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Abstract Fluid flow in nanoscale organic pores is known to be affected by fluid transport mechanisms

and properties within confined pore space. The flow of gas and water shows notably different characteris-

tics compared with conventional continuum modeling approach. A pore network flow model is developed

and implemented in this work. A 3-D organic pore network model is constructed from 3-D image that is

reconstructed from 2-D shale SEM image of organic-rich sample. The 3-D pore network model is assumed

to be gas-wet and to contain initially gas-filled pores only, and the flow model is concerned with drainage

process. Gas flow considers a full range of gas transport mechanisms, including viscous flow, Knudsen diffu-

sion, surface diffusion, ad/desorption, and gas PVT and viscosity using a modified van der Waals’ EoS and a

correlation for natural gas, respectively. The influences of slip length, contact angle, and gas adsorption

layer on water flow are considered. Surface tension considers the pore size and temperature effects. Inva-

sion percolation is applied to calculate gas-water relative permeability. The results indicate that the influen-

ces of pore pressure and temperature on water phase relative permeabilities are negligible while gas phase

relative permeabilities are relatively larger in higher temperatures and lower pore pressures. Gas phase rela-

tive permeability increases while water phase relative permeability decreases with the shrinkage of pore

size. This can be attributed to the fact that gas adsorption layer decreases the effective flow area of the

water phase and surface diffusion capacity for adsorbed gas is enhanced in small pore size.

1. Introduction

Coal and gas shales are complex systems that contain carbon-based 3-D pore networks with a significant

amount of surface area contained in the nanoscale pores (Chalmers et al., 2012; Nelson, 2009; Wu et al.,

2017). Since the size of coal and shale pores approaches to the molecular mean free path, gas flows deviate

from pure viscous flow due to nanoconfinement effects. Knudsen number is defined as the ratio of molecu-

lar mean free path to the pore radius and is conventionally used to demarcate the flow regimes (Civan,

2010; Loyalka & Hamoodi, 1990). It is well known that in an organic-rich pores, in particular, a large amount

of methane molecules may be adsorbed onto pore surfaces under physical sorption. This gives rise to two

phenomena (Song et al., 2016a; Sun et al., 2015): the adsorbed gas molecules reduce pore space available

for nonadsorbed or free gas molecules to flow, while the surface diffusion may take place within the

adsorbed gas to enhance the transport of gas molecules along molecular concentration gradients. These

phenomena become relatively more important in nanoscale pores and must be considered in full. It has

been shown (Akkutlu & Didar, 2013; Devegowda et al., 2012; Islam et al., 2015a) that in confined porous

space the critical pressure (Pc) and temperature (Tc) of natural gas depend on the size of pores and therefore

such effect must be accounted for in an Equation of State (EoS) and determination of in situ properties of

the gas of concern. Two types of gas flow models at confined pore space have been developed. Beskok and

Karniadakis (1999) developed a unified Hagen-Poiseuille-type model covering the fundamental flow

regimes in tight porous media, including continuum fluid flow, slip flow, transition flow, and free molecular

flow conditions. This model has been adopted and expanded by Civan (2010) and Civan et al. (2011, 2013)

to consider the effect of the characteristic parameters of porous media and by Xiong et al. (2012) to model

surface diffusion of adsorbed gas, which is of crucial importance in organic pores. Another type of models is

based on superposing slip flow and Knudsen diffusion on the top the Darcy (Darabi et al., 2012; Ghanbarian
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& Javadpour, 2017; Javadpour, 2009; Javadpour et al., 2007; Singh, 2013; Singh & Javadpour, 2016) in a lin-

ear fashion. Wu et al. (2014) showed for such models appropriate weighting coefficients may be determined

via probabilities between gas molecules colliding with each other and colliding with nanopores wall to

elaborate the relative importance among non-Darcy flow effects given a gas flow condition.

The assumption of nonslip flow boundary conditions at the inner pore walls underestimates water flow in the

nanoporous organic matter (Belyaev & Vinogradova, 2010; Lauga & Stone, 2003; Neto et al., 2005; Vinogradova,

1999). The structural and dynamical properties of confined water in nanopores are notably different from bulk

water (Liu et al., 2005; Mashl et al., 2003). The viscosity of confined water in nanopores changes significantly

(Campbell et al., 1996; Gao et al., 2007; Goertz et al., 2007) and the no-slip boundary condition is not valid (Cot-

tin-Bizonne et al., 2003; Holt et al., 2006; Majumder et al., 2005), which can be attributed to relative strength of

the water-wall interaction and the water intermolecular interaction (Cottin-Bizonne et al., 2003; Granick et al.,

2003). Barrat and Bocquet (1999) showed that at large enough contact angle, the boundary condition can be

drastically different from a no-slip condition. Holt et al. (2006) and Majumder et al. (2005) found that the flow

rates for water flow through membranes of carbon nanotubes (CNTs) with diameters of 1.3–7.0 nm, are 2–5

orders of magnitude greater than those calculated by the no-slip Hagen-Poiseuille equation. The flow rate of

water through 44 nm carbon nanopipes measured by Whitby et al. (2008) is an order of magnitude greater

than the no-slip Hagen-Poiseuille equation. Vinogradova (1995) suggested that the slippage is linked to the

decrease in viscosity of the thin layer near the wall. Javadpour et al. (2015) measured slip length of brine and

pores in shale by using an atomic force microscope (AFM). Wu et al. (2017) considered the influence of the wet-

tability, viscosity, and nanopore dimension on confined water flow and proposed a simple model based on the

modified Hagen-Poiseuille equation. Berg et al. (2007) experiment indicates that the endpoint relative perme-

abilities larger than one for two phase flow in porous rock can be attributed to the slip boundary condition.

Modeling fluid flow in resolved pore space of nanoporous material has benefited from the recent advance-

ment in high-resolution imaging and development of pore characterization techniques (Chen et al., 2015a,

Figure 1. Illustration of gas flow in nanoscale organic pores (adsorbed gas flows on the pore surface via surface diffusion

while bulk gas flows in the center of the pore by viscous flow and Knudsen diffusion).

Figure 2. Illustration of water and adsorbed gas flow after the bulk gas is displaced by water in nanoscale organic pores

(adsorbed gas flows on the pore surface via surface diffusion while water flows in the center of the pore influenced by

slip length and contact angle). The adsorbed gas can be deemed as gas film at the boundary of the pore wall.
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2015b, 2015c; Dewers et al., 2012; Song et al., 2016b; Suhrer et al., 2013). This has led to the development of

simplified representation of a complex pore space as a realistic pore network of connected pore nodes and

throats, to enable efficient simulation of fluid flow (Dong & Blunt, 2009; Yi et al., 2017). Most pore network

models reported account for a subset of the flow regimes for single phase fluid flow only (Afsharpoor &

Javadpour, 2016; Huang et al., 2016; Mehmani et al., 2013; Zhang et al., 2015). In our previous work, we

developed a pore network flow model capable of simulating nonideal gas flow (Ma & Couples, 2015; Ma

et al., 2014a, 2014b) and that model was expanded further to consider the effect of adsorbed layers on the

free gas flow with modeling the surface diffusion (Song et al., 2017). The objective of this work is to develop

a pore network flow model for nanoporous organic matter to investigate the multiphase flow pattern. Gas

flow considers a full range of gas transport mechanisms, including viscous flow, slip flow, Knudsen diffusion,

surface diffusion, ad/desorption in nanoscale pores, and gas PVT and viscosity using a modified van der

Waals’ EoS and a correlation for natural gas, respectively. The influences of slip length, contact angle, and

gas adsorption layer on water flow are considered. Surface tension considers the pore size and temperature

effects. Invasion percolation is applied to calculate gas-water relative permeability and the influences of

pore pressure, temperature, and pore size on gas-water relative permeability are investigated. To the best

knowledge of the author, this is the first study on analyzing multiphase flow behaviors in nanoscale organic

porous media by considering such a variable sets of gas transport mechanisms.

This paper is organized as follows. In section 2, gas and water flow conductances for a cylindrical capillary are

formulated. Gas flow conductance considers the influences of gas transport mechanisms, gas adsorption/

Figure 3. A section of a shale SEM image of a 2-D polished thin section (Walls & Sinclair, 2011): (a) unsegmented and

(b) segmented. The section is about 18.3 mm 3 14.6 mm at a pixel size of 12 nm3 12 nm.

Figure 4. (a) Selected binary subsection used for 3-D reconstruction (400 3 400 pixels). (b) Reconstructed 3-D model (red

represents matrix blue represents pore space). The image contains 4003 4003 400 voxels at a voxel size of 12 nm and

depicts about 4.8 lm cube.
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desorption, real gas PVT, and Tc, Pc change. Water flow conductance considers slip length, contact angle, and

gas adsorption layer. Section 3 applies the proposed two phase pore network flow model to a realistic organic

pore network of a reconstructed 3-D model from 2-D section of a gas shale sample. The solution method is

introduced and result is given. Detailed analysis is conducted in section 4. This is followed by a section com-

prising major conclusion.

2. Fluid Flow Model for a Cylindrical Capillary

The gas flow conductance developed in this section takes into consideration the following effects: (1) gas

flow in the full range of gas flow regimes; (2) gas sorption, (3) pore-surface diffusion, and (4) gas PVT and

viscosity. Detailed derivations are given in Appendix A. Xu and Dehghanpour (2014), Lan et al. (2015), and Li

et al. (2016, 2017) suggested that the surface of the organic matter is gas-wet. Molecular simulation results

indicate that for organic carbon material with hydrophobic pore surface, adsorbed methane molecules

occupy pore surface and water molecules locate at the center of the pore (Lee et al., 2016). Because cur-

rently two phase flow experiment and methane-water molecular simulation data based on realistic organic

matter (kerogen) model are not available, therefore we assumes that once water flows into the nanopore

under certain pressure drop, the bulk gas is displaced and water flows in the center of the pore while

adsorbed gas flows at the boundary of pore in the forms of surface diffusion. This assumption is valid in

physical sense because adsorbed gas constantly desorbs from inner organic matrix to the pore wall and our

model can be viewed as the conceptual model to study gas-water flow pattern in nanoscale organic matter

under reasonable assumption mentioned above. The adsorbed gas flow conductance is given in equation

(A29). It has been proved by experiments (Ortiz-Young et al., 2013; Raviv et al., 2001) and molecular simula-

tion results (Hoang & Galliero, 2012; Neek-Amal et al., 2016; Thomas & McGaughey, 2008) that the viscosity

of confined water changes at the boundary of a pore within a zone of a certain thickness Twat. Based on Wu

et al. (2017), the thickness of the viscosity varying zone Twat can be determined as 0.7 nm and the changed

viscosity is the function of a contact angle, which can be written as equation (1). Detailed explanations are

given in Figures 1 and 2.

li
l1

520:018hw13:25 (1)

where li is the changed water viscosity (Pa�s), l1 is the constant water viscosity as a function of tempera-

ture (Pa�s), and hw is the water contact angle.

The effective flow radius reff_water for water in consideration of adsorbed gas film can be written as

reff water5r2dmh (2)

where r is the pore radius (m), dm is the gas molecular diameter (m),

and h is gas coverage of real gas, dimensionless. The effective viscos-

ity of the confined water l(reff_water) is calculated by area weighted

average of the changed viscosity and constant viscosity in nanopores

(Thomas & McGaughey, 2008):

lðreff waterÞ5li
Aiðreff water2TwatÞ

Atðreff waterÞ
1l1 12

Aiðreff water2TwatÞ
Atðreff waterÞ

� �

(3)

where Ai is the water flow area with constant viscosity for a single

pore (m2) and At is water flow total area for a single pore (m2). The

constant water viscosity as a function of temperature T is given in

equation (4) and viscosity of water l1(T) can be predicted with accu-

racy to within 2.5% from 273 to 643 K (Al-Shemmeri, 2012):

l1 Tð Þ52:41431025
310247:8=ðT2140Þ (4)

Because the surface of organic matter is deemed as gas-wet, the

water and adsorbed gas interface can be regarded as the hydrophobic

pore surface for water flow. For hydrophobic pore surface, Wu et al.

(2017) derived a scaling function for the slip length based on the
Figure 5. Extracted organic pore network (red represents throats blue repre-

sents pores).
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published MD simulation data shown in equation (5) and the confined water flow rate Qwater is given in

equation (6).

lst5
0:41

ðcos hw11Þ2
(5)

Qwater5
p

8lðreff waterÞ
r4eff water14r3eff water lst
� � dp

dx
(6)

where lst is the water slip length in a single pore (m) and p is the pore pressure (Pa). Therefore, water flow

conductance gwater can be written as

gwater5
p

8lðreff waterÞl
r4eff water14r3eff water lst
� �

(7)

Based on experiment and molecular simulation data, the water surface tension cw0 change versus tempera-

ture T can be given as (Vega & De Miguel, 2007)

Figure 6. Pore network structure characteristics: (a) pore-size distribution, (b) throat-size distribution, (c) coordination number distribution, and (d) distribution of

the aspect ratio of throat size to the neighboring pore size.
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cw05227:86ð12T=Tc waterÞ11=9 120:6413ð12T=Tc waterÞð Þ31023 (8)

where Tc_water is the critical temperature for water, 641.4 K. The dependence of surface tension cw on water

curvature radius rc is given in equations (9) and (10) (Lu & Jiang, 2005) and curvature radius rc is related with

effective flow radius reff_water by equation (11) (Kloubek, 1981).

cw5cw0 12
1

4rc=h21

� �

exp 2
2Sb

3R

1

4rc=h21

� �

(9)

Sb5
E0

Tb
(10)

rc52
reff water

cos hw
(11)

where h is OAH bond length, 0.096 nm, R is the ideal gas constant, 8.314 J/(K mol), Sb is solid-vapor transi-

tion entropy of water, E0 is the bulk solid-vapor transition enthalpy (J/mol), Tb is bulk solid-vapor transition

temperature of water (K), and hw is the water contact angle.

3. Construction of Multiphase Flow Model for 3-D Pore Networks

3.1. Construction of a 3-D Organic Matter Model and Pore Network Model

A section of a high-resolution SEM image of an organic matter-rich gas shale sample is applied in this work

(Walls & Sinclair, 2011; Figure 3). More detailed image information can be seen in the Supporting Informa-

tion S1. The resolution of the SEM image is 1,526 3 1,220 pixels and the pixel size of the SEM image taken

is 12 nm 3 12 nm. The grey-scale subsection image was first segmented into pore phase and matrix by

applying a median filter and then Otsu segmentation (Jassim & Altaani, 2013). Then a binary subsection

about 400 3 400 pixels was used and a 3-D binary model was reconstructed in Figure 4 using the Multiple-

Point Statistics (MPS) method (Okabe & Blunt, 2005) following the same procedure described in (Yang et al.,

2015). The resulting 3-D model contains 400 3 400 3 400 voxels at a voxel size of about 12 nm. Then the

maximal ball fitting method (Blunt et al., 2013; Dong & Blunt, 2009) was applied to extract its pore network.

The organic pore network extracted is shown in Figure 5. Expressed in terms of hydraulic radius, the pore-

size and throat-size distributions are shown in Figures 6a and 6b, respectively. The average coordination

number in Figure 6c is 3 and is smaller than the typical coordination number for sandstone (Arns et al.,

2004; Lindquist et al., 2000). A 40% of the total pores are poorly connected (coordination number equals to

0 or 1) and dead-end pores occupy 5% of the total pores. The average aspect ratio of throat size to the

Table 1

Basic Simulation Parameters Used for Multiphase Quasi-Static Pore Network Flow Model

Reservoir properties

Formation temperature T (K) 400

Pore pressure p (MPa) 40

Pressure gradient dp/dx (MPa/m) 0.1

Total organic grain volume per total grain volume Eks 0.01 (Wasaki & Akkutlu, 2015)

Water contact angle hw (8) 103

Gas properties

Langmuir pressure pL (MPa) 13.789514 (Wasaki & Akkutlu, 2015)

Maximum adsorbed gas concentration Cmax (mol/m3) 328.7 (Wasaki & Akkutlu, 2015)

Isosteric adsorption heat at zero gas coverage DH(0) (J/mol) 16,000 (Wu et al., 2015)

Fitting coefficients of isosteric adsorption heat c (J/mol) 24,186 (Wu et al., 2015)

Ideal gas constant R (J/(mol k)) 8.314

Ratio of the rate constant for blockage to the rate constant for forward migration j 0.5 (Wu et al., 2016)

Molecular weight M (kg/mol) 0.016

Parameters used in determining phase change taken from (Islam et al., 2015b)

vdW energy parameter a (m6 Pa/mol2) 0.22998

vdW energy parameter b (m3/mol) 4.28 3 1025

Lennard-Jones size parameter r (m) 3.73 3 1029

Lennard-Jones energy parameter E 2.04343 10221
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neighbouring pore size in Figure 6d is 0.41 and is similar to the average aspect ratio for the sandstone (Arns

et al., 2003). Note that although not all of the imaged pores are organic in this actual sample, they are

treated as if they are in this work.

3.2. Multiphase Quasi-Static Pore Network Flow Model

The organic pores forming during hydrocarbon accumulation and generation processes are generally

hydrophobic and almost without water (Odusina et al., 2011). Korb et al. (2014) found that the initial water

mainly stores in inorganic pores. Li et al. (2017) showed that the storage of water inside organic pores can

be neglected. Initially, the network is fully saturated with free gas and adsorbed gas and is strongly gas-wet.

Therefore, the irreducible water saturation inside the nanoporous organic matter is zero. Then, water enters

the network representing migration into the reservoir. At every stage of the process, water invades the

available pore body or throat with the entry capillary pressure. This forms the basis for the invasion percola-

tion algorithm used previously (Chandler et al., 1982; Oren et al., 1998; Valvatne, 2004; Wilkinson & Willem-

sen, 1983) to model drainage processes. In this study, the pore shape is simplified as the circular shape and

the hydraulic radius can be expressed as equation (12) as done in Oren et al. (1998), Valvatne and Blunt

(2004), and Ma et al. (2014a). The entry capillary pressures Pcw for circular pore is given in equation (13) (Val-

vatne, 2004). The drainage pressure from inlet side starts from lowest capillary pressure to the largest entry

Figure 7. Visualization of gas and water distribution during drainage process, the water is injected from the right side

(red color represents water, blue color represents bulk gas, the residual gas saturation Sg is 0.2, shown in (g)).

(a) Sw5 0.0015, (b) Sw5 0.23, (c) Sw5 0.34, (d) Sw5 0.5, (e) Sw5 0.62, (f) Sw5 0.7, and (g) Sw5 0.8.
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capillary pressure. Detailed model parameters are given in Table 1.

The water saturation is obtained by dividing the total volume of

invaded pores occupied by water by the total pore volume. Visuali-

zation of gas and water distribution during drainage process is

shown in Figure 7.

r5
2A

Pd
52

ffiffiffiffiffiffi

AG
p

(12)

Pcw5
2cwcos hw

reff or

(13)

where A is the area of pore cross section (m2), Pd is the perimeter of

the pore cross section (m), and G is shape factor of the pore cross

section, dimensionless. Because of the existence of water slip and

gas rarefied effect in nanopores, the absolute permeability kabs_water

calculated by water is different from the absolute permeability kabs_gas

calculated by gas. Therefore, unlike the traditional pore network

models, the absolute permeability should be calculated for each

phase to obtain the reasonable value of relative permeability. The

water phase absolute permeability is obtained by equation (14).

Because the viscosity is variable across pores and throats, and pressure-dependent, gas phase absolute per-

meability is calculated using a different way to that which would be normally done (see Oren et al., 1998) by

equation (14). That is, the product of gas flux and viscosity is calculated for every inlet pore voxel to com-

pute the sum of the total flux at the inlet face and gas phase absolute permeability by equation (15).

kabs water5

lLpnm
X

Ninlet

i51

qinlet

ApnmDp
(14)

kabs gas5

X

Ninlet

i51

qinletlinletLpnm

ApnmDp
(15)

where qinlet is gas flux in inlet pores (m3/s), Ninlet is the number of the inlet pores, Lpnm is the length of the

3-D model, Apnm is area of the 3-D model cross section (m2), linlet is the gas viscosity in inlet pores(Pa�s), and
DP is the pressure drop on the 3-D model (Pa). The relative permeability is then given by

kr water5
qtmp water

qtsp water

(16)

kr gas5
qtmp gas

qtsp gas

(17)

qtmp is the total flow rate of phase p in multiphase conditions with

the same imposed pressure drop. The total flow rate is found by

solving for the pressure everywhere, imposing mass conservation at

every pore i. The mass balance equations for gas phase are nonlinear

functions of gas pressures due to pressure-dependent conductance

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

pressure distribution as that for the Darcy flow, the system of equa-

tions is solved iteratively in a similar fashion as in Ma et al. (2014a),

until the volumetric flux converges.

X

Ni

j51

qij50 (18)

where j runs over all the throats connected to pore i. The flow rate

qij between two pores i and j is given by

Figure 8. Gas-water relative permeabilities at different pore pressures,

T5 400 K.

Figure 9. Gas-water relative permeabilities at different temperatures, P5 40

MPa.
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qij5gijðpi2pjÞ (19)

The conductance between two pore bodies gij is taken to be the har-

monic mean of each individual conductance, as similar done in Val-

vatne (2004).

Li1Lt1Lj

gi;j
5

Li

gi
1

Lt

gt
1

Lj

gj
(20)

where Li, Lj, and Lt are the length of pore i and pore j and the throat

that connects pore i and pore j, respectively (m). gi, gj, and gt are the

gas flow conductance of pore i and pore j and the throat that con-

nect pore i and pore j, respectively (m3/Pa�s).

4. Results and Analysis

Figures 8 and 9 show gas-water relative permeabilities at different

pore pressures and temperatures. The influences of pore pressure and

temperature on water phase relative permeabilities are negligible

while gas phase relative permeabilities are relatively larger in higher

temperatures and lower pore pressures. The surface diffusion for

adsorbed gas flow after displacement decreases with the increase of the pore pressure, which is caused by

the decrease of the reciprocal of the gas density and dh/dp in the formulation of the surface diffusion given in

equation (A29). The calculated gas flux at certain displacement stage is smaller than that in low pore pressure

as a consequence. On the other hand, the influence of temperature and pressure on absolute gas permeabil-

ity is very small, which is shown in Appendix B. Therefore, gas phase relative permeabilities decrease with the

increase of pore pressure. The surface diffusion coefficient in equation (A26) decreases with the increase of

temperature and the surface diffusion for adsorbed gas flow after displacement decreases with the increase

of the temperature. Therefore, gas phase relative permeabilities decrease with the increase of temperature.

In order to study the influence of pore size on gas-water relative permeabilities, the radius of every pore

and throat in the extracted pore network model is rescaled by a factor, ci, of 2, 1, 0.8, 0.6, and 0.4 (see equa-

tion (21)) to give a numerical average of all throat radii of 31.2, 15.6, 12.48, 9.36, and 6.24 nm, respectively.

rshrink5rciði51; 2; 3; 4; 5Þ (21)

As a result, all models have the same connectivity and they differ only in terms of their pore radii. Figure 10

shows gas-water relative permeabilities at different pore radius ratio. As the pore size decreases, the ratio of

effective water flow area to total flow area d shown in equation (22)

decreases which causes water phase relative permeabilities drop

down. The contribution of surface diffusion on gas permeability for

single pore at different pore radius is shown in Figure 11. The contri-

bution of surface diffusion on gas permeability is larger in smaller

pore sizes than that in larger pore sizes. Therefore, after bulk gas is

displaced by water, the adsorbed gas flow capacity enhances and

gas phase relative permeabilities increase with the decrease of pore

size in Figure 10. It should be noted the basic model assumption is

that the process of gas desorption from inner organic matter to

organic matter surface exists simultaneously with the gas-water two

phase flow process. Therefore, as the water saturation Sw reaches

the maximum value 0.803, the gas phase relative permeabilities are

not zero when ci equals to 0.6 and 0.4. For the conventional gas-wet

system, the corresponding water saturation for the relative perme-

abilities crosspoint should be less than 0.5. In nanoporous organic

matter, fluid flow property is highly dependent on pressure, temper-

ature, and pore size. In Figures 8–10, the corresponding water satu-

ration for the relative permeabilities crosspoint can shift to the value

Figure 10. Gas-water relative permeabilities at different pore radius ratio

(P5 40 MPa, T5 400 K).

Figure 11. Contribution of surface diffusion on gas permeability for single pore

at different pore radius.
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larger than 0.5 when pore pressure and average pore radii are lower than 10 MPa and 9.36 nm, respectively,

and temperature is larger than 550 K. The fluid distribution in a single pore is influenced by the pore geom-

etry (Arns et al., 2003; Blunt et al., 2002) and numerous pore network models predict multiphase flow pat-

tern based on the corner geometry (Afsharpoor et al., 2017; Hoogland et al., 2016a, 2016b; Joekar-Niasar

et al., 2010; Ryazanov et al., 2009; Valvatne & Blunt, 2004). However, the aim of this study is to understand

the major effect of the multiphase flow pattern change in various condition. More accurate nanoscale pore

network flow model accounting for irregular pore geometry will be considered in the future work.

d5
Aðreff waterÞ

AðrÞ 5
12dmh

r

� �2

(22)

5. Conclusion

A multiphase pore network flow model is proposed to study gas-water flow pattern in nanoporous organic

matter. Gas flow considers a full range of gas transport mechanisms, including viscous flow, Knudsen diffu-

sion, surface diffusion, ad/desorption in nanoscale pores, and gas PVT and viscosity using a modified van

der Waals’ EoS and a correlation for natural gas, respectively. The influences of slip length, contact angle,

and gas adsorption layer on water flow are considered. Surface tension considers the pore size and temper-

ature effects. Invasion percolation is applied to calculate gas-water relative permeability and the influences

of pore pressure, temperature, and pore size on gas-water relative permeability are investigated. The main

conclusions are listed as follows:

1. The influences of pore pressure and temperature on water phase relative permeabilities are negligible

while gas phase relative permeabilities are relatively larger in higher temperatures and lower pore

pressures.

2. Water phase relative permeabilities decrease and gas phase relative permeabilities increase with the

decrease of pore size.

3. The corresponding water saturation for the relative permeabilities crosspoint can shift to the value larger

than 0.5 in relatively low pore pressure, high temperature and small pore sizes.

Appendix A: Gas Flow Conductance for a Cylindrical Capillary

The gas flow conductance to be developed in this section takes into consideration the following effects: (1)

gas flow in the full range of gas flow regimes, (2) gas sorption, (3) pore-surface diffusion, and (4) gas PVT

and viscosity. In order to show and model the interwoven nature among these effects in their totality, we

formulise the gas flow conductance in the order described below.

A1. Adsorption/Desorption on Capillary and Effective Radius

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

ranges of pressures and temperatures (Charoensuppanimit et al., 2016; Tang et al., 2016; Wang et al., 2016;

Yu et al., 2016). At typical shale gas reservoir conditions, there is a consensus from many laboratory studies

(Heller & Zoback, 2014) that the Langmuir monolayer adsorption model can adequately capture shale gas

adsorption behaviours. For this reason, this model is chosen in this work. This model defines the coverages

of a single layer of gas molecules of real gas in equation (A1):

h5
p=Z

pL1p=Z
(A1)

where h is gas coverage of real gas, dimensionless, pL is Langmuir pressure (Pa), and Z is gas compressibility

factor, dimensionless. When gas molecules are adsorbed on the pore surface, they reduce the pore space

available to the remaining gas molecules for flow. Under the assumption of a homogenous loading of

adsorbed gas molecules on the surface, the effective pore radius can be expressed as

reff5r2dmh (A2)

A2. Real Gas Effect on Gas Property

It has been recognised that the critical pressure Pc (Pa) and temperature Tc (K) of the gas are influenced by

the pore space, when the pore diameter is below tens nanometers, as are the gas PVT and viscosity. In this
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work, Islam’s equations given in Islam et al. (2015b) are applied for critical temperature and pressure in

nanopores, as shown in equations (A3) and (A4).

Tc5
8

27bR
a22r3EN2 r

r
2:627520:6743

r

r

	 
h i

(A3)

Pc5
8

27b2
a22r3EN2 r

r
2:627520:6743

r

r

	 
h i

(A4)

where a is the vdW energy parameter (Padm6 mol22), b is the vdW energy parameter (dm3 mol21), r is the

Lennard-Jones size parameter (m), E is Lennard-Jones energy parameter, dimensionless, and N is Avogadro

number. It has been shown that the critical shifts of Tc and Pc expressed by equations (A3) and (A4) are in

good agreement compared to the laboratory data and molecular simulation (Islam et al., 2015b).

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

(A5) and (A6), the modified van der Waals (vdW) Equation of State is developed in Mahmoud (2014) for the

gas compressibility factor Z (equation (A7)) which is valid over a wide pressure range.

Ppr5
P

Pc
(A5)

Tpr5
T

Tc
(A6)

Z5ð0:702e22:5Tpr ÞP2pr25:524e22:5TprPpr10:044T2
pr20:164Tpr11:15 (A7)

where Ppr is pseudo reduced pressure, dimensionless, and Tpr is pseudo reduced temperature, dimension-

less. Lee et al. (1966) developed an empirical gas viscosity model for natural gases that has been used for

the confined pores (Bui et al., 2016; Kim et al., 2016; Landry et al., 2016; Wang et al., 2017):

l5 131024
� �

K exp XqY
� �

(A8)

q51:493531023 pM

ZT
(A9)

K5
9:37910:01607Mð ÞT1:5
209:2119:26M1Tð Þ (A10)

X53:4481
986:4

T
10:01009M (A11)

Y52:44720:2224X (A12)

where q is gas density (kg/m3) and M is gas molecular weight (g/mol).

A3. Free Gas Flow in the Full Flow Regimes

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

the mean free path of gas molecules and the effective radius of a capillary with the presence of gas adsorp-

tion as given in equation (A2). It has been shown that the mean free path length for ideal gas and real

gas differs due to their differences in gas PVT and viscosity (Villazon et al., 2011), where the mean free path

k (m) can be expressed by equation (A13) for real gas.

k5

ffiffiffiffiffiffiffiffiffiffiffi

pZRT

2M

r

l

p
(A13)

The Knudsen number in organic pores can be written as

Kn5
k

reff
(A14)

In this work, a unified Hagen-Poiseuille-type equation developed by Beskok and Karniadakis (1999) is

applied for modeling gas flow. For a capillary with a circular cross section, the volumetric gas flow q through

is given as follows:
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q5f ðKnÞ pR
4
h

8l

Dph

l
(A15)

where Rh is the capillary radius (m), l is the length of the capillary (m), and Dph is the pressure drop on the

capillary (Pa). The flow condition function f(Kn) is given by

f ðKnÞ5ð11aKnÞ 11
4Kn

12bKn

� �

(A16)

The parameter a in equation (A16) is a dimensionless rarefaction coefficient, which can be written as

a5
128

15p2
tan21½4:0Kn0:4� (A17)

Though the slip coefficient b521 initially can only be applied to a slip flow condition, evidence based on

comparisons of the model with the DSMC and Boltzmann solutions (Karniadakis et al., 2006) showed that

b521 is valid within the the full range of flow regimes.

According to equation (A15), free gas flow conductance can be written as

gfree5
pr4eff f ðKnÞ

8ll
(A18)

A4. Surface Diffusion of Adsorbed Gas

Surface diffusion of adsorbed gas molecules has long been considered as one of the key transport mecha-

nisms in organic pores because of the large amount of adsorbed gas in organic shales. It can be modeled as

the general diffusion process, using the molar flow rate per unit area of the concentration gradient within

the adsorbed monolayer as developed in Cunningham and Williams (1980):

Ja5Ds

dCa

dx
(A19)

where Ja is the molar flow rate per unit area (mol/(m2 s)), Ds is the surface diffusion coefficient (m2/s), and

Ca is adsorbed gas concentration (mol/m3). Ca is calculated assuming Langmuir adsorption and is given by

Ca5Camax h (A20)

where Camax is the maximum adsorbed gas concentration inside the nanoporous organic matter (mol/m3)

and Camax can be expressed as (Wasaki & Akkutlu, 2015):

Camax5
Cmax

Eks

(A21)

where Cmax is the maximum adsorbed gas concentration inside the total core sample (mol/m3) and Eks is

the total organic grain volume per total grain volume, dimensionless. Combining equations (A19–A21),

molar flow rate JA (mol/s) in the adsorbed layer is then expressed below:

JA5DsCamax

dh

dp
p r22r2eff
� � dp

dx
(A22)

From equation (A22), volumetric flow rate VA (m
3/s) is

VA5
M

q
DsCamax

dh

dp
p r22r2eff
� � dp

dx
(A23)

Based on Hwang and Kammermeyer’s model (Hwang & Kammermeyer, 1966), combined with methane

adsorption experimental data, the surface diffusion coefficient for methane Ds0 (when gas coverage is zero,

m2/s) can be expressed as (Guo et al., 2008)

Ds058:2931027T0:5exp 2
DH0:8

RT

� �

(A24)

The isosteric adsorption heat DH is a function of gas coverage (Pan et al., 1998; Wang et al., 2012), according

to Nodze�nski (1998), the isosteric adsorption heat and gas coverage have a linear relationship and can be

given as
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DH5gh1DHð0Þ (A25)

where DH(0) is the isosteric adsorption heat at zero gas coverage (J/mol) and g is the fitting coefficients of

isosteric adsorption heat (J/mol). The surface diffusion coefficient in equation (A24) is obtained under a low

pressure condition by theory and experiments and is a function of gas molecular weight, temperature, and

gas activation energy, isosteric adsorption heat and independent of pressure (Hwang & Kammermeyer,

1966). In order to describe the gas surface diffusion in nanopores of shale gas reservoirs under a high pres-

sure condition, the influence of gas coverage on surface diffusion is considered. Chen and Yang (1991) used

the kinetic method to calculate the surface diffusion coefficient:

Ds5Ds0

ð12hÞ1 j
2
hð22hÞ1 Hð12jÞf gð12jÞ j

2
h2

12h1 j
2
h

� �2
(A26)

Hð12jÞ50; j � 1; 1; 0 � j � 1 (A27)

j5
jb

jm
(A28)

where jb is rate constant for blockage in surface diffusion, jm is rate constant for forward migration in

surface diffusion, j is ratio of the rate constant for blockage to the rate constant for forward migration, and

H(1 – j) is Heaviside function, dimensionless. When jm> jb, surface diffusion occurs. When jm< jb, gas

molecules are blocked and surface diffusion stops. According to equation (A23), adsorbed gas flow conduc-

tance can be written as

gsurface5
1

l

M

q
DsCamax

dh

dp
p r22r2eff
� �

(A29)

A5. Gas Flow Conductance for a Cylindrical Capillary in Organic Pores

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

ing the contributions of free gas, and surface diffusion of adsorbed gas, taking into consideration the

reduction of the pore space due to adsorbed gas and the effect of confined pore space on gas PVT and

viscosity:

gor5
pr4eff
8ll

11
128

15p2
tan21½4:0Kn0:4�Kn

� �

11
4Kn

11Kn

� �

1
1

l

M

q
DsCamax

dh

dp
p r22r2eff
� �

(A30)

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

kor5
gorll

pr2
(A31)

Appendix B: Absolute Gas Permeability at Different Temperatures
and Pressures

Absolute gas permeability at different temperatures and pressures is shown in Table B1.

Table B1

Absolute Gas Permeability at Different Temperatures and Pressures

kabs_gas (lm
2) T (K) (P5 40 MPa) kabs_gas (lm

2) P (MPa) (T5 400 K)

1.90363 1026 350 2.05193 1026 5

1.90753 1026 400 1.99173 1026 10

1.91263 1026 450 1.93943 1026 20

1.91913 1026 500 1.91813 1026 30

1.92693 1026 550 1.90753 1026 40

1.93623 1026 600 1.90153 1026 50
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