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Assessing relative contributions of transport mechanisms and real gas properties 1 

to gas flow in nanoscale organic pores in shales by pore network modelling 2 

Wenhui Songa, Jun Yaoa,*, Jingsheng Mab,*, Gary Couplesb, Yang Lic  3 

a School of Petroleum Engineering, China University of Petroleum, No. 66, Changjiang West Road, Huangdao 4 

District, Qingdao, China, 266580 5 

b Institute of Petroleum Engineering, Heriot-Watt University, Edinburgh EH14 4AS, UK 6 

c Department of Oilfield Exploration & Development, Sinopec, Beijing, China 100029 7 

It is well-known that the movement of gas in organic nanoscale pores of typical shales must be 8 

modelled by capturing real gas flow behaviours in the full range of flow regimes, gas 9 

ad-/de-sorption and its effect on the flow, and surface diffusion while properly accounting for real 10 

gas PVT and viscosity changes as affected by the confined pore space. So far, no comprehensive 11 

model has been developed to enable the evaluation of the relative contributions of each of these 12 

physical aspects in a realistic organic pore space. In this work, a steady-state pore-network gas 13 

flow model that accounts for all of the listed aspects is developed to allow an assessment of their 14 

flow contributions in organic pores. The gas flow model is applied to three pore/throat network 15 

models, which are constructed from the same realistic pore network but with different average 16 

pore radii at 15.6, 3.2 and 1.56 nanometres, respectively, to calculate apparent gas permeability for 17 

each model at gas pressures ranging from 5 to 70 MPa. Analytical solution is applied to calculate 18 

the apparent gas permeability at the same gas pressures for three cylindrical pores with pore radii 19 

equal to the average pore radii of respective pore networks. For both the single pores and the pore 20 

networks, results show that when the average or single pore radius is larger than 10 nm, there is 21 

little influence on apparent gas permeability no matter what gas property, either real or ideal gas, 22 



is considered, nor is the surface diffusion, in the full pressure range. However, when the pore 23 

radius is smaller than 5 nm, the apparent gas permeability is notably influenced by the gas 24 

property and the surface diffusion. Furthermore when the pore radius is less than 2 nm, the gas 25 

permeability will be significantly underestimated if the surface diffusion is neglected. It is found 26 

that the influence of both critical temperature and pressure in the confined pore space, which 27 

deviate from the expected values in wide space, is insignificant and negligible on shale gas 28 

permeability. The relative contributions of the gas property and the surface diffusion, respectively, 29 

are shown to follow different trends for the single pores and the pore networks within the range of 30 

the pressures. An analysis shows that the differences can be attributed to the mixture of large and 31 

small pores and throats in a pore network that effectively suppresses the stronger effects of the gas 32 

property and the surface diffusion in the smaller pores and throats. This indicates the importance 33 

to consider spatial pore size distribution and pore connectivity when seeking to estimate effective 34 

properties. 35 
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Nomenclature 

A 
vdW energy parameter (Padm6 
mol-2) 

pi pore pressure in pore i 

A 
area of the 3D model cross 
section(m2) 

pj pore pressure in pore j 

B 
vdW energy parameter (dm3 
mol-1) 

q 
volumetric gas flow flux through 
a single pipe(m3/s) 

Ca 
adsorbed gas concentration 
(mol/m3) 

qinlet gas flux in inlet pores(m3/s) 

Cmax 
maximum adsorbed gas 
concentration (mol/m3) 

Qi,j 
gas flux between pore i and pore 
j (m3/s) 

dm gas molecular diameter (m) Rel_sd 
Relative contribution from 
considering surface diffusion, 
dimensionless 

Ds0 surface diffusion coefficient Rel_ig Relative contribution from 



when gas coverage is zero 
(m2/s) 

considering  Tc, Pc change and 
real gas effect, dimensionless 

Ds 
surface diffusion coefficient 
(m2/s) 

r pore radius (m) 

G 
shape factor of the pore cross 
section, dimensionless 

ri radius of pore i (m) 

gDacry 
Darcy flow conductance 
(m3/Pa·s) 

rj radius of pore j (m) 

gfree 
free gas flow conductance 
(m3/Pa·s) 

reff effective capillary radius (m) 

gsurface 
adsorbed gas flow conductance 
(m3/Pa·s) 

rt 
original throat radius distribution 
(m) 

gor 
gas flow conductance in organic 
pores (m3/Pa·s) 

rt1 
throat size distribution when γ=1 
(m) 

gi,j 
gas flow conductance between 
pore j and pore i (m3/Pa·s) 

rt2 
throat size distribution when 
γ=0.2 (m) 

gi 
gas flow conductance of pore i  
(m3/Pa·s) 

rt3 
throat size distribution when 
γ=0.1 (m) 

gj 
gas flow conductance of pore j  
(m3/Pa·s) 

T formation temperature(K) 

gt 
gas flow conductance of the 
throat that connect pore i and 
pore j (m3/Pa·s) 

Tc critical temperature(K) 

H(1-κ) 
Heaviside function, 
dimensionless 

Tpr pseudo reduced temperature 

△H 
isosteric adsorption heat at the 
gas coverage of ‘‘0”(J/mol) 

uave mean speed of a molecule(m/s) 

Ja 
molar flow rate per unit area 
(mol/(m2·s)) 

VA 
adsorbed gas volumetric flow 
rate (m3/s) 

JA 
molar flow rate in the adsorbed 
layer (mol/s) 

VL Langmuir volume (m3/kg) 

kapp 
gas permeability through pore 
network (μm2) 

Z 
gas compressibility factor, 
dimensionless 

kor 
gas permeability of a capillary 
with a given pore radius 

α 
rarefaction coefficient 
dimensionless 

kdfr+gc+rg 
gas permeability based on Darcy 
flow regime considering Tc,Pc 
change and real gas effect (μm2) 

β slip coefficient, dimensionless 

kffr+gc+rg 
gas permeability based on full 
flow regimes considering Tc,Pc 
chang and real gas effect (μm2) 

γ i scaling factor, i=1,2,3  

kffr+gc+sd+rg 
gas permeability based on full 
flow regimes and surface 
diffusion considering Tc,Pc 

σ Lennard-Jones size parameter(m) 



change and real gas effect (μm2) 

kffr+sd+rg 

gas permeability based on full 
flow regimes and surface 
diffusion considering real gas 
effect (μm2) 

ρs rock density, kg/m3 

KB Boltzmann constant(J/K) ρ gas density, kg/m3 

Kn Knudsen number, dimensionless ε 
Lennard-Jones energy parameter, 
dimensionless 

L Length of the 3D model (m) εks 
total organic grain volume per 
total grain volume, dimensionless 

Li Pore body length of pore i (m) θ i 
gas coverage of ideal gas, 
dimensionless 

Lj Pore body length of pore j (m) θ 
gas coverage of real gas, 
dimensionless 

Lt 
The length of throat that 
connects pore i and pore j (m) 

μ viscosity(Pa·s) 

l cylindrical capillary length/m μinlet gas viscosity in inlet pores(Pa·s) 

M gas molecular weight (g/mol) λ 
mean free path length of 
molecules(m) 

Ninlet number of the inlet pores ρgrain rock density (kg/m3) 

Pc critical pressure(Pa) ρsc,gas 
gas density at standard condition 
(kg/m3) 

Pd 
the perimeter of the pore cross 
section(m) 

κ 

ratio of the rate constant for 
blockage to the rate constant for 
forward migration, 
dimensionless. 

P pore pressure(Pa) κb 
rate constant for blockage( m/s) 
in surface diffusion 

pL Langmuir pressure(Pa) κm 
rate constant for forward 
migration in surface diffusion 

Ppr pseudo reduced pressure △P 
Pressure drop on the 3D 
model(Pa) 

1. Introduction 37 

Gas shales contain predominantly submicron-sized pores with large specific surface areas [1,2]. 38 

In such pores, the pore size approaches the molecular mean free path, and therefore gas flow 39 

cannot be modelled as a continuum process [3–5] beyond the slip flow regime within the full 40 

range of flow regimes (Fig. 1). Note that the Knudsen number, the ratio of molecular mean free 41 

path to the average pore radius, is conventionally used to demarcate the flow regimes. In an 42 



organic-rich pore, its large specific surface area is likely to adsorb a significant amount of gas 43 

molecules [6]. This gives rise to two phenomena (Fig. 2) [7,8]: the adsorbed gas molecules reduce 44 

the pore space available for non-adsorbed or free gas molecules to move/flow, while surface 45 

diffusion may take place within the adsorbed gas to enhance the transport of gas molecules along 46 

molecular concentration gradients. These phenomena become important in nanoscale pores and 47 

must be considered in full. In addition, it has been shown [9–11] that in confined pores, the critical 48 

pressure (Pc) and temperature (Tc) of natural gas, including shale gas, depend on the sizes of pores, 49 

and therefore these issues must be accounted for using an appropriate Equation of State for the 50 

determination of in-situ properties of the gas. 51 

 52 
Fig. 1 Transition of flow regimes based on the Knudsen number 53 

 54 
Fig. 2 Schematic map of individual gas transport in porous media 55 

Two types of models of gas flow in confined pore space have been developed. Beskok and 56 

Karniadakis [12] developed a unified Hagen–Poiseuille-type model valid in all flow regimes. This 57 

model has been adapted and expanded by Civan et al. [13–15] to consider the effect of the 58 

intrinsic permeability, porosity, and tortuosity of porous media. Another type of model is based on 59 

Kn0 0.1 10 Kn ∞

Continuum Flow Slip flow Transition Flow Free molecular flow

Darcy Law

Navier-Stokes equation

Non-slip condition Slip condition

Boltzmann equation

0.001

 Surface diffusion Knudsen diffusionViscous flow



superposing slip flow and Knudsen diffusion on top of the Darcy flow approach [16–20] by 60 

Javadpour et al., in a linear fashion, with pre-defined weighting coefficients. Zheng et al. [21] 61 

derived a fractal model for gas diffusivity in porous media using fractal theory and an analytical 62 

expression for gas permeability in dual-porosity media. A fractal predictive model of the gas 63 

slippage factor and gas permeability in porous media with low permeability in the slip flow 64 

regime was proposed by Zheng and Yu [22] based on the combination of bulk diffusion and 65 

Knudsen diffusion. Wu et al. [23] proposed to determine those weighting coefficients based on 66 

probabilities of gas molecules colliding with each other and with the pore wall, and elaborated the 67 

relative importance among non-Darcy flow effects. Wu et al. [24] studied the influence of surface 68 

diffusion on gas transport in different pore sizes. Li et al. [25] calculated shale gas permeability by 69 

pore scale Monte Carlo molecular simulations. Wu et al. [26] studied non-equilibrium dynamics of 70 

dense gas under tight confinement. However, to the best knowledge of the authors, the relative 71 

contributions, of the full flow and transport processes listed above, to gas flow have not been 72 

examined in a realistic pore space. 73 

Adsorbed gas and free gas co-exist in shale pores [27–29]. Adsorbed gas flows in the form of 74 

surface diffusion, where the concentration gradient is the driving force. Xiong et al. [30] modeled 75 

surface diffusion by a surface diffusion coefficient. Akkutlu et al. [31] estimated the surface 76 

diffusion coefficient by nonlinear history matching with pressure pulse/decay data. Wu et al. [24] 77 

considered the effects of high reservoir pressure, surface heterogeneity, and non-isothermal 78 

desorption on surface diffusion. 79 

Gas properties (effective) in sub-micron pores may differ from those in larger pores because 80 

only a limited number of molecules can be present in these small volumes, and increasing 81 



interaction occurs between gas molecules and the pore surfaces [9,32]. Jiang et al. [33] 82 

investigated the phase coexistence of n-alkanes in single-wall carbon nanotubes using Monte 83 

Carlo simulations, and observed that the critical temperature in the confined state is lower than in 84 

the bulk state. Singh et al. [34] extended that research and observed that the critical temperature 85 

decreases when pores are below a certain size. Didar and Akkutlu et al. [11] employed Monte 86 

Carlo simulations in the NVT (canonical) ensemble to evaluate the critical temperatures and 87 

pressures of confined methane. Islam et al. [35] established a modified van der Waals (vdW) 88 

equation to describe critical temperature and critical pressure change in sub-micron pores. So far, 89 

gas phase behaviour has not been studied for its impact on gas flow.  90 

There have been attempts to apply gas flow models [5,12–20,23,30,36] by treating a sample as 91 

a “single pore” with a tuneable hydraulic radius, tortuosity and a constant porosity, but neglecting 92 

the heterogeneity of shale pore structures. One of the consequences of this approach is that the 93 

flow behaviours that appear in single pores are assumed to appear in a complex pore space too; 94 

this ignores the fact that spatial pore-size distribution and pore connectivity can alter the balance 95 

of physical aspects, mentioned above, to effective flow behaviours, which is to be established in 96 

this work.  97 

Modelling shale gas flow in the resolved pore space of shale samples has benefitted from the 98 

recent development of pore characterisation techniques [37,38], making it possible to characterise 99 

the spatial arrangement of pores and solids, as well as the details of the pore structures of a real 100 

porous material [39–42]. Using such pore-structure models, numerical simulations can be carried 101 

out to predict macro-scale phenomena, expressed in terms of flow and transport properties [43–46]. 102 

Chen et al.[47–52] investigated the effect of Knudsen diffusion, adsorption, surface diffusion, 103 



pore-size distribution, pressure on the apparent gas permeability of shale rocks by lattice 104 

Boltzmann model. Pore network flow models have been widely applied for modelling fluid flow 105 

in the complex pore space. However, most pore network models reported for shales account for a 106 

subset of the flow regimes for free gas only [53–55]. In our previous work we developed a pore 107 

network flow model capable of simulating non-ideal gas flow [56], and that model was expanded 108 

further to consider the effect of adsorbed layers on the free gas flow [57] without modelling the 109 

surface diffusion. The objective of this work is to develop a pore network flow model for shale gas 110 

that captures all regimes of free gas flow: gas adsorption/desorption, surface diffusion, real gas 111 

PVT effect, Tc, Pc changes. We use this model to study the relative contributions of these aspects 112 

on the gas flow in the organic pores of shales. 113 

This paper is organized as follows. In Section 2, a full model of gas flow conductance for a 114 

cylindrical capillary is formulated for the sake of completeness and clarity. This model considers 115 

the full flow regimes, gas adsorption/desorption, surface diffusion, and real gas PVT and Tc, Pc 116 

changes. In Section 3, the pore network flow model is constructed and the numerical solution 117 

method is introduced. A 3D model was reconstructed from a single 2D SEM image of a gas shale 118 

sample using a method based on multi-point statistics [70] from which a realistic pore network is 119 

extracted and used to derive three pore network models, which share the same topology but have 120 

different pore-element radii. The enhanced pore-network flow model is applied to the three 121 

models. The results are analysed in Section 4. This is followed by a section of discussion and 122 

conclusions. 123 

2. Gas Flow Conductance for a Cylindrical Capillary 124 

The gas flow conductance to be developed in this section takes into consideration the following 125 



effects: 1) gas flow in the full range of gas flow regimes; 2) gas sorption, 3) pore-surface diffusion; 126 

and 4) gas PVT and viscosity. In order to show and model the interwoven nature among these 127 

effects in their totality, we formulise the gas flow conductance in the order described below. 128 

2.1 Adsorption/desorption on capillary and effective radius 129 

There are a number of models that may be used to characterise the shale gas adsorptions in 130 

different ranges of pressures and temperatures [58–61]. At typical shale gas reservoir conditions, 131 

there is a consensus from many laboratory studies [62] that the Langmuir monolayer adsorption 132 

model can adequately capture shale gas adsorption behaviours. For this reason, this model is 133 

chosen in this work. This model defines the coverages of a single layer of gas molecules of ideal 134 

gas and real gas in Eq.(1) and Eq.(2), respectively: 135 

 
i

L

p
p p

θ =
+

  (1) 136 

 
L

p Z
p p Z

θ =
+

  (2) 137 

When gas molecules are adsorbed on the pore surface, they reduce the pore space available to 138 

the remaining gas molecules for flow. Under the assumption of a homogenous loading of adsorbed 139 

gas molecules on the surface, the effective capillary radius can be expressed as: 140 

 eff mr r d θ= −   (3) 141 

2.2 Real gas effect on gas property 142 

It has been recognised that the critical pressure and temperature of the gas are influenced by the 143 

pore space, when the pore diameter is below 10’s nanometres, as are the gas PVT and viscosity. In 144 

this work, Islam’s equations given in [35] are applied for critical temperature and pressure in 145 

nano-pores, as shown in Eq.(4) and Eq.(5). 146 

 3 28 2 2.6275-0.6743
27cT a N

bR r r
σ σσ ε  = −     

  (4) 147 



 3 2
2

8 2 2.6275-0.6743
27cP a N

b r r
σ σσ ε  = −     

  (5) 148 

It has been shown that the critical shifts of Tc and Pc expressed by Eq.(4) and Eq.(5) are in 149 

good agreement compared to the laboratory data and molecular simulation [35]. 150 

By the same definitions of the pseudo reduced pressure and temperature, Ppr and Tpr as shown 151 

in Eq.(6) and Eq.(7), the modified van der Waals (vdW) Equation of State is developed in [63] for 152 

the gas compressibility factor Z (Eq.(8)) which is valid over a wide pressure range.  153 

 
pr

c

PP
P

=   (6) 154 

 
pr

c

TT
T

=   (7) 155 

 
2.5 2.52 2(0.702 ) 5.524 0.044 0.164 1.15pr prT T

pr pr pr prZ e P e P T T− −= − + − +   (8) 156 

Lee et al. [64] developed an empirical gas viscosity model for natural gases that has been used 157 

for the confined pores [65–68]: 158 

 ( ) ( )41 10 exp YK Xµ ρ−= ×   (9) 159 

 31.4935 10 pM
ZT

ρ −= ×   (10) 160 

 ( )
( )

1.59.379 0.01607
209.2 19.26

M T
K

M T
+

=
+ +

  (11) 161 

 986.43.448 0.01009X M
T

= + +   (12) 162 

 2.447 0.2224Y X= −   (13) 163 

2.3 Free gas flow in the full flow regimes 164 

As mentioned above, the full range of gas flow regimes are identified by the Knudsen number, 165 

the ratio of the mean free path of gas molecules and the effective radius of a capillary with the 166 

presence of gas adsorption as given in Eq.(3). It has been shown that the mean free path length for 167 

ideal gas and real gas differs due to their differences in gas PVT and viscosity [69], where the 168 



mean free path can be expressed by Eq.(14) for real gas  169 

 
2
ZRT
M P

π µλ =   (14) 170 

The Knudsen number in organic pores can be written as 171 

 n
eff

K
r
λ

=   (15) 172 

In this work, a unified Hagen–Poiseuille-type equation developed by Beskok and Karniadakis 173 

[12] is applied for modelling gas flow. For a capillary with a circular cross-section, the volumetric 174 

gas flow q through is given as follows: 175 

 
4

( )
8

h

h

R Pq f Kn
L

π
µ

∆
=   (16) 176 

Where the flow condition function f(Kn) is given by: 177 

 4( ) (1 )(1 )
1

n
n

n

Kf Kn K
K

α
β

= + +
−

  (17) 178 

The parameter α in Eq.(17) is a dimensionless rarefaction coefficient, which can be written as: 179 

 1 0.4
2

128 tan [4.0 ]
15 nKα
π

−=   (18) 180 

Though the slip coefficient β= −1 initially can only be applied to a slip flow condition, evidence 181 

based on comparisons of the model with the DSMC and Boltzmann solutions [70] showed that β= 182 

−1 is valid within the the full range of flow regimes. 183 

According to Eq.(16), free gas flow conductance can be written as: 184 

 
4 ( )
8

eff n
free

r f K
g

l
π

µ
=   (19) 185 

2.4 Surface diffusion of adsorbed gas  186 

Surface diffusion of adsorbed gas molecules has long been considered as one of the key 187 

transport mechanisms in organic pores because of the large amount of adsorbed gas in organic 188 



shales. It can be modelled as a the general diffusion process, using the molar flow rate per unit 189 

area of the concentration gradient within the adsorbed monolayer as developed in [71]: 190 

 a
a s

dCJ D
dx

=   (20) 191 

Ca is calculated assuming Langmuir adsorption and is given by: 192 

 maxa aC C θ=   (21) 193 

Camax can be expressed as [72]: 194 

 ,
max

L sc gas grain
a

ks

V
C

M
ρ ρ
ε

=   (22) 195 

   Combining Eq.(20)-Eq.(22), molar flow rate in the adsorbed layer is then expressed below: 196 

 ( )2 2
maxA s a eff

d dpJ D C r r
dp dx
θ π= −   (23) 197 

   From Eq.(23), volumetric flow rate is: 198 

 ( )2 2
maxA s a eff

M d dpV D C r r
dp dx
θ π

ρ
= −   (24) 199 

Note ρ in Eq.(24) is considered to be the density of adsorbed gas, rather than that of the free 200 

gas, and as expected, the former is equal to or greater than the latter. It has been shown by 201 

molecular dynamic simulations [73] that the difference may vary by a factor that itself depends on 202 

chemical compositions of wall molecules and gas molecules, as well as pressure and temperature, 203 

but approaches unity at high pressure typical of shale gas fields. However, as far as the authors are 204 

aware, this factor has not been determined for realistic organic materials for shale gas at field 205 

conditions. For this reason, we choose to take ρ as the density of the free gas in this work. As a 206 

result the contribution of the surface diffusion to the total gas flow and transport will be at the 207 

maximum. 208 

Based on Hwang and Kammermeyer’s model [74], combined with methane adsorption 209 

experimental data, the surface diffusion coefficient for methane (when gas coverage is zero) can 210 



be expressed as [75]: 211 

 
0.8

7 0.5
0 8.29 10 exp( )s

HD T
RT

− ∆
= × −   (25) 212 

 The surface diffusion coefficient in Eq.(25) is obtained under a low pressure condition by 213 

theory and experiments, and is a function of gas molecular weight, temperature, and gas activation 214 

energy, isosteric adsorption heat and independent of pressure [74]. In order to describe the gas 215 

surface diffusion in nanopores of shale gas reservoirs under a high pressure condition, the 216 

influence of gas coverage on surface diffusion is considered. Chen et al. [76] used the kinetic 217 

method to calculate the surface diffusion coefficient: 218 

 
{ } 2

0
2

(1 ) (2 ) (1 ) (1 )
2 2

(1 )
2

s s

H
D D

κ κθ θ θ κ κ θ

κθ θ

− + − + − −
=

− +
  (26) 219 

 (1 ) 0, 1;1,0 1H κ κ κ− = ≥ ≤ ≤   (27) 220 

 b

m

κκ
κ

=   (28) 221 

When κm > κb, surface diffusion occurs. When κm<κb, gas molecules are blocked and surface 222 

diffusion stops. 223 

According to Eq.(24), adsorbed gas flow conductance can be written as: 224 

 ( )2 2
max

1
surface s a eff

M dg D C r r
l dp

θ π
ρ

= −   (29) 225 

2.5 Gas flow conductance for a cylindrical capillary in organic pores  226 

For a cylindrical capillary representing an organic pore, gas flow conductance can be derived by 227 

combining the contributions of free gas, and surface diffusion of adsorbed gas, taking into 228 

consideration the reduction of the pore space due to adsorbed gas and the effect of confined pore 229 

space on gas PVT and viscosity: 230 



 ( )
4

1 0.4 2 2
max2

128 4 1(1 tan [4.0 ] )(1 )
8 15 1

eff n
or n n s a eff

n

r K M dg K K D C r r
l K l dp

π θ π
µ π ρ

−= + + + −
+

  (30) 231 

 Free gas flow conductance for the Darcy flow regime can be given as: 232 

 
4

8
eff

or

r
g

l
π
µ

=   (31) 233 

For such a capillary of a given pore radius its apparent permeability is defined as follows: 234 

 2
or

or
g lk

r
µ

π
=   (32) 235 

3. Construction of Pore Network Flow Model (PNFM) for 3D Shale Pore 236 

Networks 237 

In this section, a pore-network flow model is developed for 3D pore networks that consists of 238 

connected pores/nodes and throats/bonds. Three pore-network models are constructed to which the 239 

developed pore-network flow model is applied. In order to minimise effects of topological and 240 

geometrical factors that can seriously confound the interpretations of the result analysis, we 241 

choose to construct three pore networks that are scaled, and so differ in the radius for each and 242 

every throat in the network. The topology of all three networks and their pores are therefore 243 

identical and determined from a 3D binary image reconstructed from an organic-rich section in a 244 

SEM image of a shale sample. 245 

3.1 Pore network flow model for real gas at steady state  246 

Given a pore network consisting of pores connected by throats in a 3D cubical domain, the 247 

steady-state gas flow is defined by a system of the mass conservation equations (Eq.(34)) on the 248 

whole network and momentum equations (Eq.(35)) for every network segment comprising a pair 249 

of pores and a throat (Fig. 3). For each segment, its gas conductance is defined by Eq.(36) on the 250 

conductances of three individual elements as in [77], each of which can be estimated according to 251 

the previous section using its hydraulic radius as done in [46,56,78] :  252 
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 257 

Fig. 3 Gas flow conductance calculation unit (single throat with two connected pores) 258 

The mass-balance equations are non-linear functions of gas pressures due to pressure-dependent 259 

conductance and viscosity, and they must be solved iteratively. Taking an initial pressure 260 

distribution as that for the Darcy flow, the system of equations is solved iteratively in a similar 261 

fashion as in [56], until the volumetric flux converges. The model has been implemented in this 262 

work using Matlab. 263 

3.2 Construction of a 3D shale model and pore network models  264 

A 3D binary image is constructed from a section of a high-resolution SEM image of an 265 

organic-rich gas shale sample [79] (Fig. 4). The grey-scale sub-section image was first segmented 266 

into pore phase and matrix by applying a median filter and then Otsu segmentation [80]. Then a 267 

3D binary model was reconstructed (Fig. 5) using the Multiple-Point Statistics (MPS) method [81] 268 

from the segmented shale SEM image in Fig. 4 following the same procedure described in [82]. 269 

The resulting 3D model contains 400×400×400 voxels at a voxel size of about 12 nm. Then the 270 

maximal ball fitting method [43,83] was applied to extract its pore network. The shale pore 271 



network extracted is shown in Fig. 6. Expressed in terms of hydraulic radius, the pore- and 272 

throat-size distributions are shown in Fig. 7 and Fig. 8, respectively. Note that although not all of 273 

the imaged pores are organic in this actual sample, they are treated as if they are in this work. 274 

 275 
Fig. 4 2D polished shale SEM, unsegmented image [67] on the left and segmented image on the right) 276 

 277 
Fig. 5 Reconstructed 3D model 278 



 279 
Fig. 6 Extracted shale pore network (red represents throats blue represents pores) 280 

 281 

Fig. 7 Pore size distribution in terms of hydraulic radius rt1 282 
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Fig. 8 Throat size distribution in terms of hydraulic radius rt1 284 

Based on this pore network model, three different cases are considered to study the relative 285 

contributions of the modelled physics processes and gas characteristics. For each case, the radius 286 

of each and every throat in the extracted pore network model is rescaled by a factor, γ i., of 1, 0.2 287 

and 0.1 (see Eq.(37)) to give a numerical average of all hydraulic radii of 15.6, 3.2 and 1.56 nm, 288 

respectively.  289 

 ( 1,2,3)ti t ir r iγ= =   (37) 290 

As a result, all three models have the same connectivity and they differ only in terms of their 291 

throat radii. This is intended to eliminate confounding effects of the network topology on the gas 292 

flow, and to simplify the analysis of the results in the section 3.4. 293 

3.3 Simulations 294 

Model parameters are given in Table 1. A pressure gradient of 0.1 MPa/m is assigned at the inlet 295 

and outlet faces across each model along the X axis to give a pressure difference of 0.48 Pa. Fig. 9 296 

shows the pressure distribution for one of the models after the flux converged. Note that some 297 

isolated blue spots are isolated pores. The viscosity in every pore and throat is shown in Fig. 10, 298 

with its histogram shown in Fig. 11. 299 

Because the viscosity is variable across pores and throats, and pressure-dependent, gas apparent 300 

permeability is calculated using a different way to that which would be normally done (see [46]) 301 

by Eq.(38). That is, the product of gas flux and viscosity is calculated for every inlet pore voxel to 302 

compute the sum of the total flux at the inlet face and apparent gas permeability by Eq.(39).  303 
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 Table 2 lists the cases, named at Column 1, for which specific aspects of physics (Column 2) are 306 

not considered in computing apparent permeability (Column 3) for the three pore networks and 307 

three single cylindrical pores with the radii taking the average radii of the networks, respectively. 308 

Note that the free gas Darcy permeability is also calculated for every case in order to present the 309 

apparent gas permeability in a normalised fashion to be given in the next section.  310 

Table 1 Basic parameters used for calculating shale gas flow on pore networks based on published data  311 

 312 
Reservoir properties 

Formation temperature T (k) 400 
Pore pressure (MPa) 40 

Pressure gradient (MPa/m)  0.1 
Total organic grain volume per total grain 

volume εks 
0.01 [72] 

Rock density (kg/m3) 2.66×103 [72] 
Gas properties 

Langmuir pressure (MPa) 13.789514 [72] 
Maximum adsorbed gas concentration (mol/m3) 328.7 [72] 
Isosteric adsorption heat at zero gas coverage 

△H (J/mol) 
16000 

Ideal gas constant R (J/(mol·k)) 8.314 
Ratio of the rate constant for blockage to the 

rate constant for forward migration κ 
 0.5 [86] 

Molecular weight (kg/mol) 0.016 
Parameters used in determining phase change taken from [35]  

vdW energy parameter a (m6·Pa/mol2) 0.22998 
vdW energy parameter b (m3/mol) 4.28×10-5 

Lennard-Jones size parameter σ (m) 3.73×10-9 
Lennard-Jones energy parameter ε 2.0434×10-21 

 313 



 314 
Fig. 9 Pressure drop distribution on shale pore network under throat size distribution rt1 315 

 316 

Fig. 10 Viscosity in each pore and throat on the shale pore network 317 

 318 

Fig. 11 Viscosity frequency distribution 319 
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Table 2 Simulation cases and specific aspects of physics considered 320 

Case 
Physic aspects  

Apparent 
Permeability  

C0 
 

Full Physics, i.e. full flow 
regimes (ffr) + Surface diffusion 
(sd) + Gas property change (gc) 

+ real gas (rg) 

kffr+gc+sd+rg 

C1 Darcy flow regime (dfr) kdfr+gc+sd+rg 
C2 Ideal gas (ig)  kffr+gc+sd+ig 
C3 Without gas critical property 

change (gc) 
kffr+sd+rg 

C4 Without Surface diffusion(sd) kffr+gc+rg 

Note that when the gas is considered to be an ideal gas, the formulations for mean free path, 321 

density, the molecular viscosity, and the mean speed of a molecule, differ from those for real gas 322 

given in Section 2 (see [87] and [88]), and they are given in Eq.(40)-Eq.(43). 323 

 22
B

m

K T
Pd

λ
π

=   (40) 324 

 PM
RT

ρ =   (41) 325 

 1
2 aveuµ ρ λ=   (42) 326 

 
8

ave
g

RTu
Mπ

=   (43) 327 

By combining Eq.(40)-Eq.(43), a formulation for ideal gas viscosity can be written as: 328 
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The calculated ideal gas viscosity in Eq.(44) is 1.3595×10-5 Pa•s and is substituted into Eq.(30) 330 

to calculate gas flow conductance under ideal gas condition. Gas permeability kffr+gc+sd+ig is 331 

calculated by Eq.(38).  332 

3.4 Pore network flow model validation 333 

The pore network flow model calculation result is compared with micro-scale lattice 334 



Boltzmann model calculation result. In order to guarantee that gas property is the same in 335 

micro-scale lattice Boltzmann model and pore network model, methane property under ideal gas 336 

condition is used. Because current lattice Boltzmann models which incorporate surface diffusion 337 

effect for adsorbed gas have not been applied in 3D realistic pore structure [51,52], therefore only 338 

free gas flow is considered. Concrete parameters are listed in Table 3. 3D digital core is shown in 339 

Fig. 12. Micro-scale lattice Boltzmann model developed in our previous work [84] is applied to 340 

calculate pressure distribution shown in Fig. 13. Then pore network is extracted from the 3D 341 

digital core and pressure distribution is calculated based our model. The apparent gas 342 

permeabilities obtained from micro-scale lattice Boltzmann model and pore network model are 343 

0.079 mD and 0.082 mD, respectively. The computation time based on micro-scale Lattice 344 

Boltzmann model and pore network model are 3×104 s and 15 s, respectively. The small difference 345 

of apparent gas permeabilities can be attributed to the fact that pore network model simplifies the 346 

irregular pore into regular shape [85] but the computation efficiency is higher than lattice 347 

Boltzmann model as mentioned above. 348 

Table 3 Pore network flow model validation parameters 349 
 350 

Reservoir properties Value 
Pore pressure P/MPa 10 

Temperature T/K 400 
Voxel size 100×100×100 

Resolution/μm 0.1 
 351 



 352 
Fig. 12 3D digital core for model validation 353 

 354 
Fig. 13 Pressure distributions by micro-scale lattice Boltzmann model and pore network model 355 

4. Results and Analysis 356 

Gas permeability for C0 to C4 of Table 2 is calculated for all three pore networks and the three 357 

cylindrical pores at the inlet pressures of 5 MPa, and 10 to 70 MPa with an increment of 10 MPa. 358 

Fig. 14 and Fig. 15 show the ratio of apparent permeability for gas and Darcy permeability for free 359 

gas at those pressures for C0 and C1 to C5 in turn for the pore networks and the single pores, 360 

respectively. For the sake of simplicity and clarity in analysis here, we use ‘radius’ to refer the 361 

average hydraulic radius for any network and the radius for any single pore unless it causes any 362 

confusions.  363 



 364 

                  (a)                                   (b) 365 

 366 

                   (c)                                    (d) 367 

Fig. 14 Plots of the ratio of apparent permeability for gas and Darcy permeability at pressures of 5 368 

MPa and 10-70 MPa for the three pore-networks; a) C0 and C1; b) C0 and C2; c) C0 and C3; d) 369 

C0 and C4. 370 

 371 
                     (a)                                    (b) 372 
 373 



 374 

(c)                                   (d) 375 

Fig. 15 Plots of the ratio of apparent permeability for gas and Darcy permeability at pressures of 5 376 

MPa and 10-70 MPa for the three single pore; a) C0 and C1; b) C0 and C2; c) C0 and C3; d) C0 377 

and C4. 378 

From Fig. 14 and Fig. 15, it is clear that the gas permeability ratio is much greater towards low 379 

pressures for every case and for all pore network and single pore models, and it is greater for a 380 

model with a smaller rather than larger radius, at every pressure. The gas permeability ratio 381 

reaches as high as over 15 for the pore network, and over 70 for the single pore, at the smallest 382 

pore radius. There is little deviation from 1 for gas permeability ratios for all models with the 383 

largest radius for any physics aspect of concern. In other words, the Darcy permeability gives a 384 

good estimation of gas apparent permeability at larger pore sizes. For this reason, in the following 385 

discussion we will only consider those cases where the pore network and single pore models have 386 

a radius of 15.6 nm whenever appropriate. 387 

The gas permeability ratios differ only slightly between C0 and C1 (see Fig. 14 (a) and Fig. 15 388 

(a)) for every pore network and single pore, respectively. This is because the non-Darcy flow in 389 

the slip and Knudsen regimes contributes to the total flow only marginally for real gas within the 390 

pressure range considered in this work, even for cases with many pores as small as a few 391 



nanometres in radius. For C0 and C2 (see Fig. 14 (b) and Fig. 15 (b)), the gas apparent 392 

permeability ratios differ when the gas is treated as a real gas or the ideal gas; a large deviation 393 

appears for cases except that at largest radius, and the differences are much more noticeable for 394 

the single pore models than for the pore network models. For C0 and C3 (see Fig. 14 (c) and Fig. 395 

15 (c)), the influence of both Tc and Pc that deviate from the expected values on shale gas 396 

permeability is negligible for both pore networks and single pore models. However, this change 397 

may be important in modelling mixtures of dry and wet gas flow under conditions where the phase 398 

transition from gas to liquid occurs. For C0 and C4 (see Fig. 14 (d) and Fig. 15 (d)), the gas 399 

permeability ratios for C4, i.e. without surface diffusion, are similar for both networks and single 400 

pores at all radii. When the surface diffusion is taken into consideration, its effect is shown clearly 401 

for the both the network and single pore models at the smallest radius and the second smallest 402 

radius. By visually comparing the magnitudes of the gas apparent permeability ratios across all 403 

cases for both pore networks and single pores at each radius in Fig. 14 and Fig. 15, respectively, it 404 

is clearly evident that the surface diffusion is a dominant component to the total gas flow among 405 

all physic aspects considered here, followed by the treatment of gas as real or ideal gas. Therefore, 406 

the relative contributions of these two aspects, i.e. C2 and C4 will be analysed in more details 407 

below.  408 

Fig. 16 shows the relative contributions in terms of relative differences between C2 and C0, and 409 

C4 and C0, defined as Rel-ig = (kffr+gc+sd+rg-kffr+gc+ig)/ kffr+gc+sd+rg×100% and Rel-sd = 410 

(kffr+gc+sd+rg-kffr+gc+rg)/ kffr+gc+sd+rg×100%, respectively. The relative differences between C0 and C2 411 

(see Fig. 16 (a)), that is, when gas is treated as a real or ideal gas, monotonically increase with the 412 

increase of the gas pressure, from values which may be negative at low pressures. This pattern is 413 



due to the balance of non-Darcy flow and surface diffusion that plays out at different pressures 414 

and pore sizes, and to the differences that arise in those two terms for real and ideal gases. Fig. 17 415 

elaborates the causes that give the observed pattern using single pore models with radii at 1.56, 416 

3.12, 15.6 and 31.2 nm. 417 

The relative difference between C0 and C2 as shown in Fig. 16 (a) may start from both negative 418 

and positive values for the single pores. This can be explained in Fig. 17 (d) that the differences 419 

are positive when the pore radius is below 3 nm because of those competing characteristics 420 

between the free gas flow and the surface diffusion for the real and ideal gases noted previously. 421 

For the results of the pore networks, although the networks do contain the pores with radii below 3 422 

nm, the mixture of large and small pores suppresses the effects of small individual pores. For both 423 

pore networks at radii of 1.56 and 3.12 nm, their relative differences resemble the characteristics 424 

of large pores. The range of the relative differences between C0 and C2 is about 20% to 40% for 425 

single pores and 20% to 30% for the network models.  426 

Fig. 16 (b) shows the relative contributions of the surface diffusion to the gas permeability to 427 

decrease with the increase of pore pressure for all models, and the smaller pore size, the larger 428 

contribution is for all models. All of these are consistent with the characteristics of the free gas 429 

flow and the surface diffusion analysed above and shown in Fig. 17. The magnitude of the relative 430 

contribution for each model is largest at the lowest pressure and reaches to over 96% and 98% for 431 

the pore network and the single pore at radius of 1.56 nm, respectively, and 65% and 95% for the 432 

pore network and the single pore at radius of 3.12 nm, respectively. The magnitude of the relative 433 

contribution for each model is smallest at the highest pressure and decreases from the largest to 434 

down 70% and 90% for the pore network and the single pore at radius of 1.56 nm, respectively, 435 



and 20% and 40% for the pore network and the single pore at radius of 3.12 nm, respectively.  436 

 437 

(a)                                    (b) 438 

Fig. 16 Plots of the relative contributions for C2 (a) and C4 (b), with respect to C0, respectively, 439 

for pore network and single pore models at two radii of 3.12 and 1.56 nm within the pressure 440 

range. 441 

Fig. 17 (a) and (b) show the the contributions to the permeability from the free gas flow (solid 442 

lines) monotonically increase, but that from the surface diffusion (dashed lines) decreases with the 443 

increase of the pore size, at any pressure no matter whether the gas is treated as the real or ideal 444 

gas. The former shows no difference for the real gas for all pressures, but small changes for the 445 

ideal gas at small pore sizes at low pressures only, while the latter decreases slower with the 446 

increase of the pressure for the real gas than for the ideal gas. The decrease of the surface diffusion 447 

with the increase of the pore pressure is due to the decrease of the reciprocal of the gas density and 448 

dθ/dp in the formulation of the surface diffusion given in Eq.(29). The free gas flow and the 449 

surface diffusion balance their contributions to the gas permeability at their cross-over points just 450 

over 5 nm for both the real and ideal gases at the lowest pressure. With the increase of the gas 451 

pressure, the cross-over point shifts to the smaller pore sizes. Note that since the density of the 452 

free gas, instead of that of adsorbed gas which is greater the former at low pressure in particular, is 453 



used to estimate the contribution of the surface diffusion (Eq.(29)), the estimated contribution is 454 

an upper bound. Therefore, an actual cross-over point is likely to shift left toward a smaller radius.  455 

There are characteristic differences for the real and ideal gases clearly observable; the 456 

contribution of the surface diffusion is higher for the real gas than for ideal gas for all sizes of 457 

pores due to the differences in treating mean free path (Eq.(40)) that gives rise to higher f(Kn) for 458 

the ideal gas (circle lines) than for real gas (triangle lines) as shown in Fig. 17 (c). In fact, for the 459 

real gas, f(Kn) is negligibly small even for the smallest pore of 1.56 in radius within the pressure 460 

range of concern. But this is not the case at lower pressures than the minimum pressure of typical 461 

shale gas field considered in this work.  462 

Fig. 17 (d) shows the total contributions to the gas permeability from the free gas flow and the 463 

surface diffusion for the real gas at the selected pressures (solid lines) and their corresponding 464 

differences with the ideal gas (dash lines). The limited effect of the surface diffusions at the small 465 

pore sizes and at low pressure is shown clearly with a characteristic V-shape valley in each sum 466 

around the pore radius of about 3 nm. This V-shape valley suggests that the same gas permeability 467 

can be archieved for two pore sizes at either sides at the bottom of the valley for a wide range of 468 

pressure. This characteristic is highlighted by plotting the total contributions to the gas 469 

permeability against the pressure for each of the same four single pores in Fig. 18. Note that for 470 

the single pore with a radius of 1.56 nm a higher sum than that with a radius of 3.12 nm is found. 471 



 472 

(a)                               (b) 473 

 474 

(c)                               (d) 475 

Fig. 17 Characteristic flow contributions from the free gas flow and surface diffusion for real and 476 

ideal gases on single pores with radii from 1.56 to 31.2 nm at selective pressures. (a) real gas-ffr 477 

and sd; (b) ideal gas ffr and sd; (c) f(Kn) for real gas and ideal gas; (d) ffr+sd for real gas and ideal 478 

gas. 479 



 480 

Fig. 18 Plots of the total contributions to the gas permeability from the free gas (ffr) and the 481 

surface diffusion (sd) against the pressure for the four single pores with radii of 1.56, 3.12, 15.6 482 

and 31.2 nm 483 

As the free gas continues to increase with the increase of pore radius, whereas the surface 484 

diffusion levels out, the magnitude of the relative contribution from the surface diffusion will 485 

approach to zero in theory. However, if the pore space of a shale contains the mixture of large and 486 

small pores and throats, as it normally does, the surface diffusion is likely to remain as a key 487 

contribution to gas flow. In this circumstance, it is expected that the pore network is likely to 488 

function as a mixer to supress the effect of the surface diffusion over the model and to alter the 489 

characteristics of the gas permeability observed for single pores. This point is illustrated in Fig. 19 490 

where the characteristic V-valley shape for single pores (circle lines) at the radii of 1.56 and 3.12 491 

nm, also shown in Fig. 17 (d), are now inverted completely for the pore networks (solid lines) with 492 

mean radii being 1.56 and 3.12 nm. This indicates the combinational domination of the free gas 493 

flow and the surface diffusion in large and small pores and throat renders a reduction in the 494 



contribution of the surface diffusion to the total gas flow. The effect of a pore network on gas flow 495 

depends certainly on the geometry and topology of the pore space besides the chemical 496 

compositions of pore walls. This point deserves a thorough investigation that can take place soon 497 

in future thanks to recent advances in understanding shale pore structures and advancement to 498 

nano-scale imaging. 499 

 500 

Fig. 19 Plots of the total contributions to the gas permeability from the free gas (ffr) and the 501 

surface diffusion (sd) against the pore radius for the three pore networks (triangle lines) and the 502 

three single pore models (circle lines) at radii of 1.56, 3.12 and 15.6 nm. 503 

5. Conclusions  504 

A pore network gas flow model has been developed in this work to predict apparent gas 505 

permeability for real gas in shale organic nanoscale pore space. Unlike all other models, for the 506 

first time, our model accounts for the following physical aspects all together: non-Darcy fluid flow 507 

including Knudsen diffusion, gas sorption, and surface diffusion, as well as the effect of the 508 

confined pore space of the critical temperature and pressure of the real gas.  509 



That pore-network flow model has been applied to the three realistic pore networks, under shale 510 

reservoir conditions, to simulate the gas flow and transport and to assess the relative contributions 511 

of each the aspects. To avoid the confounding effects of the topology of pore space on the gas flow 512 

and, therefore, gas permeability, in this work, the three pore network models are reconstructed 513 

from the same pore network but by scaling its throat sizes by respective factors to give mean pore 514 

radii of 1.56, 3.12 and 15.6 nm, respectively. The analysis of results reveal the followings: 515 

1) When the average pore radius is larger than 10 nm, the influences of ideal and real gas 516 

properties and the surface diffusion on shale gas permeability are negligible. However 517 

when the average pore radius is smaller than 5 nm, their influences on the gas permeability 518 

is notable. Furthermore when the average pore radius is less than 2 nm, the gas permeability 519 

would be significantly underestimated if the surface diffusion is neglected.  520 

2) The influence of both Tc and Pc on shale gas permeability, when they deviate from the 521 

expected values, is negligible for both pore networks and single pore models.  522 

3) The gas permeability for the single pores and pore networks shows very different trends at 523 

low pressure and small radius. This is because the combined contributions from the free gas 524 

flow and the surface diffusion in large and small pores and throat reduces the effect of the 525 

surface diffusion on the total gas flow. This means that the gas permeability should be 526 

calculated by pore network gas flow models to take into account the spatial distribution of 527 

pore size and connectivity characteristics.  528 
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