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ABSTRACT 11 

Most of pore network models were originally designed for conventional porous media (e.g. 12 

sandstone), where pore size is at micron-scale and the dominant flow is Darcy-flow. However, those 13 

models could be inapplicable for shale (a typical unconventional porous media), since plenty of 14 

nanopores exist therein and therefore the non-Darcy effects can no longer be ignored. In this 15 

contribution, the details of shale gas flow were analyzed, and it was found that flow resistance could 16 

be misestimated by previous models. For this reason, we propose a pore network model that takes 17 

into account the influences of non-Darcy effects on pore structure. In the model, pore/throat radius 18 

and throat length are not constant but change with pressure, which is distinguishable from previous 19 

models where parameters are independent of pressure. The proposed model and previous models 20 

are defined as apparent pore network (APN) and intrinsic pore network (IPN), respectively. A shale 21 

sample, imaged by focused ion beam-scanning electron microscope, was used to extract APN and 22 

IPN, and then, their network structures were compared in the terms of throat length and throat radius. 23 
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Under different pressure conditions (ranging from 0.1MPa to 48MPa) and image resolutions (5nm, 24 

10nm, 20nm, 50nm, and 100nm), shale gas flow was simulated through APN and IPN, respectively. 25 

Numerical results show that apparent permeability is likely to be erroneously predicted by IPN, 26 

while APN provides a relatively reasonable solution.  27 

Key words: Shale gas; Intrinsic pore network; Apparent pore network; Apparent 28 

permeability 29 

1. Introduction 30 

A large portion of pore space in shale is contributed by nanopores with size ranging from 31 

several hundred nanometers to a few nanometers (Boruah et al., 2019; Curtis et al., 2012; Loucks et 32 

al., 2009; Zhang et al., 2018). Under this condition, different transport mechanisms are involved 33 

(Cai et al., 2018). Knudsen number ( Kn ), i.e., the ratio of mean molecular free path (λ (m)) to 34 

characteristic width of flow channel (r(m)), is an important dimensionless parameter to classify bulk 35 

flow regimes, including continuum (Darcy) flow ( 0.001Kn < ), slip flow ( 0.001 0.1Kn< < ), 36 

transition flow ( 0.1 10Kn< < ), and Knudsen diffusion ( 10Kn > ) (Schaaf and Chambre, 1961). 37 

Note that transition flow is somewhat like a synthesis of slip flow and Knudsen diffusion. Under 38 

the pressure-temperature condition in shale reservoir, the value of Kn  can reach up to several units 39 

( 10Kn < ) (Sakhaee-pour and Bryant, 2011; Wu et al., 2016b), meaning that all aforementioned 40 

bulk flow mechanisms could coexist in shale. In addition to the transport mechanisms mentioned 41 

above, another significant complexity is adsorption, which generally affects the flow behaviors in 42 

two ways: generating surface diffusion and narrowing the effective radius for bulk flow (Allan and 43 

Mavko, 2013; Li et al., 2016; Song et al., 2018b). Due to these non-Darcy effects (slip flow, 44 

Knudsen diffusion, and adsorption), apparent permeability (gas permeability) deviates from 45 
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absolute permeability (intrinsic permeability) in most cases (Chen et al., 2015; Florence et al., 2007; 46 

Mehmani and Prodanović, 2014). 47 

During the past decade, various numerical technologies, such as molecular dynamics (MD), 48 

lattice Boltzmann method (LBM), and pore network model (PNM), have been applied to simulate 49 

shale gas flow, and to predict apparent permeability. Among these methods, MD is considered a 50 

fundamental and accurate method, because the exact interaction forces between molecules can be 51 

described (Ambrose et al., 2012; Jiang and Lin, 2017; Li et al., 2016; Wang et al., 2017c; Wang et 52 

al., 2020). This method, however, needs to capture the motions of vast molecules in the simulation 53 

domain, resulting in huge time consuming and hence preventing its widespread applications in 54 

mesoscale simulation (Wang et al., 2017b; Yu et al., 2017).   55 

Unlike MD, LBM is capable of processing mesoscale simulation. LBM has experienced great 56 

advances in the field of micro-gaseous flow since 2002 (Succi, 2002). Most recently, two schemes 57 

were presented to extend LBM to study non-Darcy flow in shale. In scheme-I, absolute permeability 58 

is calculated first via various methods such as D3Q19-SRT (three dimensional and nineteen 59 

velocity-single relaxation time) (Sun et al., 2017a) and D3Q19-MRT (multiple relaxation times) 60 

(Chen et al., 2015), and then apparent permeability is predicted in accordance with other 61 

empirical/semi-empirical models such as Dusty gas model (Wang et al., 2016a) and Beskok-62 

Karniadakis model (Allan and Mavko, 2013). Technically, the non-Darcy effects are not directly 63 

introduced into the LBM framework in scheme-I. Consequently, it is difficult to obtain local details 64 

(e.g., velocity field) of shale gas flow in nanoporous media, although apparent permeability can be 65 

easily calculated (Wang et al., 2016a; Wang et al., 2017a). In scheme-II, slip boundary condition 66 

and effective relaxation time are directly incorporated into the LBM framework to describe the gas-67 
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solid interfacial slip and insufficient intermolecular collisions in Knudsen layer (i.e., a layer 68 

sandwiched between the solid surface and the bulk flow region), respectively. For more details about 69 

the slip boundary condition and effective relaxation time, one can refer to these works (Fathi and 70 

Akkutlu, 2012; Ren et al., 2015; Zhao et al., 2016). Unlike scheme-I, scheme-II enables obtaining 71 

local information, including pressure field and velocity field. Nevertheless, it is not a routine way 72 

to apply type-II scheme to three-dimensional (3D) complex porous media (e.g. shale) because of 73 

the complicated boundary treatments therein (Chen et al., 2013; Wang et al., 2016b).  74 

Another mesoscopic method is PNM. In principle, a simplified network can be extracted from 75 

any 3D irregular pore space images as long as the data is not too large (generally, 500*500*500<76 

voxel units), and with the network, transport process (e.g., shale gas flow) can be efficiently 77 

simulated (Almasoodi and Reza, 2019). PNM was generated by nonvoxel-based approaches in early 78 

works (Delerue et al., 1999; Glantz and Hilpert, 2007; 2008). And now, an increasing number of 79 

PNMs were built by voxel-based approaches owing to the routine-use of direct 3D imaging 80 

technologies like Micro-CT (Jiang et al., 2018; Wu et al., 2017b) and Nano-CT (Wu et al., 2015b; 81 

Wu et al., 2016c; Zou, 2017). A variety of voxel-based approaches, such as Voronoi-based (VB) 82 

method, medial axis (MA) method, maximal ball (MB) method, and medial axis-maximal ball (AB) 83 

method, were successively proposed to extract PNM from conventional porous media, and by 84 

utilizing these models, microstructure analysis and/or predicting petrophysical parameters like 85 

permeability were carried out. Most recently, these methods were inherited to extract pore networks 86 

from shale, and accordingly, VB network (Afsharpoor and Javadpour, 2016; Mehmani et al., 2013), 87 

MA network (Ma et al., 2014; Wang et al., 2016c), MB network (Song et al., 2017; Wang et al., 88 

2020; Yuan et al., 2017; Zheng et al., 2019), and AB network (Cao et al., 2017; Cao et al., 2018; 89 
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Jiang et al., 2017) were produced. Based on these networks, subjects related to shale gas flow were 90 

studied, mainly including: (1) enhancement of non-Darcy effects on gas transport capacity 91 

(Sakhaee-pour and Bryant, 2011; Song et al., 2017), (2) impacts of nanopores distribution on 92 

apparent permeability (Cao et al., 2017; Song et al., 2018a), (3) influences of shape factor on 93 

apparent permeability (Afsharpoor and Javadpour, 2016; Yuan et al., 2017), and (4) non-ideal gas 94 

flow in nanoporous media (Ma et al., 2014; Song et al., 2017). 95 

It is necessary to mention that the majority of previous PNMs were originally designed to 96 

predict pressure-independent transport properties like absolute permeability (Blunt et al., 2013). 97 

However, apparent permeability is pressure-dependent (Wu et al., 2017b). Thus, a question arises: 98 

Is it still valid to inherit traditional schemes to extract PNM from nanoporous shale for the study of 99 

gas flow? If yes, the gas resistance through PNM is supposed to be approximately equal to the reality. 100 

To answer that question, we provide an example here to show whether the gas resistance can be 101 

appropriately reflected by previous PNMs. For simplicity, Klinkenberg model (Klinkenberg, 1941), 102 

as a representative, is adopted to calculate gas resistance. According to this model, the resistance of 103 

gas flow through a cylindrical capillary is express as 104 

 
( )4

8 1
1 4gas

LR
r Kn
µ

π
=

+
  (1) 105 

Where gasR  is the gas resistance ( 3Pa s m−⋅ ⋅ ), r is the radius (m), L is the throat length (m), 106 

and µ  is the viscosity ( Pa s⋅ ). From the perspective of pore network, the basic element in pore 107 

pace is pore-throat-pore link as shown in Fig. 1a. It has been demonstrated that this link can be 108 

approximately taken as a cylindrical capillary with radius linearly varying along the link direction 109 

(Fig.1b) (Yi et al., 2017). For brevity, only the resistance in left side (the region shaded with green 110 
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in Fig. 1) is calculated. By integrating equation (1), the actual gas resistance in left side ( ,gas leftR ) is 111 

given by 112 

 
( )

( )1 11 1
, 4 3 2 2

1 1 1 1

1 48 11 1ln
64 1 4 16 8t

r t
gas left gasr

t t t t t

KnLR dR
r Kn Kn Kn Kn

εµ ε
π ε ε ε ε

 + +
= = − + 

− +  
∫  (2) 113 

Where 1L  is the throat length (m) on the left side and tr  is the throat radius (m). 1ε  is the 114 

aspect ratio, i.e., the ratio of pore radius to its connected throat radius. 1 1 tr rε = ( 1r  is the pore 115 

radius on the left side) and tKn  is the Knudsen number at throat location. 116 

In PNM framework, the pore-throat-pore link needs to be further simplified to a straight 117 

cylindrical capillary with constant radius er  (Fig. 1c). Previous PNMs share a common feature that 118 

the parameters (e.g. pore radius and throat length) will not change once a network has been 119 

generated, meaning that relevant PNM parameters are determined first, and then these parameters 120 

are directly substituted into equation (1) to represent the flow resistance. For a pore-throat-pore link, 121 

the effective radius is generally set to be the same as throat radius (Fig. 1c) (Dong and Blunt, 2009; 122 

Øren and Bakke, 2003), and two schemes are widely adopted to determine the effective throat length 123 

( ,e leftL ), as expressed by the following Eqs. (3-4) (Dong and Blunt, 2009; Øren and Bakke, 2003; Yi 124 

et al., 2017). 125 

 , 1 1e leftL aL ε=   (3) 126 

 
2

1 1
, 1 3

1

1
3e leftL L ε ε
ε

 + +
=  

 
  (4) 127 

Where a  is the adjustment coefficient, and generally set by 0.5 (Øren and Bakke, 2003) or 128 

0.6 (Dong and Blunt, 2009). Substituting Eq. (3) and (4) into Eq. (1), respectively, yields the two 129 

equations below, which cover the most common expressions of gas flow resistance in a pore-throat-130 
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pore link in previous PNMs assuming that the gas flow behavior can be described by Klinkenberg 131 

model. 132 

 
( )

1
, 4

1

8
1 4gas left

t t

L aR
r Kn
µ

π ε
 

=  
+  

  (5) 133 

 
( )

2
1 1 1

, 4 3
1

8 1
3 1 4gas left

t t

LR
r Kn
µ ε ε

π ε
 + +

=  
+  

  (6) 134 

Note that a  is constant, and 1ε  is independent of tKn . Consequently, discrepancy always 135 

exists between Eq. (2) and Eqs. (5-6), indicating that the actual resistance could be misestimated by 136 

previous PNMs (for more result, see Fig. 4). Unfortunately, this discrepancy always exists no matter 137 

what kind of pressure-dependent model (e.g. The Javadpour model and B-K-C model in the 138 

following section) is adopted to calculate the gas flow resistance, due to the inherent difference 139 

between Darcy flow and non-Darcy flow. Consequently, it is not a perfect choice to follow previous 140 

PNMs, which originate from the study of Darcy flow, to extract PNM for the study of shale gas flow 141 

where the non-Darcy effects are pronounced. An updated version is thus needed. 142 

2. Theory and Model  143 

To extract a physically realistic pore network, two points need to be taken into consideration. 144 

One is a reliable algorithm to locate the pores and throats, and another is a reasonable model to 145 

describe the transport mechanisms in shale so that a feasible parametrization scheme can be 146 

designed. In this section, we will first give a brief description about locating pores and throats, 147 

followed by a brief review on transport behaviors in nanoscale capillary and a parametrization 148 

scheme that takes non-Darcy effects into consideration. 149 
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2.1. Locations of Pores and Throats  150 

During the past two decades, there are mainly three types of method adopted to locate pores 151 

and throats. They are medial axis (MA) method, maximal ball (MB) method, and medial axis-152 

maximal ball (AB) method. The MA method transforms the 3D pore space into one-dimensional 153 

(1D) medial axis, and then the vertices and links are defined as pores and throats, respectively. The 154 

MB method transforms the pore space into maximal balls skeleton, and those maximal balls are 155 

further affiliated into family trees, where the ancestors and common children are defined as pores 156 

and throats, respectively. For more details about MA and MB, one can refer to (Al-Raoush and 157 

Willson, 2005; Jiang et al., 2007) and (Dong and Blunt, 2009), respectively. Both MA and MB have 158 

outstanding advantages. For instance, MA is capable of preserving basic topological and 159 

morphological properties, while MB is efficient at explicit pore identification. However, there are 160 

some flaws exist in both methods. For example, MA is sensitive to the irregularities on the pore 161 

wall surface, while MB could build unrealistic winding throat. Considering this situation, AB 162 

method, which combines the advantages of the above two methods, was proposed most recently (Yi 163 

et al., 2017). In this method, the centrally located medial axis is identified first, and then maximal 164 

balls are built on medial axis. After that, the pores and throats are defined on the maximal-balls-like 165 

skeleton. Through AB, not only the morphological characteristics can be saved, but also some 166 

limitations of MA and MB can be considerably avoided. In addition, for absolute permeability 167 

prediction, the AB method has been proved to be valid for both conventional porous media (e.g., 168 

sandstone) (Yi et al., 2017) and unconventional porous media (e.g., shale) (Jiang et al., 2017). 169 

Owing to its high-accuracy and wide-applicability, we applied AB method to locate pores and 170 

throats.  171 



 

9 
 

2.2. Free Gas Bulk Flow and Its Effect on Throat Length  172 

After pores and throats have been identified, the remaining process is parameterizing them. To 173 

design a reasonable scheme for parameterization, a primary task is clarifying the flow behaviors in 174 

nanoscale pore space. 175 

Shale gas consists predominantly of methane that mainly stored in two forms-adsorbed gas 176 

near pore wall and free gas away from pore wall. The former can be driven by concentration gradient 177 

and generates surface flow, while the latter can be driven by pressure gradient and forms bulk flow.  178 

For free gas, flow regime changes with Kn. Attempts to propose a unified equation, which 179 

takes into account all flow regimes from continuum (Darcy) flow to Knudsen diffusion, have been 180 

tried for more than seven decades. In general, these equations can be classified into three types. The 181 

first type was generalized from the gas and liquid permeability tests of core samples. Pioneered by 182 

the work of Klinkenberg (1941), a model for correcting apparent permeability was proposed  183 

 1 k
a i

bk k
P

 = + 
 

  (7) 184 

Where ak  and ik  are the apparent permeability ( 2m ) and absolute permeability ( 2m ), 185 

respectively. kb  is the Klinkenberg slippage factor that can be calculated by 4kb P rλ= , where 186 

P  is the pressure ( Pa ). As Kn rλ= , Eq. (7) can be reformulated in the term of Kn : 187 

( )1 4a ik k Kn= + . Following the work of Klinkenberg (1941), subsequent studies were focused on 188 

modifying Klinkenberg slippage factor by relating kb  to ik  (Heid et al., 1950; Jones and Owens, 189 

1980), or relating kb  to ik φ  (Civan, 2010; Florence et al., 2007; Sampath and Keighin, 1982), 190 

where φ  is the porosity. The first type (Eq. 7) is fitted from the experimental results of tight sand 191 

javascript:void(0);
javascript:void(0);
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core samples. Therefore, its validity for shale is challenged, because the gas flow mechanisms in 192 

shale are different from that in tight sandstone (Florence et al., 2007; Ziarani and Aguilera, 2012).  193 

The second type is the superposition of various transport mechanisms, such as superposition 194 

of continuum flow and Knudsen diffusion (Rahmanian et al., 2013), superposition of advective mass 195 

transfer and Knudsen diffusion (Singh et al., 2014), and superposition of slip flow and Knudsen 196 

diffusion (Darabi et al., 2012; Javadpour, 2009). Among the three different models, the last one 197 

(Here, termed as Javadpour model) was declared reliable to describe all bulk flow mechanisms, 198 

including Darcy flow, slip flow, and transition flow. The Javadpour model is expressed as 199 

 8 2 161
3a ik k

r rP
µ α νµ

ν ρ α
 − = + +    

  (8) 200 

Where α  is the tangential momentum accommodation coefficient (generally, this parameter 201 

is assumed to be around 0.8), ρ  is the density ( 3kg m−⋅ ), and 8RT Mν π=  is the 202 

thermodynamic molecular mean velocity ( 1m s−⋅ ). M , T , and R  are the molar mass 203 

( 1kg mol−⋅ ), temperature ( K ), and universal gas constant ( 1 1J mol K− −⋅ ⋅ ), respectively. Recently, 204 

Ma et al. (2014) further reformulated Eq. (8) in the term of Kn , as expressed below 205 

 8 2 641
3 3a ik k Kn Knα

α π
 −  = + +    

  (9) 206 

In Eq. (9), there are three terms (1, 8 2
3

Knα
α
− 

 
 

, and 
64
3

Kn
π

) in the brace, which quantify 207 

the contributions from Darcy flow, slip flow, and Knudsen diffusion, to the apparent permeability, 208 

respectively. The Javadpour model was widely adopted to study gas flow in shale, owing to its 209 

simplicity and potential wide applicability. This model, however, has also received arguments due 210 

to the following reasons. First, the Javadpour model is likely to be only valid in the transition flow 211 
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regime (Ma et al., 2014). This model was verified against the results of micro-tube experiments 212 

where transition flow is dominating (Roy et al., 2003). Therefore, its validity for other flow regimes 213 

like slip flow is inconclusive. Second, a reasonable weighting between slip flow and Knudsen 214 

diffusion has not been presented (Wu et al., 2015a; Wu et al., 2016a). Qualitatively, with the 215 

increasing of Kn , the dominating flow is supposed to change from Darcy flow to slip flow, and 216 

then to Knudsen diffusion. However, Eq. (9) shows that the contributions from slip flow and 217 

Knudsen diffusion are always within the same order of magnitude no matter how the Kn  changes, 218 

which deviates from the theoretical trend. Given this situation, weighting functions were suggested 219 

to be placed between the slip and Knudsen terms by subsequent studies (Wu et al., 2015a; Wu et al., 220 

2016a). Nevertheless, more works are still required to validate those weighting-functions-based 221 

Javadpour model. 222 

The third type is developed by Beskok and Karniadakis (1999) (termed as B-K model). They 223 

derived a general slip boundary condition to represent the velocity distribution in the entire flow 224 

regime, and introduced a rarefaction coefficient to reflect the reduced intermolecular collisions with 225 

the increased Kn . The B-K model has been validated by a variety of methods such as micro-flow 226 

experiment, direct Monte Carlo simulation, linearized Boltzmann solution, and lattice Boltzmann 227 

method (Beskok and Karniadakis, 1999; Karniadakis et al., 2005; Yu et al., 2017). Their model is 228 

expressed as 229 

 ( ) 41 1
1a i

Knk k Kn
bKn

β  = + + − 
  (10) 230 

Where b  denotes the slip coefficient ( 1b = − ) and β  is the rarefaction coefficient, which 231 

can be correlated empirically by the following equation. 232 



 

12 
 

 ( )21
0 1

2 tan Knββ β β
π

−=   (11) 233 

Here, 0β  is an asymptotic value of β   as Kn →∞  , and 0 64 15β π= . In Eq. (11), there 234 

are two empirical parameters ( 1 4.0β =  and 2 0.4β = ), which were determined by fitting β  with 235 

the solution of linearized Boltzmann equation (Loyalka and Hamoodi, 1990) and experimental result 236 

(Tison, 1993). 237 

Because Eq. (10) is mathematically complex, extending studies were devoted to simplifying it, 238 

such as a polynomial form developed by Sakhaee and Bryant (2011) and an inverse power-law 239 

expression proposed by Civan (2010). In particular, Civan (2010) presented a simpler and more 240 

accurate expression to calculate β . 241 

 0 1B
A

Kn
β β  = + 

 
  (12) 242 

Where A  ( 0.1780A = ) and B ( 0.4348B = ) are empirical fitting constants. Combining Eq. 243 

(10) and (12), a Beskok-Karniadakis-Civan correlation (termed as B-K-C model) can be established. 244 

 0 41 1
1 1a i B

Kn Knk k
AKn bKn
β

−

  = + +  + −  
  (13) 245 

Most recently, the B-K-C model was preferred to study shale gas flow (Li et al., 2016; Song et 246 

al., 2017; Song et al., 2018b). However, Eq. (13) is still complicated to be extended in PNM. Given 247 

this situation and inspired by the studies of Tang et al. (2005) and Sakhaee-pour and Bryant (2011), 248 

we present a simpler polynomial expression as given below to provide a practical alternative to Eq. 249 

(13) for the range of 1Kn ≤  , which covers the continuum-, slip-, and early transition- flow regimes, 250 

and also lies within the range of interest for shale reservoirs. 251 

 ( )2
1 21a ik k C Kn C Kn= + +   (14) 252 
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Where 1C ( 1 4.943C = ) and 2C  ( 2 0.529C = ) are fitting parameters, and they were obtained 253 

by fitting Eq. (14) with the B-K-C model. Figure 2 shows that the B-K-C model can be correlated 254 

accurately by the present correlation using Eq. (14) with 2 0.9999R = . Moreover, good agreements 255 

with both experimental result (Tison, 1993) and the LBM simulation (Yu et al., 2017) are reached 256 

by Eq. (14). 257 

According to Eq. (14), the gas resistance for a nanocapillary with constant radius can be given 258 

by 259 

 
( ) 4 3 24 2

1 2

8 8 1
1gas

L LR
r cr drr C Kn C Kn

µ µ
ππ

= =
+ ++ +

  (15) 260 

Where 1c C λ=  and 2
2d C λ= . λ  is the mean molecular free path ( m ), and can be given 261 

by ( )22Bk T Pλ πσ= , where Bk  and σ  are the Boltzmann constant ( 1J K −⋅ ) and the 262 

diameter ( m ) of the gas particle, respectively (Cussler, 1997). Note that λ  is pressure-dependent, 263 

and thus both c  and d  are pressure-dependent. Here, we first calculate the gas resistance in left 264 

side (the region shaded with green in Fig. 1b). By integrating equation (15), the gas resistance in the 265 

left side ( ,gas leftR ) is given by 266 

1 1 11 1 1
, 14 3 2

1 1 1

18 1 8 ln ln ln
t

r t t
gas left gas r

t t t t t

r e r fL LR dR dr E F G H
r r r cr dr r r r r e r f

ε εεµ µ ε
π π ε

 + +−
= = = − + + − + + − + + 
∫ ∫  267 

 (16) 268 

Where the parameters e  and f are given by 269 

 

2

2

4
2

4
2

c c de

c c df

+ −
=

− −
=

  (17) 270 
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And, other four parameters are given by 271 

 

( )

( )

2

2

2

2

2

1

cE
d

F
d
c d ceG
d f e

c d cfH
d e f

= −

=

− −
=

−

− −
=

−

  (18) 272 

Following the general workflow of pore network extraction, the pore-throat-pore link is further 273 

simplified to a cylindrical capillary with constant radius tr  (the region shaded with green in Fig. 274 

1c), and the corresponding gas resistance is expressed as 275 

 ,
, 4

8 e left
gas left

t

L
R

r
µ

π
=   (19) 276 

Where ,e leftL  is the effective throat length ( m ) on the left side. Based on Eq. (16) and (19), 277 

the expression of .e leftL  can be derived, as shown below. 278 

 

4 4
3 2

, 1 1

3
1 1 11

, 1 1
1 1

  ,  1

1  ln ln ln ,  1
1

t t
e left t t

t t

t t t
e left

t t t

r rL L Er Fr G H
r e r f

L r r e r fL E F G H
r r e r f

ε

ε εε
ε ε

ε ε

 
= + + + =  + + 

 + +−
= − + + > − + + 






  (20) 279 

Following the above derivation process, the expression of ,e rightL (the effective throat length 280 

on the right side) can be given by 281 

 

4 4
3 2

, 2 2

3
2 2 22

, 2 2
2 2

  ,  1

1  ln ln ln ,  1
1

t t
e right t t

t t

t t t
e right

t t t

r rL L Er Fr G H
r e r f

L r r e r fL E F G H
r r e r f

ε

ε εε
ε ε

ε ε

 
= + + + =  + + 

 + +−
= − + + > − + + 






  (21) 282 

Finally, the effective throat length ( eL ) for a complete pore-throat-pore link is calculated by 283 

adding ,e rightL  to ,e leftL .  284 
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 , ,e e left e rightL L L= +   (22) 285 

Note that the above parameters (c, d, e, f, E, F, G, and H) are all related to the pressure-286 

dependent mean molecular free path λ . Therefore, these parameters are also pressure-dependent, 287 

so the same to the effective throat length. As we can see in the above derivation process, the slip 288 

and Knudsen diffusion have been coupled into the effective throat length.  289 

2.3. Adsorption and Its Effects on Pore/Throat Radius 290 

In addition to free gas, another important constituent is adsorbed gas. It has been reported that 291 

the amount of adsorbed gas constitutes about 20-80% of the total gas in-place (Hill and Nelson, 292 

2000), so detailing the adsorption influence is highly necessary. As mentioned before, adsorption 293 

affects the shale gas flow in two ways; namely, enhancing the mass flux via surface diffusion and 294 

reducing the effective radius for bulk flow. Through MD simulations (Li et al., 2016) and 295 

experimental studies (Kang et al., 2011), it was found that the adsorbed layer moves along the solid 296 

wall. This phenomenon is surface diffusion. Previous studies have shown that surface diffusion can 297 

be negligible if pore radius is large enough (generally, 5r nm> ) (Ren et al., 2015; Song et al., 2017; 298 

Song et al., 2018b; Sun et al., 2017b; Wang et al., 2016a; Yu et al., 2017). In this work, the average 299 

radius in all cases is larger than 5nm, so that we will not consider the contribution of surface 300 

diffusion for now. 301 

Here, another effect is considered. For bulk flow, the adsorption layer can be taken as an 302 

immobile layer and thus the effective radius ( er ) can be simply given by e ar r T= −  (Allan and 303 

Mavko, 2013; Li et al., 2016; Sakhaee-pour and Bryant, 2011; Song et al., 2017; Song et al., 2018a), 304 

where aT  is the effective thickness of adsorption layer. There are mainly two viewpoints to 305 
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calculate aT . The first viewpoint, which is traceable to the Langmuir monolayer adsorption model, 306 

is that only one molecular layer exists near the pore wall (Allan and Mavko, 2013; Song et al., 2017; 307 

Song et al., 2018a). Based on this point, a pressure-dependent Ta can be given by 308 

( )a m LT d P P P= +   , where LP  is the Langmuir pressure and md is the gas molecular diameter 309 

of methane (0.38nm). Another viewpoint, which is concluded from the MD results, is that multiple 310 

adsorbed layers forms on pore wall (Ambrose et al., 2012; Jiang and Lin, 2017; Li et al., 2016; 311 

Sakhaee-pour and Bryant, 2011; Wang et al., 2017c). We prefer the second viewpoint due to the 312 

following reasons. The isothermal adsorption experiments only provide the statistical results of 313 

adsorption amount. Although those results can be approximatively characterized by Langmuir 314 

monolayer adsorption model, the local details such as distinguishing the free/adsorbed phase and 315 

the density profile across pore channel cannot be obtained. In other words, Langmuir monolayer 316 

adsorption model can describe macroscopical experimental results, but its validity in nanoscale 317 

confined space cannot be guaranteed (Ma et al., 2015; Wang et al., 2017c). Besides, the MD 318 

simulation processes the mechanical behavior at the molecular scale, so that the density profile and 319 

the number of adsorb layers can be directly acquired.  320 

Based on the MD results, there are several attempts to establish the relationship between 321 

pressure and aT  (Li et al., 2016; Sakhaee-pour and Bryant, 2011). These works reached a 322 

consensus that multiple adsorbed layers exist on pore wall and aT  has a positive linearly 323 

relationship with pressure.  324 

Inspired by the work of Li et al. (2016) and according to the MD result of Jiang et al. (2017) 325 

(Fig 3a), we propose a two-stage function (Fig. 3b) to calculate the pressure-dependent thickness of 326 

the adsorbed layer, as shown below. 327 
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 ( ) ( ){ 1 1

1 2 1 1 2

  ,  0
  ,  

a m

a m m

T d P P P P
T d d P P P P P P P

= ≤ <
= + − − ≤ <   (23) 328 

Where 1P  and 2P  represent the critical pressures under which the second layer and the third 329 

layer begins to form, respectively. According to the MD results (Fig 3a), 1P  is 9.08MPa and 2P  330 

is 47.9MPa. Under low pressure, the first adsorbed layer begins to form because of the attraction 331 

between pore wall and methane molecules (first stage). As the pressure increasing (moderate to high 332 

pressure), the second layer starts to appear. Note that the attraction intensity between the second 333 

layer and pore wall is weaker than that between the first layer and pore wall (Ma et al., 2015). 334 

Therefore, the adsorption behavior during the second stage is slightly different from that during the 335 

first one. To reflect this difference, a two-stage function is thus suggested. Eq. (23) not only honors 336 

the linearly relationship between pressure and Ta, but also qualitatively reflects the differences 337 

between the first and the second stage. However, just like previous studies, we have to admit that 338 

Eq. (23) is still a phenomenological description. It is a great challenge to establish a more accurate 339 

relationship between pressure and aT  via existing theories and techniques, so that we follow the 340 

tradition in the field and make some minor modification on previous methods. If expressions with 341 

higher accuracy can be proposed in the future, Eq. (23) needs to be renewed but the basic idea of 342 

the present study is still applicable. Once the thickness of the adsorbed layer is determined, the 343 

effective radius of pore/throat can be calculated by subtracting aT  from the original radius ( r ), as 344 

shown below. 345 

 e ar r T= −   (24) 346 
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2.4. The Definitions of Apparent Pore Network and Intrinsic Pore Network 347 

The fundamental idea of this study is incorporating the non-Darcy effects into pore structure. 348 

Specifically, the influence of adsorption is reflected by the effective pore/throat radius, and the 349 

influence of other non-Darcy effects (slip flow and Knudsen diffusion) is coupled into the effective 350 

throat length. Both effective radius and effective throat length are pressure dependent. Therefore, 351 

the pore network is also pressure dependent. Note that pore/throat radius and throat length in this 352 

network are no longer simple geometric properties but some sort of numerical parameters that 353 

contain information on both geometrical characteristic and non-Darcy effects. As this network is 354 

designed to simulate shale gas flow and the outcome is apparent permeability, this model is defined 355 

as apparent pore network (APN). 356 

In contrast, previous pore network, which is originally designed to predict intrinsic transport 357 

properties like absolute permeability, is defined as intrinsic pore network (IPN). In IPN, the 358 

parameters (e.g. radius and throat length) are constant no matter how the pressure changes. The MB 359 

algorithm (Dong and Blunt, 2009) and AB algorithm (Yi et al., 2017) are served as two 360 

representatives to construct IPN, and the produced networks are referred as IPN-MB and IPN-AB, 361 

respectively. The major differences between IPN-MB and IPN-AB include the definition of throat 362 

length. To be specific, Eq. (3) and (4) are employed to determine throat length in IPN-MB and IPN-363 

AB, respectively. The major differences between APN and IPN are summarized in Table 1. 364 

In the process of simulating shale gas flow, the major difference between APN and IPN 365 

reflected by the gas resistance. For the former, the non-Darcy effects have been incorporated into 366 

the pore structure, so the gas resistance in a pore-throat-pore link can be simply given in a Hagen-367 

Poiseuille-form, as shown below. 368 
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Where ,e APNL  and ,e APNr  are the effective throat length ( m ) and effective throat radius ( m ) 370 

in APN, which can be calculated by Eq. (22) and Eq. (24), respectively. 371 

For IPN, a routine way is applying some kind of formulas that capable of describing shale gas 372 

flow (e.g., Klinkenberg model, Javadpour model, and B-K-C model) instead of Hagen–Poiseuille-373 

Equation (which is the agency for Darcy flow) directly on each pore-throat-pore link. We extended 374 

the B-K-C model by Eq. (14). Therefore, the expression of gas resistance for a pore-throat-pore link 375 

is given by the equation below. 376 
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r C Kn C Kn
µ

π
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+ +
  (26) 377 

Where ,e IPNL  and ,e IPNr  are the effective throat length ( m ) and effective throat radius ( m ) 378 

in IPN, respectively. Normally, the effective throat radius is set to be the original throat radius 379 

( ,e IPN tr r= ) for both IPN-MB and IPN-AB. The effective throat length in IPN-MB ( ,e IPN MBL − ) and 380 

IPN-AB ( ,e IPN ABL − ) is calculated by Eq. (3) and Eq. (4), respectively. 381 

Figure 4 shows the gas resistance deviation of various PNMs in half pore-throat-pore links 382 

with different aspect ratios. For brevity, the effect of adsorption was not considered in these cases. 383 

As shown in this figure, IPN-AB always underestimate the gas resistance, and the deviation is 384 

greater under low pressure. For IPN-MB, gas resistance is generally underestimated when aspect 385 

ratio is 2 (Fig. 4d) and overestimated when aspect ratio is larger (Fig.4e-4f). Since the physical 386 

essence of shale gas flow is not considered in the process of extracting IPN, the resistance is 387 

misestimated by both IPN-AB and IPN-MB. Unlike IPN, the parameters in APN are derived via 388 



 

20 
 

calibrating with the actual gas resistance, so the resistance is approximately equal to the reality, and 389 

therefore APN is more reasonable than IPN for studying shale gas flow.  390 

3. Results 391 

To gain more details on the differences between IPN and APN for apparent permeability 392 

prediction, a series of cases were carried out on pore-throat-pore link and 3D pore space. The former 393 

was generated via computer, while the later was extracted from real shale sample. Common 394 

conditions in these cases for both IPN and APN are summarized as follows. First, the temperature 395 

is 353K, which is consistent with the temperature condition of MD simulation by Jiang and Lin 396 

(2016), and within the temperature range of shale reservoir. Second, only single gas phase (methane) 397 

flow was considered, because the dominant component in shale gas is methane with mole fraction 398 

of ~ 90% (Javadpour et al., 2007; but also see Gao et al., 2017). In other words, shale gas was 399 

considered composed of pure methane, and multicomponent gases diffusion was neglected. Third, 400 

real gas effect has not been considered and the cross section of pore-throat-pore link was assumed 401 

circular.  402 

3.1. Shale Gas Flow in Pore-Throat-Pore Link 403 

A pore-throat-pore link is not only the basic element of pore network, but also the simplest 404 

form of pore network. By controlling conditions in this link (e.g., considering adsorption or not), 405 

we can know how prediction is affected by different non-Darcy effects. Starting from the first group, 406 

adsorption was not considered. Therefore, the discrepant predictions between APN and IPN are 407 

mainly attributed to their different schemes on dealing with slip flow and Knudsen diffusion 408 

(referred as slip-Knudsen effect). Note that both ,e APNr  and ,e IPNr  equal to tr  (original throat 409 
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radius), if adsorption has not been considered. As shown in Fig. 5, IPN-AB always overestimates 410 

apparent permeability, and the maximum relative error can reach up to 50% under low pressure and 411 

large aspect ratio (Fig. 5f), indicating that IPN-AB cannot reflect the physical essence of micro-412 

gaseous flow. In addition, the lower the pressure is, the greater the deviation is. This result is a 413 

response to the enhanced slip-Knudsen effect because Kn  has a negative relationship with 414 

pressure. Likewise, when pressure is high, the value of Kn  is small and hence the slip-Knudsen 415 

effect can be ignored, leading to the slight difference between APN and IPN-AB (Fig. 5d-5f). 416 

For IPN-MB, apparent permeability is generally overestimated when aspect ratio is 2 (Fig. 5d) 417 

and underestimated when aspect ratio is larger (Fig.5e-5f). The relative error ranges from -30% to 418 

30%, meaning that IPN-MB is also not a perfect choice for studying shale gas flow. In Fig. 5d, IPN-419 

MB shows a similar deviation pattern compared to that of IPN-AB. According to Eq. 3 and 4, the 420 

effective throat length in IPN-MB approximatively equals to that in IPN-AB when aspect ratio is 2 421 

(Fig. 5d), and under this condition, the flow resistance approximatively equals in IPN-MB and IPN-422 

AB. However, when aspect ratio is larger (e.g., 3.5), the effective throat length in them are not equal. 423 

For example, the ratio of ,e IPN MBL −  to ,e IPN ABL −  is 1.31, when aspect ratio is 3.5. Given that, IPN-424 

MB shows a different deviation pattern compared to that of IPN-AB if aspect ratio is 3.5 (Fig. 5e) 425 

or 5 (Fig. 5f). 426 

The second group of cases are aimed at investigating the effect of adsorption on apparent 427 

permeability prediction. In these cases, we assumed that the slip-Knudsen effect has been 428 

appropriately addressed by both APN and IPN. Therefore, the discrepant prediction between APN 429 

and IPN is mainly attributed to their different schemes on dealing with adsorption. Note that the 430 

effective throat radius in IPN-MB and IPN-AB are generally set to be equal to the original throat 431 



 

22 
 

radius, so their predictions of apparent permeability are the same. As shown in Fig. 6, apparent 432 

permeability is always overestimated by IPN no matter how the radius changes. Explanation for this 433 

result is that the immobile adsorption layer reduces the effective radius for bulk flow. Furthermore, 434 

the smaller the radius is, the greater the deviation is, because relatively more space will be occupied 435 

by methane when radius gets smaller. Unlike the slip-Knudsen effect that causes greater deviation 436 

of IPN-AB under lower pressure, adsorption leads to greater deviation under higher pressure (Fig. 437 

6). 438 

3.2. Shale Gas Flow in 3D Pore Space 439 

APN and IPN are further applied to a shale sample, which is collected from Longmaxi 440 

Formation, Sichuan Basin, China. This sample was scanned by dual beam FIB-SEM (Helios Nano-441 

lab 650, FEI), and its image resolution is 10nm. The image processing was performed in Avzio 8.0. 442 

In a sequential order, image processing include linear stack alignment, cropping of the aligned stack, 443 

smoothing with 3D nonlinear means filter, and segmentation. After these processes, the pore space 444 

can be identified, as shown in Fig. 7b. Notably, most of the pore space is housed by organic matter 445 

(Fig. 7c), so taking into account adsorption effect on shale gas flow is highly necessary due to the 446 

strong attraction between methane and organic matter (Shi et al., 2018). 447 

The pore space in initial image is not connected along the three directions, so the image stacks 448 

were then cropped to get a subsample (Fig. 8a), where pore space is connected along all three 449 

directions and therefore shale gas flow can be simulated. The final shale subsample (denoted by 450 

Longmaxi-SS) was used to extracted APN and IPN. 451 
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Figure 9 shows the results of APN and IPN-AB under different pressure conditions. Note that 452 

all pores in this figure are shaded with constant color since the change of pore radius is small. As 453 

we can see, the effective throat length in APN changes with pressure (Fig. 9a) whilst remaining 454 

constant in IPN-AB no matter how the pressure changes (Fig.9b). Further quantitative analysis on 455 

pore structure differences between APN and IPN will be given in Fig. 11. Here, we first give a 456 

simple analysis on intrinsic pore structure of Longmaxi-SS according to the IPN-AB result. As 457 

shown in Fig. 10a-10b, both pores and throats are very small with radii ranging from 12.07 to 458 

72.46nm and from 7.75 to 47.95nm, respectively. Numerous studies have shown that non-Darcy 459 

effects cannot be ignored in such small pores (Guo et al., 2015). There are many pores with 460 

coordination number of 0 and 1 in this sample (Fig. 10c), indicating the existence of many isolated 461 

pores and dead-end pores. Moreover, the average coordination number is 1.85, meaning the 462 

connectivity is poorer than that of conventional porous media, which usually has an average 463 

coordination number larger than 3.0 (Dong and Blunt, 2009; Yi et al., 2017). The aspect ratio ranges 464 

from 1.053 to 9.349, indicating that pores are larger than their linked throats. Nevertheless, the size 465 

difference between pore and its connected throat is not large since most aspect ratios are less than 466 

3.0 with a proportion of 82% (Fig. 10d). 467 

The pore structures of APN, IPN-MB, and IPN-AB were compared in the term of effective 468 

throat radius (ETR) (Fig. 11a) and effective throat length (ETL) (Fig. 11b). As we can see, ETR is 469 

equal in IPN-AB and IPN-MB since they employed the same scheme to parameterize radius. The 470 

ETR in APN is smaller than that in IPN due to the existence of adsorption layer. With the increased 471 

pressure, the ETR of APN gets smaller, which agrees with the positive relationship between layer 472 

thickness and pressure as shown in Fig. 3b. Unlike ETR, ETL shows slight difference between IPN-473 
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MB and IPN-AB owing to their different schemes on calculating throat length (Eq. 3 and 4, 474 

respectively). The ETL of APN is always invariably shorter than that in IPN, and the deviation gets 475 

smaller with the increased pressure. 476 

Along the x-direction shown in Fig. 8b, shale gas flow was simulated through IPN, IPN-MB, 477 

and IPN-AB, respectively, and the outcomes (apparent permeability) are shown in Fig. 11c. For 478 

both APN and IPN, the lower the pressure is, the higher the apparent permeability is, which is 479 

consistent with previous studies (Foroozesh et al., 2019; Javadpour, 2009; Sun et al., 2017a). Since 480 

the non-Darcy effects are addressed differently by IPN and APN, discrepant predictions are obtained 481 

especially under low pressure and high pressure, where slip-Knudsen effect and adsorption effect 482 

dominate, respectively. As a result, the deviation of IPN are large on both ends (low pressure and 483 

high pressure) (Fig. 11d). Specifically, the relative errors of IPN-MB and IPN-AB are 42% and 52%, 484 

respectively, when pressure is 0.1MPa, while they are 25% and 36%, respectively, when pressure 485 

is 48MPa. The minimum relative error for IPN occurs under moderate pressure (e.g., 5MPa), where 486 

both slip-Knudsen effect and adsorption have moderate influences on shale gas flow. Even under 487 

that condition, the relative error of IPN-AB can reach up to 18%. Overall, the relative error of IPN 488 

is not small in the full pressure range.  489 

Finally, Longmaxi-SS was rescaled by changing the image resolution, so how IPN deviation 490 

is influenced by pore-scale can be investigated. According to the result of IPN-AB (Fig. 10b), the 491 

average throat radii are 5.375, 21.5, 53.75, and 107.5nm, if image resolution is changed to 5, 20, 50, 492 

and 100nm, respectively. Since IPN-MB shows a similar deviation pattern compared to IPN-AB 493 

(Fig. 12), only the IPN-AB result were analyzed here (Fig. 12b). Overall, IPN-AB overestimates 494 

apparent permeability under different pore scale in the full pressure range (Fig. 12b). This result is 495 
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the response to the combined influences of adsorption and slip-Knudsen effect. When pore scale 496 

gets larger, slip-Knudsen effect will weaken and the adsorption thickness will be negligible. As a 497 

result, the larger the pore space is, the smaller the deviation is. When resolution is larger than 50nm 498 

(the average throat radius is larger than 53.75nm), adsorption effect can be negligible, but even 499 

under that condition, the relative error can also reach up to 35% (pointed by arrow A in Fig. 12b). 500 

4. Discussion 501 

It is necessary to mention that APN is still at its infancy, and like most PNMs and LBMs, its 502 

prediction for apparent permeability is not accurate enough for a given sample due to the following 503 

challenges. First, kerogen is mixture, and its molecular structure differs from sample to sample. 504 

Given that, it is still a challenge to build kerogen structure by MD, let alone to establish an accurate 505 

relationship between adsorption layer thickness and pressure. In a compromised way, kerogen is 506 

usually represented by graphite wall that has a simpler molecular structure (Ambrose et al., 2012; 507 

Jiang and Lin, 2017; Li et al., 2016). Although previous MD studies reach a consensus that layer 508 

thickness has a positive linearly relationship with pressure, more works are required to validate that. 509 

Second, noncircular nanocapillary, including triangular, circular, rectangular, and trapezoidal, co-510 

exist in shale pore systems (Milliken et al., 2013; Shao et al., 2018; Wu et al., 2015a; Wu et al., 511 

2020; Yu et al., 2019). To describe free-gas bulk flow in real pore space accurately, the type of cross 512 

section needs to be identified and then its influence on transport properties needs to be considered. 513 

Although Darcy flow through noncircular capillary can be described via existing theory (Patzek and 514 

Silin, 2001), micro-gaseous flow in irregular nanocapillary is still an open question (Ma et al., 2014). 515 

Perhaps, considering the length-width ratio of cross section or its hydraulic radius could be an 516 

alternative to simulate gas flow in noncircular nanocapillary (Civan, 2010; Ma et al., 2014). 517 
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Nevertheless, substantive validations for those ideas are still rather scarce. Most recently, a 518 

generalized flow equation to capture cross section types and slip effect on liquid flow is proposed 519 

by Afsharpoor and Javadpour (2016). Their work is instructive to simulate gaseous bulk flow in 520 

larger nanopores (e.g., pore space in tight sandstone), where Kn  is generally smaller than 0.1 and 521 

hence the effect of Knudsen diffusion can be negligible. Third, non-ideal gas effect and surface 522 

diffusion are very important in ultra-small pores (generally, radius < 5nm) (Wu et al., 2017a). For 523 

the former, state equation of ideal gas needs to be replaced by other modified equation, e.g., a 524 

modified van der Waals equation of state developed by Mahmoud (2014). For the latter, Eq. (14) 525 

needs to add another term that includes the contribution of surface diffusion (Wang et al., 2016a), 526 

and the expression of effective throat length needs to be re-derived accordingly. As the pores are 527 

relatively large in this study, non-ideal gas effect and surface diffusion are not considered, but their 528 

significance in ultra-small pores needs to be bear in mind. 529 

Despite the issues discussed above, the basic framework of APN is complete, and it offers an 530 

alternative to study shale gas flow. Once these issues have been addressed, and then, Eq. (22) and 531 

Eq. (24) can be updated accordingly, APN is still applicable. 532 

 533 

5. Conclusion 534 

An APN model is presented here for studying shale gas flow in nanoporous media. Unlike IPN, 535 

which is directly inherited from previous Darcy-flow-dedicated models without further 536 

modifications, APN takes the physical essence of non-Darcy flow into consideration. Specifically, 537 

slip-Knudsen effect is incorporated into the effective throat length, and adsorption is reflected by 538 



 

27 
 

the effective pore/throat radius. As a result, both effective throat length and effective radius are 539 

pressure-dependent, which is a distinctive feature compared to IPN where these parameters are 540 

constant. Computer-generated pore-throat-pore link and a FIB-SEM imaged Longmaxi shale 541 

sample were used to extract APN and IPN, and with them, shale gas flow was simulated. Compared 542 

to the predicted apparent permeability by APN, the deviation by IPN was analyzed. Under low 543 

pressure, deviation is mainly due to the slip-Knudsen effect and the maximum relative error is up to 544 

~60%, while under high pressure, deviation is mainly caused by adsorption and the maximum 545 

relative error can reach up to ~90%. Besides, the smaller the pore space is, the larger the deviation 546 

is. In general, the relative error is not small, indicating the significance of this study. 547 
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Figures and Tables 776 

Figure 1. Simplifying processes of a pore-throat-pore link. (a) Illustration of a pore-throat-pore link. 777 

(b) The link is simplified to a cylindrical capillary with linearly varying radius, and (c) further 778 

simplified to a cylindrical capillary with constant shape factor and radius. 779 

Figure 2. Present approach using Eq. (14) accurately correlates the B-K-C model. The insets (a-c) 780 

are the schematics of continuum flow, slip flow, and transition flow, respectively. 781 

Figure 3. (a) MD result shows the methane density profiles at the temperature of 353 K in a 3.8-nm-782 

wide channel, and as a response, (b) the relationship between layer thickness and pressure is 783 

established. The MD result is modified from Jiang and Lin (2016). In their simulation, graphite wall 784 

was taken as the representation of organic matter. 785 

Figure 4. The gas resistance deviation of various PNMs for half pore-throat-pore link under different 786 

pressure conditions. The insets (a-c) are various configurations with aspect ratios equal to 2, 3.5, 787 

and 5, respectively, and the diagrams (d-f) are the results accordingly. In these cases, throat radius 788 

( tr ) is 10nm, temperature (T) is 353K, and only single gas phase (methane) flow is considered. 789 

RPNM and Ractual are the gas resistance in PNM and actual gas resistance, respectively. The actual 790 

gas resistance is calculated by Eq. (16), while the gas resistance in APN and IPN are calculated by 791 

Eq. (25) and Eq. (26), respectively. 792 
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Figure 5. The ratio of IPNk (apparent permeability predicted by IPN) to APNk  (apparent 793 

permeability predicted by APN) for half pore-throat-pore link under different pressure conditions. 794 

The insets (a-c) are various configurations with aspect ratios equal to 2, 3.5, and 5, respectively, and 795 

the diagrams (d-f) are the results accordingly. In these cases, throat radius ( tr ) is 10nm. 796 

Figure 6. The ratio of IPNk  to APNk  for straight cylindrical capillary with constant radius. The 797 

insets (a-c) are various configurations with radii equal to 7.5nm, 15nm, and 30nm, respectively, and 798 

the diagrams (d-f) are the results accordingly. 799 

Figure 7. (a) The FIB-SEM image stack of Longmaxi shale with resolution of 10nm, and (b) its 800 

corresponding segmented pore space (represented by red color). (c) A slice of the image stack, and 801 

(d) its corresponding segmented pore space. 802 

Figure 8. (a) Longmaxi shale subsample and (b) its corresponding pore space. 803 

Figure 9. (a) APN and (b) IPN-AB extracted from Longmaxi-SS under pressure of 0.1 MPa (upper), 804 

1.0 MPa (middle), and 40MPa (lower). In these figures, all pores are shaded with constant color. 805 

Arrows A, B, and C point to throats whose effective length changes with pressure in APN whilst 806 

remaining constant in IPN-AB. 807 

Figure 10. Distributions of (a) pore sizes and (b) throat sizes. (c) Coordination number distributions 808 

and (d) aspect ratio distributions. These results are summarized from the IPN-AB of Longmaxi-SS. 809 

Figure 11. The comparisons of (a) effective throat radius and (b) effective throat length among APN, 810 

IPN-MB, and IPN-AB. (c) Predicted apparent permeability ( ak ) by the three network models, and 811 

(d) the deviation of IPN compared to the result of APN. S-K = slip-Kundsen effect; Ads. = 812 

adsorption. 813 
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Figure 12. The apparent permeability deviation of (a) IPN-MB and (b) IPN-AB under different 814 

image resolutions (5, 10, 20, 50, and 100nm). Re. = resolution; S-K = slip-Kundsen effect; Ads. = 815 

adsorption. 816 

Table 1. The Differences between APN and IPN 817 
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