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Abstract
It is difficult to predict the flow performance in the nanopore networks since traditional assumptions of Navier–Stokes equa-
tion break down. At present, lots of attempts have been employed to address the proposition. In this work, the advantages 
and disadvantages of previous analytical models are seriously analyzed. The first type is modifying a mature equation 
which is proposed for a specified flow regime and adapted to wider application scope. Thus, the first-type models inevitably 
require empirical coefficients. The second type is weight superposition based on two different flow mechanisms, which is 
considered as the reasonable establishment method for universal non-empirical gas-transport model. Subsequently, in terms 
of slip flow and Knudsen diffusion, the novel gas-transport model is established in this work. Notably, the weight factors of 
slip flow and Knudsen diffusion are determined through Wu’s model and Knudsen’s model respectively, with the capacity 
to capture key transport mechanism through nanopores. Capturing gas flow physics at nanoscale allows the proposed model 
free of any empirical coefficients, which is also the main distinction between our work and previous research. Reliability 
of proposed model is verified by published molecular simulation results as well. Furthermore, a novel permeability model 
for coal/shale matrix is developed based on the non-empirical gas-transport model. Results show that (a) nanoconfined gas-
transport capacity will be strengthened with the decline of pressure and the decrease in the pressure is supportive for the 
increasing amplitude; (b) the greater pore size the nanopores is, the stronger the transport capacity the nanotube is; (c) after 
field application with an actual well in Fuling shale gas field, China, it is demonstrated that numerical simulation coupled 
with the proposed permeability model can achieve better historical match with the actual production performance. The 
investigation will contribute to the understanding of nanoconfined gas flow behavior and lay the theoretical foundation for 
next-generation numerical simulation of unconventional gas reservoirs.
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Introduction

In the past 10 years, the rapid development of unconven-
tional gas reservoir has significantly shaped diverse aspects 
of global energy industry, including supply and demand pat-
tern, recovery methods and technical innovation (Chu and 
Majumdar 2012; Ma et al. 2020; Dejam 2018; Sun et al. 
2020). The unconventional gas reservoirs mainly incorpo-
rate shale gas reservoir, coal-bed methane and tight gas, 
the cumulative unconventional gas production reached 
8228 ×  108  m3, accounting for 23% of the global total (Jia 
2017). And the value continues growing in recent years 
according to the International Energy Agency located at 
Paris (IEA 2016). However, relevant development technol-
ogy for unconventional gas reservoir is still weak and need to 
be further studied urgently, especially for the understanding 
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of diffusion and percolation in the matrix nanopores. 
Induced by the complexity of gas-transport mechanism 
through nanopores, it is difficult to make clear the produc-
tion regularity of unconventional gas reservoir, leading to 
the large discrepancy between the predicted production and 
actual production (Kolesar et al. 1990; Gray 1987; Thimons 
and Kissell 1973; Deng et al. 2014; Ma et al. 2021). Hence, 
it highlights the need for establishing an accurate gas-trans-
port model for the profitable development of unconventional 
gas reservoirs.

Rarefied gas flow takes place at both low-pressure and 
nanoscale geometry (Thompson and Owens 1975; Beskok 
et  al. 1996; Harley et  al. 1995). Utilizing atomic force 
microscopy (AFM), the nanopores and nanogrooves are 
detected for the first time in shale mudrocks (Javadpour 
2009). And Fu observed that the pore size in coal matrix is 
less than 100 nm (Fu 2003). In addition, existed literature 
showed the presence of tremendous nanopores in shale and 
CBM reservoir (Howard 1991; Katsube 1992; Nelson 2009; 
Sun et al. 2019; Sakhaee-Pour and Bryant 2012). Moreover, 
initial formation pressure for the most CBM reservoir falls in 
the range of 4–8 MPa, and that for shale gas reservoir ranges 
from 15 to 44 MPa. During the depressurization develop-
ment of unconventional gas reservoirs, pressure of the near-
well region will be considerably reduced due to the existence 
of pressure drop funnel. Hence, there must coexist multiple 
gas-transport mechanisms. And the gas-transport mecha-
nism in the coal/shale matrix cannot be simply described 
by Knudsen diffusion. However, popular-utilized numeri-
cal simulation and recently proposed production prediction 
models for shale gas reservoirs employ Knudsen diffusion 
to represent the gas-transport capacity in the shale matrix 
(Cipolla et al. 2013; Wu et al. 2021; Zhao et al. 2020; Huang 
et al. 2021; Dejam 2019; Gale et al. 2007), which inevitably 
result in obvious deviation comparing the actual produc-
tion behavior. As a result, it is crucial for the production 
prediction model or next-generation numerical simulator to 
account for the multiple gas-transport mechanism.

It is challenging to predict the flow performance in the 
nanoscale porous media since the standard assumptions of 
Navier–Stokes equation break down (Roy et al. 2003; Colin 
2005). And the coexistence of multiple transport mecha-
nism further aggravates the complexity of the issue, which 
encompass continuum flow, slip flow, transition flow and 
Knudsen diffusion. In general, the gas-transport regime 
can be categorized based on Knudsen number, which is 
defined as the ratio of the mean free path to characteristic 
length (Javadpour et al. 2007; Pandey et al. 2008; Taheri 
et al. 2009; Beskok and Karniadakis 1999; Wu et al. 2015). 
When the Knudsen number is lower than 0.001, the flow 
mechanism is the continuum flow which can be represented 
by Darcy’s law (Wu et al. 2016a, b; Wu and Chen 2016; 
Ghanbarnezhad Moghanloo and Javadpour 2014). When 

Knudsen number is in the range of 0.001–0.1, it belongs 
to slip flow. Concentrating on the slip flow, lots of schol-
ars have dedicated great efforts to the developments in the 
modeling of non-equilibrium boundary conditions (Maxwell 
1878; Dejam et al. 2017; Ebert and Sparrow 1965; Spiga 
1998; Sreekanth 1969; Piekos and Breuer 1996; Deissler 
1964; Mitsuya 1993; Maurer et al. 2003; Colin and Caen 
2004; Karniadakis and Bekok 2002; Sheng et al. 2019). Var-
ious slip boundary conditions are used to extend the applica-
tion scope of standard Navier–Stokes equations to slip and 
transition flow regime, including first-order, second-order, 
and hybrid boundary conditions. When the Knudsen num-
ber is in the range of 0.1–10, the flow mechanism belongs 
to the transition flow, and the flow characteristics of this 
regime are considered as the most difficult issue. When the 
Knudsen number is higher than 10, the flow mechanism is 
free molecular diffusion which can be described by Knudsen 
diffusion (Mason et al. 1967; Yi et al. 2009; Guo et al. 2015; 
Bird 1998). Considering coexistence of multiple transport 
mechanism in the coal/shale matrix, a unified model cover-
ing entire range of Knudsen number will be favorable from 
practical purpose.

Currently, lots of approaches have been employed to 
address the problem, which can be classified as two types, 
i.e., molecular simulation and analytical model. When the 
rarefied effect becomes evident, an alternative method to 
continuum flow is the molecular simulation, which rec-
ognizes the fluid as a swarm of discrete particles (Bi and 
Nasrabadi 2019; Chen and Doolen 1998; Loyalka and Ham-
oodi 1990; Adzumi 1937a). In the molecular simulation, 
the position, inertia and the state of all individual particles 
are calculated either deterministically or probabilistically at 
all times. However, although recent advances have greatly 
improved computational performance, the molecular simula-
tion is still computationally expensive and time-consuming, 
and it is unrealistic to simulate the gas production perfor-
mance from unconventional gas reservoirs with the use of 
the present-day computers. In contrast, an analytical formula 
can not only provide instantaneous calculation results, but 
also conveniently identifies the effect of key physical proper-
ties. However, the majority of documented analytical mod-
els contain empirical coefficients, which greatly restrict its 
application (Javadpour 2009; Beskok and Karniadakis 1999; 
Wu et al. 2015, 2016a, b; Wu and Chen 2016; Karniada-
kis and Bekok 2002; Adzumi 1937b, c; Civan 2010; Civan 
et al. 2012, 2013; Azom and Javadpour 2012; Aguilera et al. 
2012; Shahri et al. 2012; Klinkenberg 1941; Ettehad et al. 
2012; Ertekin, et al. 2013; Karniadakis et al. 2005; Rahma-
nian et al. 2012; Shi et al. 2013; Singh et al. 2014). At the 
same time, for those analytical mathematic models without 
empirical coefficients, they cannot be applied to the entire 
range of Knudsen number (Liu et al. 2002; Knudsen 1909; 
Yang et al. 2013).
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In this work, the advantages and disadvantages of the 
existed analytical models are detailed reviewed. And it can 
be concluded that there exist two ways to develop a gas-
transport model. The first method is modifying a mature 
equation which is proposed for a specified flow regime and 
extend it to wider scope of application. Thus, gas-trans-
port models based on the first method inevitably contains 
empirical coefficients. And the second method is weight 
superposition based on two different flow regimes, which 
is considered as the reasonable establishment method for 
universal non-empirical gas-transport model. Subsequently, 
according to slip flow and Knudsen diffusion, the unified 
non-empirical gas-transport model is established utilizing 
the second method. Most notably, the weight factors of slip 
flow and Knudsen diffusion are determined by Wu’s model 
and Knudsen’s model respectively, which capture the key 
transport mechanism in modeling bulk-gas transport through 
unconventional gas reservoir (Beskok and Karniadakis 1999; 
Wu et al. 2016b). Capturing gas flow physics at nanoscale 
allows the proposed model free of any empirical coefficients, 
which is also the main distinction between our work and pre-
vious research. Moreover, utilizing the non-empirical gas-
transport model, a novel permeability model for coal/shale 
matrix is established. The reliability of the permeability 
model is verified through the comparison with the published 
experimental data. Then, influences of pressure, nanoscale, 
real gas effect, contributions of slip flow and Knudsen dif-
fusion are investigated. Finally, a realistic case study in Ful-
ing shale gas field, China demonstrated that the numerical 
simulation coupled with the proposed permeability model 
can achieve better historical match. It further indicates the 
necessity for the production prediction model or numerical 
simulator to account for the varied gas-transport capacity 
within the shale matrix.

It should be noted that the proposed models are only 
dependent of Knudsen number and cover entire range of 
Knudsen number, it turns out to be simple and robust in the 
application. Moreover, the research expects to provide great 
convenience for field application and lay the foundation for 
the next-generation numerical simulator. The technical con-
tent of this research is arranged as follows. A brief intro-
duction regarding gas-transport mechanisms in CBM and 
shale gas reservoirs is provided in “Gas transport mechanism 
through nanopores” section. Then, a comprehensive litera-
ture review about advantages and disadvantages of previous 
analytical gas-transport models is implemented in “Evalua-
tion of the existed gas-transport model” section. After that, 
the unified non-empirical model based on the weight super-
position of slip flow and Knudsen diffusion is proposed in 
“Establishment and validation of the proposed unified non 
empirical model” section, and the apparent bulk-gas perme-
ability model is further developed in “Development of per-
meability model and analysis of influential factors” section. 

Furthermore, a field case study with the intention to examine 
the feasibility of the proposed permeability model in “Field 
application” section. Finally, key conclusions are drawn.

Gas‑transport mechanism 
through nanopores

Matrix pore‑scale and initial formation pressure 
of CBM and SG

Compared with conventional oil/gas reservoirs, the existence 
of tremendous nanopores significantly increase the complex-
ity of the recovery for coal-bed methane (CBM) and shale 
gas (SG) (Zou et al. 2011; Wu et al. 2014; Yan et al. 2013). 
Apparently different from the utilize of Darcy’s law for 
the conventional reservoirs, the assumption of continuum 
flow breaks down when gas flows inside nanopores. Thus, 
the gas-transport mechanism through matrix nanopores in 
unconventional gas reservoir is still hard to be precisely 
characterized. Statistical data indicate that the pore radius 
for CBM is less than 100 nm and the reservoir depth gen-
erally ranges from 400 to 800 m (Fu 2003). Hence, initial 
formation pressure in coal seam can be assumed range from 
4 to 8 MPa. In addition, Karacan and Siriwardane pointed 
out that the pore diameter in coal matrix is less than 10 nm, 
similar to the size of several molecular (Siriwardane et al. 
2009). Shale gas is self-generating and self-storage reservoir, 
which has low porosity (less than 10%) and permeability 
(ranging from nano Darcy and micro Darcy) (Ghanizadeh 
et al. 2015). Howard demonstrated that the pore size in Frio 
shale falls between 5 and 15 nm (Howard 1991). Katsube 
found that the pore radius is between 2.7 and 11.5 nm with a 
depth of 4400–1500 m (Katsube 1992). By utilizing atomic 
force microscopy at the first time, Javadpour revealed the 
presence of nanopores in shale matrix (Azom and Javadpour 
2012). And the formation pressure for SG ranges from 15 to 
44 MPa (Wu and Chen 2016; Singh et al. 2014). In order to 
conveniently investigate the gas-transport mechanism, the 
radius of coal/shale matrix pores are assumed range from 1 
to 50 nm in this work.

The bulk‑gas‑transport mechanisms in CBM and SG

The appropriate bulk-gas flow regimes are classified by 
Knudsen number (Kn), which is defined as the ratio of a 
molecular mean free path (MFP) to characteristic length. 
The Knudsen number for the circular nanotube has the fol-
lowing form (Roy et al. 2003; Colin 2005; Javadpour et al. 
2007; Pandey et al. 2008; Chen and Doolen 1998; Loyalka 
and Hamoodi 1990; Adzumi 1937a, 1937b, c; Civan 2010; 
Civan et al. 2013):
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where λ is the mean free path of gas molecules, m; r is the 
radius of circular nanotube, m.

And the mean free path of gas molecules is defined as 
follows:

where κB is Boltzmann constant with the value of 
1.3805 ×  10−23 J/K; T is formation temperature, K; p is the 
formation pressure, Pa; δm is the effective diameter of the 
gas molecules, m.

Supposing the gas type is the pure methane, the math-
ematic relationship between MFP and pressure or tempera-
ture can be obtained according to formula (2).

From Fig. 1, it can be concluded that the mean free 
path of gas molecules is more sensible to formation pres-
sure rather than the formation temperature. And the MFP 
will decrease with an increase in the pressure. Further-
more, the decrease rate turns to considerable fast when 
the pressure is less than 1 MPa and will significantly miti-
gated when the pressure is higher than 1 MPa. Also, it 
can be found that the MFP will increase with an increase 
in temperature, while the amplitude is relatively small. 
Hence, the gas-transport mechanism in coal/shale matrix 
will significantly change with a decrease in the pressure. 
According to the above analysis, the key issue required to 
capture is the change rule between MFP and the formation 
pressure. According to the formation pressure and matrix 
pore-scale in CBM and SG, the gas-transport mechanism 
for the unconventional gas reservoirs can be revealed when 
the pressure is the initial reservoir pressure.

(1)Kn =
�

2r

(2)� =
�BT

√

2��2
m
p

As depicted in Fig. 2, the majority of the SG fall in the 
area of slip flow, and that for CBM fall in the region of 
transition flow. The reason behind this phenomenon is the 
difference of initial formation pressure between CBM and 
SG. According to Fig. 2, it can be also observed that the 
determination of gas-transport mechanism depends on the 
formation pressure and pore size. For the same pressure, 
Knudsen number of nanopores with small radius will greater 
than those with big radius. Knudsen number will greatly 
increase with the decline of pressure. Hence, it can be con-
cluded that the main flow regimes of unconventional gas 
reservoir include slip flow, transition flow and Knudsen dif-
fusion. However, the existed production prediction model 
or numerical simulator assume the gas-transport type in 
the shale matrix is Knudsen diffusion. It will result in great 
discrepancy regarding prediction performance. Remark-
ably, there exist difference of the gas-transport mechanism 
within the near-well and far-well region. It will be necessary 
to account for the varying gas-transport mechanism when 
predicting the production performance. Hence, the unified 
model with the able to incorporate slip flow, transition flow 
and Knudsen diffusion is highlighted to be addressed.

Gas‑transport mechanism in nanopores

When Knudsen number is less than 0.001, fluid flux can be 
expressed by Hagen–Poiseuille equation:

where Jc represents the flow flux through nanopores, mol/
(m2·s); ϕ is the matrix porosity, decimal; τ is the tortuosity 
of the nanopores, dimensionless; μ is the gas viscosity, Pa·s; 
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R is the universal gas constant with the value of 8.314, J/
(mol·K).

When 0.001 < Kn < 0.1, gas flow mechanism belongs to 
slip flow. After modification of slip boundary condition, the 
slip flow formula for nanopores is given below:

However, the definition of Knudsen number in Eq. (4) is 
the ratio between MFP and pore radius, which is different 
from the definition in this research (See Eq. (2)). Hence, 
Eq. (4) should be transformed into the following expression:

where Js is the slip flow flux through nanopores, mol/(m2 s); 
b is modification factor, dimensionless. When employing 
the first-order slip boundary condition, the value is equal to 
zero. If the second-order slip boundary is utilized, the value 
is − 1. Moreover, molecular simulation and experimental 
results have demonstrated that the second-order boundary 
condition is more reasonable. As a result, Eq. (5) can be 
further derived:

When the Knudsen number is greater than 10, the gas 
flow can be described by Knudsen diffusion, which has the 
following expression:

where Jk is the Knudsen diffusion flux through nanopores, 
mol/(m2·s); M is gas molar mass, Kg/mol.

To investigate contribution of different gas-transport 
mechanisms, the ratio between slip flow flux and Knudsen 
diffusion flux and the ratio between slip flow flux and con-
tinuum flow flux are analyzed.

As depicted in Fig. 3, when the Knudsen number is lower 
than 0.001, transport capacity of Knudsen diffusion can be 
neglected compared with slip flow. When the Knudsen num-
ber is higher than 10, the transport capacity of slip flow can 
be neglected compared with Knudsen diffusion. Thus, the 
transport capacity of slip flow is equal to the continuum flow 
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when the Knudsen number is lower than 0.001. When the 
Knudsen number is higher than 10, the transport capacity of 
slip flow is nearly 5 times of the continuum flow. In the other 
words, the slip equation degenerates to continuum equation 
when the Knudsen number is lower than 0.001.

Evaluation of the existed gas‑transport 
model

It can be concluded that there exist two ways to develop a 
unified gas-transport model. The first method is modifying a 
mature equation which is initially for a specified flow regime 
and extend its application scope to a wider range. And the 
second method is weight superposition based on two differ-
ent flow regimes.

By introducing a correction into slip flow equation, which 
was named as the rarefaction effects coefficient, a simple 
physics-based unified model is developed for entire flow 
regime. The reliability of this model was validated through 
the comparison with molecular simulation results and exper-
imental data. And the concrete formula of Beskok model has 
the following form:

where the JBeskok is the bulk-gas flow flux through nanopores 
in the Beskok model, mol/(m2 s); the Cr(Kn) is the rarefac-
tion coefficient.

Because the mature formula for a single flow regime 
fails to cover all range of Knudsen number, the models 
based on the first method inevitably need empirical coef-
ficients. Without any doubt, it will constrain its applica-
tion to a certain extent. And the second method is weight 
superposition based on two different flow regimes, which 
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is considered as the reasonable establishment method for 
universal non-empirical gas-transport model.

The model developed by Knudsen is an interpolating 
function determined by a fit to experimental data, is the 
combination between molecular flow from kinetic theory 
and the Poiseuille flow equation for viscous flow. And the 
concrete expression is given below:

where the JKnudsen is the bulk-gas flux using the Knudsen 
model, mol/(m2·s).

Notably, the application scope of Knudsen model is the 
transition regime and Knudsen diffusion. In order to con-
veniently compare the calculation data from existed bulk-
gas model with published molecular simulation results 
(Adzumi 1937a), the equation proposed by Knudsen is 
treated dimensionless.

In 1937, through a great deal of experimental research 
on the flow of gaseous mixtures through capillaries, 
Adzumi introduces a contribution coefficient term (ε) 
to establish a unified bulk-gas-transport model through 
nanopores. Unfortunately, Adzumi did not propose any 
formula or analytical formula for ε. The model proposed 
by Adzumi has the following expression:

where the JAdzumi is the bulk-gas flux using the Adzumi 
model, mol/(m2 s), the ε is the contribution coefficient pro-
posed by Adzumi, dimensionless.

Consistent with the Adzumi model, Liu developed a 
bulk-gas-transport model by defining the expression for ε. 
He pointed out that the slip layer has different thickness 
for nanopores with different radius. Hence, the ratio of slip 
layer to whole cross-section can be regarded as ε:

From Eq. (15), it can be found that the contribution 
coefficient turns to zero when Kn is equal to one. Hence, 
when the Kn is greater than one, the model proposed by 
Liu is not a reasonable approach. Similarly, to conveni-
ently compare the accuracy between the existed bulk-gas 
model and molecular simulation results, the equation pro-
posed by Liu is dimensionless treated as follows:

(11)JKnudsen = Jc +
Kn + 1.25

Kn + 1.55
Jk
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(14)JAdzumi = Jc + �Jk

(15)� = 4Kn − 4Kn2

where the JLiu is the bulk-gas flux using the Liu model for 
circular nanotube, mol/(m2 s).

Citing the formula (14) proposed by Adzumi, Ertekin pro-
posed a gas-transport model which is weight superposition 
of continuum flow and Fick’s diffusion. However, the contri-
bution of each flow regime remains unchanged with varying 
Knudsen number, resulting in that the model proposed by 
Ertekin cannot cover the whole flow regime.

Through linear superposition of Knudsen diffusion and 
slip flow, Javadpour proposed an analytical model for gas 
transfer through nanopores. But the model contains an 
empirical coefficient known as the tangential momentum 
accommodation coefficient (TMAC), which is defined as 
the fraction of gas molecules reflected diffusively from a 
wall compares with perfect mirror-like reflection. Similar 
with Javadpour, accounting for the effect of wall roughness 
on Knudsen diffusion, the gas-transport model proposed by 
Darabi contains the TMAC.

By linear superposition of continuum flow and Knudsen 
diffusion, Singh proposed a non-empirical model for bulk-
gas-transport model for nanopores. But the Singh model is 
only valid when the Knudsen number is less than one:

After dimensionless treatment, the following equation can 
be expressed as:

By weight superposition of slip flow and Knudsen dif-
fusion, Wu proposed unified models for bulk-gas trans-
fer through nanopores. However, neglecting the different 
definition of Knudsen number between Beskok model and 
Wu model, the formula and numerical simulation data are 
wrongly derived (Beskok and Karniadakis 1999; Adzumi 
1937a). Moreover, the developed model by Wu for nanopo-
res contain the same rarefaction coefficient which is intro-
duced by Beskok. And the weight factors in Wu model are 
determined by probabilities between gas molecules colliding 
with each other and colliding with nanopore surface.

In summary, the majority of documented analytical 
models contain empirical coefficients. Moreover, for those 
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proposed models without empirical coefficients, they cannot 
cover entire range of Knudsen number. Hence, a novel uni-
fied bulk-gas-transport models for nanopores which is free of 
any empirical coefficient is significantly urgent. In order to 
clearly show the advantages and disadvantages of previous 
models, detailed evaluation are tabulated below:

Establishment and validation 
of the proposed unified non‑empirical 
model

The determination of the weight factors

From Table 1, these models based on the second establish-
ment method can be further divided into two categories. 
Several models are the weight superposition of continuum 
flow and Knudsen diffusion, and the other models are the 
combination based on slip flow and Knudsen diffusion. 
According to the conclusion of “Gas-transport mechanism in 
nanopores” section, the slip flow can degenerate into contin-
uum flow when the Knudsen number is less than 0.001. The 
slip flow formula can characterize the gas flow in both range 
of continuum and slip regime. Moreover, because the range 
of Knudsen number for slip flow is more closely related to 
transition flow compared with continuum flow, the charac-
teristics of slip flow will be more similar to the transition 
flow compared with continuum flow. From this perspective, 
the establishment method which is weight superposition of 
slip flow and Knudsen diffusion will be more sensible.

The weight factors in the Wu model are determined by 
probabilities between gas molecules colliding with each 
other and colliding with nanopore surface. Through the com-
parison with molecular simulation data and experimental 
results, it can be concluded that the Wu model is more accu-
rate in the range of slip flow rather than the range of Knud-
sen diffusion. Hence, the weight factor for slip flow in Wu 
model can be employed to develop the novel non-empirical 

model in this paper. Considering the derivation error in the 
Wu model for nanopores, the expression of weight coef-
ficient for slip flow in the proposed model can be derived:

Through the comparison with simulation data, the value 
of β is determined as 9. Thus, the ultimate expression of 
weighted coefficient for slip flow in the proposed model is:

For the weight coefficient of Knudsen diffusion in the 
proposed models, it can be obtained through the Knudsen 
model, which can achieve an excellent match with the exper-
imental data:

When the Knudsen number lies in the range of Knudsen 
diffusion, the first term on the right side of equation can be 
neglected. Hence, weight coefficient of Knudsen diffusion 
can be determined as follows:

In this paper, the weight factors of slip flow and Knudsen 
diffusion are obtained by Wu model and Knudsen model 
respectively, which capture the key bulk-gas-transport 
mechanism. The relationship between weight coefficients 
and Knudsen number is plotted in Fig. 3.

As depicted in Fig. 4, the weight coefficient of Knud-
sen diffusion will increase with an increase in the Knudsen 
number and the weight coefficient of slip flow will decrease 
with an increase in the Knudsen number. When the Knud-
sen number is less than 0.001, the weighted coefficients of 
slip flow and Knudsen diffusion are 1 and 0.8 respectively. 

(21)�s =
1

1 + �Kn
.

(22)�s =
1

1 + 9Kn
.

(23)
JKnudsen

Jk
=

3�

128Kn
+

Kn + 1.25

Kn + 1.55
.

(24)�k =
Kn + 1.25

Kn + 1.55
.

Table 1  Evaluation of existed bulk-gas-transport models in nanopores

Models Establishment method Application scope Empirical 
coeffi-
cients

Knudsen Second method (continuum flow and Knudsen diffusion) Kn > 1 None
Liu Second method (continuum flow and Knudsen diffusion) Kn < 1 None
Beskok First method (slip flow) Cover all regimes One
Javadpour Second method (slip flow and Knudsen diffusion) Cover all regimes One
Ertekin Similar to Liu model Not for transition flow None
Darabi Similar to Javadpour model Cover all regimes One
Singh Second method (continuum flow and Knudsen diffusion) Kn < 1 None
Wu and Chen (2016) Second method (slip flow and Knudsen diffusion) Wrongly derived One
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The Knudsen diffusion can be neglected when the Knudsen 
number is less than 0.001, thus the proposed model can be 
degenerated to continuum flow. When the Knudsen number 
is higher than 10, the weight coefficients of Knudsen dif-
fusion and slip flow become 1 and 0, respectively. Hence, 
the proposed model will degenerate to Knudsen diffusion. 
That is to say the proposed model will degenerate to contin-
uum flow when the Knudsen number is less than 0.001 and 
degenerate to Knudsen diffusion when the Knudsen number 
is higher than 10.

The establishment and validation of the transport 
model for nanopores

According to the text mentioned above, the weight coeffi-
cients for slip flow and Knudsen diffusion are given. Hence, 
the ultimate expression of unified gas-transport model can 
be described:

To verify the reliability of the proposed model, the 
published molecular simulation data (Adzumi 1937a) is 
employed to compare with the calculation data by proposed 
model. Furthermore, in order to highlight the characteristic 
of high accuracy with the proposed model, all existed non-
empirical models other than Ertekin model, which is seri-
ously unreasonable for the determination of weight factors, 
are included in the comparison. After dimensionless treat-
ment, the proposed model for nanopores can be transformed 
as follows:

(25)JProposed = �sJs + �kJk.

(26)
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8Kn
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Kn + 1.25

Kn + 1.55

)

Due to the unreasonable weighted coefficient for Knudsen 
diffusion in Liu model, the model cannot be applied into 
the situation when Knudsen number is higher than 1. As 
depicted in Figs. 5 and 6, the calculated results from Knud-
sen model and Singh model always overestimate the trans-
port capacity compared with molecular simulation data. And 
the Knudsen model is more accurate compared with Singh 
model. In the entire range of Knudsen number, the reliability 
of proposed model is verified with excellent agreement com-
pared with molecular simulation results. The high accuracy 
of the proposed model was demonstrated by comparing with 
the other existed non-empirical models. Hence, the proposed 
model for nanopores can be applied to all flow regimes with 
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Fig. 5  Comparison of gas-transport models with molecular simula-
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high accuracy. It should be noted that the novel analytical 
model is free of any empirical coefficients, which turns out 
to be simple and robust in the practical application.

In summary, the proposed models for nanopores can pro-
vide the advantages of significantly simplicity and precise-
ness compared with existed models. The reasons behind the 
phenomenon are the reasonable weighted factors determined 
by Knudsen model and Wu model, which capture the key 
transport mechanism in modeling bulk-gas transport through 
unconventional gas reservoir. In addition, due to the feature 
of high accuracy of proposed models, it can be utilized to 
shed light on the relationships between each of variables and 
the gas-transport capacity in nanopores.

Development of permeability model 
and analysis of influential factors

Establishment of permeability model for nanopores

As the key property of coal/shale matrix, the permeability 
can characterize the gas-transport capacity of the nanopores. 
Because the existed production prediction models or numeri-
cal simulators consider that the flow mechanism in coal/
shale matrix belongs to Knudsen diffusion, which is against 
the actual gas-transport type in the development process of 
unconventional gas reservoirs. The majority of the SG are in 
the range of slip flow and the majority of the CBM are in the 
range of transition flow. Thus, it highlights the need to estab-
lish a permeability model for coal/shale matrix. According 
to Eq. (25), the apparent permeability for nanopores can be 
described:

where the kapp is the apparent permeability for gas transport 
through nanopores, nD.

Through the nitrogen adsorption method and mercury 
injection method, Yang measured the average matrix pore 
radius of three shale samples in Sicuan basin, China (Zou 
et al. 2011). Subsequently, the pressure-decay method is 
utilized to obtain the permeability of the shale matrix. With 
the objective of verifying the reliability of the proposed 
permeability model, we perform the comparison between 
the calculation results of the proposed model and published 
permeability data. The basic pore structure parameters are 
collected in Table 2.

As shown in Fig. 7, the proposed model can match the 
experimental data. Meanwhile, the deviation of the perme-
ability model is apparent, especially for the sample M03. 
The deviation of the model may be caused by the following 
three reasons. Firstly, the proposed model does not account 
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for the real gas effect. The gas physical property will change 
with the pressure and temperature. However, the idea gas is 
adopted in our model, neglecting the real gas effect. Sec-
ondly, the permeability model is established in terms of the 
circular nanotube. However, there may exist slit nanopores 
or naturally fractures in the coal/shale matrix. Finally, the 
average pore radius is utilized to calculate the permeabil-
ity for the matrix, without considering the influence of the 
pore-size distribution. However, it should be noted that the 
accuracy of the proposed permeability model in this work 
can meet the requirement of the engineering application. 
Moreover, if the real gas effect or pore-size distribution is 
considered, much additional work needs to be implemented 
and the simplicity of the proposed permeability model will 
be greatly weakened. Utilizing the permeability model, we 
can investigate the influence of pore-scale on the gas-trans-
port capacity and the contributions of slip flow and Knudsen 
diffusion.

The pore scale

The pore size plays a significantly crucial role in determin-
ing the apparent permeability which is the key factor for 
the profitable development of unconventional gas reservoirs. 
Hence, it is crucial to shed light on the effect of nanopore 

Table 2  Pore structure parameters of shale

Core samples Average porosity Tortuosity Average 
pore radius 
(nm)

M01 0.099 5.46 7.56
M02 0.072 6.50 7.78
M03 0.082 7.35 7.97
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Fig. 7  The comparison between the proposed permeability model and 
experimental data
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scale on the apparent permeability. In this case, the nano-
pores with five different radii are adopted. Assuming the 
formation temperature is 473 K. And the other parameters 
required in the calculation process are tabulated in Table 3.

From Fig. 8, it can be concluded that the gas-transport 
capacity will increase with a decrease in the pressure. How-
ever, there exist great difference in the increase characteris-
tics for nanopores with different radius. For the nanopores 
with 30 nm radius, when the pressure is higher than 10 MPa, 
the gas-transport capacity nearly remains unchanged. When 
the pressure is lower than 2 MPa, the gas-transport capacity 
will significantly increase with a decrease in the pressure. 
For the nanopores with 1 nm, it can be found that the gas-
transport capacity will significantly increase when the pres-
sure is less than 10 MPa. In order to describe this phenom-
enon better, a new parameter named enhancement pressure 
(EP) is introduced. When the pressure is lower than EP, the 
gas-transport capacity will be greatly enhanced. Remarka-
bly, the value of EP will increase with a decrease in the pore 
size of nanopores. It can be also found that the gas-transport 
capacity for nanopores with large radius will always greater 
than the nanopores with small radius.

In order to investigate the gas-transport capacity contrib-
uted by slip flow and Knudsen diffusion, the corresponding 
equations are given below. Based on the parameters which 

are shown in Table 3, we can quantitatively shed light on the 
gas-transport capacity during the depressurization develop-
ment of unconventional gas reservoir.

From Fig. 9, it can be observed that the gas-transport 
capacity of slip flow will increase with an increase in pres-
sure. As shown in Fig. 10, the gas-transport capacity of 
Knudsen diffusion will decrease with an increase in the 
pressure. Similarly, when the pressure is higher than EP, 
the gas-transport capacity of both slip flow and Knudsen dif-
fusion are slightly changed. However, when the pressure is 
less than EP, the gas-transport capacity of Knudsen diffusion 
will be significantly improved and the gas-transport capacity 
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Table 3  Summary of modeling parameters utilized in the calculation

Parameter Symbol Unit Value

Porosity ϕ Dimensionless 0.05
Gas viscosity μ Pa s 1.49 ×  10−5

Tortuosity τ Dimensionless 4.3
Molar mass of gas M Kg/mol 1.6 ×  10−2

Universal gas constant R J/(mol K) 8.314
Radius of nanotube r nm 1–50
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of slip flow will drop rapidly. It can be also concluded that 
the varied amplitude of Knudsen diffusion is wider than slip 
flow. During the depressurization development process, the 
gas-transport capacity of nanopores with small radius is 
always less than the nanopores with large radius. In addi-
tion, for the production well in unconventional gas field, the 
flow regime for the vicinity of the well may be the Knudsen 
diffusion. However, the gas-transport mechanism of far-well 
zone may belong to the slip flow. It highlights the difference 
of gas-transport mechanism in different flow region of the 
unconventional gas reservoir. Hence, the production predic-
tion model or next-generation numerical simulator should 
account for the proposition.

The contributions of slip flow and Knudsen diffusion

The proposed model is developed by weight superposition 
of slip flow and Knudsen diffusion. In order to investigate 
the contribution of each flow mechanism to the gas-transport 
capacity through the nanopores, according to formula (28) 
(29) (30), the contributions of slip flow and Knudsen diffu-
sion for nanopores are defined as follows:

where the Cslip is the contribution of slip flow for circular 
nanotube, decimal; CKnudsen represents the contribution of 
Knudsen diffusion for circular nanotube, decimal.

Figure 11 shows that the contribution of slip flow will 
increase with increasing formation pressure and the contri-
bution of Knudsen diffusion will decrease with the increase 
in the formation pressure. For the nanopores with 1 nm 
radius, when the pressure is less than 58 MPa, the contri-
bution of Knudsen diffusion is greater than slip flow. The 
contribution of different transport mechanisms is varied 
smoothly in this case. For the nanopores with 30 nm radius, 
the contribution of different transport mechanism changes 
dramatically when the pressure is lower than 5 MPa. And it 
can be also found that the slip flow will dominate the gas-
transport capacity when the pressure is higher than 60 MPa. 

(31)Cslip =
kslip

kapp
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The reason behind the above phenomenon is that the value 
of Knudsen number. The Knudsen diffusion will dominate 
the gas-transport capacity when the gas encounters the low-
pressure and small-radius nanopores. With an increase in 
the pressure, the Knudsen number will decrease rapidly (See 
Fig. 2). Thus, the Knudsen diffusion will dominate the gas-
transport capacity when the pressure is relatively low and the 
slip flow will dominate when the pressure is relatively high.

Field application

Lots of research has been devoted to investigating the pro-
duction performance of shale gas well and a great deal of 
production prediction models have been established, which 
can be divided as dual porosity-single permeability, dual 
porosity-dual permeability, and dual porosity-three perme-
ability. However, the existed production prediction models 
or numerical simulator for a shale gas well all consider the 
gas-transport type in shale matrix as Knudsen diffusion, 
which fails to characterize the actual transport capacity. 
As a result, the prediction data from previous models are 
smaller than the actual production behavior, which cannot 
provide reliable guidance for efficient development. Hence, 
it will be attractive for the existed numerical simulator to 
account for actual gas-transport mechanism. In this section, 
an actual well in Fuling shale gas field is adopted, which is 
the first large shale gas field in China. Meanwhile, a numeri-
cal model was built by CMG based on the dual porosity-dual 
permeability, which is widely used and regarded as reliable 
reservoir simulation software in shale gas field application. 
The key physical parameters, isothermal adsorption curve 
and production performance are given below. With the 
objective of considering the actual gas-transport mechanism 
(See “Appendix 1”), we will compare the actual production 

performance with results from CMG and CMG coupled 
revised permeability (Fig. 12).

Inputting these parameters collected in Table 4, the pre-
dicted production behavior from the numerical simulator 
can be obtained. It should be noted that the permeability 
of shale matrix is not provided. According to the average 
matrix radius, the value of matrix permeability can be cal-
culated by Eq. 33 (See “Appendix 1”). Accounting for the 
actual gas-transport mechanism within the shale matrix, 
the revised permeability in this work can be calculated by 
Eq. 33 (See “Appendix 1”). Hence, the predicted production 
behavior from the numerical simulator coupled with revised 
permeability can also be determined. Finally, these results 
are compared with actual gas production to investigate the 
effect of the proposed permeability model on the production 
performance.
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Table 4  Key physical parameters for the shale gas well

Parameters Value

Initial formation pressure (MPa) 31.7
Formation temperature (K) 390
Length of horizontal well (m) 736
Porosity of hydraulic fractures, fraction 0.5
Half-length of hydraulic fractures (m) 53
Porosity of the reservoir 0.04
Langmiur pressure (MPa) 5.8
Langmiur volume  (m3/t) 4.9
Average matrix radius (nm) 8.1
Permeability of hydraulic fractures (mD) 1500
Numbers of hydraulic fractures 12
Bottom-hole pressure (MPa) 3.1
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Fig. 13  The comparison of actual gas production and numerical sim-
ulation data
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As shown in Fig. 13, it can be found that the results from 
CMG coupled with revised permeability are higher than the 
production performance from CMG. And the production 
behavior from CMG coupled with revised permeability is 
closer to the actual gas production, which is considered as 
the better historical match compared with CMG. Through 
the comparison with actual cumulative gas production, it 
can be also demonstrated that the cumulative gas production 
from CMG coupled with revised permeability is more accu-
rate than CMG. The reason behind this phenomenon is that 
we account for the actual gas-transport mechanism in the 
matrix. In the vicinity of the production well, the Knudsen 
diffusion dominates the gas-transport capacity. Hence, the 
matrix permeability calculated by Knudsen diffusion and 
proposed permeability model is approximately the same. 
However, for the far-well region of the production well, the 
gas-transport mechanism converts into transition flow or slip 
flow. Thus, the matrix permeability of the far-well region is 
underestimated by existed numerical simulator. Therefore, 
the production data from CMG coupled with revised perme-
ability is higher compared with CMG. At the early produc-
tion stage, because the gas production is mainly determined 
by the near-well zone which belongs to the Knudsen diffu-
sion, the deviation between CMG and CMG coupled with 
revised permeability is relatively small. With the produc-
tion process, the drainage area gradually expands outwards 
and the far-well region will gradually affect the production 
performance. Hence, the deviation between CMG and CMG 
coupled with revised permeability becomes larger. After 
the drainage area reaches the boundary, the region which 
is dominated by Knudsen diffusion becomes bigger during 
the depressurization development process. Hence, at the late 
production stage, the deviation between CMG and CMG 
coupled with revised permeability becomes small again.

In summary, the accuracy of the CMG coupled with 
revised permeability is reflected through the compari-
son with CMG and actual gas production. And it is con-
cluded that the proposed permeability model can effectively 
improve the existed numerical simulator to better historical 
match the actual production performance. Furthermore, the 
reasons for the deviation between CMG and CMG coupled 
with revised permeability are detailed analyzed (Fig. 14).

Summary and conclusions

According to the aforementioned context, the majority of 
documented analytical gas-transport models contain empiri-
cal coefficients, which greatly restrict its application. At the 
same time, for those analytical mathematic models without 
empirical coefficients, they cannot be applied to the entire 
range of Knudsen number. In contrast, the proposed model is 
free of any empirical coefficients and capable of covering the 

entire Knudsen number range. Capturing gas flow physics at 
nanoscale allows the proposed model free of any empirical 
coefficients, which is also the main distinction between our 
work and previous research. This research does not discuss 
the effect of cross-section shape of nanopores on the gas-
transport capacity. And the real gas effect is also neglected 
in this work. However, it should be noted that the proposed 
model in this paper can serve as a profound framework. And 
the real gas effect and cross-section shape can be further 
incorporated and investigated based on this research.

(1) In this work, advantages and disadvantages of previ-
ous models are reviewed seriously. By weight super-
position of the slip flow and Knudsen diffusion, the 
universal non-empirical models for circular nanopore 
is established. Furthermore, the reliability of proposed 
model is demonstrated with an excellent agreement 
with molecular simulation results.

(2) Based on the universal gas-transport model, a novel 
permeability model for coal/shale matrix has been 
developed. And the reliability of the proposed perme-
ability model is verified by experimental data collected 
from existed publications. The bulk-gas permeability 
model expects to lay the theoretical foundation for the 
next-generation numerical simulator.

(3) The contribution of slip flow will become stronger with 
the increasing formation pressure and the contribution 
of Knudsen diffusion will decrease with an increase in 
the formation pressure. The gas-transport capacity will 
increase with a decrease in the pressure. Furthermore, 
the greater radius the nanopores is, the stronger trans-
port capacity will be obtained.

(4) Coupling the proposed bulk-gas permeability model 
with the current commercial numerical simulator, the 
predicted production behavior can achieve better his-
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torical match. Moreover, the great difference is discov-
ered between the revised and initial matrix permeability 
in the far-well region, which can be attributed to the 
distinction of gas-transport mechanisms.

Appendix 1: The numerical simulator 
coupled revised permeability

According to “Development of permeability model and 
analysis of influential factors” section, the matrix perme-
ability will increase with a decrease in the pressure. Due to 
the pressure profile in the reservoir during the development 
process, there must exist differences of the matrix perme-
ability within the whole region. Because the existed pro-
duction prediction model or numerical simulator all con-
sider the gas-transport type as the Knudsen diffusion in the 
shale matrix, it highlights the need to account for the actual 
gas-transport mechanism. Hence, in this work, the actual 
gas-transport capacity is obtained by the proposed perme-
ability model (Eq. 28). Moreover, to further investigate the 
difference, the initial permeability is calculated by Knudsen 
diffusion formula (Eq. 33). The pressure profile of a shale 
gas well is assumed as Fig. 15:

As shown in Fig. 16, the matrix permeability of the near-
well region is higher than that of the far-well region. This 
is because the pressure drop funnel during the production 
process. It also can be concluded that the initial matrix per-
meability is nearly equal to revised matrix permeability 
when the radius is less than 1 m. However, for the far-well 
region, the revised matrix permeability is higher than initial 
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matrix permeability. In the vicinity of the production well, 
the Knudsen diffusion dominates the gas-transport capacity. 
Hence, the matrix permeability calculated by Knudsen dif-
fusion and proposed permeability model is approximately 
the same. However, for the far-well region of the production 
well, the gas-transport mechanism converts into transition 
flow or slip flow. Thus, the matrix permeability of the far-
well region is lower than the revised matrix permeability.

From the numerical simulator, we can obtain the pressure 
profile at any production time. Utilizing the pressure pro-
file at (n − 1) time step, we can calculate the revised matrix 
permeability at (n) time step. Subsequently, the revised 
production performance can be obtained through numeri-
cal simulator. And we can obtain the pressure profile at (n) 
time step. Cycling these steps, we can obtain the produc-
tion performance predicted by numerical simulator coupled 
revised permeability.
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