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The flow of shale gas in nano scale pores is affected by multiple physical phenomena. At present, the influence of multiple physical phenomena on the transport mechanism of gas in nano-pores is not clear, and a unified mathematical model to describe these multiple physical phenomena is still not available. In this paper, an apparent permeability model was established, after comprehensively considering three gas flow mechanisms in shale matrix organic pores, including viscous slippage Flow, Knudsen diffusion and surface diffusion of adsorbed gas, and real gas effect and confinement effect, and at the same time considering the effects of matrix shrinkage, stress sensitivity, adsorption layer thinning, confinement effect and real gas effect on pore radius. The contribution of three flow mechanisms to apparent permeability under different pore pressure and pore size is analyzed. The effects of adsorption layer thinning, stress sensitivity, matrix shrinkage effect, real gas effect and confinement effect on apparent permeability were also systematically analyzed. The results show that the apparent permeability first decreases and then increases with the decrease of pore pressure. With the decrease of pore pressure, matrix shrinkage, Knudsen diffusion, slippage effect and surface diffusion effect increase gradually. These four effects will not only make up for the permeability loss caused by stress sensitivity and adsorption layer, but also significantly increase the permeability. With the decrease of pore radius, the contribution of slippage flow decreases, and the contributions of Knudsen diffusion and surface diffusion increase gradually. With the decrease of pore radius and the increase of pore pressure, the influence of real gas effect and confinement effect on permeability increases significantly. Considering real gas and confinement effect, the apparent permeability of pores with radius of 5 nm is increased by 13.2%, and the apparent permeability of pores with radius of 1 nm is increased by 61.3%. The apparent permeability model obtained in this paper can provide a theoretical basis for more accurate measurement of permeability of shale matrix and accurate evaluation of productivity of shale gas horizontal wells.
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1 INTRODUCTION
Shale gas is an unconventional natural gas that is mainly stored in shale as adsorption gas and free gas. Scanning electron microscopy (SEM) shows the development of numerous connected nanoscale pores in shale matrix. The mechanism of gas flow in nanoscale pores differs significantly from that in conventional reservoirs, and the classical Darcy’s law cannot be used to describe the flow pattern of shale gas. Therefore, elucidating the flow mechanism of shale gas in nanoscale pores and establishing a mathematical model to characterize the flow behavior of shale gas for numerical simulation and production prediction of shale gas reservoirs has considerable theoretical significance.
The special occurrence mechanism of shale gas and nano scale gas transmission space lead to the complexity of flow behavior. Currently, many scholars have used the apparent permeability as an important parameter to comprehensively characterize this complex gas flow behavior. Sakhaee-Pour and Bryant (2012) analyzed the effect of the methane adsorption layer and gas slip at the pore wall on the flow behavior of shale gas to determine the permeability of shale reservoirs. Swami et al. (2012) used an apparent permeability model for various nanopores of shale matrix to analyze the effect of the pore radius and formation pressure on the apparent permeability and Darcy permeability ratio. Song et al. (2016) developed a model of the apparent permeability of inorganic and organic matter considering stress-sensitivity effects. Cao et al. (2017) proposed a three-dimensional coupled model for inorganic and organic matter to calculate the permeability of shale. Singh et al. (2014) derived an analytical model for the apparent permeability that does not require empirical parameters to characterize the effects of the pore size, pore geometry, temperature, gas properties and average reservoir pressure on the apparent permeability. Akkutlu and Fathi, (2012) developed an apparent permeability model considering the stress sensitivity, mainly considering surface diffusion and Knudsen diffusion in the flow mechanism. Wang et al. (2015) developed an apparent permeability model considering stress-sensitivity effects and the pore gas adsorption layer. The evolution of the apparent permeability during production and the effects of the stress sensitivity and adsorption layer on the permeability were determined. Wu et al. (2016a) developed a model for the apparent permeability considering slip flow, Knudsen diffusion, surface diffusion, stress sensitivity and the adsorption layer. A bulk phase gas transport model was formulated by superposing the two transport mechanisms of slip flow and Knudsen diffusion with a weighting factor. Zhao et al. (2016) established mass flux equations for four shale gas flow regimes based on the Knudsen number and derived a unified apparent permeability calculation model for the different flow regimes. Jia et al. (2018) considered the comprehensive effects of effective stress increase and gas desorption on pore size, established an apparent permeability model considering slippage, Knudsen diffusion and surface diffusion and analyzed the permeability changes during shale gas production. Huang et al. (2018) considered the dense gas effect and introduced a surface diffusion correction factor to study the effect of the adsorption layer on the apparent permeability under different mass transfer mechanisms (slip flow, surface diffusion and Knudsen diffusion). Sheng et al. (2018) analyzed the effect of the microscale compressibility on the apparent permeability and porosity. Geng et al. (2016) proposed a viscous-diffusive model to simulate the transport of shale gas in nanopores. The extended Navier-Stokes equation was used to describe multiple flow mechanisms, including viscous flow, slip and transition flow. Sun et al. (2019) proposed a model for gas transport in elliptical nanotubes based on a weighted superposition of continuous flow and Knudsen diffusion. The contribution of Knudsen diffusion contribution to the apparent permeability was found to increase with the aspect ratio. Tian et al. (2018) proposed a model for shale gas transport in circular nanotubes with weighted contributions from slip flow, bulk phase diffusion and Knudsen diffusion. Yin et al. (2017) proposed an analytical model for gas transport in nanopores considering real gas effects and surface diffusion. Wang et al. (2019) derived a model for the apparent shale gas permeability based on fractal theory, considering gas slip flow, Knudsen diffusion and surface diffusion transport mechanisms. Chai et al. (2019) divided the gas flow in a circular tube into viscous, Knudsen diffusion and surface diffusion zones. Coefficients were introduced for the viscous slip flow and Knudsen diffusion contributions to establish a unified apparent gas permeability model. Shi et al. (2013) studied pore size and water phase distribution in shale matrix. Combined with the mechanism of gas transportation, a new diffusion and slip flow model is proposed. Zhang et al. (2017) established a gas-water two-phase permeability model. The model considers not only the gas slippage and water film thickness in the whole Knudsen diffusion range, but also the real gas effect and stress sensitivity. Zhang T. et al. (2018) proposed an apparent permeability model for shale considering the initial water content saturation distribution. Surface diffusion and Knudsen diffusion were found to be the key factors affecting the permeability. Nanopores smaller than 2 nm in organic matter were found to exhibit a higher permeability than macro-pores at pressures below 6 MPa. Wang et al. (2018) used a logarithmic normal distribution function to characterize the pore size distribution and derived a gas transport model for organic and inorganic matter. The effects of a real gas, the water film thickness and the stress sensitivity on the gas transport were considered in the model. The permeability was found to increase with the organic carbon content at pressures above 5 MPa. Sun et al. (2018a) modeled the apparent permeability of circular organic nanopores and inorganic matrix slit pores, considering the water distribution characteristics. The effects of the bulk phase gas slip flow, stress sensitivity and real gas effects on the apparent permeability were considered. In addition, the effect of the water film thickness on the apparent permeability was considered for the inorganic pore. Although water saturation was considered in the model, matrix shrinkage was neglected. Sheng et al. (2019) considered the effect of the adsorption layer, stress sensitivity and desorption-induced shrinkage on the pore radius and proposed an apparent permeability model for organic pore. The matrix porosity and apparent permeability were found to decrease under the stress-sensitivity effect for pore pressures above 20 MPa, where matrix shrinkage and adsorption layer thinning compensated for the reduction in the permeability after the pore pressure decreased to 20 MPa. Zhang L. et al. (2020) developed a unified apparent permeability model for a shale matrix considering gas transport behavior in organic and inorganic pores. Zhang Q. et al. (2020) established a unified apparent permeability model for inorganic and organic matter by considering the effects of the adsorption layer, matrix shrinkage and stress sensitivity on the pore radius. The main innovation of this model was to consider the effect of surface diffusion on slip flow, whereas the effect of the gas flow patterns over the full range of Knudsen numbers was neglected.
A literature search shows that three flow mechanisms have mainly been considered in apparent permeability models of shale matrix: surface diffusion (Wasaki and Akkutlu, 2015; Wang and Marongiu-Porcu, 2015; Wang et al., 2015; Wu et al., 2016b; Wu et al. 2016c; Wu et al.2016d; Wu et al. 2017; Sun et al., 2017; Zhang L. et al., 2018; Jia et al., 2019), Knudsen diffusion and slip flow (Sakhaee-Pour and Bryant, 2012; Akkutlu and Fathi, 2012; Xiong et al., 2012; Sheng et al., 2015; Zhang et al., 2015; Song et al., 2016; Li et al., 2019). Stress sensitivity (Dong et al., 2010; Pang et al., 2017; Cui et al., 2018a; Cui et al., 2018b), the water film thickness (Li et al., 2016; Sun et al., 2017; Li et al., 2018; Peng et al., 2018) and adsorption layer thinning (Li et al., 2020) are the three main factors affecting the pore radius. A few scholars believe that the matrix shrinkage effect (An et al., 2017; Sheng et al., 2019) has a certain impact on the porosity and apparent permeability of shale matrix, but the influence degree of matrix shrinkage is not clear enough. The factors considered in these models are not comprehensive enough. In this paper, a apparent permeability model is established, after comprehensively considering three gas flow mechanisms in shale matrix organic pores, including viscous slippage flow, Knudsen diffusion and surface diffusion of adsorbed gas, and real gas effect and confinement effect, and at the same time considering the effects of matrix shrinkage, stress sensitivity, adsorption layer thinning, confinement effect and real gas effect on pore radius. The contribution of three flow mechanisms to apparent permeability under different pore pressure and pore size is analyzed. The effects of adsorption layer thinning, stress sensitivity, matrix shrinkage effect, real gas effect and confinement effect on apparent permeability are also systematically analyzed.
2 MODEL DESCRIPTION AND FORMULATION
2.1 Model Description
Gas transport in organic pores includes slip flow, Knudsen diffusion, and surface diffusion of the adsorption gas. The adsorption gas occupies a portion of the transport space of pores, which reduces the effective pore radius for gas transport. During production, adsorption layer thinning and matrix shrinkage expand the organic matrix pore radius because the adsorption gas desorbs from the matrix pore walls, whereas stress sensitivity decreases the pore radius. The pore radius and porosity of the shale organic matrix are in a dynamic change state under this triple effect (the stress sensitivity, adsorption layer thinning and matrix shrinkage), as shown in Figure 1. Considering the effects of dynamic pore radius, real gas effect and confinement effect on gas transport, in the next part, we will establish the mathematical models of slippage flow, Knudsen diffusion and surface diffusion respectively.
[image: Figure 1]FIGURE 1 | Schematic of the gas transport mechanism in the organic pore.
2.2 Mathematical Model
2.2.1 Real Gas Effect and Confinement Effect
Shale gas is dense under high reservoir pressures. Intermolecular forces and the gas molecular size affect the gas transport capacity. This effect of real gas on the gas transport can be described by using a dimensionless gas deviation factor Z, the gas viscosity and the mean free path of the gas molecules (Sun et al., 2018a):
[image: image]
where
[image: image]
[image: image]
and P denotes the reservoir pore pressure, MPa; T denotes the reservoir temperature, K; Pr is the dimensionless contrast pressure; Tr is the dimensionless gas contrast temperature; and Pcb and Tcb denote the critical pressure (MPa) and temperature (K) of the bulk phase gas, respectively.
The force between gas molecules and pore wall will have a certain impact on the gas transport mechanism and ability. This effect is called confinement effect. Due to the confinement effect, the critical pressure and temperature of gas will change. The critical parameters of the gas in the nanopores are related to the pore size as follows (Sun et al., 2018b):
[image: image]
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where D denotes the pore diameter, nm; σ denotes the Lennard-Jones parameter, which is taken as 0.28 nm in this study; da denotes the thickness of the adsorption layer, nm; and Tcc and Pcc denote the critical gas temperature (K) and pressure (MPa) considering the confinement effect, respectively.
The real gas viscosity μg, mPas, varies with the pressure and temperature as follows (Zhang L. et al., 2020):
[image: image]
The coefficients in Equation 6 are shown in Table 1:
[image: image]
where ρg denotes the gas density, kg/m3; Mg denotes the gas molecular mass, kg/mol; and R denotes the universal gas constant, Pa/mol/K.
TABLE 1 | Coefficients in eqation6.
[image: Table 1]The mean free path λr, m of real gas molecules is defined as
[image: image]
The true Knudsen number Knr (dimensionless) of the real gas in the nanopores is defined as
[image: image]
where r denotes the pore radius, nm.
2.2.2 Variation in the Pore Radius of an Organic Matrix

1) Effect of the Stress Sensitivity on the Pore Radius
During shale gas production, the intrinsic permeability, porosity and nanopore radius of shale decrease as the effective stress increases, and the gas flow capacity decreases accordingly. Dong et al. (2010) used the results of shale core experiments to propose a power law for the variation in the shale porosity and permeability with the pressure:
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where Po denotes the atmospheric pressure, MPa; and Pe denotes the overlying effective stress, MPa, which is defined as
[image: image]
where σc denotes the overlying stress, MPa; K denotes the intrinsic permeability under the effective stress, μm2; Ko denotes the intrinsic permeability under atmospheric pressure, μm2; [image: image] m and [image: image] mo are dimensionless variables denoting the matrix porosity under the effective stress and atmospheric pressure, respectively; and s and q are dimensionless coefficients for the shale permeability and shale porosity, respectively, obtained by fitting experimental results.
The organic pore radius under effective stress, rs, nm is related to K and [image: image] m as follows:
[image: image]
where τ denotes the dimensionless pore tortuosity.
Equations 11, 12, 14 can be used to express rs as follows:
[image: image]
where ro denotes the pore radius at atmospheric pressure, nm.
2) Effect of Gas Desorption on the Pore Radius
The large quantity of adsorption gas on the organic pore wall reduces the pore radius. However, gas desorption thins the adsorption layer and thus increases the pore radius. Therefore, during the production of shale gas wells, the effects of both the adsorption layer thinning and the stress sensitivity on the pore radius need to be considered.
[image: image]
In the equation above, resd denotes the pore radius, nm considering both stress sensitivity and the adsorption layer thinning; dm denotes the methane molecular diameter, 0.4 nm; and θ denotes the dimensionless gas coverage, which is defined considering the real gas effect as:
[image: image]
where PL denotes the Langmuir pressure, MPa.
3) Effect of matrix Shrinkage on the Pore Radius
Most gas has been shown to be stored as adsorbed state in the organic kerogen. During depressurization production, the pore pressure decreases, and the desorption of adsorption gas leads to the shrinkage of shale organic matrix. The dimensionless matrix volume strain εm caused by gas desorption can be expressed as
[image: image]
where εL denotes the dimensionless Langmuir strain; and pin denotes the initial pore pressure, MPa. The change in the matrix volume from the shrinkage of the organic matrix ∆Vm, m3, can be expressed as
[image: image]
The initial dimensionless matrix porosity φint and pore volume Vp_in are defined as
[image: image]
[image: image]
where np denotes the dimensionless number of pores; lp denotes the pore length, m; and rin denotes the initial pore radius, m.
The initial volume of the organic substrate is obtained by substituting Equation 21 into Equation 20:
[image: image]
Shrinkage of the organic matrix shrinkage increases the nanopore radius. The matrix pore volume Vp considering the matrix shrinkage can be expressed as
[image: image]
Substituting Equations 21, 19 into Equation 23 yields
[image: image]
where rds denotes the pore radius considering the shrinkage of the organic matrix, nm:
[image: image]
4) Pore Radius under the Triple Effect
During the production of shale gas wells, an increase in the effective stress produces a decrease in pore radius, whereas matrix shrinkage increases the pore radius. In addition, adsorption layer thinning at the pore wall expands the pore radius. Thus, the dynamically changing nanopore radius of the shale organic matrix ref, nm, under these three effects is expressed as:
[image: image]
2.2.3 Viscous Slip Flow
Knr is an important indicator of the gas flow state. For 10–3 < Knr < 10–1, the gas in the nanopores is in slip flow. Using a slip flow correction factor for the viscous flow yields the real gas slip flow mass flux Jvs, kg/(m2·s) (Wu et al., 2017):
[image: image]
where
[image: image]
and αo is the dimensionless coefficient for the rarefaction effect at infinite Knr; α1 and β are dimensionless fitting constants; αr is the dimensionless ideal gas rarefaction effect coefficient; and b is the dimensionless gas slip constant.
2.2.4 Knudsen Diffusion
For Knr > 10, Knudsen diffusion is the main contribution to the gas flow in the nanopores. The real gas mass flux under Knudsen diffusion Jkn, kg/(m2·s) is obtained by considering the influence of the pore wall roughness on the gas flow:
[image: image]
[image: image]
where δ denotes the dimensionless ratio of the molecular diameter to the local pore diameter; Df denotes the dimensionless fractal dimension of the pore wall; and Cg is the gas compression factor, 1/MPa.
2.2.5 Surface Diffusion of Adsorption Gas
There is a large concentration gradient of adsorption gas in organic matter over a large specific surface area. In addition to desorption, surface diffusion will occur in shale organic matrix under concentration gradient. The surface diffusion mass flux Jsa, kg/(m2·s), is expressed as
[image: image]
where ρs denotes the shale matrix density, kg/m3; VL denotes the Langmuir volume, m3/kg; Vstd denotes the gas molar volume in the standard state, m3/mol; and Ds denotes the surface diffusion coefficient (m2/s) considering the effect of coverage on surface diffusion and is expressed as (Huang et al., 2018):
[image: image]
where
[image: image]
and [image: image] denotes the surface diffusion coefficient at zero gas coverage, m2/s; κ is a dimensionless molecular blockage coefficient for surface gas blockage.
2.2.6 Mass Flow Equation for Gas in Organic Matrix
The gas transport mechanism in the pores of the shale organic matrix consists of the slip flow of free gas and Knudsen and surface diffusion of adsorption gas. The total mass flow is obtained by linear superposition, in which the slippage flow and Knudsen diffusion of bulk free gas are weighted by contribution coefficient. The total mass flow in the organic matrix pores is expressed as:
[image: image]
Substituting Equations 25, 27, 29 into Equation 31 yields:
[image: image]
where φmt denotes the dimensionless total matrix porosity under the effective stress. The dimensionless coefficient for the slip flow contribution fs is given as the ratio of the collision frequency between molecules to the total collision frequency, and the dimensionless coefficient for the Knudsen diffusion contribution fk is given as the ratio of the collision frequency of molecules with the pore wall to the total collision frequency:
[image: image]
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2.2.7 Apparent Permeability of the Shale Organic Matrix
The definition of the apparent permeability can be used to relate the total mass flow to the apparent permeability of the organic matric to gas Kmap, expressed in the form of Darcy’s equation as:
[image: image]
Combining Equations 39, 44 yields Kmap:
[image: image]
3 RESULTS AND DISCUSSION
Basic parameters presented in Table 2 were used to analyze how the pore pressure, pore radius, stress sensitivity, adsorption layer and matrix shrinkage affect the apparent permeability of the shale organic matrix.
TABLE 2 | Basic parameters.
[image: Table 2]Figure 2 shows the ratio of the apparent permeability to the intrinsic permeability for different pore radii. This ratio increases as the pore pressure decreases, especially for pressures below 10 MPa. The ratio decreases as the pore radius increases. The apparent permeability differs from the intrinsic permeability in this study in accounting for three flow mechanisms: gas slip flow, Knudsen diffusion and surface diffusion. The variation in the permeability ratio with the pore pressure in Figure 2 indicates that the pore pressure and especially the pore radius are the key factors affecting the gas flow mechanism.
[image: Figure 2]FIGURE 2 | Ratio of the apparent permeability to the intrinsic permeability for different pore radii.
Figure 3A and Figure 3B show the contribution of viscous slippage flow, Knudsen diffusion and surface diffusion to apparent permeability with the change of pore radius under low pressure (P = 3 Mpa) and high pressure (p = 30 MPa), respectively. With the decrease of pore radius, the contribution of viscous slippage flow gradually decreases, while the contributions of surface diffusion and Knudsen diffusion gradually increase. When the pore radius is less than 10 nm, this phenomenon becomes more significant. Under high pressure, when the pore radius is greater than 2 nm, the contribution of Knudsen diffusion and surface diffusion to the apparent permeability is almost negligible ( <5%). Under low pressure, when the pore radius is greater than 20 nm, the contribution of Knudsen diffusion and surface diffusion to the apparent permeability can be ignored ( <5%). Under both low pressure and high pressure, the slippage coefficient decreases to nearly 1 with the increase of pore radius, which indicates that the bulk fluid gradually changes from slippage to viscous flow with the increase of pore radius. Pore pressure and pore size are the key factors affecting surface diffusion, slippage effect and Knudsen diffusion. The smaller the pore pressure and pore radius, the greater the contribution of surface diffusion and Knudsen diffusion to the apparent permeability.
[image: Figure 3]FIGURE 3 | (A) Percentage contribution of different flow mechanisms to the apparent permeability (p = 3 MPa). (B) Percentage contribution of different flow mechanisms to the apparent permeability (p = 30 MPa).
The deviation of apparent permeability Ψ, % is defined as:
[image: image]
where Kmat and Kma denote the apparent permeability of shale matrix with and without the triple flow mechanisms, nD, respectively.
Figure 4 shows the variation of apparent permeability deviation with pore pressure under different pore radius with or without considering the influence of triple flow mechanism. The average deviation of apparent permeability in two cases is given in Table 3. When the pore radius is 2.5, 5, 10, and 20 nm, the corresponding apparent permeability decreases by 59.4, 57.6, 56.4 and 55.7% respectively. Generally speaking, with the decrease of pore pressure, the permeability deviation first decreases and then increases. When the pore pressure is greater than 8Mpa, the permeability deviation decreases with the increase of pore radius; When the pore pressure is less than 8Mpa, the permeability deviation increases with the increase of pore radius. This is because the smaller the pore radius, the more significant the influence of the adsorption layer on the apparent permeability. With the decrease of pore pressure, the nano scale effect will increase significantly, so as to improve the apparent permeability and weaken the negative impact of the triple flow mechanisms on the permeability.
[image: Figure 4]FIGURE 4 | Difference in apparent permeability deviation with and without the triple flow mechanisms for different pore radii.
TABLE 3 | Average apparent permeability deviation considering the triple flow mechanisms for different pore radius.
[image: Table 3]Figure 5 and Figure 6 show the effects of Langmuir strain (matrix shrinkage effect)on apparent permeability and permeability deviation respectively. The apparent permeability increases with the increase of Langmuir strain. As shown in Table 4, when the Langmuir strain is 0.003, 0.01, 0.02 and 0.03, the permeability considering matrix shrinkage effect increases by 1.95, 6.76, 14.3, and 22.6% respectively. When the pore pressure drops to 10MPa, the effect of matrix shrinkage on permeability becomes more obvious with the decrease of pore pressure and the increase of Langmuir strain.
[image: Figure 5]FIGURE 5 | Effect of the Langmuir strain on the apparent permeability.
[image: Figure 6]FIGURE 6 | Apparent permeability deviation versus the pore pressure at different Langmuir strains.
TABLE 4 | Apparent permeability deviation at different Langmuir strains.
[image: Table 4]Figure 7 and Figure 8 show the effect of different mechanisms on pore radius in organic pores (shown in Table 5). Table 6 shows the percentage of influence of different mechanisms on pore radius. According to the results in the table, it can be seen that the matrix shrinkage effect increases the pore radius by 4% on average, and the existence of stress sensitive and adsorption layer reduces the pore radius by 10.3 and 6.4% on average. If the effects of stress sensitivity, adsorption layer thinning and matrix shrinkage are considered at the same time, the average pore radius decreases by 13%, and the maximum pore radius decreases by 17% to about 6%. This shows that with the decrease of pore pressure, the matrix shrinkage effect and the thinning of adsorption layer will make up for the loss of pore radius caused by stress sensitivity and increase the pore radius.
[image: Figure 7]FIGURE 7 | Effects of different mechanisms on pore radius in organic pores.
[image: Figure 8]FIGURE 8 | Influence of different mechanisms on pore radius deviation in organic pores.
TABLE 5 | Different mechanisms in organic pores.
[image: Table 5]TABLE 6 | Effect of different mechanisms on organic pore radius.
[image: Table 6]Figure 9 shows the variation of apparent permeability of ideal gas and real gas with pore pressure under different pore radius. Table 7 shows the permeability deviation of ideal gas and real gas under different pore radius and pore pressure. It can be found from the figure that the apparent permeability of the real gas is higher than that of the ideal gas. With the decrease of pore pressure, the permeability deviation between ideal gas and real gas gradually decreases, which is due to the repulsion of gas molecules under high pressure and attraction under low pressure. As shown in the data in Table 7 and Figure 10, when the pore radius is 2.5, 5 and 10 nm respectively, the apparent permeability of the real gas is increased by 27.5, 16.5 and 9.3% on average compared with the ideal gas. Therefore, it can be found that with the decrease of pore radius, the influence of real gas effect on permeability increases, and the influence of real gas effect on permeability is more obvious under high pressure. At a pore pressure of 60MPa, the apparent permeability calculated based on real gas in pores with a pore radius of 2.5 nm is about 42% higher than that of ideal gas. Therefore, the influence of real gas effect on shale permeability can not be ignored.
[image: Figure 9]FIGURE 9 | Effect of ideal and real gas on the apparent permeability for different pore radii.
[image: Figure 10]FIGURE 10 | Apparent permeability deviation for real and ideal gases for different pore radii.
TABLE 7 | Average apparent permeability deviation for real and ideal gases for different pore radii.
[image: Table 7]Figure 11 shows the influence of confinement effect on permeability under different pore radius. Figure 11 and Table 8 show the variation of permeability deviation and average permeability deviation with pore pressure under different pore radius with and without confinement effect. Figure 11 shows that the apparent permeability is improved after considering the influence of confinement effect compared with not considering confinement effect. According to the data in Figure 12 and Table 8, when the pore radius is 1 nm, 2 nm, 4 nm and 8 nm, the apparent permeability considering the confinement effect is increased by 61.3, 22.4, 8.2, and 2.9% respectively. The permeability deviation decreases with the decrease of pore pressure and increases with the decrease of pore radius. Under the pore pressure of 60MPa, the influence of confinement effect on permeability in organic pores with pore radius of 1 nm can be increased by 88%. Therefore, the influence of confinement effect can not be ignored for small pore radius and high pressure.
TABLE 8 | Influence of confinement effect on apparent permeability deviation.
[image: Table 8][image: Figure 11]FIGURE 11 | Effect of confinement on the apparent permeability at different pore radii.
[image: Figure 12]FIGURE 12 | The influence of confinement effect on apparent permeability for different pore radius.
4 CONCLUSION
A apparent permeability model is established, after comprehensively considering three gas flow mechanisms in shale matrix organic pores, including viscous slippage flow, Knudsen diffusion and surface diffusion of adsorbed gas, and real gas effect and confinement effect, and at the same time considering the effects of matrix shrinkage, stress sensitivity, adsorption layer thinning, confinement effect and real gas effect on pore radius. The contribution of three flow mechanisms to apparent permeability under different pore pressure and pore size is analyzed. At the same time, the effects of adsorption layer thinning, stress sensitivity, matrix shrinkage effect, real gas effect and confinement effect on apparent permeability are systematically analyzed. The results show that:
1) Pore pressure and pore radius are the key factors affecting the gas flow mechanism. With the decrease of pore radius, the contribution of viscous slippage flow decreases gradually, and the contributions of surface diffusion and Knudsen diffusion increase gradually. When the pore radius is less than 10 nm, this phenomenon becomes more significant; The apparent permeability decreases first and then increases with the decrease of pore pressure.
2) Adsorption layer and stress sensitivity will reduce the effective radius of pores. With the increase of Langmuir strain and the decrease of pore pressure, the matrix shrinkage effect increases, and the matrix shrinkage will increase the effective pore radius. When the pore pressure drops to 10 MPa, with the decrease of pore pressure and the increase of Langmuir strain, the influence of matrix shrinkage effect on permeability will become more obvious. The matrix shrinkage effect may make up for the loss of effective radius of organic pores caused by stress sensitivity and the existence of adsorption layer.
3) The real gas effect can improve the apparent permeability. With the increase of pore pressure and the decrease of pore radius, the effect of real gas effect on the apparent permeability increases. The influence of real gas effect on shale permeability can not be ignored.
4) The confinement effect can improve the apparent permeability. With the increase of pore pressure and the decrease of pore radius, the influence of confinement effect on apparent permeability increases rapidly. Under the conditions of nano pores and high pressure, the influence of confinement effect can not be ignored.
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