are generally unable to extract
gas out of tight gas shale without stimulated reservoir
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volume.5,6 With complex fracture networks stimulated through
horizontal well approaches and volumetric fracturing techni-
ques, several hundreds of thousands of or even over a million
cubic meters of gas were produced out of shale each day during
the trials, which lasted for several years.7,8 In addition,
complicated shale gas flow mechanisms in shale formations
result from the presence of micropores and the shale gas
occurrence state. Therefore, the experimental techniques and
theoretical methods applied in conventional oil/gas systems
are limited in illustrating shale gas mass transport�a
phenomenon that involves desorption, diffusion, and seepage.9

As a result, production decline analysis and productivity
evaluation have been rather challenging so far.

During the incipient stage of its endeavor to utilize shale gas,
systematical investigations into characterizing porous media
and gas seepage patterns of shale systems were initially
conducted in China, resulting in an inaccurate knowledge of
the shale gas development pattern since then. The failure to
focus on shale gas of marine facies in China and the absence of
adequately targeted and instructive development techniques, to
some extent, impeded increases in the gas extraction and
overall recovery in shale reservoirs.10,11 Our research has been
dedicated to addressing scientific problems such as the pore
distribution characterization and gas flow mechanisms and
development pattern identification for gas shale systems. First,
a comprehensive reservoir microstructure characterization
method was developed to evaluate micro- and nanopore
occurrences in shale reservoirs from quantitative and
qualitative perspectives. Subsequently, investigative techniques
(e.g., molecular dynamics simulation and high-pressure flow-
pattern evaluation) were established to examine shale gas
accumulation and migration mechanisms at the micro- and
nanoscale. Moreover, gas flowability evaluation and prediction
were achieved through setting up a theoretically mathematical
model. In the end, an indoor physical simulation was put
forward to clarify shale gas extraction out of a shale matrix by
simulating ultra-long-term production of shale cores, aimed at
determining dynamic production decline patterns of gas shale
systems. A multiscale coupled model was also established to
provide a mathematical tool for production yield estimates and
analyzing production declines.

■ MICROSTRUCTURAL CHARACTERIZATION
TECNIQUES FOR SHALE RESERVOIRS

Shale reservoirs have a more complex pore structure, as they
are unconventional reservoirs integrated with source rocks.
The level of development of micro- and nanopores affects gas
accumulation and seepage in shale reservoirs. Determining the
characteristics of the pore structure of a shale reservoir is vitally
important for estimating its reserves and evaluating its
development potential.12 Pores in shale reservoirs range from
several nanometers to several hundreds of microns in size. This
wide range presents a challenge to the use of a single
measurement method to fully characterize the pore size
distribution and pore structure of shale reservoirs.13 Currently,
the pore structure of shale reservoirs is primarily examined
through imaging and quantitative tests.14−17 The main imaging
methods include high-resolution focused ion beam scanning
electron microscopy (FIB−SEM), transmission electron
microscopy, atomic force microscopy (AFM), small-angle X-
ray scattering, and nanocomputed tomography (CT).18−28

FIB−SEM, known for its high-resolution capabilities, can be
used to image nanopores and is primarily employed in two-
dimensional (2D) observations.23,24 High-resolution CT can
be used for nondestructive scanning and three-dimensional
(3D) reconstruction of nanopores in samples. However, CT
scans over a wide field of view have low accuracy due to
instrument limitations.29 Some new techniques, such as small-
angle neutron scattering (SANS) and ultra-SANS, use a
neutron beam to penetrate a shale sample and obtain
information on its pore structure through measurement of
the intensity of radiation scattered within a specific range.25

AFM can be used to image the 3D morphology of shale
samples in their true state and display pore networks
composed of micro- and nanopores connected through
relatively small throats (Figure 1). This technique, however,
has two deficiencies: a very small scan area and a low scan
rate.26−28

High-pressure mercury intrusion porosimetry (MIP), low-
temperature nitrogen (N2) adsorption, carbon dioxide (CO2)
adsorption, and nuclear magnetic resonance (NMR) are
among the techniques commonly used to quantify pore-size
distribution.15,29−32 MIP involves the injection of mercury into
pores under a high pressure up to 350 MPa and has a 3.7 nm
(pore radius) detection precision. However, the saturation of
mercury injected into a shale sample is generally low, and the

Figure 1. Comparison of FIB−SEM and AFM images of shale samples.
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high pressure required for the process can deform and damage
the pores.28 According to the capillary condensation theory
and the Barrett−Joyner−Halenda model, the effective pore-
size range that can be derived from low-temperature nitrogen
adsorption curves is 2−200 nm for shale samples.30 The CO2
adsorption technique can be used to measure micropores
smaller than 2 nm and down to 0.35 nm in diameter.33 NMR
determines pore-size distribution based on the T2 relaxation
time of the saturated fluid in the pores. This technique is
advantageous due to its general insusceptibility to the effects of
the matrix component and its ability to produce relatively
accurate porosity and pore-size distribution estimates for rock
layers. Despite its advantages, NMR has limited capabilities in
the characterization of multiscale pores in shale samples due to
two factors: (1) saturating shale samples with a fluid is difficult
due to the small pores and (2) the relationship between T2 and
the pore size generally relies on empirical evidence.34−36

Use of multiple techniques in tandem is required to better
characterize the multiscale pore structure of a shale sample and
its pore-size distribution. Six core samples of the section
extending from the Wufeng (WF) formation (Fm) to the
Longmaxi (LMX) Fm, retrieved from well Z201 in western
Chongqing, were subjected to parallel tests using methods such
as FIB−SEM (minimum resolution: 0.9 nm), CT scanning
(resolution: 300 nm), high-pressure MIP, low-temperature N2
adsorption, and CO2 adsorption. Full-range pore-size distribu-
tion curves were generated by combining the quantitative
measurements obtained using the high-pressure MIP, low-
temperature N2 adsorption, and CO2 adsorption techniques.
Pores smaller than 2 nm, 2−50 nm, and larger than 50 nm in
diameter were measured using the CO2 adsorption, low-
temperature N2 adsorption, and high-pressure MIP techniques,
respectively.15,31 Analysis of the full-range pore-size curves
(Figure 2) reveals that the pores in the shale in this well
primarily consist of mesopores (2−50 nm in diameter, 51.85−
73.08% average: 63%) and, to a smaller extent, micropores (<2
nm in diameter, 11.9−25.3%, average: 15%).

Our observation of the 2D FIB−SEM scans and the
reconstructed 3D distribution of the organic matter (OM)
and pore network shows that the OM pores in the shale in the
LMX Fm in western Chongqing are mostly circular, oval, or
interfacial in shape on the plane and that their diameters vary
widely, from nanometers to microns. Relatively well-developed
pores are present in the Longyi1

3 and Longyi1
1 sublayers of the

LMX Fm and the WF Fm. The Longyi1
1 sublayer and the WF

Fm contain relatively well-developed throats and relatively
large slit-shaped pores and have the highest proportion
(>30%) of macropores. A large number of macropores lead
to high pore connectivity and provide channels for gas
diffusion and seepage. Therefore, the Longyi1

1 sublayer and the
WF Fm are the best-quality reservoirs with the most developed
accumulation and seepage space in this region, and they are the
current layers of interest for development.

■ MASS TRANSPORT MECHANISMS AND GAS
FLOWABILITY EVALUATION MODEL

Microscopic Mass Transport Mechanisms. Shale gas
exists and migrates primarily in nanopores. When the free path
of motion of gas molecules approaches the size of the
nanothroats, the microscale effects of gas mass transport
manifest themselves, while the impact of several mechanisms
(e.g., desorption, slip, and diffusion) on the gas transport
process becomes more pronounced. These factors preclude the
direct use of some theories and experimental techniques
applicable to conventional gas reservoirs to investigate flow
patterns in shale gas reservoirs.31,37,38 Therefore, more
microscopic methods, such as the molecular dynamics and
lattice Boltzmann methods (LBM) and pore network models,
are employed to study shale gas and its mass transfer
mechanisms at the microscale.39−48

Pore network models can provide a relatively true reflection
of the geometric topography and connectivity in core samples
and are the most computationally efficient. However, the
currently available models are rare for quantification of the

Figure 2. Full-range pore-size distribution, CT scanning, and FIB−SEM results for shale samples.
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irregularity of porous media for gas shale.39,40 The LBM can
directly simulate fluid flow in a core sample after a simple
binarization treatment of its SEM or CT image. Because a
continuum is not required, this method can be used to solve
problems involving complex geometric boundaries. On the
other hand, the LBM is known for its inability to calculate flow
over a large area and its limited range of simulation.39,40 The
LBM simulates the original state and motion of the molecules
in a system on a computer and subsequently analyzes the
structure and properties of the system to produce many
microscopic details that cannot be experimentally obtained,
with the goal of revealing the molecular fluid−solid coupling
and migration mechanisms. The limitations of this method are
that the reliability of its results depends not only on the
accuracy of the initial molecular configuration and intermo-
lecular potential but also, to a large extent, on computer
capabilities.41−47

A molecular dynamics model of a nanoscale OM slit filled
with methane molecules was established to analyze the
microscopic mechanisms behind the interactions between the
methane molecules and between the methane molecules and
the walls of the slit. This model is composed of two carbon
plates, each constructed with three graphite layers. The initial
graphite lattice originated from the Material Studio software
database. The condensed-phase optimized molecular potentials
for atomistic simulation studies (COMPASS) force field was
applied to the model. A Monte Carlo simulation was first
performed to determine the number of methane molecules at
certain temperatures and pressures. Subsequently, a molecular
dynamics simulation was carried out to identify the stable
conformation. On this basis, statistical data for several
quantities (e.g., density distribution, interaction energy,
diffusion coefficient, and mobility) were obtained. Figure 4
shows the simulation results for gas molecules at different
pressures (1, 11, 21, 31, and 41 MPa) and slit lengths L (1, 2,
3, 5, and 10 nm). A macroscopic seepage model was
established to provide a basis for identifying the mechanism
behind the distribution of gas.

Our analysis of the molecular density and velocity profiles
(Figure 3a) reveals the following. The density of methane
molecules varies considerably across the 2 nm pore due to the
wall effects. Some methane molecules are clustered near the
walls, resulting in the appearance of an adsorption peak. The
density of molecules near the walls of the slit is substantially
higher than the density of free gas molecules at its center. The

densities of free gas molecules at the center of the nanoscale
slit under different pressures are consistent with the
corresponding values in the database provided by the U.S.
National Institute of Standards and Technology,48 lending
credence to the soundness of the molecular dynamics
simulation. As the pressure increases, the peak density
corresponding to the adsorption peak increases gradually but
at a decreasing rate. As the pressure increases beyond 11 MPa,
a second peak emerges between the peak and bulk densities.
This finding echoes the observation of Mosher et al.48 and can
be ascribed to the following factor. The gas molecules
responsible for the formation of the adsorption peak near
the walls exert an additional adsorptive force on their
neighboring gas molecules, resulting in a small dense gas
zone between the area corresponding to the adsorption peak
and the free gas molecules. In other words, a “dual adsorption
mechanism” is behind the distribution of the gas in the
nanoscale slit.49 An observation of the velocity curves shows
that the velocity of the molecules fluctuates due to their
random motion and decreases as the pressure increases. The
spatial motion of the molecules is captured based on their
diffusion coefficient to characterize the average mean square
displacement of each molecule and the system within the given
time period. The self-diffusion coefficient of the molecules is
set to the literature values,45 ranging from 4.09 × 10−8 to 4.94
× 10−7 m2·s−1 under the conditions used in the analysis, and it
decreases at a decreasing rate as the pressure increases.

Figure 3b shows the simulation results for the gas in the slit-
shaped pore at different L values (1, 2, 3, 5, and 10 nm). The
methane is distributed in a layered pattern in the slit at L > 2
nm. In other words, under this condition, more methane
molecules accumulate in the adsorption layers near the walls
than at the center. In contrast, at L = 1 nm, the density of
adsorbed methane molecules is considerably greater than that
of free methane molecules almost across the entire pore, which
can be primarily attributed to the action of the superposed
force at the wall on each side of the pore.50 This force results in
an overall increase in the adsorptive force, which in turn
increases the density of methane molecules and immediately
induces adsorption. Consequently, the pore is devoid of areas
containing free molecules. Hence, a material containing a large
number of micropores generally has a very high adsorptive
capacity.51−54 In the absence of the application of a force field
to the walls, the area under the influence of the microscale
effects is within approximately 0.65 nm from the wall on each

Figure 3. Density distribution curves of the gas.
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side of the slit. Thus, it is inferred that the threshold pore
width at which all the gas molecules are affected by the
microscale effects is between 1 and 2 nm under the conditions
used for analysis. Within this range, the mass transport of the
gas in the pore occurs primarily through Knudsen and surface
diffusion. Outside this range, the flow of the free gas molecules
follows Darcy’s and Fick’s laws. This finding lays a theoretical
foundation for modeling gas flows in pores of different sizes
and under different pressures.

Gas Flowability Characterization Model. Unlike a
single-tube model, a shale core consists of pores of various
sizes, resulting in the coexistence of multiple flow mechanisms,
such as Darcy flow, bulk diffusion, Knudsen diffusion, and
surface diffusion. This condition precludes the use of the
conventional Darcy permeability intrinsic permeability (KD) to
characterize gas flowability in cores. Hence, in many studies,
multiple flow mechanisms are comprehensively combined into
an apparent permeability (Ka) model.55,56 Some examples of Ka
models include the apparent permeability (Ka) models
developed by Jones and Owens56 and Florence et al.57 based
on the static slippage factor, the Ka models developed by
Ertekin et al.58 and Michel et al.59 through the introduction of
a dynamic slippage factor to account for Knudsen diffusion, the
Knudsen number (Kn)-containing Ka models developed by
Sakhaee-Pour and Bryant60 and Civan et al.61 based on the
work of Beskok and Karniadakis,62 and the expression of Ka
established by Javadpour et al.63−65 that accounts for diffusive
flow (Knudsen diffusion) and the slip effect. Most of these Ka
models are functions of the Kn or gas pressure. Ka estimates
yielded by different methods differ relatively considerably as
the pressure and pore size vary,55,66 which is primarily due to
the unclearly defined boundary of the interaction between the
microscopic mechanisms of shale gas in each model. Analysis
of molecular dynamics simulations reveals that both the slip
effect and Knudsen diffusion involve molecule−wall collisions.
However, in many studies,62,63,67 various transport mecha-
nisms are directly linearly coupled to produce a combined
transport model. This approach results in double counting of
the flow. In addition, these models are composed of
microtubes with an identical diameter, while the effects of
the presence of different pore sizes on gas flow in cores are
rarely considered. As a result, estimates produced by these
models differ substantially from the actual flow.68

According to the results of the molecular dynamics
simulations, the flow region is divided into boundary flow
and bulk flow. Four flow mechanisms need to be considered:
the viscous flow and bulk diffusion in the bulk flow and the
surface diffusion and Knudsen diffusion that result in nonzero
gas velocities near the wall under the action of the forces
exerted by the gas and solid phases.69 The pore space in a core
sample can be made equivalent to an amalgamation of
cylindrical capillaries with different diameters. Here, the flow
in a single cylindrical tube is examined. Let rin be the internal
flow radius of the tube. As a result of the adsorption effects of
the wall, the boundary layer (i.e., the adsorption layer)
occupies a certain proportion of the pore space. The equivalent
internal radius of the single tube that accounts for the effects of
the adsorption layer, rine, is given below:68

r r h r
pd

p pine in e in
m

L

= =
+ (1)

where dm is the diameter of the gas molecule, nm; he is the
equivalent adsorption-layer thickness at a pressure of p, nm; pL
is Langmuir pressure, MPa; P is the formation pressure in the
reservoir, MPa; rine denotes equivalent internal radius
accounting for the effects of adsorption, nm; and rin denotes
equivalent internal radius of the single tube, nm.

Therefore, the mass flow rate of the viscous flow, ND, can be
expressed as follows:9
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where ND is the mass flow rate of viscous flow, kg·s−1; ρavg is
gas density at the inlet and outlet at the average pressure, kg·
m−3; ▽p is pressure gradient, Pa·m−1; and μ is gas viscosity,
Pa·s.

Because bulk diffusion follows Fick’s law of diffusion, the
bulk diffusion flux that accounts for the effects of the
adsorption layer has the following expression:
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where NF is the mass flow rate of Fick’s diffusion, kg·s−1; kB is
the Boltzmann constant (1.38 × 10−23 J·K−1); M is molecular
weight, kg·mol−1; and R is the universal gas constant (8.314 J·
mol−1·K−1).

The Knudsen diffusion in a nanopore can be expressed in
terms of a function of the pressure gradient. Thus, the mass
flow rate of the Knudsen diffusion is as follows:66,70
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where Nk is the mass flow rate of Knudsen diffusion, kg·s−1,
and T is ambient temperature, K.

Sladek et al.70 derived the following equation for the surface
diffusion coefficient through fitting to data for gas−solid
systems:
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where Ds is the surface diffusion coefficient, m2·s−1; m is a
constant determined based on the type of adsorption bond,
dimensionless; and q is isosteric heat of adsorption, J·mol−1.

It is assumed that the separated circular cross-sectional area
of a single capillary is directly proportional to the ratio of the
volume of the capillary to the total pore volume. The flow flux
commonly used for surface diffusion refers to its flow rate
divided by the circular cross-sectional area. On this basis, the
mass flow rate of the surface diffusion in a single capillary is
obtained as follows:
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where Ns is the mass flow rate of surface diffusion, kg·s−1; ρs is
shale matrix density, kg·m−3; Vstd is the molar volume of the
gas in a standard state, m3·mol−1; and Φco is the porosity of the
core sample, dimensionless.
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Because the surface diffusion of shale gas occurs primarily in
the adsorption layer, rin is used in eq 6. To prevent double
counting of the flow caused by direct superposition, a coupling
coefficient for each of the viscous flow, bulk diffusion, Knudsen
diffusion, and surface diffusion ( f1(Kn), f 2(Kn), f 3(Kn), and
f4(Kn), respectively) is used. These coefficients are all
functions of the Kn. The flow rate in a nanotube at a specific
Kn is expressed as follows:

N f N f N f N f N(Kn) (Kn) (Kn) (Kn)1 D 2 b 3 K 4 s= + + +
(7)

where f1(Kn) is the coupling coefficient for viscous flow,
dimensionless; f 2(Kn) is the coupling coefficient for bulk
diffusion, dimensionless; f 3(Kn) is the coupling coefficient for
Knudsen diffusion, dimensionless; f4(Kn) is the coupling
coefficient for surface diffusion, dimensionless; N is the mass
flow rate of the gas in a single tube, kg·s−1; and Kn is Knudsen
number, dimensionless.

Based on earlier studies,71,72−74 Liu47 gave the following
definition for each of these four coupling coefficients: f1(Kn) =
e−αKn, f 2(Kn) = 1/(1 + Kn) − e−αKn, f 3(Kn) = e−β/Kn, and
f4(Kn) = Kn/(1 + Kn) − e−β/Kn (α and β are constants to be
calculated). On this basis, the convexity of the curve depicting
the variation in each coupling coefficient can be determined.
Similarly, a curve depicting the variation in each coupling
coefficient with Kn at α = 5 and β = 1.8 was obtained through
calculations, as shown in Figure 4.

Our observation of Figure 4 shows the following. Because
f1(Kn), f 2(Kn), f 3(Kn), and f4(Kn) are all nonnegative, they
are applicable within the Kn range of [0, ∞], thereby evading
the necessity for solving the flow model in a piecewise manner.
In addition, the coupling coefficients vary smoothly and
gradually, and thus the required smooth transition of viscous
flow and each type of diffusion with Kn is satisfied. The unified
flow model bridges the boundaries between the flow patterns
and eliminates the jumps of the flow rates at the flow-pattern
transition points. A normalized correspondence between the
flow mechanisms and Kn is used to sufficiently reflect the basic
understanding of the flow patterns, thereby further constrain-
ing the range of action in the mathematical model. Substituting
the expression of each coupling coefficient into eq 7 yields
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The above equation calculates the mass flow rate in a single-
tube model. A core sample can be made equivalent to a
combination of single-tube models of various sizes. According
to the studies of Michel et al.74 and Xiong et al.,75 the pore-size
distribution in a porous medium can be described with a log-
normal function. Based on the characteristics of the full-range
pore-size distribution curve of shales, experimental data for the
full-range pore-size distribution in shales are fitted to a log-
normal function. Thus, a probability density function of the
pore size distribution is obtained. Averaging the parameters
yields the following generalized curve:
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The number of tubes (i.e., pores) with an internal radius that
ranges from rin to (rin + drin) in a shale core is as follows:
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(10)

where V∞ is the external surface volume; L∞ is the length; and
Φ∞ is the porosity.

Integrating eq 10 over the entire pore-size range yields the
flow rate in the shale medium:
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where η is normal mean, dimensionless; Lco is length of the
core sample, m; Vco is volume of the core sample, m3; and Φco
is porosity of the core sample, dimensionless.

Flow Experiment and Model Validation. A steady-state
flow test setup developed in-house was used to analyze the gas-
shale apparent permeability (Ka) and flowability of shale gas at
pressures of 0.1−40 MPa to achieve two objectives: (1) to
better analyze the pattern of variation in the flow rate in a core
under the combined action of multiple flow mechanisms and
(2) to provide experimental evidence and data support for
validating the established shale gas flowability evaluation
model. Figure 5 shows the obtained Ka−KD (intrinsic
permeability) ratios for cores with different permeabilities at
different pressures.

Figure 4. Variation in the coupling coefficients with Kn.

Figure 5. Ka−KD ratios at different pressures.
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Observation of the flow−pattern curves at different
pressures shows the following. Ka increases considerably as
the average pressure Pave decreases. The Ka−KD ratio increases
nearly linearly and slowly as Pave decreases before reaching 5
MPa. Within this range, the overall increase in the Ka−KD ratio
is less than 1 order of magnitude, while the characteristics of
each flow−pattern curve are consistent with those of the curve
of a slip flow pattern. As Pave decreases below 5 MPa, the flow
pattern gradually transitions from a slip flow pattern to a
transition flow pattern. A decrease in Pave increases the length
of the free path of molecules and consequently strengthens the
Knudsen diffusion, which in turn results in an exponential
increase in the dimensionless permeability (i.e., the ratio of Ka
to the absolute permeability). A low level of permeability leads
to a high dimensionless permeability. Lowering the pressure
can increase the dimensionless permeability 1- to 10-fold and
10- to 100-fold for micro- and nano-Darcy cores, respec-
tively.76−78

Compared to other models,79 the model developed by our
group to evaluate gas flowability in the matrix accounts for
different microscopic mechanisms of action, and consequently,
its estimates for low- and high-pressure conditions are the
closest to the experimental results (Figure 6). Therefore, this
model can provide a basis for estimating gas flowability in
reservoirs and evaluating the development potential of gas
wells.

■ DEVELOPMENT SIMULATION EXPERIMENT AND
COUPLED SEEPAGE MODEL

Simulation of Full-Life-Cycle Depletion-Mode Devel-
opment. Micro- and nanopores and unique transport
mechanisms are present in shale reservoirs. As a result, shale
gas wells are known for high initial production, followed by a
fast decline and a long period of low but stable production at
the final stage. Currently, analysis based on gas-well production
data is often affected by production systems and engineering
factors. The associated problems (e.g., discontinuous produc-
tion data and pressure) are detrimental to the dynamic analysis
of gas-well development.80,81 Establishing corresponding
physical development simulation methods can help to produce
complete production data and some key parameters essential
to numerical simulations,82,83 thereby addressing the current

challenge of acquiring data required for gas-well productivity
estimations and dynamic production predictions.

A development simulation test setup developed in-house for
full-diameter core samples was used to simulate the develop-
ment pattern of a full-diameter core sample over its full life
cycle. With a length of 15 cm, a diameter of 10 cm, and a
porosity of 2.5%, this sample was retrieved in sealed conditions
from the LMX Fm in Zhaotong in southern Sichuan. After
being transported to the laboratory, the sample was
replenished with methane until its pressure reached the in
situ level (30 MPa). Subsequently, a full-life-cycle development
process in depletion mode (used in situ) was dynamically
simulated. The test setup included a high-pressure core
clamping system, a gas collection system, a pressure measure-
ment system, and a temperature control system. During the
test, the inlet and outlet pressure (Pin and Pout, respectively)
and the flow rate at the outlet (Rout) were continuously
recorded in real time using a pressure sensor and a gas mass
flowmeter, respectively. As of the preparation of this report, gas
had been produced from the full-diameter shale core for over
2700 days. Figure 7 shows the variation in Pin and Rout with
time.

Observation of the gas production and pressure curves
(Figure 8) reveals the following. Gas production was high at
the initial stage but declined rapidly, which was quickly
followed by a steady production stage. The production decline
curve is highly similar to the single-well production decline
curve and displays an L-shaped pattern. The extraction of the
free gas was responsible for the high production at the initial
stage. The subsequent extraction of the adsorbed gas propelled
the production into a steady stage. The physical simulation
satisfactorily reflects the characteristics of shale gas produc-
tion�an initial high level of production, followed by a fast
decline and subsequently a steady level of production at the
later stage.81,85

Analysis of the apparent formation pressure−cumulative gas
production curve (Figure 8) reveals that the depletion-mode
shale gas development process involved approximately three
stages. During the high-speed development stage that occurred
in the first 40 days, the gas production rate declined rapidly,
while the apparent formation pressure did not change
significantly and remained greater than 20 MPa. Almost all
the gas produced during this stage was in the free state. During
the medium-speed development stage that occurred between
the 40th and 440th days, the gas production rate declined
slowly, while the apparent formation pressure decreased
relatively substantially and linearly as the cumulative gas
production increased. In addition, during this stage, the
average formation pressure decreased to 14.78 MPa, and
desorbed gas accounted for a small proportion of the gas
produced from the core sample. During the long-term, low-
speed steady development stage that occurred between the
440th and 1700th days, the gas production rate remained
stable and declined extremely slowly, while the apparent
formation pressure decreased at a markedly decreasing rate and
basically linearly as the cumulative gas production increased.
At the end of the time period examined, the apparent
formation pressure decreased to 9 MPa, while the proportion
of the produced gas that was in the adsorbed state became
increasingly higher. The material balance method was
employed to calculate the production patterns and contribu-
tion rates for adsorbed and free gas. Our analysis of the results,
shown in Figure 9, further identifies adsorbed gas as an

Figure 6. Comparison of Ka−KD ratios yielded by different models.
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important source of shale gas during the later long-term steady
production stage.81,84

The gas production patterns of a certain shale gas well in
Changning at different production times were analyzed based
on its actual production data in conjunction with the
production decline patterns for adsorbed and free gas obtained
from the laboratory full-life-cycle depletion-mode development
simulation experiment on a physical model (Figure 9). On
average, this well produces 108,000 m3 of gas every day during
the first year. Over time, gas production from this well
decreases rapidly. Specifically, its production decreases to
40,000 m3 of gas every day during the second year, followed by
a low-level, steady production stage. The total amount of gas
produced during the first three years accounts for more than
50% of the estimated ultimate recovery (EUR). During the first
year, free gas accounts for the majority of the gas produced
from this well, while the proportion of adsorbed gas is very low
(<5%). As the production progresses, the reservoir pressure
decreases. Consequently, free gas is extracted in large
quantities, accompanied by a gradual increase in the
production of adsorbed gas. During the eighth year, the
production of adsorbed gas reaches 10,000 m3 per day. At this

Figure 7. Experimental production decline curves of the full-diameter core.

Figure 8. Apparent formation pressure−cumulative gas production
curve for the core over the full life cycle.

Figure 9. Production decline rates and contribution rates of adsorbed gas at different production times.
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stage, adsorbed gas contributes more than 50% of the total gas
produced from the well. As the production further progresses,
the rate of contribution of adsorbed gas increases. Analysis of
the cumulative rate of contribution of adsorbed gas reveals the
following: (1) adsorbed gas accounts for less than 5% of the
total gas produced from this well in the first five years and (2)
the desorption of adsorbed gas is a primary source of shale gas
and is responsible for 25% of the total gas produced from this
well at the end of production. Because the production difficulty
varies between gases in different states, the free gas−adsorbed
gas ratio is another metric that warrants careful consideration
in the selection of optimum blocks and horizons for
development. A reservoir dominated by free gas has a high-
pressure coefficient and produces mostly free gas. A high
proportion of free gas results in a high gas production rate and
short-term recovery. Adsorbed gas does not play a major role
until the pressure in a reservoir dominated by free gas
decreases to a low level.86−88 In comparison, reservoirs
dominated by adsorbed gas are developed primarily through
pressure reductions. Although the gas production rates are low,
these reservoirs are able to steadily produce gas over a
relatively long period of time (on the scale of decades).89−92

Mathematical Model of a Coupled Matrix and
Fracture Seepage. Large-scale volumetric fracturing is
required to achieve profitable production in shale gas
reservoirs. A description of the coupled flow pattern of the
gas in the matrix and fractures forms the basis for evaluating
the productivity of a shale gas well and producing dynamic
predictions for its development. Bello and Wattenbarger,92

Ahmadi et al.,93 Brown et al.,94 Stalgorova and Mattar,95 Zhu
et al.,96 Gao et al.,84 and Duan et al.97 studied models that
describe coupled shale gas flow in multistage-fractured
horizontal wells and predicted productivity. Most of these
models account for the effects of the adsorption, desorption,
and diffusion of shale gas on seepage. However, some models
fail to comprehensively consider the effects of three aspects of
the gas�its physical properties under high pressures, super-

critical desorption characteristics, and multiple micro- and
nanoscale flow mechanisms�on gas-well production patterns.

An improved variant of the conventional trilinear flow model
was established through comprehensive consideration of the
effects of the high-pressure physical properties, supercritical
adsorption, and multiple nonlinear flow mechanisms of gas in
addition to the stress sensitivity of gas reservoirs. On this basis,
a semianalytical estimate for productivity was obtained, and its
reliability was examined through a case study. This model
divides the stimulated reservoir volume (SRV) into two
regions�an internal region and an external region�as shown
in Figure 10. The internal region contains symmetrical, equal-
length artificial fractures distributed uniformly along the
horizontal well. A large number of natural fractures and a
network of secondary fractures are present in the reservoir
areas between the artificial fractures. The reservoir gas in these
areas is extensively extracted. The external region refers to the
matrix region unaffected by artificial fracturing. The matrix
only unidirectionally supplies gas to the fractures in the
internal region. The gas in the fracture network flows into the
artificial fractures under the action of the pressure gradient and
then is subsequently directed to the well shaft by the artificial
fractures. The effects of the diffusion and slip of free gas in
micro- and nanopores are considered in the analysis of the gas
flow in the matrix and are subsequently integrated into the Ka
model for shale gas. Based on flow conductivity, the internal
region is further divided into two subregions. The gas in the
fracture network, consisting only of free gas, flows linearly to
the main fracture. Considering this factor in conjunction with
the effects of stress sensitivity on flowability, the gas flow in the
main fracture can be characterized using Darcy’s law.98−100

Matrix in the external region: The gas in the matrix in the
external region moves in the y-direction in an unsteady cross-
flow pattern into the fracture network in the internal region.
Considering the supercritical desorption, diffusion, and slip of
the gas, the external boundary is sealed, while a continuous
pressure is applied to the internal boundary. Application of the

Figure 10. SRV division model: simplified equivalent model of the main fracture, secondary fracture network, and matrix system.
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law of conservation of mass yields the following governing
equation for seepage in the matrix:

t

q

t y
v

( ) (1 )
( )

g m m ad
g m+ =

(12)

where ρg is gas density, kg/m3; Φm is matrix porosity,
dimensionless; t is production time, s; qad is supercritical excess
adsorption of shale gas per unit matrix volume, kg/m3; and vm
is the gas flow rate in the matrix, m/s.

The supercritical adsorption model corrected for the excess
of shale gas,67,101 shown below, is employed to better evaluate
the adsorption and desorption characteristics of methane in a
high-temperature, high-pressure reservoir.
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where Psc is standard atmospheric pressure at ground level
(0.101 MPa); Tsc is temperature in the standard state (273.15
K); Zsc is compressibility factor for an ideal gas, dimensionless;
ρa is the density of the adsorbed phase, kg/m3; and Pm is gas
pressure in the matrix pore, Pa.

The gas seepage velocity in the matrix can be derived from
the equation of motion:
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(14)

where Kma is matrix apparent permeability, m2, and μm is gas
viscosity, Pa·s.

Javadpour’s Ka model65 is used to characterize the diffusion
and slip of the gas in the nanopores in the matrix:

K D FKcma g m= + (15)

where cg is gas compressibility, Pa−1; D is gas diffusion
coefficient, m2/s; Km is matrix intrinsic permeability, m2; and F
is slippage factor, dimensionless, where F is the slip velocity
correction factor and can be calculated as follows:
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where α is the tangential moment accommodation coefficient,
which depends on factors such as the smoothness of the
internal wall of the pore, gas type, temperature, and pressure
(range: 0−1; set to 0.8), and r is pore initial radius, m.

The following gives the expression of the hydraulic flow
diameter rm

r
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=

(17)

Boundary conditions take the form of eqs 18∼20.
Initial conditions:

P t P( 0)m e= = (18)

where Pe is the initial reservoir pressure, Pa.
Outer boundary:

P
y

0
y y

m

e

=
= (19)

where ye is well spacing, m.

Inner boundary:.

P y y P y y( ) ( )m F f F= = = (20)

where yF is half fracture length, m, and Pf is gas pressure in the
fracture network, Pa.

Considering the impact of stress sensitivity on gas viscous
flow in the fracture network zone, the flow rate on the outer
boundary between the matrix and fracture network is
continuous, and the pressure on the inner boundary is
continuous.

An exponential stress sensitivity empirical model101 is
adopted in this paper to characterize the impact of the stress
sensitivity of secondary fracture on gas flow, which is expressed
in eq 21:

K K ei
P P

f f
( )e f= (21)

where Kf is fracture permeability accounting for stress
sensitivity, m2; Kfi is intrinsic permeability of the fracture
system, m2; and γ is stress sensitivity coefficient, Pa−1.

The gas flow equation in the fracture network can be
depicted in eq 22:
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where Φf is the fracture network porosity, dimensionless.
The boundary conditions are as follows in eqs 23−25).

Initial condition:

P t P( 0)f e= = (23)

Outer boundary:

P x P x( 0) ( 0)f F= = = (24)

where PF is gas pressure in the hydraulic fracture, Pa.
Inner boundary:
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where d is the stimulated width of a fracture network, m.
The gas flow in the hydraulic fracture is linear flow, and gas

flow governing eq 26 in the hydraulic fracture is established:
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where ΦF is hydraulic fracture porosity, dimensionless; KF is
intrinsic permeability of hydraulic fracture, m2; μF is gas
viscosity in hydraulic fracture, Pa·s; and LF is hydraulic fracture
spacing, m.

Considering the constant bottom hole pressure of the gas
well and that the outer boundary is closed, the initial and
boundary conditions are as follows.
Initial condition:

P t P( 0)F e= = (27)

Outer boundary:
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Inner boundary:

P y P( 0)F wf= = (29)

where Pwf is the bottom hole pressure, Pa.
Laplace transformation can be first be adopted to get the

dimensionless production solution in the Laplace space. Then
based on the Stehfest numerical inversion,102 the semi-
analytical solution of the dimensionless production in real
space is obtained. In the end, combining with the Newton
iteration method, the production solution in the real space at
constant pressure can be derived.

Here, a multistage-fractured horizontal well in the Weiyuan
Shale Gas Demonstration Area is used as an example for
illustration purposes. Table 1 summarizes the relevant

geological and well-completion parameters, which refer to
common parameter-value ranges used in operation sites for gas
shale. The semianalytical model developed earlier was used to
fit the dynamic production data for this well by adjusting the
parameters with high uncertainty at its appropriate distribution
range and to estimate its EUR (* indicates a model-fitted
parameter).

Observation of the fit for the single well in Figure 11 reveals
the following. (1) The model considers the contribution of the
real-world high-pressure gas adsorption and multiple micro-
scopic non-Darcy effects in the reservoir on production. (2)
There is a high goodness-of-fit between the model-generated
data and the actual production data. (3) The model is able to
produce accurate estimate of the recoverable reserves and
recovery for the gas well. Calculations obtained using this
model show a 20-year cumulative production of 1.24 × 108 m3

of gas for this gas well. Our analysis of Figure 12 shows a
significant impact of supercritical adsorption on gas production
from this well during the later stage. This finding is consistent
with that obtained from the development simulation experi-
ment. In real-world production, the effects of supercritical
adsorption cannot be overlooked because failure to do so can
result in underestimating the productivity and recovery.
Similarly, the effects of nonlinear gas flow on gas-well
productivity are also a nonnegligible factor. Compared to
diffusion, the slip effect contributes more considerably to

production as it leads to a gentle decline in daily gas
production and a higher corresponding output, which can be
ascribed to the following factor. The overall pressure in a shale
reservoir decreases during the later stage of production. Under
a low pressure, nonlinear mechanisms (e.g., gas desorption and
diffusion) in the matrix of the shale reservoir become more
pronounced, resulting in significantly increased flowability.
Neglecting the nonlinear effects of shale gas in the reservoir
matrix can lead to an underestimate of the productivity of the
shale gas well.

■ CONCLUSION
The shale gas production in reservoirs can be attributed to the
micro- and nanoscale pore space that stores shale gas and to
varinggas flow mechanisms. First, micro- and nanopores were
characterized to clarify the full-range pore-size distribution in
shale reservoirs. Pores smaller than 50 nm in diameter were
found to account for more than 70% of all the pores and are
regarded as the primary space containing adsorbed gas.
Molecular dynamics simulations were performed to examine
the microscopic mechanism for the distribution of shale gas
with different occurrence states. The thickness of the
adsorption layer in an OM nanopore was calculated to range

Table 1. Geological Parameters of the Reservoir and
Parameters of the Horizontal Well

parameter value parameter value

Initial formation
pressure/MPa

45 Number of fractured sections 25

Formation
temperature/K

392.4 *Fracture half-length/m 80

Reservoir
thickness/m

30 *Main fracture width/m 0.003

Matrix porosity/% 3.5 External boundary length/m 300
Matrix permeability/

mD
3.629 ×

10−4
Horizontal well length/m 1500

*Microfracture
porosity

5.6 Bottomhole flowing pressure/
MPa

5

*Microfracture
permeability/mD

6.529 ×
10−3

Rock density/(kg/m3) 2600

Main fracture
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Number of fracture clusters 3

Figure 11. Analysis of the fit for the single well.

Figure 12. Estimated EUR for the single well.
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from 0.6 to 0.7 nm. Desorption and diffusion were identified as
major mass transport mechanisms in the pores of the shale
matrix. A mathematical method that accounts for the
microscopic distribution and porous media characteraization
was established to analyze gas flowability in shale reservoirs,
which addresses the limitations of Darcy’s law often applied in
the conventional reservoirs to characterize gas flowability in
shale reservoirs.

Analysis of the results produced by the long-term production
physical simulation and coupled flow model established by our
group reveals that free gas accounts for most of the gas
produced during the early stage of extraction from a shale
matrix and that the ratio of adsorbed gas to the total
production gradually increases as the pressure decreases.
Calculation results for a certain gas well show that the amount
of gas produced from this well in the first three years
accounted for more than 50% of EUR and that adsorbed gas
contributed more to the annual production than free gas in the
eighth year. The extraction of adsorbed gas was a principal
factor responsible for stable shale gas production during the
later stage. Therefore, it is recommended to shorten the
distance that the gas supplied by the matrix travels, reduce the
fracture pressure, and increase the effective pressure gradient,
with the goal of effectively controlling free gas and efficiently
extracting adsorbed gas. Our relevant theoretical models and
innovative understanding formed based on a series of unique
experimental techniques in various areas (e.g., the microscopic
evaluation, the coupled multiple flow mechanisms, and
production patterns during depletion-mode production) can
provide a theoretical basis and scientific guidance for further
improving production and recovery from shale reservoirs.
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