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Abstract: Inorganic nanopores occurring in the shale matrix have strong hydrophilicity and irre-
ducible water (IW) film can be formed on the inner surface of the pores making gas flow mechanisms
in the pores more complex. In this paper, the existence of irreducible water (IW) in inorganic pores
is considered, and, based on the Knudsen number (K;;) correction in shale pores, a shale gas appar-
ent permeability model of inorganic nano-pores is established. The effect of the K, correction on
the apparent permeability, the ratio of flow with pore radius and the effect of IW on the apparent
permeability are assessed. The main conclusions are as follows: (1) at low pressure (less than 10 MPa)
and for medium pore size (pore radius range of 10 nm-60 nm), the effect of the K;; correction should
be considered; (2) considering the effect of the K, correction, bulk phase transport replaces surface
diffusion more slowly; considering the existence of IW, bulk phase transport replaces surface diffusion
more slowly; (3) with increase in pressure, the IW effect on gas apparent permeability decreases.
Under low pressure, the IW, where pore size is small, promotes fluid flow, while the IW in the large
pores hinders fluid flow. In conditions of ultra-high pressure, the IW promotes gas flow.

Keywords: shale gas; inorganic nanopore; apparent permeability; irreducible water; percolation
mechanism; Knudsen number correction

1. Introduction

The world is facing serious environmental problems and energy shortages [1-3]. Coun-
tries around the world have gradually turned their attention to shale gas. A shale gas
reservoir is an unconventional reservoir that integrates production, storage and accumu-
lation [4-11]. The shale pore structure is very complex with a pore size in the nanometer
range, and is very different from the pore structure of a conventional gas reservoir [12-17].
The complex pore structure determines the complex and variable storage status of shale
gas and indirectly affects its production [18].

Beskok and Karniadakis [19] derived the Hagen-Poiseuille equation applicable at the
nanometer scale and introduced a rare effect coefficient to the model. Javadpour [20] char-
acterized the micro-migration characteristics of gas, establishing a gas mass flow equation
similar to Darcy’s formula, and first formally proposed the concept of apparent perme-
ability. Civan [21] proposed a model for calculating apparent shale permeability using
the Beskok-Karniadakis model, which considers the effects of curvature, inherent perme-
ability, the gas slippage coefficient, porosity, and the rare effect coefficient on the gas flow.
In this model, the parameters are relatively easy to obtain, so researchers often cite them.
Xiong et al. [22] considered surface diffusion, studied the desorption of gas, and introduced
a correction coefficient into the model showing that the gas mass flux was not represented
by simple addition. For the first time, these authors proposed an apparent permeability
model for shale gas transport which combined multiple mechanisms: surface diffusion,
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Knudsen diffusion and viscous flow. Dababi et al. [23] extended the single circular tube
nanopore Javadpour model to porous media and introduced the fractal dimension into
Knudsen diffusion to address the influence of different pore surface roughness. Li et al. [24]
studied the irreducible water (IW) in inorganic shale pores and established a gas transport
model that considered the distribution of bound water in inorganic pores. Wu et al. [25]
established a relatively complete apparent permeability model extending different proper-
ties of apparent permeability, which considers the real gas effect, the shale pore structure,
the shake rock stress sensitivity and the matrix shrinkage effect. Wang et al. [26] intro-
duced monolayer and multilayer adsorption models involving a variety of percolation
mechanisms and developed a real gas flow model in organic shale pores.

However, there has been little research on the influence of water in shale pores on gas flow.
In this paper, a shale gas apparent permeability model, considering the effect of irreducible
water, is proposed. A correction of the Knudsen number in porous media is also considered.
The influence of the Knudsen number correction is examined by comparing whether the
Knudsen number correction is considered or not. The influence of irreducible water in pores
on gas flow is analyzed by comparing whether the IW effect in pores is considered or not.

2. Establishment of Apparent Permeability Model

2.1. Assumptions

1.  The composition of shale gas is considered to be methane only;

2. The occurrence of shale gas involves the coexistence of a free state and an adsorption state;

3. The change in pore radius caused by the presence of gas is considered;

4. Of the water molecules in the inorganic pores of shale gas, only irreducible water is
considered—mobile water molecules are not considered;

5. The influence of stress on shale is not considered.

2.2. The Process of Permeability Model Establishment
Figure 1 represents the core idea of the paper and establishment of the mathematical model.

Introduction of Knudsen number correction
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Figure 1. Flowchart of permeability model establishment.
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2.3. Derivation of Gas Flow Equation

The Knudsen number in free space is generally calculated as follows [27]:

1

— - 1
" 227N d?r @
where,
P
Ny = kT )

Ny is the molecular density, m?3: d is the molecular diameter, m; kp is the Boltzmann
constant, 1.38 x 10723 J/K; r is the pore radius, m; and P is the gas pressure, Pa.

In porous media, calculating the Knudsen number involves consideration of the inter-
molecular collisions and interactions with the media to produce additional collisions [28].
The Knudsen number in porous media can be expressed as:

A 1

2 (2v2nNed + S50 ),

where, S, is the shale specific surface area, m?/g; p, is the shale density, kg/m?; ¢ is the
porosity, dimensionless; and { is the equation coefficient, 1000.

In inorganic shale, the existence of water film should be considered. The three-phase
adsorption and desorption model is used to calculate the gas adsorption volume [29]:

VP V. P
V_BPJFPH+(1 ‘B)P+PL

4)

where, V is the gas adsorption volume, m3/ kg; V1 is the Langmuir saturated adsorption
volume, m3/kg; Py is the Langmuir pressure constant, Pa; Vy is the liquid-gas Langmuir
adsorption volume, m3/kg; Py is the liquid-gas pressure constant, Pa; and § is the coverage
of water molecules. The definition is as follows:
Ag
p= ©)

Atotul

where, A, is the total surface area of shale pores, m?; and Ay is the surface area wetted
by water molecules, m?.

The total surface coverage of adsorbed gas in the three phase adsorption model is:

_(a-pP BP
0= P+ P +P+PH ©)

In inorganic pores, the shale matrix pore radius is modified by the three-phase adsorp-
tion and desorption model as follows [30]:

_ (1-p)P BP
re=rm—dup—d| 55—+ 5 po @

where, 7, is the real pore radius, m; d is the diameter of water molecules, m; d is the
diameter of methane molecules, m; and r;, is the pore radius without fillers, m. Considering
the real gas, the gas compression factor is as follows [31,32]:

Z = 0.702P%¢ 25T — 5524P,e 25T 4 0.044T2 — 0.164T, + 1.15 8)

Pr:P/PC

T, =T/T. ©)
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where, P; is the methane converted pressure, dimensionless; P, is the methane critical
pressure, Pa; T, is the methane converted temperature, dimensionless; and T, is the methane
critical temperature, K. The equation for the equation for slippage mass flow with Kj, is as
follows [33]:

2 *
__Pre . * 4Kn
Fo=—lgr(+a Kn)(1+1_b_KZ)VP (10)

where, F, is the slippage mass flow, kg/ (m?-s); y is the methane viscosity, Pa's; p is the gas
density, kg/m?; and « is the fitting function about K,,. The expression is as follows [34]:

x = agtan ! (4 . K;;OA) (11)

where, ay and B are fitting constants, dimensionless. Then the velocity form of the slippage
flow is:

v ——é(l—i-zx Kup) 1+4Ki vp (12)
°T 8u " 1—bKyy
The Knudsen diffusion mass flow is as follows [35]:
MDy

where, Fy is the Knudsen diffusion mass flow, kg/ (m?-s); M is the molar mass of methane,
kg/mol; and Dy is the Knudsen diffusion coefficient, m2-s, which is given by the follow-
ing equation:

2r. |8RT
= —1]/ — 14
=3\ TM (14)
Its flow velocity is:
U = —&VP (15)
TP
The coefficient correction of the bulk phase transport mechanism is as follows [34]:
. 1
o =
1+ K;
i (16)
*TI1r1/K;
Then the surface diffusion mass flow is as follows [36]:
F=— D;CSVP (17)

where, D; is the gas surface diffusion coefficient, m?2/s; and C; is the adsorption capacity of
methane, kg/ m?3, which is as follows:

4M6
Co= pN, (18)

The surface diffusion coefficient is given as follows [37]:

(1-6)+56(2—0)+ [H(1—x)](1—x)56?

D.=D
T (1—6+ %6)

(19)

0, Kk>1
H(l—K)—{l, 0<x<1 (20)



Energies 2022, 15, 6301 5o0f 14

where, D; is the surface diffusion coefficient when 0 = 0, m?/s. Dy, is given as follows [38]:

AHO.S
DY =829 x 1077 T% exp <—Ri€> (21)

Considering the effect of irreducible water, D0 is revised as follows [39]:
0.8
DY =829 x 1077 T% exp <—ARH;> (22)

where, AHy, is the equivalent heat of gas adsorption considering the existence of IW, J/mol,
as follows:
AHy = BAHgw + (1 — B)AH(0) (23)

where, AH(0) is the equivalent adsorption heat on the dry pore surface when 6 =0, J/mol;
and AH,w is the equivalent adsorption heat on the gas-water interface when 6 = 0, ] /mol.
The flow velocity of gas surface diffusion is as follows:

1 ZRTD;Cs
'()5 - 7Ps — e —

B =R VPH(0) (24)

The total flow velocity is:

r2 r2
v = (5) (€00 + €xvk) + (1 - 5)05
rm rm
2 2 * 2
_ 7o\ | €ote o 4K, exMDy T ZRTD,C,
—{(%)[Frarem(1+ i )+ m| + (1- 5 ) e v
2.4. Gas Apparent Permeability Model

The calculation equation of gas non-Darcy seepage, as proposed by Javadpour, is as
follows:

(25)

v= k“y’””w (26)

By comparing Equation (25) with Equation (26), the equation of apparent permeability
can be derived:

2 2 * 2 2
e\ &t . 4K, 2\ extMDy 2\ pZRTDsCs
=(-£ . ——n e — 27
Kapp (r%) g (1+a K”)<1+1—b~1<;;>+(r%n) RT T 2 VP2 (27)

2.5. Model Verification

To verify the proposed apparent permeability model, we compare the data in our
paper with those in [39]. The apparent permeability varying with pressure is shown in
Figure 2. As can be seen from Figure 2, the results in this paper closely match the reference
sources, indicating the correctness of the model proposed.
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Figure 2. Comparison between the reference results and the numerical results in this paper.

3. Results and Disscussion

With the basic parameters of the solution, we can analyze the flow capacity of the
kapp model, including the effect of K, ) and the effect of irreducible water (IW). The basic
parameters are shown in Table 1.

Table 1. List of basic parameters.

Parameter Value and Unit Meaning
d 0.38 nm Methane molecular diameter
v 0.0011 mPa-s Methane gas viscosity
M Methane gas viscosity Methane molar mass
Sy 300 m?/g Specific surface area of shale
or 2.8 x 10° kg/m? Shale density
dy 0.4 nm Water molecular diameter
kg, 1.38 x 1078 J/K Boltzmann constant
R 8.314 J/mol/K Ideal gas constant
P, 2.1 MPa Methane Langmuir pressure constant
« 1000 Unit conversion coefficient
¢ 0.05 Shale porosity
b -1 Slippage effect fitting constant
Ny 6.02 x 1073 Avogadro constant
T 310K Temperature
Pc 4.539 MPa Critical pressure of methane
Ic 190.5 K Critical temperature of methane
AHow 7953 ] /mol Gas-water interface when gas coverage is 0
AH(0) 12,000 J/mol Equivalent adsorption heat on the dry surface when gas coverage is 0
K 0.5 Ratio of surface diffusion advance rate to blocking rate
Py 22.28 MPa Langmuir pressure constant of methane gas-water interface

3.1. Effect of Knudsen Number Correction

Taking r,, as 10 nm, the variation in apparent permeability under K;, or K,, with
pressure is calculated, as shown in Figure 3.
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Figure 3. Apparent permeability vs. pressure with K, or Ky, (ry; = 10 nm).

It can be seen in Figure 3, that the apparent permeability with K, is lower than that
with Ky,. The effect of K,, on the apparent permeability decreases when the pressure
increases. After the pressure exceeds 10 MPa, this effect is almost negligible, so the K,
correction can be ignored. However, when the pressure is within 10 MPa, the K;, correction
has a certain influence on the actual apparent permeability calculation, so it is necessary
to consider the Knudsen correction in this situation. We calculate the change in apparent
permeability with pore radius. At the same time, we take different pressures 1 MPa, 5 MPa,
10 MPa for comparative analysis. The result is shown in Figure 4.
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Figure 4. Apparent permeability ratio vs. pore radius with K, or K, under different pressures.
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As seen in Figure 4, under different pressure, with increase in pore radius, the effect
of Ky, on apparent permeability first increases and then decreases, and the final value
approaches 1. At the same time, the smaller the pressure is, the greater the peak value of
the correction effect is. This is consistent with the earlier conclusion that the effect of the K;,
correction is significant when the pressure is small. At the same time, it is noted that the
pore radius range of the significant correction is that of medium pores. At medium pore
size, about [10nm to 60nm], the effect of the K,, correction needs to be considered.

3.2. Flow Mechanism Analysis
The ratio of flow mechanism is defined as follows:

kb . ks

=— 1= 28
M= an’ 2 K (28)

where, k;, is the apparent permeability of bulk transport, defined as follows:
ky = ky + kg (29)

Considering the existence of irreducible water (IW) or not, under 1 MPa and 10 MPa
pressure, the extent of flow mechanism with pore radius is analyzed, as shown in Figures 5-8.

The following inferences can be drawn from the above figures:

(1) Under different conditions, the ratio of bulk phase transport to surface diffusion
follows the same trend. With increase in the pore radius, the contribution of bulk phase gas
transport also increases. With increase in the pore radius, the contribution of surface gas
diffusion decreases, which is consistent with the nature of surface diffusion.

(2) Considering the effect of the Kj, correction: If the ratio of bulk transport is equal
to that of surface diffusion, the point of intersection is called the flow equivalent point.
Comparing Figure 5 with Figure 6, and Figure 7 with Figure 8, it can be seen that, compared
with considering K;;, the flow equivalent point considering K;;, moves in the direction
of increasing pore radius. This shows that, considering Kj,,, the rising trend in the bulk
phase transport proportion and the decreasing trend in the surface diffusion proportion
are smaller than those considering K;,. Moreover, bulk phase transport replaces surface
diffusion more slowly than when considering K.

(3) When the pressure increases, the flow equivalent point moves in the direction
of a small pore radius, which indicates that the rising trend in the bulk phase transport
proportion, and the decreasing trend in the surface diffusion proportion, under high
pressure, are larger than those under low pressure, and bulk phase transport replaces the
surface diffusion faster.

(4) Considering the existence of irreducible water (IW), the flow equivalent point
moves in the direction of a large pore radius, which indicates that the rising trend in the bulk
phase transport proportion and the decreasing trend in the surface diffusion proportion
are smaller than those without considering IW, and bulk phase transport replaces surface
diffusion more slowly.

3.3. Effect of Irreducible Water

As can be seen from Figures 9 and 10, the gas apparent permeability decreases when
the pressure increases. Under different pressure, the apparent permeability with a large
B value is always larger than that with a low p value, and the difference under different
conditions decreases when the pore radius increases.
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bulk transport(B=1)
surface diffusion(B=1)
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Figure 5. Under different degrees of water molecular coverage, considering K, the ratio of flow
mechanism vs. pore radius (P = 1 MPa).
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Figure 6. Under different degrees of water molecular coverage,considering Kj;, the ratio of flow
mechanism vs. pore radius (P = 1 MPa).
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Figure 7. Under different degrees of water molecular coverage, considering K, the ratio of flow
mechanism vs. pore radius (P = 10 MPa).

1.0

0.8F

bulk transport(p=1)
surface diffusion(B=1)
- - == bulk transport(3=0)
- - - - surface diffusion(=0)

0.6

YKy

0.4F

0.2

0.0 2.0x10°® 4.0x10°® 6.0x10® 8.0x10 % 1.0x107
r,(m)

Figure 8. Under different degrees of water molecular coverage, considering K;;, the ratio of flow
mechanism vs. pore radius (P = 10 MPa).
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Figure 9. Apparent permeability vs. pressure under different water molecular coverage (r = 5 nm).
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Figure 10. Apparent permeability vs. pressure under different water molecular coverage (r = 10 nm).

The characteristic parameter reflecting the effect of IW on gas transport in shale
nanopores is defined as follows:

= kupp(,B = 0)
kapp(ﬁ = 1)

where, 77 is the ratio of the apparent permeability when the water molecule coverage is 0 to

the apparent permeability when the water molecule coverage is 1. If 7 > 1, it indicates that

the IW effect has a negative influence; that is, the existence of IW can hinder the gas flow
The variation in 77 with 7, under different pressure is shown in Figure 10.

(30)
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It can be seen from Figure 11 that, with increase in the pore radius (r), the characteristic
parameters gradually increase, and the value is greater than 1, then the characteristic
parameters begin to decrease, but the value is still greater than 1. From the definition of
the characteristic parameters, we know that the positive influence of IW decreases with
increase in 7; that is, in small pores, the effect of bound water is to strongly promote gas
flow. In large pores, the positive influence of IW becomes weaker, and can even become
negative. With further increase in 7, the negative influence begins to decrease, and finally
tends to have no effect on the IW.

152

L Qfrerere o S TR TR

——P=5MPa
= ----P=15MPa
0.8F
0.6
0./1 1 1 1 1 ~
0.0 2.0x10°8 4.0x10°8 6.0x10°8 8.0x10°® 1.0x10 ¢

r,,(m)
Figure 11. Characteristic parameters vs. pore radius under different pressures.

The effect of IW under low pressure is more obvious than that under high pressure,
and the turning point is faster than that under high pressure. Under 5 MPa, the pore
radius reaches about 10 nm, and the effect of IW begins to become negative; under 15 MPa,
the pore radius reaches about 25 nm, and the effect of IW begins to turn into a negative
effect. At the same time, according to the trend of the curve, although the effect of IW
can be turned into a negative effect under ultra-high pressure, the negative effect is not
obvious because the characteristic parameter of water content is too close to 1. Therefore,
under ultra-high pressure, only the positive effect of IW is considered; that is, the effect of
IW can promote gas flow under ultra-high pressure.

4. Conclusions

In inorganic pores, there are several flow mechanisms, such as Knudsen diffusion, the
slippage effect and surface diffusion. At the same time, due to the existence of irreducible
water (IW), the gas percolation process is more complex. The following conclusions are
drawn from the study:

(1) Generally speaking, it is necessary to consider the Knudsen number correction in
the medium pores (pore radius of about 10 nm to 60 nm) and under low pressure (within
10 MPa). However, under a high pressure and in small or large pores, the Knudsen number
correction has a trivial effect on the gas apparent permeability.

(2) The ratio of bulk phase transport increases with increase in the pore radius, while
the ratio of surface diffusion decreases with increase in the pore radius. Considering
the effect of the Knudsen number correction, bulk phase transport replaces surface diffu-
sion more slowly. Under high pressure, bulk phase transport replaces surface diffusion
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faster. Considering the existence of IW, bulk phase transport replaces surface diffusion
more slowly.

(3) The effect of IW on the gas apparent permeability decreases with increase in
pressure. The existence of IW promotes fluid flow when the pore radius is smaller than the
medium pore size (10 nm—60 nm). However, with increase in the pore radius, IW gradually
exerts a negative influence on fluid flow. In the case of pressure lower than 0 MPa, the IW,
where pore size is small, promotes fluid flow, while the IW, where pore size is large, hinders
fluid flow. In the case of ultra-high pressure (larger than 15 MPa), the IW only promotes
gas flow.
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