Assessment of extended DLVO-based water film on multiphase transport behavior in shale microfractures
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Abstract
This study presents a novel model to predict gas-water two-phase transport behaviors in shale microfractures by incorporating a mobile water film with varying thickness according to the extended Derjaguin-Landau-Verwey-Overbeek (DLVO) theory as well as multiple fluid transport mechanisms (i.e., real gas transport controlled by the Knudsen number and water slippage). This model is implemented in real shale microfractures via digital-core imaging. A gas-water displacement process is modelled by the invasion percolation theory, while a local multiphase distribution is determined by combining disjoining pressure with capillary force. Key findings reveal that gas relative permeability (RP) decreases by 17% and water RP enhances by 33.5%, when the mean aperture decreases from 1.67 to 0.0418μm. Neglecting water film brings a decrease in water RP and an overestimation of gas transport ability. Moreover, two critical microfracture apertures are determined, which enhances an understanding of the water film impact on gas-water transport properties in application.
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1. Introduction 
Understanding the multiphase transport process in microfractures or microchannels is crucial to predict production performance in shale gas reservoirs1,2 as well as control fluid transport in microfluidic devices.3,4 Gas shale is a complex sedimentary system that is considered to exhibit different storage space types5,6 and complex fluid transport properties.7,8 It is widely observed that not only confined nanopores but also microfractures extensively exist as shown in Figure 1,9-11 which are often regarded as preferential transport pathways in shale gas reservoirs.12 The apertures of shale microfractures generally range from nano- to micro-scale,10,13,14 resulting in fluid transport behaviors different vastly from those in conventional reservoirs.15,16. Moreover, due to limitations of gas-water multiphase transport experiments and the absence of comprehensive multiphase transport models in shale microfractures, it remains difficult to understand gas-water multiphase transport behavior in microfractures in shale. 
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FIGURE 1 SEM images of nano-micro microfractures in shale9-11
Numerous studies have shown that fluid transport mechanisms in shale deviate from conventional Hagen-Poiseuille flow due to a nano-microscale confined pore space.17,18 An intense interaction between fluid molecules and walls makes a no-slip boundary condition inapplicable.19-22 In this case, a Knudsen number (Kn) is generally employed to identify gas transport regimes.23,24 First-order or second-order slip boundary conditions based on Maxwell’s theory are widely used in the existing gas permeability models.25,26 Javadpour27 proposed a permeability model in straight tubes accounting for slip flow and Knudsen diffusion based on Maxwell’s first-order boundary slip condition. Pang et al.28 introduced a second-order gas slippage velocity model in rectangular nanopores by using the Naiver-Stokes (N-S) equations. Similarly, confined water exhibits slippage on a surface. Barrat and Bocquet29 found that a boundary condition can notably differ from a no-slip boundary condition with an increase in contact angle. Choi et al.30 studied the slip effects of water flow by measuring slip lengths in 1 and 2 μm hydrophilic and hydrophobic microchannels. Javadpour et al.31 measured a brine slip length in shale nanopores in use of atomic force microscope (AFM) and established a stochastic model to calculate fluid slippage permeability. Wu et al.32 established a contact angle dependent slip length model to predict a slip-corrected water flow rate in nanopores based on molecular dynamics (MD) simulation and micro-flow experimental results. 
Efforts have been made to understand gas-water relative permeability (RP) in shale through laboratory measurements and theoretical models. Peng et al.33 measured the gas RP using a modified gas-expansion method by means of spontaneous imbibition. Yassin et al.34 studied the shale gas RP by combining incremental desaturation cycle and pulse decay experiments. A shale RP measurement method was developed using an unsteady-state method under a constant pressure differential by Jung.35 It was shown that a water film at nanoscale was attached to a mineral surface during multiphase transport in a confined space based on experimental observations and MD simulation.36,37 On this basis, an analytical model for gas-water transport behavior in hydrophilic nanopores was established by Zhang et al.38 accounting for a water film, gas slippage and viscosity distribution. Li et al.39 incorporated a mobile high-viscosity water film into calculations of apparent gas permeability in both circular nanopores and microchannels by modifying boundary conditions, and further extended this approach to an analytical RP model in shale matrix by using fractal geometry.40 To date, the physical experiments are limited in shale matrix and only gas RP can be measured.41,42 Moreover, the thickness of a water film is considered to be a constant of 0.7 nm during a multiphase transport process in the above theoretical shale matrix RP models and a gas-water multiphase transport process in microfractures has not been studied so far. 
In reality, the thickness of a water film under a multiphase circumstance was observed to be various at different inter-phase pressure differences.43,44 The extended Derjaguin-Landau-Verwey-Overbeek (DLVO) theory that describes colloidal stability is widely employed to calculate water film thickness on the basis of disjoining pressure.45,46 The disjoining pressure is composed of three parts including the van der Waals force, electrostatic force and structural force. Sanaei et al.47 developed a surface complexation model to evaluate the zeta-potential at a surface between rock and the oil phase by considering a water film based on the extended DLVO theory. Tokunaga48 estimated a water film thickness variation on flat mineral surfaces in equilibrium with CO2 in geologic CO2 sequestration by considering the van der Waals force and electrostatic force. Heath et al.49 proposed a pore-scale model for a CO2-water interface and investigated the adsorption of water films as an explicit function of water chemical potential. Kuchin et al.50 examined the effect of disjoining pressure on a multiphase interfacial shape based on the extended DLVO theory. Though a variety of studies have been done on the determination of water film thickness based on the extended DLVO theory, it has not been applied to the fluid transport characterization in oil/gas reservoirs, especially in unconventional reservoirs, which exhibit the characteristics of multiple storage spaces. To the best of our knowledge, a comprehensive gas-water multiphase transport model in shale microfractures is established for the first time in our study, by considering both rock-fluid interactions (the van der Waals force, electrostatic force and structural force) and multiple fluid transport mechanisms, which facilitates the understanding of fluid transport behaviors and further reservoir production evaluation. 
The paper is organized as follows: The extended DLVO theory is first introduced to calculate varying water film thickness at different pressure differences between gas and water in Section 2. In Section 3, the conductance equations of gas and water related to gas-water two-phase transport are then derived rigorously by incorporating 1) the real gas effect; 2) multiple transport mechanisms and the second-order slip boundary condition for gas transport, 3) slip length for water transport, and 4) a mobile water film with varying thickness during a gas displacing water process based on the extended DLVO theory. In the Results section, our model is first compared with a model proposed in the literature. Gas-water transport properties in real microfractures are captured based on a sample obtained from the Sichuan Basin, China. Finally, the impacts of an aperture and water film on the multiphase transport properties are analyzed in detail. Moreover, two critical microfracture apertures are determined, at which the influence of a water film must be considered or a water film with varying thickness cannot be replaced by that with constant thickness. 
2. Extended DLVO-based water films equilibrated with gas
[bookmark: _Hlk46913520]Due to the hydrophilic features of mineral surfaces in shale,34,51 a mineral wall is generally considered to be covered by a water film, especially during a non-wetting phase drainage process. Gas and water distributions at a moving front during a gas displacing water process in a microfracture are illustrated in Figure 2. It can be divided into three zones, (I) capillary meniscus, (II) transition zone, and (III) surface wetting film. In a general case, the pressure difference (ΔP) between the non-wetting phase and the wetting phase equals a sum of capillary pressure (Pc) and disjoining pressure (П) as expressed in Eq. (1): 

                                                        
where f is the water film thickness, m.
The capillary pressure (Pc) in a microfracture can be given based on the Young-Laplace equation as in Eq. (2): 

                                                           
where w represents the aperture of a microfracture, m and θ is the contact angle, °. The temperature-dependent interfacial tension (σ) can be expressed as follows:52

                
where T is temperature, K and Tc_w is the water critical temperature, K. 
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FIGURE 2 Schematic diagram of gas-water distributions at a moving front in a microfracture
In zone (I), the gas-water interface curvature remains constant and the pressure difference between gas and water equals Pc with the absence of disjoining pressure. In zone (II) , the interface curvature becomes smaller along the x direction, and both Pc and П contribute to ΔP. However, in zone (III), Pc is negligible with an infinite interface curvature. In this case, the pressure difference equals the disjoining pressure. Once the pressure difference at a gas-water interface is determined, the disjoining pressure in zone (III) equals the capillary pressure in zone (I). In this work, the extended DLVO theory, which is applied to deriving the disjoining pressure, is combined with the Young-Laplace equation to estimate the water films thickness in microfractures. 
The disjoining pressure can be typically divided into three parts based on the extended DLVO theory:

                                        
where ПvdW is the van der Waals force, Pa, Пel indicates electrostatic interactions, Pa and Пstr represents the structural component, Pa. The detailed expressions of these three components are given below. 
2.1 van der Waals component 
The van der Waals force contributes to a potential‐dependent thin water film, which is generated from dipole‐dipole interactions within three phases (i.e., solid substrate, gas phase and water film). The van der Waals force on a flat surface is related to the third power of water film thickness (f) by: 

                                                          
where A132 is the Hamaker constant between the solid and gas interacting across a water film. The nonretarded Hamaker constant can be calculated by using a combination relation as in Eq. (6):53

                                           
where Aii represents the Hamaker constant of a pure medium in a vacuum environment, and it can be derived based on the Lifshitz equation:54,55

                                        
where kB is the Boltzmann constant, J/K; ε is the dielectric constant; η represents Planck’s constant, J·s; νe denotes the maximum electronic ultra-violet adsorption frequency, s-1; and n is the refractive index. The water dielectric constant and refractive index are obtained by the reported data of Bradley et al.56 and the Bashkatov et al.57 method, respectively.
2.2 Electrostatic component
[bookmark: _Hlk46914118]The stability of a water film is also affected by an electrostatic interaction through electric double layers. An electrostatic potential change normal to solid-water and water-gas interfaces in symmetric electrolyte solutions can be described by the Poisson-Boltzmann (PB) equation. A solution to the PB equation with a double-layer compression approximation proposed by Gregory58 is applied in our work to describe the electrostatic interactions component in the disjoining pressure:


where n∞ is the bulk fluid ion concentration, mol/m3; Ye,1 and Ye,2 are the electrical potentials in dimensionless form at interfaces (i.e., the solid-water and gas-water interfaces), mV; κ is the Debye-hückel reciprocal length parameter, which can be derived as follows：

                                                          
where z is the ion valence; ε0 and ε3 are the vacuum permittivity and the water dielectric constant, respectively; e represents the electron charge. 
2.3 Structural force
The structural force arises when interphase boundary layers (i.e., solid-water and gas-water interfaces) overlap in a confined space. The structural component in the disjoining pressure is measured to decay exponentially with distance as follows:59

                                                 
where Kstr describes the magnitude of the structural force, Pa and λstr represents the characteristic length of the structural force, m. 
2.4 Disjoining pressure and water film thickness calculations 
As introduced above, the water film thickness is calculated by combined influences of the van der Waals, electrostatic and structural forces. The specific values of the related parameters to calculate disjoining pressure are summarized in Table 1. Figure 3 illustrates the individual contribution of each component to the thickness of a water film. It can be found that the van der Waals force dominates the disjoining pressure, especially at a water film thickness of larger than 1nm, while the structural force starts to control the disjoining pressure when the thickness of water film is less than 1nm, which indicates that the structural force is in effect at a very close interface distance. 
TABLE 1 Summary of the parameters used for extended DLVO calculations
	Parameters
	Values

	Pressure (MPa)
	28

	Temperature (K)
	373

	Dielectric constants for methane 2
	1.2053960

	Dielectric constants for water 3
	56.449656

	Refractive Indices for methane n2
	1.09189561

	Refractive Indices for water n3
	1.318157

	Hamaker constants A11(SiO2) (J)
	6.8×10-20 62

	Hamaker constants A11(Kaolinite) (J)
	1.25×10-19 62

	Hamaker constants A11(Smectite) (J)
	1.98×10-19 62

	Maximum electronic ultra-violet adsorption frequency νe (s-1)
	3×1015 48

	Electrostatic potential of solid-water interface Ye,1  (mV)
	-25 48

	Electrostatic potential of water-gas interface Ye,2  (mV)
	0 48

	Ion concentration n∞ (mol /m3)
	10

	Ion valence z
	1

	Characteristic length of the structural force str  (m)
	1×10-10 63

	Magnitude of the structural forces Kstr  (Pa)
	1×1011 63
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FIGURE 3 Contributions of three components to total disjoining pressure
Due to the significant role the van der Waals component plays in the total disjoining pressure, the impacts of different mineral materials that are related to the van der Waals force on the water film thickness are discussed in Figure 4. The Hamaker constants A11 for three common mineral materials, including SiO2, Kaolinite and Smectite, are given in Table 1. A higher Hamaker constant (smectite, as an example) leads to a larger repulsive force and consequently a thicker water film on a mineral surface. Note that the difference between different water film thicknesses at various A11 is not evident when the disjoining pressure is relatively high (>104 Pa). In other words, only for microfractures with an aperture of larger than 10μm (Eq. (2)), the effect of different mineral materials on the thickness of a water film can be observed. 
[image: ]
FIGURE 4 Water film thickness with various disjoining pressure at different A11
3. Gas-water two-phase transport model 
To accurately model the gas-water transport in microfractures, it necessitates to first develop single-phase gas/water transport models as the basis of calculations of gas-water RPs. In this section, gas and water conductance during a gas displacing water process are rigorously derived by considering comprehensive multiple transport mechanisms, including 1) transport properties controlled by Kn and the second-order slip boundary condition for gas transport, 2) a slip length for water transport, and 3) a water film with varying thickness during a gas displacing water process based on the extended DLVO theory. In addition, the real gas effect is integrated in the gas-water transport model (see Appendix A, Eq.(A1)-(A8))64,65 to correct gas properties at high pressure and temperature. The temperature dependent water viscosity is considered (see Eq. (A9) in Appendix A).66
3.1 Single-phase gas transport conductance
Kn is generally applied to identifying gas transport in a confined space, which is defined as the ratio of a molecular mean free path (λ) to the aperture of microfractures (w): 67,68 

                                                                

                                                         
where Z is the gas compressibility factor, dimensionless; M is the gas molecular weight, kg/mol; R is the universal gas constant, J/(mol·K); μg is the gas viscosity, Pa·s; p is pressure, Pa; T is temperature, K.
The governing equation of single-phase gas transport in a microfracture as shown in Figure 5 is given as:

                                                       
where ug is the gas velocity, m/s.
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FIGURE 5 Schematic diagram of fluid transport in local microfracture
The second-order slip boundary condition is applied by the use of Maxwell’s theory:

                                                

                                                             
where us is the gas velocity at an interface, m/s, and A1 and A2 are the first-order and second-order slip coefficients, respectively. 
The gas velocity can be derived from Eq. (13) subject to the boundary conditions, and is integrated along the y direction to obtain the gas flux as follows: 

                                          
where h is the width in a local microfracture, m, l denotes the local length in the flow direction, m and △p is a pressure drop in the local microfracture, Pa. 
Hence, the gas conductance, which is defined as the fluid flux at a unit pressure drop in the flow direction, can be given by: 

                                          
3.2 Single-phase water transport conductance
The governing equation of single-phase water transport in a microfracture can be expressed as in Eq. (18):

                                                       
where uw is the water velocity, m/s and μw is the water viscosity, Pa·s.
The slip length (ls) along a microfracture surface for water can be expressed based on the experimental data and MD simulation proposed by Wu et al.:32 

                                                     
where θ is the contact angle, °. 
Hence, the boundary condition can be given as: 

                                                  

                                                            
Similarly, the water velocity can be derived by combining with the above boundary conditions and then the water flux can be expressed as follows: 

                                                    
Then the water conductance can be given as in Eq. (23): 

                                                    
3.3 Gas-water two-phase transport conductance
Gas-water two-phase transport occurs during flowback and early production processes in shale gas reservoirs.69,70 Owing to a water-wet surface in microfractures, gas flows in their center and water films flow along microfracture surfaces with varying thickness at different inter-phase pressure differences as illustrated in Figure 6.
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FIGURE 6 Schematic diagram of gas-water distribution during a gas displacing water process
The governing equations for gas and water during two-phase transport in a local gas invaded area are given as follows: 

                                   

                           
Note that the varying thickness of a water film (f) is determined based on the extended DLVO theory at each pressure difference between gas and water during the gas drainage process as introduced in Section 2. 
The slippage of water films with varying thickness along microfracture surfaces, as well as the continuity of velocity and shear stress at a gas-water interface71 are incorporated into the boundary conditions to solve gas and water governing equations as follows: 

                                                              

                                                       

                                                 

                                                      
The gas and water velocities are then derived as in Eqs. (30) and (31): 

      

     
The gas and water fluxes can be obtained by integrating their respective velocity along the y direction occupied by each phase. Subsequently, the conductance of gas and a mobile water film during a displacement process can be given as:

             

                               
4. Results and discussions
4.1 Model validation 
As experimental measurements of gas-water transport properties in microfractures are not available, a gas velocity model with a mobile water film in microchannels introduced by Li et al.39 is applied to examine the validity of the proposed model. A gas slip velocity was included to model the gas-water momentum transport in their study and the water film thickness was given by a constant value. Hence, a gas velocity profile in a plate model with a constant thickness water film flowing along a surface is compared by using our model and the model proposed by Li et al..39 Calculation parameters are summarized in Table 2. The water film thickness is decided by the extended DLVO theory mentioned above under a specific pressure difference between gas and water. A good agreement between our model and the previous model is exhibited from Figure 7, which justifies the accuracy of our model and enhances our confidence to apply our model for further applications.
TABLE 2 Summary of the parameters for proposed model validation
	Parameters
	Values

	Pressure (MPa)
	28

	Temperature (K)
	373

	Microfracture aperture (m)
	2×10-7

	Pressure difference between gas and water (MPa)
	5

	Contact angel (°)
	30

	Water film thickness (m)
	1.344×10-9
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FIGURE 7 Model comparison with Li et al.39 model
4.2 Case study 
4.2.1 Microfracture morphology
The real morphology of a microfracture is obtained by scanning a sample from the Fuling shale gas field in the Sichuan Basin, China by using focusing-ion beam scanning electron microscope (FIB-SEM). The reconstructed 3D shale digital core is illustrated in Figure 8(a) after a median filer and Otsu segmentation,72 and then the studied shale microfracture is extracted. The resolution of the 3D shale digital core is 0.03μm and the voxel size is 1200×1200×1500. In order to improve calculation efficiency, the local aperture in the microfracture is first calculated and is further coarsened based on 3×3 pixels. Next, the coarsened aperture distribution is assigned to a 2D microfracture model sized at 36μm×36μm (grid number: 400×400), as shown in Figure 8(b). The probability density distribution of the studied microfracture aperture is given in Figure 8 (c), and the mean aperture of the studied microfracture is about 0.355μm. 
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	(b)
	(c)


FIGURE 8 Morphology and aperture distribution of the studied single microfracture. (a) Shale digital core and extracted microfracture; (b) aperture distribution of the studied microfracture; (c) aperture probability density distribution

4.2.2 Gas-water RP calculations
A gas displacing water process upon the studied microfracture is implemented by honoring gas and water conductance derived above, along with the following conditions: 1) the microfracture is water-wet and initially water saturated; 2) gas flows from the left (inlet) to the right (outlet), and the top and bottom are closed boundaries. The related parameters are given in Table 3 and the parameters related to the calculations of a water film with varying thickness are the same as in Table 1. 
TABLE 3 Gas-water RP calculation parameters
	Parameters
	Values

	Pressure p (MPa)
	28

	Temperature T (K)
	373

	Pressure gradient (MPa/m)
	0.05

	Molecular weight M (kg/mol)
	0.016

	Universal gas constant R (J/(mol·k))
	8.314

	Methane critical pressure for Pc (MPa)
	4.604

	Methane critical temperature Tc (K)
	190.55

	Water critical temperature Tc_w (K)
	641.4

	Contact angle (°)
	30

	First-order slip coefficient A1 
	1.3 25

	Second-order slip coefficient A2 
	0.26 25


During a single-phase or two-phase transport process, a pressure distribution for each phase can be obtained by imposing fluid mass conservation at each grid i: 

[bookmark: ZEqnNum816950]                                                               

                                                       

[bookmark: ZEqnNum761658]                                                       
where qij is a fluid flux between grid i and j, m3/s; gij is the flow conductance along grid i and j, m3/(Pa·s); Ni is the total grid number connected to i, dimensionless; pi and pj are the pore pressure in grid i and j, Pa. Note that gi and gj are the fluid conductance derived in Section 3 (Eqs. (17), (23), (32) and (33)). 
The absolute permeability of single-phase gas/water transport in the microfracture can be determined by using Eq. (37): 

                                                
where qout_g(w) is the flux at each outlet grid for each phase, m3/s; Am represents the microfracture cross-section area, m2; L is the microfracture model length along the flow direction, m; △p_m is a pressure drop in the microfracture, Pa; Nout denotes the total number of the outlet grids, dimensionless. 
As for a gas-water two-phase transport process, a pressure difference between gas and water increases gradually to ensure to displace as much as water in a relatively small local aperture. Gas-water two-phase distributions by the microfracture model at each pressure difference are determined by the invasion percolation theory73,74 as shown in Figure 9. The water film thickness at a local position in the gas invaded area can be derived according to the relationship between the disjoining pressure and capillary pressure based on the extended DLVO theory (Eq. (1)). In this case, the water saturation of the microfracture model can be obtained as in Eq. (38) and the gas/water effective permeability at each water saturation is calculated by Eq. (39) based on their respective pressure distributions using (Eqs. (34) - (36)):

                                                        
where V is the total pore volume in the microfracture, m3; Vw_b is the bulk water volume in the microfracture during a gas displacing water process, m3; Vw_f denotes the water film volume, m3.

                                             
where Nout_eff is the number of the outlet girds occupied by gas/water, dimensionless. Hence, the gas-water RP can be given as: 
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	        (a) Sw=0.80              (b) Sw=0.65               (c) Sw=0.53
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	          (d) Sw=0.46            (e) Sw=0.34                (f) Sw=0.22


FIGURE 9 Gas-water distribution in the studied microfracture during a gas displacing water process (Bulk water is marked by blue color and the gas phase invaded area with a water film is marked by yellow color) 
A water film thickness variation with the pressure difference between gas and water during a gas displacing water process is shown in Figure 10(a). An increasing pressure difference between gas and water leads to a larger disjoining pressure along the gas-water interface (zone (III) in Figure 2), resulting in that the water film becomes thinner. The calculated gas-water RP is illustrated in Figure 10(b) with the incorporations of a mobile water film with varying thickness and complex transport mechanisms. Note that RP during the two-phase transport process is calculated in the case where each phase is connected from inlet to outlet in the microfracture. This also explains why a RP curve does not begin from water saturation of 1. 
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(b)
FIGURE 10 Gas-water two-phase transport calculation results. (a) Pressure difference and corresponding water film thickness; (b) RP
4.3 Impact of microfracture aperture 
During a depletion process in a shale gas reservoir, the increasing effective stress and water sorption in clay can lead to a damage in a microfracture aperture.75,76 In this section, several scaling factors are employed to study the impact of a microfracture aperture on the basis of the studied sample aperture distribution. The scaling factors (ξ) are set to be 0.125, 0.5, 1 and 5, and the corresponding mean apertures are 0.0418, 0.167, 0.335 and 1.67μm, respectively. 
Gas-water two-phase transport properties variations at different microfracture apertures during a gas displacing water process are calculated as shown in Figure 11(a), and the corresponding water film thickness is illustrated in Figure 11(b). As gas flows in the middles of microfractures, the relative flow area is notably compressed with a decreasing aperture, resulting in a decline in the gas phase RP. The thickness of a water film also decreases with a declining aperture as shown in Figure 11(b). However, it is can be seen that the microfracture aperture decreases more notably from 1.67 μm to 0.0418 μm while the water film thickness decreases from 2.4 nm to 1.1 nm. In other words, the relative flow area for a thinner water film becomes larger at a smaller microfracture aperture, resulting in an enhanced water RP, especially at the mean aperture of 0.0418μm, where the water RP is not zero at irreducible water saturation as a result of the presence of a mobile water film. Overall, as the aperture of the microfracture decreases from 1.67 to 0.0418 μm, the gas phase RP declines as much as 17%, whilst the water phase RP increases by 33.5%. 
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(b)
FIGURE 11 Gas-water two-phase properties at different microfracture apertures. (a) RPs (b) water film thickness
4.4 Impact of a varying water film 
In order to investigate the impact of a varying water film, the gas-water RP are calculated in two cases with considering a varying water film and without a water film at different apertures. Figure 12 shows that the varying water film decreases the gas RP by reducing the relative flow area of gas. This phenomenon becomes more evident at a smaller microfracture aperture, at which the relative flow area of gas is highly compressed. It indicates that gas production can be overestimated if a varying water film is neglected, especially in microfractures with a relatively small aperture, which is well developed in shale gas reservoirs. On the other hand, the water phase involves the bulk water and mobile water film, both of which contribute to the water RP. Hence, neglecting a water film losses part of the flow capability for the water phase, resulting in a decline in the water RP at different microfracture apertures compared to that with considering a mobile water film.
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	(a) w=0.0418 μm
	(b) w=0.167 μm
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	(c) w=0.335 μm
	(d) w=1.67 μm


FIGURE 12 Gas-water RP with and without varying water film
4.5 Determination of critical microfracture apertures
Economical gas production highly relies on the gas transport ability in microfractures, and hence the influence of a water film on gas effective permeability in shale microfractures is discussed in detail below. A water film was treated to be a constant of 0.7 nm in confined spaces in the previous literature;32,39,40 as such, three different situations are included to study the impact of a water film thoroughly, 1) a water film with varying thickness based on the extended DLVO theory, 2) a water film with constant thickness of 0.7 nm, and 3) without water film. The influence of a water film on the gas effective permeability (keffg) at a pressure difference between gas and water of 5MPa is first conducted with different microfracture apertures as shown in Figure 13. The differences among the keffg with various treatments of a water film occur at smaller microfracture apertures. The case without a water film exhibits the largest gas effective permeability, while the case considering varying water film thickness presents the lowest gas effective permeability. 
[image: ]
FIGURE 13 Gas effective permeability (keffg) with different water film treatments
To comprehensively understand the impact of the different treatments of a water film, the gas effective permeability is calculated at different apertures under various pressure difference between gas and water. The minimum microfracture apertures under different specific pressure differences are determined based on the Young-Laplace equation. Two sets of relative errors are calculated: 1) a relative error between the gas effective permeability considering varying water thickness (keffg) and without water film (keffg_n) and 2) a relative error between the gas effective permeability considering varying water thickness (keffg) and the water film with constant thickness (keffg_c) of 0.7 nm. As illustrated in Fig. 14, since the water film transport is more pronounced in the microfracture with a smaller aperture, two sets of relative errors both increase with a declining aperture of the microfracture. Two critical microfracture apertures can be determined with a tolerable relative error of 3%. First, the impact of a water film on the gas effective permeability should be considered when the aperture of a microfracture is smaller than 0.36 μm. The other critical aperture of a microfracture is about 0.075 μm, at which the varying water film during a gas displacing water process cannot be replaced by the water film with constant thickness of 0.7 nm at an aperture of smaller than this value. These findings improve our understanding of the water film impact and further facilitate to conduct the gas transport capability assessment in application.
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FIGURE 14 Relative errors of gas effective permeability at different fracture apertures
5. Conclusions
A comprehensive model has been established to evaluate the influence of a nano-scale water film on gas-water two-phase transport properties in shale microfractures. It enables to accurately calculate multiphase transport properties in microfractures when experimental measurements are not available. The proposed model rigorously incorporates rock-fluid interactions (the van der Waals, electrostatic and structural forces), multiple fluid transport mechanisms (i.e., slippage for gas and water and a mobile water film with varying thickness) and complex fluid properties (i.e., the real gas effect and temperature-dependent water viscosity). It has been validated by comparing with an analytical model reported in the literature. Subsequently, a gas-water RP in a real shale microfracture has been calculated based on the sample obtained from the Sichuan Basin, China. It has been found that the gas RP decreases as much as 17% and the water RP enhances by 33.5%, when the mean aperture decreases from 1.67 to 0.0418 μm. Furthermore, two critical microfracture apertures have been determined to quantify the influence of a water film on multiphase transport properties. The impact of a water film on the gas effective permeability must be considered at a microfracture aperture of smaller than 0.36 μm. A water film with varying thickness based on the extended DLVO theory cannot be replaced by that with constant thickness (0.7 nm) at a microfracture aperture of smaller than 0.075 μm. As for a further study, the proposed model can be coupled with multiphase transport behaviors in nanoporous matrix in macroscale simulation to effectively characterize their contribution to gas production in shale gas reservoirs. 
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Appendix A: Real gas effect and water viscosity calculations 
The properties of gas deviate from ideal gas characteristics at high pressure and temperature; in this case, the related calculation method to correct gas properties is applied:64,65
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where Tpr and Ppr is the pseudo reduced temperature and pressure, dimensionless and ρ is the gas density, kg/m3.
In addition, a temperature-dependent water viscosity can be expressed as follows:66

                                           (A9) 
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