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 Due to the nanometer scale pore size and extremely low permeability of a shale matrix, 

flow and Knudsen diffusion. Three transport models modified by the Darcy equation with apparent 
permeability are used to describe the combined gas transport mechanisms in ultra-tight porous media, 

porosity model with consideration of the combined gas transport mechanisms are developed to evaluate 

with consideration of Knudsen diffusion and the tighter the shale matrix, the greater difference of the gas 
production estimates. In addition, the numerical simulation results indicate that shale fractures have a 
great impact on shale gas production. Shale gas cannot be produced economically without fractures.
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Moreover, the adsorption-desorption mechanism also occurs 
in the pores with adsorbed gas on the surface.

Several transport models have been developed to quantify 
gas transport in tight porous media with nanometer-size pores 
(Beskok and Karniadakis, 1999; Civan, 2010; Civan et al, 
2011; Ho and Webb, 2006; Javadpour, 2009; Ziarani and 
Aguilera, 2012). Beskok and Karniadakis (1999) modified 
the second-order slip approximation to model rarefied gas 
flow in microchannels, ducts, and pipes. Civan (2010) 
used the Beskok model (Beskok and Karniadakis, 1999) to 
describe gas transport in tight porous media. Javadpour (2009) 
presented a gas transport model in gas shales considering 
viscous flow and Knudsen diffusion. All these models can 
describe combined gas transport mechanism in tight porous 
media; however, no numerical simulations of shale gas 
reservoirs are presented to investigate the difference in the 
production predicted by these transport models.

developed and compared with other gas transport models 
(Darcy equation, the dusty gas model (DGM), Civan 
model and Javadpour model) for gas production in shale 
gas reservoirs. Due to the ultra-low permeability, shale gas 
reservoirs for commercial production are all developed 
shales with natural fractures (Arogundade and Sohrabi, 
2012), which are the main permeable channels with much 
higher permeability than the matrix. Based on the dual-
porosity hypothesis, we treat the shale gas reservoir as a dual 
porosity system consisting of a matrix system and a fracture 
system. Gas productions of shale gas reservoirs with different 

With a rapid decline in conventional petroleum reserves, 
unconventional resources are playing an increasingly 
important role in the volatile energy industry over recent 
years in North America and are gradually becoming a key 

reserves and extensive distribution represents a significant 
portion of unconventional natural gas resources and is 
becoming more important to the global energy supply in 
years to come (EIA, 2011). 

The gas in shale gas reservoirs includes free gas in both 
fracture and matrix pores and adsorbed gas on the surface 
of matrix pores (Arogundade and Sohrabi, 2012; Hill and 
Nelson, 2000; Vermylen, 2011). The main pore size of shale 
matrix is in the range of 1-200 nm (Javadpour et al, 2007; 

law cannot be used in shale gas reservoirs because the gas 

due to the existence of nanopores (Beskok and Karniadakis, 
1999; Civan, 2010; Civan et al, 2011; Javadpour, 2009; 
Ziarani and Aguilera, 2012). Gas transport in nanopores is a 
combination of several flow mechanisms including viscous 
flow, Knudsen diffusion and molecular diffusion, which 
cannot be described by the Darcy equation (Bird et al, 2002). 
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fracture parameters are compared by numerical simulation to 
demonstrate the necessity of hydraulic fracturing in shale gas 
reservoirs.

Under isothermal condition, gas transport in porous media 

2002; Ho and Webb, 2006). Molecular diffusion refers to the 
relative motion of different gas species and only occurs in 
multicomponent gas transport in porous media, while viscous 

generates from collision between molecules and Knudsen 
diffusion generates from collision between molecules 
and the pore walls (as shown in Fig. 1). Among these two 
mechanisms (viscous flow and Knudsen diffusion), which 
one is dominant depends on the relationship between the 
mean free path of gas and the pore size of the porous media. 
If the mean free path is much smaller than the pore size, the 
probability of collisions between molecules is much higher 
than collisions between molecules and the pore walls, thus 
gas transport is mainly governed by viscous flow resulting 
from collisions among molecules. As the pore diameters get 
smaller, reaching the same order as the gas molecular mean 
free path, collisions between molecules and the pore walls 
become more important with gas transport mainly governed 

Gas transport in porous media can be divided into four 

1) Continuum flow regime, when the Knudsen number 
is less than 0.001. At this regime, the mean free path of gas 
is much smaller than the pore size of the porous media, 
therefore the probability of collisions between molecules 
is much higher than collisions between the molecules and 
the pore walls, and the gas transport is mainly governed 
by viscous flow and Knudsen diffusion can be ignored due 
to the extremely lower probability of collisions between 
the molecules and the pore walls. In this regime, both 

equation with conventional no-slip boundary conditions can 

regime.
Kn

the pore size of the porous medium is still larger than the 
mean free path of gas molecules, the probability of collisions 
between molecules is still higher than collisions between 
the molecules and the pore walls, but the probability of 
collisions between molecules and the pore walls is too high 
to be ignored. Therefore although viscous flow is still the 
dominant mechanism, Knudsen diffusion has an effect on the 
gas transport and cannot be ignored. In this regime, the Darcy 
equation and no-slip boundary condition fail to describe the 
gas transport in porous media. However, the N-S equation 
with slip velocity boundary conditions can be used to describe 

Kn
the pore size of the porous media is of the same order as the 
mean free path of gas molecules, the collisions between the 
molecules and the pore walls become more important and the 
gas transport is mainly governed by Knudsen diffusion, but 

continuum assumption and the N-S equations begin to break 
down, the N-S equations fails to describe gas transport in 
porous media in the transition regime.

4) Free molecular regime, when Kn>10. At this regime, 
the pore size is much smaller than the mean free path of gas, 
the collisions between the molecules and the pore walls are 
much higher than the inter-molecular collisions, so the gas 
transport in porous media is governed by Knudsen diffusion 

in order to illustrate the gas transport regime in the shale 
nanopores. Fig. 3 shows the variation of the Knudsen number 
with pressure at different pore diameters. As shown in Fig. 

Fig. 1 Schematic of mechanisms of the movement of 
a single component gas through a porous medium

Knudsen diffusionViscous flow

A widely recognized dimensionless parameter that 
determines the degree of appropriateness of the continuum 
model is Knudsen number Kn
of the molecular mean free path  to the characteristic length 
scale L,

 (1)B
22

k T
p  

where kB is the Boltzmann constant (kB=1.3805×10-23

T is temperature, K; p is pressure, Pa; and  is the collision 
diameter of the gas molecule. The dominant mechanism 
can be qualified by the Knudsen number. Fig. 2 gives 

based on the Knudsen number (Barber and Emerson, 2006; 
Zhang et al, 2012).

Fig. 2
equations based on the Knudsen number
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3, the Knudsen number is almost in the range of 0.001 and 
10 within all the pressure from 0.1 to 10 MPa when the 

regime of shale nanopores is the slip flow regime and the 
transition regime. Therefore, both the viscous flow and 
Knudsen diffusion have a great impact on the gas transport in 
nanopores and the Darcy equation cannot be used to describe 
gas transport in nanopores.

model to describe gas transport in tight porous media. The 
Knudsen number is used to express the apparent permeability.

(5)

where b
(Kn

(6)1 0.4
2

128( ) tan 4.0
15

Kn Kn

Fig. 4 shows the relationship between ka k  and the 
Knudsen number Kn. As illustrated in Fig. 4, the greater the 
Knudsen number is, the greater ka k  will be, and the greater 
the impact the Knudsen diffusion will have. According to the 
Knudsen number the gas transport in porous media can be 

1) ka k  approximately equals 1 when Kn
means that viscous flow is the dominant mechanism and 

when Kn
2) ka k  is less than 1.48 when Kn is within the range of 

mechanism but the Knudsen diffusion has an impact on the 
transport in porous media and cannot be ignored. 

3) ka k  increases significantly when Kn is within the 
range of 0.1 to 10, and the Knudsen diffusion is the dominant 
mechanism rather than viscous flow, but the viscous flow 
cannot be ignored.

4) ka k  is greater than 64 when Kn is greater than 10; this 
means the Knudsen diffusion is the dominant mechanism and 
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Fig. 3 
at different pressures and pore diameters

Both viscous flow and Knudsen diffusion should be 
considered in the gas transport in the shale matrix. There are 
three transport equations available to quantify the combined 

Javadpour (2009) proposed an apparent permeability 

in a single nanotube.

(2)a
t ( )kN p  

where Nt
2·s);  is the gas viscosity, Pa·s; 

m3; ka is the apparent permeability of the porous media, m2, 

(3)
where M R is the universal gas 
constant; r is the radius of the nanotube, m;  is the tangential 
momentum accommodation coefficient (TMAC); k  is the 
intrinsic permeability of the porous media in m2 and can be 

 (4)
2

h8
rk  

where  is the porosity of the porous media; h is the 
tortuosity of the porous media.

Civan (2010) used the Beskok and Karniadakis (1999) 

Fig. 4 Variation of ka k  with Kn

1

10

k
a/k

Kn

100

1000

10-4 10-3 10-2 10-1 100 101 102

The dusty gas model (DGM) is capable of incorporating 
mixed mechanisms of viscous flow, Knudsen diffusion and 
ordinary diffusion (Ho and Webb, 2006), therefore we use the 
DGM to develop a single component gas transport model in a 

(7)
k

a (1 )bk k
p ,

k

k

D
b

k
where bk Dk is the Knudsen 
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The three apparent permeability equations are compared 
in Fig. 5. A particular case with shale matrix porosity  of 
0.05, a single gas component of methane and a temperature 
of 323.14 K is used for comparison. The computed ka k  
versus pressure for mean pore diameters of 1 nm, 10 nm, 
100 nm, 1 μm and 10 μm are shown in Fig. 5. ka k   can be 
used to quantify the impact of Knudsen diffusion in porous 
media. When ka k  approximates to 1, viscous flow has a 
greater impact on gas transport than Knudsen diffusion, ka

k  equaling 1 indicates that the effects of Knudsen diffusion 
can be neglected; when ka k  becomes higher, the impact of 
Knudsen diffusion increases.

good agreement is shown in the Fig. 5 between the Javadpour 
model with =2 and the other two models. The apparent 
permeability calculated by the Javadpour model with =0.8 is 
much bigger than the other two models.

As shown in Fig. 5, ka k  decreases with an increase in 
pressure, which indicates that the higher pressure is, the 
smaller ka k  is, and the greater effect the viscous flow has. 
From Fig. 5, it can also be seen that a big pore radius has a 
small ka k , which indicates that the Knudsen diffusion has 
a greater impact on gas transport in a porous medium with 
small pore radii. When the mean pore radius is equal to 1 
μm, ka k  is close to 1, indicating that Knudsen diffusion is 
negligible when the mean pore radius is equal to or greater 
than 1 μm, thus, a single component gas transport in porous 

law. ka k  is in the range of 1.4-3.9 when the mean pore radius 
is equal to 10 nm, and in the range of 1.1-4.7 when the mean 
pore radius is equal to 100 nm indicating that when the mean 
pore radius is less than 100 nm, Knudsen diffusion plays an 
important role in gas transport in porous media.

gas reservoirs only consist of a lower-permeable matrix 
without fractures; gas is stored in the matrix as both a free 
phase and an adsorbed phase; only a single gas component, 
CH4, is stored in the shale matrix; the gas reservoirs is 
assumed to be isothermal with gas adsorption on the matrix 

balance law is written as mass conversation.

(9)m m m ads t,m g( (1 ) )q N Q
t

where m
3; m is 

the porosity of the shale matrix; Nt,m
2·s) and can be expressed 

as Eq. (2); Qg

as Eq. (10) (Bustin et al, 2008; Peaceman, 1983); qads is the 
3 and can be 

expressed as Eq.(12) (Civan et al, 2011).

(10)
m m,a

g m w
m e w

( )
ln( / )

k
Q p p

r r
 

where km,a is the gas apparent permeability in the shale matrix 
in m2 and can be expressed as Eqs. (2), (5) and (7); m is 
the gas viscosity in the matrix system, Pa·s; pm is the matrix 
pressure, Pa; if the production well is located at the corner of 
a grid block, the connect factor rw and pw are the well 
bore radius in m and pressure in Pa; re is the equivalent radius 
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Fig. 5 A comparison of the variation of ka k  with pressure computed by 
different models (a) Considering the slippage effect with =0.8; (b) without 

considering the slippage effect with =2
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It can be seen that the value of the tangential momentum 
accommodation coefficient,  has a great impact on the 
apparent permeability calculated by the Javadpour model. A 
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(11)
0.51/2 2 1/2 2

e 1/4 1/4

( / ) ( / )
0.28

( / ) ( / )
y x x y

y x x y

k k x k k y
r

k k k k

where kx and ky are the permeability in the x and y directions 
respectively, m2 x y are the sizes of well blocks , m.

(12)s s L
ads std

std std L

M M V pq q
V V p p

 

where s
3; Vstd is the 

molar volume at standard conditions (273.15 K and 101.325 
kPa), std m3 VL is the Langmuir volume, std m3 pL 
the Langmuir pressure, Pa; qstd is the absorbed volume per 
solid mass at standard conditions, std m3

The gas density m

(13)m
m

p M
ZRT

where Z is the gas deviation factor. By substituting Eqs. (12) 

m g L L s m m,am
m m2

std L m m

g

(1 )
[ ] ( )

( )
M p V p kp p

V p p t

Q  

(14)
where 

(15)
M

ZRT

The initial pressure of the shale matrix is pi in Pa, so the 

(16)m 0 itp p  

The boundary for solution is 1 2 , where 1 and 
2  represent the outer boundary and the inner boundary of 

the production well. In this study, we suppose that the outer 
boundary is sealed and the inner boundary is at constant 

(17)
1

m 0p
n

 

where n is the outward unit normal vector of the boundary.  

(18)
2m wp p

gas reservoirs consist of a large number of well-connected 
fractures and a lower-permeable matrix; gas is stored in the 
natural fractures as a free phase, while in the matrix as both 
a free phase and an adsorbed phase; only a single component 
CH4 is stored in the shale matrix; the gas reservoirs is 

assumed to be isothermal with gas adsorption on the matrix 

the continuity equations for the matrix system and the fracture 
system.

(19)m m m ads t,m p( (1 ) )q N Q
t

 

where Qp

and written as follows (Kazemi et al, 1976; Warren and Root, 

(20)
*

m m,a m f
p

m

( )k p p
Q  

where * 2, *
2 2

1 14( )
x yL L

;

Lx and Ly are the fracture spacing in the x direction and y 
directions in m respectively.

(21)
f f t,f p g( ) N Q Q

t
 

where f
3; f is the 

fracture porosity; Nt,f
2·s); the fracture porosity f and intrinsic 

permeability k  in m2 can be calculated by the match-stick 
model (Bustin et al, 2008).

(22)f
2b
a

 

 
(23)

3

f , 12
bk

a

where a is the average effective fracture spacing, m; b is the 
fracture aperture width, m.

By substituting Eqs. (12), (13) and (20) into Eqs. (19) 
and (21), we can obtain the mathematical model of double 
porosity.

(24)

m g L L s m
m 2

std L m

m m,a m m,a
m m f

m m

f f,af
f f

f

m m,a
m f g

m

(1 )
( )

( ) ( )

[ ] ( )

( )

M p V p
V p p t

p k p k
p p p

p kp p
t

p k
p p Q

 

where the production rate Qg

(25)
f f,a

g f w
f e w

( )
ln( / )

p k
Q p p

r r



533

The initial pressure of the shale gas reservoirs is pi, so the 

(26)

The boundary for solution is 
1 2

, where 1 and 

2  represent the outer and inner boundaries of the production 
well. In this study, we suppose the outer boundary is sealed 
and the inner boundary is at constant pressure. The outer 

(27)

(28)2f wp p  

The finite element method (FEM) is used to solve the 
single porosity and double porosity mathematical models 
of shale gas reservoirs. The finite element method is used 
to solve the double porosity mathematical model, which 
is taken as an example to illustrate the solution procedure. 
The fracture pressure pf and matrix pressure pm are solved 

matrix pressure. The implicit fracture pressure and the explicit 
matrix pressure are adopted. First the discrete time domain is 
obtained by forward difference, then by Eq. (24) and Eq. (25) 
we can obtain the fracture pressure at n+1 time steps 1

f
nP

(29)

(30)

(31)

According to the standard Galerkin finite element 
procedure based on the Gakerkin weighted residual method, 

pf is 

(32)

where ],,[ 321 NNNeN  is the shape function of pressure, 

, f,1 f,2 f,3[ , , ]p p pf eP  is the fracture pressure at the element 

nodal. By using the part integration, the first part of Eq. 
(29) is transformed and the weak integral form Eq. (33) is 
obtained, which can satisfy both the governing equation (Eq. 
(24)) and the Neumann boundary conditions of Eq. (27). 

(33)

with

T
,f,ae

1 1 1
3 3 3

nP f eP

By substituting Eq. (32) into Eq. (33), we obtain Eq. (34).

(34)

with

e

T
f f edA Ce eN N  

e

T
f f edR e eN N  

e

T 1 1
f p g e( )dn nQ Q QeN

p

T

f1 f2 f, , , Np p pfP

where Np is the number of nodes.

(35)

Then we can obtain the matrix pressure at n+1 time steps 
1

m
nP , similarly we obtain the finite element formulation of 

(36)

with

T
m m ed

e

A Ce eN N
 

m,ae m,a
m

m

n n

n

P k
C  
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m,1 m,2 m,3[ , , ]p p pm,eP

p

T

m1 m2 m, , , Np p pmP

In this work, the Lagrange interpolation function of 
element is 2-order for pressure, the Newton-Raphson method 
is used to solve Eq. (34) and (36) alternately. Similarly we 

model of shale gas reservoirs.

In order to verify the numerical solution solved by FEM, 
we compare the numerical solution in this study with the 

established by Warren and Root, 1963. Fig. 6 compares the 
analytical solution with the numerical result obtained by FEM 
in this paper. Parameters used in this paper are shown in Table 
1, there is a gas production well in the center of the reservoir 
with constant pressure. As shown in Fig. 6, the numerical 
solution of this paper is consistent with the analytical solution 
(Warren and Root, 1963), therefore our numerical solution is 
reliable and feasible.

Table 1

Parameter Value

Initial reservoir pressure, Pa 1×107

Well bottom pressure, Pa 1×106

Reservoir temperature, K 323

Gas composition Methane

Matrix permeability, m2 1×10-19

Matrix porosity 0.05

Fracture permeability, m2 1×10-15

Fracture porosity 0.001

Wellbore radius, m 0.1

Fig. 6 A comparison of numerical and analytical solutions 
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Fig. 7 Well pattern used in the single porosity model

The single porosity models with different apparent 
permeabilities calculated by the four transport models 

model) are modeled to investigate the gas transport behavior 
in a tight shale matrix.

The performance of a production well with a well spacing 
of 200 m in a five-spot well pattern (as shown in Fig. 7) 
is modeled. The basic parameters are shown in Table 2. 
The intrinsic permeability of the shale matrix is calculated 
by Eq.(4), the apparent permeability is calculated by the 
Javadpour, Civan and the DGM models, respectively. 

Fig. 8 shows the cumulative production predicted by 
different transport models (Civan model, DGM, Javadpour 
model and Darcy model) for the shale matrix with equivalent 
pore radii of 1, 10 and 100 nm, respectively. As illustrated in 
Fig. 8, the cumulative production predicted by the transport 
models considering the combined mechanisms is much higher 
than that predicted by the Darcy equation. The smaller the 
mean equivalent pore radius, the greater difference between 
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the predicted cumulative production and the greater the error 
of the Darcy equation. This indicates that Knudsen diffusion 
has a great impact on the gas production of shale gas 
reservoirs with a small equivalent pore radius. The smaller 
the equivalent pore radius, the greater impact of Knudsen 
diffusion. When the equivalent pore radius is equal to 100 
nm, the production predicted by the Darcy equation is very 

close to that predicted by the other models considering the 
Knudsen diffusion (as shown in Fig. 8(c)).

As shown in Fig. 8, the cumulative production predicted 
by the Javadpour model considering the slippage effect with 

=0.8 is greater than that predicted by the other three models 
(Javadpour model without considering the slippage effect 
with =2, Civan model and DGM). The predictions of the 
Javadpour model without considering the slippage effect with 

=2, the Civan model and the DGM are closer to each other. 

Table 2 Basic data used in the single porosity model

Parameter Value

Initial reservoir pressure, Pa 1.04×107

Well bottom pressure, Pa 3.45×106

Reservoir temperature, K 323

Gas composition 100% methane

Mean equivalent pore radius, nm 1, 10, 100

Matrix porosity 0.05

Wellbore radius, m 0.1

Fracture No fracture

3 2600

Langmuir volume, m3 2.8317×10-3

Langmuir pressure, Pa 1.04×107

The double porosity model was used to investigate the 
performance of gas production of shale gas reservoirs with 
fractures. The performance of a production well with a well 
spacing of 400 m in a five-spot well pattern (similarly to 
that shown in Fig. 7 but with a different well spacing of 
400 m) was modeled. The mean equivalent pore radius of 
the shale matrix is 10 nm, the fracture aperture width is 5 

m, respectively, the intrinsic permeability and porosity are 
calculated by Eqs. (22) and 23, other parameters are shown as 
in Table 2.

The influence of the fracture spacing on the cumulative 
production and production rate are shown in Fig. 9. As 
illustrated in Fig. 9, shale fractures have a great impact on the 
gas production of shale gas reservoirs. The production rate 
of a shale gas reservoir with a fracture spacing of 0.05 m is 
more than 500 times of that of a shale gas reservoir without 
fractures. A shale gas reservoir without fractures has no 
commercial production rate.

Fig. 10 shows the variation of the average ratio of 
apparent permeability and intrinsic permeability in the shale 
matrix and fracture systems, respectively. As illustrated 
in Fig. 10, the ratio of apparent permeability to intrinsic 
permeability in the shale fracture is approximately equal to 
1 in all the production time, which means that the Knudsen 
diffusion has little impact on the gas transport in the shale 
fracture and can be ignored. However, the ratio of apparent 

Fig.8 Cumulative production predicted by different transport models in a 
shale matrix with different mean equivalent pore radii (a) mean equivalent 

pore radius 1 nm; (b) 10 nm; (c) 100 nm
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permeability to intrinsic permeability in the matrix increases 
with production time, from the initial permeability ratio 1.7 
to 6.15 at the last production time, which indicates that the 
Knudsen diffusion has a great impact on the gas transport in 
the shale matrix.

Fig. 9 Effects of fracture spacing on cumulative production and production rate 
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Fig. 10 Variation of the average ratio of apparent permeability to intrinsic 
permeability of the matrix and fracture systems in shale gas reservoirs
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In this study, we investigated gas transport mechanisms 
in tight porous media and compare the gas transport models 
(Javadpour, Civan and DGM models) considering the 
combined mechanisms of Knudsen diffusion and viscous 
flow. A single porosity finite element model and a double 

the gas production performance in shale gas reservoirs.
1) According to the Knudsen number, gas transport in 

continuum flow regime with a Knudsen number, Kn, less 
Kn

Kn

with Kn>10. Viscous flow is the dominant mechanism in 
regimes a and b while Knudsen diffusion is the dominant 
mechanism in regimes c and d, neither the Knudsen diffusion 
nor viscous flow can be ignored in regimes b and c due to 
their great impact on the gas transport in regimes b and c, 

in regimes a and d, respectively.
2) Three transport equations (Civan model, Javadpour 

model and DGM) can describe the combined mechanism of 

a great impact on the gas transport in a porous medium with 
a small pore radius but Knudsen diffusion can be ignored 
when the mean pore radius is equal to or greater than 1 μm. 
The numerical simulation results show that the production 
rate predicted by the Darcy equation is lower than that 
predicted by the transport models considering the combined 
mechanisms, and the smaller the mean equivalent pore radius, 
the greater difference between the predicted production rates. 
The production predicted by the three transport equation 
(Civan model, Javadpour model and DGM ) are not identical, 
we should further investigate transport equations considering 
combined transport mechanisms in tight porous media.

3) Fractures are the main permeable channels in the shale 
gas reservoirs. Shale fractures have a great impact on the 
gas production of shale gas reservoirs, and those without 
fractures have no commercial production rate.
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