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ABSTRACT

The gas slippage phenomenon under dry conditions has been investigated 

extensively both numerically and experimentally. However, very limited research has 

focused on gas slippage behavior under wet conditions. Unlike conventional formation, 

the influence of water on the gas transport process can’t be neglected in tight formations 

due to the comparable amount of thin water film attached along the rock surface. It is 

found experimentally that the gas slippage factor is positively related to water saturation 

if water saturation is small, while it decreases with water saturation if it is larger than a 

critical value. Most of the existing models failed to capture the measured downtrend of 

gas slippage factor with increasing water saturation, which resulted from water 

blocking or gas trapping phenomenon. In this work, a pore-scale network model is 

proposed to look at the water distribution characteristic and investigate the effect of 

water on the gas slippage factor. The proposed pore-scale model incorporates the 
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capillary dominated multiphase fluid distribution, real gas effect and gas transport 

mechanisms at pore-scale. Based on our pore network model, the effect of pore 

structure characteristics including the frequency of mean pore radius, size of mean pore 

radius, aspect ratio and coordination number on the gas slippage behavior are 

investigated and discussed in detail. Similar to previous experimental observations, the 

simulated gas slippage factor shows a nonmonotonic increase trend with water 

saturation, it starts to decrease under high water saturation and the critical water 

saturation depends on the pore structure factors. It increases with mean pore radius and 

coordination number but decreases with aspect ratio. We used the pore network model 

to investigate the effect of water phase on gas slippage behavior at the pore scale for 

the first time. It emphasized the predominance of water blocking and gas trapping 

phenomenon in the estimation of gas slippage factor at high water saturation.

1 INTRODUCTION

Permeability is a key parameter in the development of unconventional gas 

reservoirs such as coal seams, shale gas reservoirs and tight sandstones. Unlike 

conventional reservoirs, the gas permeability varies with the imposed pressure due to 

the gas slippage phenomenon. The pioneering work of Klinkenberg [1] found a linear 

relationship between the measured gas apparent permeability and the reciprocal of the 

average pressure. The gas slip factor is evaluated as the slope of the line between 

apparent permeability and reciprocal of the average pressure, while the intrinsic 

permeability could be obtained by the y-intercept. Subsequently, this Klinkenberg gas 

permeability has been used extensively and it was found that the gas slip factor strongly 

depends on the intrinsic permeability, the gas property and the temperature [2-4]. In 

recent years, the classical Klinkenberg’s theory was modified for ultra-low-

permeability porous media applications due to the deviations of gas permeability from 

it. Fathi et al. performed a numerical study of gas-phase advection in nano-capillaries 

and developed a double-slip Klinkenberg equation [5]. Moghadam and Chalaturnyk [6] 

employed a more accurate boundary condition and a secondary slippage factor was 

introduced into the classic Klienkenberg slip theory. Safa et al. [7] proposed an extended 
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Kozeny-Carman-Klinkenberg model for micro/nano-porous media to incorporate the 

effect of pore connectivity. At the same time, several researchers [8-10] have expanded 

the classical Klinkenberg theory to organic-rich porous media such as coal seams and 

shales. They took the effects of gas adsorption/desorption and deformation process into 

consideration. 

As mentioned above, the gas slippage factor under dry conditions has been 

extensively investigated. However, very limited research is conducted on the gas 

slippage factor under wet conditions. In fact, initial water is always present in actual 

formations and its saturation could be relatively high in low permeability reservoirs due 

to the high resistance to initial gas migration and poor gas gravity differentiation [11, 12]. 

Some experimental work revealed that the effective permeability to the gas phase would 

be significantly overestimated, as much as 30% [13], under wet conditions due to lack 

of two-phase slippage correction [4, 14-16]. Based on the experimental work, Fig. 1 

summarizes the typical relationships between the gas slippage factor and water 

saturation [15]. As shown in this figure, Li and Horne [17], Wu et al. [18] and Li et al. [15] 

found a positive relationship between the two-phase gas slippage factor and water 

saturation. However, Liu et al. [19] claimed that there existed the critical water saturation. 

When water saturation exceeded the critical water saturation, the gas slippage factor 

started to decrease. In addition to experimental work, a few researchers have 

investigated the mechanisms of gas transportation behavior with the presence of water 

analytically [15, 20-22]. Based on the Klinkenberg equation, Shi et al. [20] presented an 

analytical model for the prediction of apparent permeability considering slippage effect, 

rock deformation and water saturation. Using a capillary tube model, Li et al. [21] 

investigated the effect of water saturation on the two-phase gas slippage factor in 

circular and angular pores. They found that for circular pores the effective radius 

decreases continuously with an increase in water saturation which leads to a rising 

slippage factor. And for angular pores, the cross-section shape changes due to the 

existence of corner water and the slippage factor could decrease as the water saturation 

increases. It is important to note that trends of slippage factor at high water saturation 

measured in the laboratory are not well explained yet which might originate from the 
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significance of water condensation in smaller pores [15]. In reality, the existence of water, 

besides leading to a reduction in effective gas flow area, tends to snap off and result in 

hydrocarbon phase trapping [23]. And this process is influenced by the characteristics of 

the porous medium such as pore-size distribution, aspect ratio between pore-bodies and 

throats, connectivity and so on [24]. Thus, an appropriate pore-scale model needs to be 

established to investigate the mechanism of water effect on gas slippage behavior by 

incorporating the pore characteristics of the porous medium. 

Fig. 1 The relationship between gas slippage factor and water saturation from previous research

Pore network model has been proven to be an efficient pore-scale method to 

simulate multiphase flow in porous media since the pioneering work of Fatt [25-27]. In 

recent years, many researchers extended the pore network model for unconventional 

porous media applications by incorporating the slippage effect, real gas effect, gas 

adsorption/desorption and so on [28-30]. They are mainly focused on single gas flow 

under dry conditions and gas-water two-phase relative permeability prediction. 

However, studies of the gas slippage factor under wet conditions haven't been found 

yet, and the effect of pore structure on the two-phase gas slippage factor remains unclear.

In this work, a quasi-static pore network model is established to investigate the 

two-phase gas slippage behavior at pore scale. We first constructed 3D stochastic 

networks and introduced the static pore network model for nano-porous media; here in 

this work, the static pore network model incorporates the dynamics of water distribution, 

real gas effect and gas transport mechanisms. We then validated the present pore 
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network model by comparing the predicted result with experimental data under wet 

conditions. The effect of pore structure characteristics, such as pore-size distribution, 

aspect ratio and connectivity, on the two-phase gas slippage are investigated and 

discussed extensively. The work is then finished with a short summary and conclusion.

2 STOCHASTIC PORE NETWORK GENERATION

Pore network has been used to represent the pore system of reservoir rock and to 

conduct fluid flow simulation due to its computational efficiency. It could be generated 

either directly from pore space images (such as maximal ball method [31-33], the medial 

axis based method [34], or process-based method [35]) or by stochastic method [36] which 

employs random number generator to produce networks that represent real rock 

statistically. In this work, the stochastic method is adopted to study the effect of 

structure characteristics on the slippage factor. Several algorithms have been proposed 

to generate the stochastic pore networks [37]. However, because of their lattice-

structured grids, they are not enough to represent the realistic and complex porous 

media (especially the coordination number). The method proposed by Raoof and 

Hassanizadeh [38] improved the conventional lattice model by expanding the max 

connection number to 26 in three dimensions, which significantly requires more 

computational time. We have extended the algorithm proposed by de Chalendar et al. 

[36] is in our work. The detailed process of pore network construction is described as the 

following steps:

(1) Provide Lx, Ly and Lz which represent the physical scale of the pore network 

model.

(2) Provide Nx, Ny and Nz which indicate the number of pore bodies.

(3) Generate pore bodies. Locate a pore body in a random position in the three-

dimensional space whose radius is sampled from the input pore radius distribution 

function. For each already entered pore body, if the distance between them is less than 

the sum of their radii and minimum throat length the location of the pore to be entered 

will be resampled. Continue until the number of pore bodies is reached.

(4) Generate the pore connectivity. Assign the coordination number which is 

sampled from the coordination number distribution function to each pore and connect 
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its nearest pores one by one until the assigned coordination number is reached.

(5) Generate throats. For each connection between pores, sample aspect ratio from 

the input probability distribution function and calculate the throat radius and throat 

length.

(6) Calculate the physical property such as permeability and porosity. If the 

porosity is not satisfied, adjust the size of the physical bounding box or number of pores 

and continue from step (3) again.

The shape factor, representing the irregularity of cross-section, is a key parameter 

in pore networks [39]. It is defined as the ratio of cross-sectional area to perimeter 

squared. The values of shape factor for circle, square and equilateral triangle are , 1/4𝜋

1/16 and , respectively. Because the fluid distribution in non-circular pores is 3/36

complicated and the effect of pore shape on gas slippage factor is not considered here 

(the details are provided in Section 3), 3D stochastic networks with circular pores and 

throats will be generated to accurately reflect the effect of water on gas slippage factor 

in tight formations.

3 PORE NETWORK MODELING OF GAS FLOW UNDER WET 

CONDITIONS 

The following assumptions have been made to establish the pore network model 

for gas transport through the nano-porous media that account for dynamics of water 

distribution, real gas effect and gas transport mechanisms. First, the pores and throats 

have a circular shape. Second, the relative humidity, defined as the ratio of the partial 

pressure of the vapor to saturated vapor pressure, is assumed to be identical throughout 

the porous media. Third, the influence of stress on the single pore size is not considered 

here which however could be extended for further work [29, 40, 41]. Finally, the effective 

hydraulic radius is adopted to calculate the conductance19-21, 27 of gas flow rate through 

pores or throats. And in our model, the effective hydraulic radius is decreased due to 

the existence of adsorbed water film. 

3.1 Water distribution characteristic

Two methods are commonly used to build the water saturation of gas-field cores 

under experimental conditions: core flooding (displacement or imbibition method), and 
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adsorption or evaporation method [15]. To ensure a uniform distribution of water film in 

tight rocks, the water adsorption method is adopted to build water saturation in our pore 

network model.

Here we adopted Li’s model [15, 21, 22] which is based on the thermodynamic 

equilibrium between water and water vapor to estimate the fluid distribution inside 

pores and throats. The thickness of water film can be calculated using the following 

equation. 

(1)  ln v
w m

o

Ph V RT
P

  

Where,  is the disjoining pressure of water film, Pa;  is the water film ∏(ℎ𝑤) wh

thickness, m;  is the water molar volume, m3/mol; R is the universal gas constant, 𝑉𝑚

J/(mol·K); T is the temperature, K;  is the equilibrium partial pressure of water vapor, 𝑃𝑣

Pa;  is the saturated vapor pressure of water phase, Pa.𝑃𝑜

For a circular pore, the effective disjoining pressure has to be revised as below due 

to the curved wetting film along the wall[42].

(2)   w flat w
w w

rh h
r h r h


   

 

(3)       flat w m w e w s wh h h h      

(4)  2
3

15.96 2

12 1 5.32

w
gws

m w
w

w

hA
lh

hh
l



  
   

  
 

(5)   1 2
28

r o
e w

w

h
h

  



 

(6)  /e wh
s wh k  

Where  is the disjoining pressure of water film on flat surface, Pa;  is ∏𝑓𝑙𝑎𝑡(ℎ𝑤) 𝑟

the capillary radius, m;  is the surface tension between water phase and gas phase, 𝛾

N/m;  is the London-Van der Waals force, Pa;  is the electrical force, ∏𝑚(ℎ𝑤) ∏𝑒(ℎ𝑤)

Pa;  is the structural force, Pa;  is the Hamaker constant in gas-water-∏𝑠(ℎ𝑤) 𝐴𝑔𝑤𝑠
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solid system, J;  is the London wavelength, m;  is the relative permittivity of media, 𝑙 𝜀𝑟

dimensionless;  is the permittivity in vacuum, F/m;  and  are the electric 𝜀𝑜 𝜍1 𝜍2

potentials of the solid-water and water-gas interfaces respectively, V;  is the 𝑘

coefficient for the strength of structural force, N/m2;  the characteristic length of 𝜆

water molecules, m. The values of these parameters are displayed in Table 1 with 

reference to previous work [43]. Here, we assumed interfacial tension as a constant value, 

and its dependence [44, 45] on other variables will be included in our future work. 
Table 1 Summary of parameters used in the calculation
Parameter Symbol Unit Value

Hamaker constant of gas/water/solid Agws J 1.0×10-20 

London wavelength l nm 100
Dielectric permittivity of vacuum ε0 F/m 8.854×10-12

Relative permittivity of water εr Dimensionless 81.5
zeta potential difference between solid/water 

interface and water/gas interface
∆𝜁 mV 80

Coefficient for the structural force k Pa 1.0×107

Decay length 𝜆 nm 1.5

Interfacial tension σ mN/m 72.5

As shown in this table above, the thickness of water film is a function of pore 

radius and humidity. For a given pore radius, it increases with the relative humidity 

until the critical humidity (when water film becomes unstable) is reached. And this 

critical thickness can be determined by [42]

(7) 
*

0
h h

h
h



 




where  is the critical water film thickness, m;ℎ ∗

3.2 Real gas property

The gas properties in nano-porous material deviate significantly from that of bulk 

phase properties due to the non-negligible van der Waals forces between solid walls 

and gas molecules. It has been reported that the critical pressure and temperature would 

reduce when the pore size decreases [46, 47]. In our paper, the improved Soave-Redlich-

Kwong equation of state proposed by Wu et al. [47] is adopted to estimate the 
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compression coefficient and density of gas phase.

(8) 
( )

-
RT a TP

V b V V b
 



Where V is the molar volume of gas; T is the temperature of the gas; 𝑎(𝑇)

 is an attractive function which is dependent on = 0.42748𝑅2𝑇2
𝑐𝛼(𝑇)𝐾𝑓𝑠/𝑃𝑐

temperature;  is a repulsive parameter;  is the ratio of 𝑏 = 0.08664𝑅𝑇𝑐/(𝑃𝑐𝐾𝑓𝑠) 𝐾𝑓𝑠

the interaction between gas molecules and walls to the gas intermolecular interaction; 

and  is given by𝛼(𝑇)

(9)𝛼(𝑇) = [1 + (0.48 + 1.574𝜔 - 0.176𝜔2)(1 - 𝑇0.5
𝑟 )]2

where  is the acentric factor, dimensionless;  is the reduced pressure, 𝜔 𝑇𝑟

dimensionless.

The confinement effects on critical properties of gas inside nano-capillary can be 

expressed as [22, 47]:

(10) 
1/0.88

/ 1 1.2   3 / 50a
cc cb

dDT T D 
 


      
 

(11) 
1/1.6

/ 1 1.5   3 / 30a
cc cb

dDP P D 
 


      
 

(12)2 effD r

(13)r
cc

PP
P



(14)r
cc

TT
T



where  is the effective pore diameter, m;  is the thickness of the adsorbed 𝐷 ad

gas layer along the surface of pores and set to zero due to the existence of a water film, 

m;  is the Leonard-Jones parameter, m;  is the gas phase critical temperature 𝜎 𝑇𝑐𝑐

considering the confinement effect, K;  is the gas phase critical pressure 𝑃𝑐𝑐

considering the confinement effect, Pa;  is the critical temperature of the bulk gas 𝑇𝑐𝑏

phase, K; and  is the critical pressure of the bulk gas phase, MPa.𝑃𝑐𝑏

The gas viscosity can be described by the f-theory and expression is given below 
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[48]

(15)0 f   

(16)3
0 1 2

dd T d T  

(17)2
f r r a a rr rp p p     

Where  is the dilute gas viscosity;  is the friction term;  and  are van 𝜇0 𝜇𝑓 𝑝𝑎 𝑝𝑟

der Waals attractive and repulsive terms respectively; , ,  are estimated 𝑑1 𝑑2 𝑑3

parameters; , ,  are friction coefficients; 𝜅𝑟 𝜅𝑎 𝜅𝑟𝑟

3.3 bulk-gas flow

Based on Knudsen number, defined as the ratio of mean free-path length of gas 

molecules and pore radius , the gas flow regime can be divided into 𝐾𝑛 = 𝜆/𝑟

continuum flow ( ), slip flow ( ), transition flow (𝐾𝑛 < 0.001 0.001 < 𝐾𝑛 < 0.1 0.1 < 𝐾𝑛

) and Knudsen diffusion ( ). In a circular pore, the effective radius < 10 10 < 𝐾𝑛

decreases due to the presence of water film and can be expressed

(18)eff wr r h 

The mean free path of real gas molecules is obtained as [49]

 (19)
2
ZRT

P M
  

where  is the gas constant, , and  is the gas molecular weight, kg/mol.𝑅 J/(mol ∙ K) 𝑀

As the pressure drop along the pores and throats is very small, the properties of 

the gas phase inside single pores or throats are considered to be identical and the length 

effect on the calculation of mass flux and conductance is usually neglected, as is 

commonly employed in previous research [28-30]. Subsequently, the mass flux and the 

conductance of gas phase within cylindrical nanotubes can be calculated as below 

according to the gas flow model proposed by Beskok et al. which can be applied in the 

entire Knudsen range [50]:

(20) 
4

0.4
2

1 128 41 arctan 4 1
8 15 1

g eff
m

g

r Kn pq Kn Kn
Kn l

 
 

            
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(21) 
4

0.4
2

1 128 41 arctan 4 1
8 15 1

g eff
m

g

r Kng Kn Kn
l Kn

 
 

           

Where  is the density of gas phase, kg/m3;  is the viscosity of gas phase, 𝜌𝑔 𝜇𝑔

Pa·s;  is the pressure drop, Pa;  is the length of the tube, m;𝛥𝑝 𝑙

3.4 Calculation of apparent permeability

Estimation of the total gas flow rate can be done by solving for the pressure at 

every pore element by using the mass conservation equation at every pore [39]

(22)  0ij ij i j
j j

q g P P   

With given total gas flow rate, the apparent permeability of the gas phase is 

calculated by [29] 

(23) 
m

inlet outlet avg

Q LK
A P P







Where Qm is the mass flow rate of gas phase through the network, kg/s; A is the 

cross-sectional area in the flow direction, m2;  is the average viscosity of the gas 𝜇

phase, Pa·s; L is the length of the network, m; Pinlet and Poutlet are the pressure at inlet 

and outlet respectively, Pa; and  is the average density of the gas phase, kg/m3.𝜌ave

Due to the independence of viscosity and density on pressure, an iterative method 

is employed to solve the total gas flow rate. Fig. 2 illustrates the methodology used in 

our study to compute the apparent permeability. The key steps in the calculation are:

1. Initialization: Before starting the simulation, initial pressure and temperature 

are assigned to all throats and pores in the network.

2. Water saturation calculation: With a given humidity, the water film thickness is 

quantified for each pores and throats as shown in Section 3.1. And water saturation for 

the network is computed.

3. Calculation of pressure distribution at iterative step k+1: The properties and 

conductance of gas phase at each element are updated explicitly according to pressure 

distribution at the step k. Then pore pressures at the step k+1 are solved from a linear 

set of equations defined from Eq.(22).

4. Calculation of the gas mass flow rate at the iterative step k+1: The gas mass 
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flow rate is computed by averaging the flow rates through inlet throats and outlet throats. 

5. Calculation of the apparent permeability of gas phase: Step 3 and Step 4 can be 

performed in an iterative manner until a steady gas flow rate is reached. With the final 

gas flow rate, the apparent permeability of gas phase is found using Eq.(23). Here, the 

properties of gas phase are calculated under average pressure of inlet and outlet.

initialize pore network pressure and temperature

calculate gas property

(Q2-Q1)/Q1<error

update gas property

update rock element conductance

stop

No

solve for pressure distribution

calculate gas mass flow rate Q2

set initial gas mass flow rate Q2=0

Yes

calculate of gas permeability

Q1=Q2

start

calculate water saturation

Fig. 2 Flowchart of the pore network used in this study to calculate the apparent gas permeability

Previous studies showed that the linear relationship between measured gas 

permeability and the reciprocal of the average pore pressure is still valid in tight gas 

cores [3, 15, 19]. For simplicity, the empirical Klinkenberg model [1] as shown in Eq. (24) 

has been used extensively to describe the gas slippage effect under dry conditions.

(24)𝑘𝑎 = 𝑘∞(1 +
𝑏𝑘

𝑃𝑚)
Where  is the apparent permeability, mD;  is the intrinsic permeability, 𝑘𝑎 𝑘∞

mD;  is the gas slippage factor, MPa;  is the mean pressure of gas phase, MPa.𝑏𝑘 𝑃𝑚

Similar to Eq.(24), the Klinkenberg model for gas flow with pre-adsorbed water 

can be formulated as [15, 20, 51]
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(25)𝑘𝑎(𝑆𝑤) = 𝑘∞(𝑆𝑤)(1 +
𝑏eff

𝑃𝑚)
where  is the apparent permeability of gas phase under wet condition, mD; 𝑘𝑎(𝑆𝑤)

 is the effective intrinsic permeability under wet condition, mD;  is the gas 𝑘∞(𝑆𝑤) 𝑏eff

slippage factor under wet condition, MPa.

Further, the intrinsic relative permeability and the apparent relative permeability 

are defined as [15]

(26)𝑘𝑟𝑔 ― ∞ =
𝑘∞(𝑆𝑤)

𝑘∞

(27)𝑘𝑟𝑔 ― 𝑎 =
𝑘𝑎(𝑆𝑤)
𝑘∞(𝑆𝑤)

4 MODEL VALIDATION

We used the experimental data of Bossier tight gas sandstone samples generated 

by Rushing et al. [13] to validate our proposed pore network model. The relationships 

between gas apparent permeability and pressure at various water saturations were 

measured in Rushing et al’s work. We modified the pore-network extracted from Berea 

sandstone [39] to represent the tight sandstone due to lack of pore size distribution and 

pore structure for Bossier tight gas sandstone. As shown in Fig. 3, when the original 

Berea network is shrunk to the 1/250th of its original size, the simulated apparent 

permeability matches well with experimental results at the dry condition. Then based 

on the modified network, we used our proposed pore network model to investigate the 

Klinkenberg effect under different water saturations. As shown in Fig. 3, the simulated 

apparent permeability agrees well with the experimental data at various unsaturated 

conditions. 
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Fig. 3 Comparisons of the apparent permeability predicted by the proposed pore network model 
with the experimental data from Rushing et al. [13]

5 RESULTS AND DISCUSSION

In this section, based on the results simulated by the proposed model described 

above, the effect of pore structure characteristics, including the frequency of mean pore 

radius, the average pore radius, the aspect ratio and the coordinate number, on slippage 

effect is analyzed. We attempt to reveal the mechanisms and explain the experiment 

results from the pore scale. Here, a Gaussian distribution function is adopted to 

represent the pore size distribution and coordinate number distribution.

(28)   2

2

1
22

exp i
i

r
f r




 
  
 
 

where  and  is the mean and standard deviation. 𝜐 𝜎

5.1 Frequency of mean pore radius 

In this part, we will investigate the effect of the frequency of mean pore radius on 

gas slippage effect by changing the standard deviation in Eq.(28), while the average 

pore radius remains at 30nm. As shown in Fig. 4, various stochastic networks with 

different frequency of mean pore radius are generated according to the PSD parameters 

listed in Table 2. 
Table 2 PSD parameters for different standard deviation

PSD parameters nm𝑟𝑎𝑣𝑒  nm𝜎  nm𝑟𝑚𝑖𝑛  nm𝑟𝑚𝑎𝑥 𝑓𝑎𝑣𝑒

Base case 30 0 30 30 1.0

Case 1 30 2 22.78 36.17 0.199

Case 2 30 4 14.01 40.27 0.099

Case 3 30 6 7.47 45.64 0.067

Case 4 30 8 3.39 51.50 0.050

Case 5 30 10 2.12 58.15 0.039
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Fig. 4 PSD with various standard deviations at the constant mean pore radius 30 nm

By employing our proposed pore network model, we simulated the steady-state 

gas flow through the generated networks. The numerical results are shown in Fig. 5 and 

Fig. 6. As shown in Fig. 5, the critical water saturation decreases with decreasing peak 

frequency. This is because decreasing peak frequency indicates wider pore size 

distribution and the proportion of small pores increases which leads to more snap-off 

pores at the same water saturation. The slippage factor increases as the peak frequency 

decreases at low water saturation due to the more pronounced gas slippage effect in 

small pores. However, in contrast, it decreases as the peak frequency decreases because 

of the predominance of snap off in small pores and a greater proportion of larger pores 

at high water saturation. The relationship between the intrinsic gas permeability and the 

water saturation is presented in Fig. 6. The plot clearly shows that the intrinsic 

permeability decreased as the frequency of the mean pore radius decreased. In addition, 

the presence of pre-adsorbed water augmented their difference. This is inconsistent with 

the result from bundle of tube model at dry conditions[52], which concluded that the 

permeability will increase when the standard deviation increases due to a greater 

proportion of larger pore. In fact, small throats will control the gas flow rate through 

nano-porous media to some extent. As shown in Fig. 6b, our result coincides with the 

result of our previous work [53] at low water saturation. However, at high water 

saturation they have different trends. This is because at high water saturation snap off 
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predominates which leading to a significant decrease in the gas intrinsic permeability 

and this phenomenon is not captured in the simplified capillary bundle tube model. 

Therefore, these indicate again that the pore structure characteristics have a significant 

impact on the gas slippage effect.

Fig. 5 Two-phase gas slippage characteristic (a) ~  (b) ~𝑏eff  𝑆𝑤 𝑏eff/𝑏0  𝑆𝑤

Fig. 6 The relationship between the intrinsic gas permeability and the water saturation

5.2 Size of mean pore radius

The mean pore radius is an important parameter to describe the pore size 

distribution, and it is of great importance on the estimation of the gas-phase 

permeability of porous medium. Assuming a constant standard deviation of pore size is 

10nm, we generated several networks with different mean pore radius as shown in 

Table 3 and Fig. 7. 
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Table 3 PSD parameters of different mean pore radius size

PSD parameters nm𝑟𝑎𝑣𝑒  nm𝜎  nm𝑟𝑚𝑖𝑛  nm𝑟𝑚𝑎𝑥 𝑓𝑎𝑣𝑒

Case 1 20 10 2.03 52.06 0.039

Case 2 30 10 2.12 58.15 0.039

Case 3 40 10 3.59 72.74 0.039

Case 4 50 10 14.32 78.37 0.039

Case 5 60 10 25 96 0.039

Fig. 7 PSD with various size of mean pore radius at the standard deviation 10 nm

Fig. 8 presents the relationship between the slip factor and the mean pore radius 

under various water saturations. As expected, Fig. 8a clearly shows that the slip factor 

increases as a function of the decreasing mean pore radius at dry conditions. Because 

the interaction between the gas molecules and the wall becomes more significant as the 

mean pore radius decreases. We also find that the critical water saturation increases 

firstly, reaches the climax, then decreases with the increase of average pore radius. 

That’s because, at a certain water saturation, free gas saturation increases first and then 

decreases as the mean pore radius increased (as shown in Fig. 9). The free gas saturation 

is dependent on water saturation and trapped gas saturation formed by water 

condensation and blocking. As shown in Fig. 10a, the water saturation decreases with 

an increase in the pore radius at the same humidity and the rate slows down. The critical 
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water saturation for a single pore at which water condensation occurs decreases as the 

radius rises (Fig. 10b). Similarly, Liu et al. [19] found, there’s an inflection point that the 

critical water saturation changes with the core coefficient which is defined as the ratio 

of absolute permeability and porosity. 

Fig. 8 Two-phase gas slippage characteristic (a) ~  (b) ~𝑏eff  𝑆𝑤 𝑏eff/𝑏0  𝑆𝑤

Fig. 9 Dependance of free gas saturation on (a) water saturation (b) mean pore radius when 𝑆𝑤

= 0.20
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Fig. 10 The relationship between water saturation and pore radius for single pore (a) with various humidity 
(b) with critical humidity

5.3 Aspect ratio

In this section, the effect of the aspect ratio on the slippage characteristics is 

studied by changing the throat size distribution functions while pore size distribution is 

assumed to be constant. The pore throat size distributions are shown in Table 4 and Fig. 

11. 

The relationship between the gas slip factor and water saturation is shown in Fig. 

12. As illustrated in Fig. 12a, the slippage factor rises with an increase in the aspect 

ratio at dry conditions due to decreasing throat radii. In addition, Fig. 12b indicates the 

decreasing critical water saturation with the increasing aspect ratio. This is because 

water condensation is more likely to occur in small throats. As water condensation 

becomes predominant, the slippage factor tends to decrease due to the increasing 

equivalent radius which results from the removal of small pores and throats. 
Table 4 PSD parameters of different mean throat radius size

PSD parameters
Aspect 

ratio
 nm𝜎  nm𝑟𝑚𝑖𝑛  nm𝑟𝑚𝑎𝑥 𝑓𝑎𝑣𝑒

Case 1 1.5 20 12.84 28.80 0.18

Case 2 2.0 15 7.08 22.49 0.18

Case 3 3.0 10 2.12 17.80 0.18
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Fig. 11 Throat size distribution with various aspect ratio at same pore size distribution

Fig. 12 Two-phase gas slippage characteristic with different aspect ratio (a) ~  (b) 𝑏eff  𝑆𝑤 𝑏eff/
~𝑏0  𝑆𝑤

5.4 Coordination number

Coordination number is an important parameter that characterizes the topology 

and connectivity of porous media [54]. Previous studies revealed that real rock samples 

have a broad distribution of coordinate numbers [55, 56]. As in Zhang et al.’s work [29], 

we choose normal probability distribution to generate coordination numbers for each 

pores. The mean coordination number is applied to describe the connectivity of porous 

media in our study. As shown in Fig. 9, we generate three stochastic networks with 

various mean coordination numbers and investigate its effect on slippage characteristics.

The results are shown in Fig. 14 and Fig. 15. The gas slippage factor decreases 

with the mean coordination number, while the intrinsic permeability increases as the 

coordination number increases at dry conditions (see Fig. 14a and Fig. 15a). This is due 

Page 20 of 31

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



to better connectivity when the mean coordination number increased, and results in 

increased gas flow [57]. Fig. 14b indicates that the critical water saturation increases with 

an increase of the mean coordination number due to that the trapped gas becomes less 

favorable in a well-connected pore space [58]. 

Fig. 13 Distribution of the coordinate number

Fig. 14 Two-phase gas slippage characteristic (a) ~  (b) ~𝑏eff  𝑆𝑤 𝑏eff/𝑏0  𝑆𝑤

Fig. 15 The relationship between the intrinsic gas relative permeability and the water saturation
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5.5 Limitation

To our knowledge, this is the very first work on the two-phase gas slippage effect 

in nano-porous media using pore network model. The classic Klinkenberg slip theory 

is adopted to calculate the intrinsic permeability and the slippage factor. In recent years, 

the classical Klinkenberg’s theory was modified for ultra-low-permeability porous 

media applications to improve the predictability of Klinkenberg slip theory [5-7]. Their 

research showed that the gas slippage factor is not constant. It could be included in our 

future study.

The present model is based on the assumption that the pores and throats are 

hydrophilic and circular, while the gas-water two-phase flow behavior in organic pores 

will be different and more mechanisms such as gas adsorption/desorption, surface 

diffusion are needed to be incorporated in the methodology [43, 59], which could be 

investigated by extending the proposed pore network model. Other properties of solid 

surfaces also have a great influence on the fluid distribution and multiphase flow 

behavior [60, 61]. Li et al. [43] found that the property of solid surface affects the stability 

and thickness of water film. Huang et al. [62] found that slip lengths on different surfaces 

are found to be a function of the static contact angle. The effect of these factors needs 

to be investigated further.

On the other hand, the shapes of pores and throats are various and it’s a rather ideal 

assumption. The shape of pores is a key parameter that influences the transportation of 

single-phase or multiphase flow [50, 63, 64]. Li et al. [21] found that for circular pores the 

effective radius decreases continuously with an increase in water saturation which leads 

to a rising slippage factor. And for angular pores, the cross-section shape changes due 

to the existence of corner water and the slippage factor could decrease as the water 

saturation increases. However, the results are concluded using the capillary bundle 

model and need to be verified in the complex porous media. In our future study, we will 

take this important factor into consideration.

6 CONCLUSIONS

A static pore network model, considering dynamics of water distribution, real gas 
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effect and gas transport mechanisms, is proposed to investigate the influence of pore 

structure on slippage effect in unsaturated tight formation. The model has been 

validated and proved its capability to capture the effect of water on gas transport 

behavior in the nano-porous media. The results indicate that: 

 There is a critical water saturation that separates the uptrend and downtrend of 

the gas slippage factor due to an increase in water saturation. This critical water 

saturation is dependent on the pore structure characteristics and connectivity 

of the porous media.

 The critical water saturation increases with the increasing frequency of mean 

pore radius and decreasing aspect ratio due to weaker heterogeneity. 

Furthermore, it increases as the coordination number increases due to better 

connectivity. 

 The relationship between critical water saturation and mean pore radius is 

nonmonotonic. It increases firstly, reaches the climax, then decreases with the 

increase of average pore radius.
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