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Predicting apparent gas permeability (AGP) in nanopores is a major challenge for shale gas development. Considering the
differences in the gas molecule-pore wall interactions in inorganic and organic nanopores, the gas transport mechanisms in
shale remain unclear. In this paper, gas flow channels in shale, which are separated into inorganic pores and organic pores, are
treated as nanotubes. Inorganic pores are assumed to be hydrophilic, and organic pores are assumed to be hydrophobic. In
organic pores, multiple bulk free gas and surface adsorbed gas transport mechanisms are incorporated, while the bulk gas and
water film are considered within inorganic pores. This paper presents a unified multiple transport mechanism model for both
organic nanopores and inorganic nanopores. Unlike the earlier models, the presented models consider the absorption, stress
dependence, real gas, and water storage effects on gas transport comprehensively for the entire flow regime. The results are
validated with published data which is more in line with the real situation. The results show that (1) the AGP decreases
gradually as the pore pressure decreases but that the decrease is sharp in small pores, (2) the AGP decreases dramatically when
considering the real gas effect at 50 MPa in a 2nm pore size, and (3) for a small pore size at the critical high-water saturation,
AGP might increase suddenly as the flow regime changes from continuum flow to slip flow. The findings of this study can help

for better understanding of the gas transport mechanisms for the entire flow regime in shale.

1. Introduction

Shale gas has become increasingly vital in supplying hydro-
carbon energy due to its potential to offset conventional gas
production declines. A shale gas reservoir typically has nano-
sized pores, which can be categorized into pores in organic
matter (OM) and pores in inorganic matter (IOM) according
to the mineral composition, microstructure, and wettability
differences [1, 2]. The pores in OM vary in size from nano-
meter scale to micrometer scale, while those in IOM are on
the nanometer scale [3, 4]. Generally, the bulk gas transport
capacity and surface diffusion should simultaneously be con-
sidered for the coexistence of bulk gas and adsorbed gas
phases in organic pores [5]. For the absorbed gas, the adsorp-

tion flux decreases as the gas desorbs during depressuriza-
tion, which increases the organic pore flow channel [6-8].
However, IOM is mainly composed of quartz and clay con-
tent, which are prone to absorb water [4, 9]. Hence, bulk
gas phases and water films coexist in the pores of IOM [10].

The gas transport in shale nanopores is very different
from that due to conventional macropore mechanisms
because the molecular free path is comparable to the pore size
[11]. The strong interfacial effects between the gas and nano-
tube walls increase with increasing K,; consequently, a con-
tinuum approach with no-slip boundary conditions is no
longer valid [12]. K,, is defined as the ratio of the mean free
path of molecules to the flow path aperture [13] and is
applied to characterize the gas flow regime as continuum
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flow (0 < K, < 107%), slip flow (107 < K, < 107!), transition
flow (107! < K, < 10), and free molecular flow (10 < K ) [14].

A single-nanopore gas transport mechanism investiga-
tion is the theoretical basis for AGP modeling of actual core
samples, which has attracted widespread attention [15, 16].
Experimental tests and simulations have been applied to
model single-nanopore gas transport capacity [14]. It is usu-
ally time-consuming and is extremely difficult to perform
laboratory gas transport experiments for the nanopore range
considering bulk gas, absorbed gas, real gas, and stress depen-
dence, among other multifactor coupling effects. Second,
numerical methods, such as molecular simulation via the
lattice Boltzmann model (LBM), are powerful tools for
studying gas transport behavior. Third, Qiu et al. [17,
18] studied the phase behavior of fluids confined in nano-
pores through experimental methods and found that the
supercritical region of the confined fluid exists in the low
pressure range. However, due to the complexity of the
rough pore surface slip boundary, most LBM applications
to model gas flow require considerable computational
resources and time requirements, which is difficult to
account for in practical engineering [4].

To overcome the inconvenience of the numerical
method, two different analytical multiscale unified models
are developed, coupling various flow regimes for shale gas
flow through nanopores. The first method is to solve the
Navier-Stokes equation directly by incorporating Maxwell’s
first-/second-order slip velocity slip boundary condition in
the form of a rarefaction effect to cover the entire flow
regime. Coupling a second-order slip velocity boundary, Bes-
kok [19] derived a unified nanoscale pore gas transport
model for all flow regimes on the basis of the Hagen-
Poiseuille equation. However, Karniadakis et al. [20] noted
that the unified flow model with general slip boundary condi-
tions resulted in a significant error from that obtained
through a direct simulation via the Monte Carlo method.
To improve the prediction accuracy, Civan [21] introduced
a rarefaction coeflicient into the unified equation; this
coefficient varies with K, and can be determined by
numerical or experimental data. Following this concept,
several investigators [22, 23] further extended the model
by incorporating shale gas transport mechanism differ-
ences in the OM and IOM. Although the prediction accu-
racy improved by the introduction of the rarefaction
coeflicient, the second-order model slip boundary condi-
tion is unable to model gas through porous media, while
the first-order model is also valid in the low-moderate
K, number regime [24].

Another approach that expresses the shale gas transport
capacity by different equations based on the K, number
was proposed. In this approach, the transition flow capacity
is superimposed by slip flow and free molecule flow through
their weighting coeflicients. Adzumi [25] performed experi-
ments on gas transport in circular capillaries, and a contribu-
tion coefficient term was applied to express the transition
flow regime involvement of viscous flow and Knudsen’s flow.
However, these models did not provide the contribution
coefficient. Javadpour [26] directly superposed the gas trans-
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port capacity of slip flow and Knudsen diffusion to develop
an AGP model. Furthermore, Darabi [27] introduced the
fractal dimension into Knudsen diffusion to consider the
pore surface roughness effect based on Javadpour’s model,
although both models ignored the gas transition flow regime
transport capacity.

To directly overcome the limitation of flow capacity sum-
mation, several investigators introduced contribution coeffi-
cients to fuse different flow regimes. Wu et al. [28] utilized
the weighting coefficient expressed by the molecular collision
frequency to model gas slip flow and Knudsen diffusion
transport capacity for the entire flow regime. Zeng et al.
[29, 30] extended this model by directly incorporating sur-
face effects. Chai et al. [23] integrated real gas effects, gas
desorption, surface diffusion, etc., to propose a comprehen-
sive gas transport model. However, these models consider
that all the flow states coexist and ignore the gas flow state
as determined by K, [14] and the absorbed water film effect.
In addition, under the high-temperature and high-pressure
conditions of formations in actual gas-shale reservoirs, the
assumption that gas molecules can be represented as a point
is inappropriate due to the size of gas molecules compared to
that of nanopores, and the real gas effect should be consid-
ered [27, 31]. In addition, Ross and Bustin [32, 33], after ana-
lyzing porosity and permeability test results, reported that
shale gas sample permeability was highly stress-dependent,
which further complicates shale gas transport.

Overall, the currently established models are unable to
consider all the above transport mechanisms and fail to con-
sider shale gas flow capacity differences between organic and
inorganic pores. It is urgent to develop a fully coupled unified
single-nanopore AGP model for shale gas, merging all the
aforementioned gas transport mechanisms. This paper
develops a simple but rigorous method to model the trans-
port of shale gas through nanopores via various flow regimes.
The remaining parts of this paper are organized as follows:
the mathematical modeling is presented in Section 2.
The model comparison and validation are presented in
Section 3. The effects of the storage medium and pore size,
stress dependence, real gas, surface diffusion, and water
storage on the AGP are investigated in Section 4. Finally,
several conclusions are provided in Section 5. Due to the
complexity of considering multiphase flow, this paper does
not consider the flow capacity of shale fluids in the pres-
ence of multiphase flow.

2. Mathematical Modeling

In the physical model, we consider bulk gas and adsorbed gas
phases in organic pores and bulk gas and adsorbed water
phases in inorganic pores, as shown in Figure 1.

2.1. Bulk Gas Transport Mechanisms. K,, is usually used to
characterize shale gas flow regimes [34].
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F1Gure 1: Illustration of absorbed gas/water inside shale nanopores.
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FiGuRre 2: Illustration of flow regimes and corresponding equations [14].

where A is the molecular mean free path, m, and d is the effec-
tive radius of the nanopores, m.

The following equation is used to determine the mean
free path:

kg T
V278%p ’

where kj is the Boltzmann constant, 1.3805 x 1072 J/K; T is
the formation temperature, K; § is the gas molecule collision
diameter, nm (the value of which is 0.42 nm for CH,); and p
is pore pressure, MPa.

Substituting Equation (2) into Equation (1), one can
obtain a more detailed expression of K, for the gas:

Ap.T) = 2)

kT 1

V2n8%p d

The gas transport mechanism is controlled by different
equations for each flow regime according to K,, as shown
in Figure 2. We will derive unified multiple transport mech-
anism models for the entire flow regime in the following
section.

K,(p. )= 3)

2.1.1. Continuum Flow. The gas transport regime in pores is
continuous flow when K, < 107>. The number of collisions
between the gas molecules and pore wall is assumed to be
negligible, and the gas flow rate can be expressed by Hagen-
Poiseuille’s equation ([35]):

J oo Vp - Vp (4)
vicious — P ' =—p- : 5
2 8y

icious 18 the continuum flow volume flux, kg/(m?*s);
p is the gas density, kg/m’; k_, is the intrinsic permeabil-

where |

ity, m’* u is the gas viscosity, Pa:s; r is the nanopore
radius, m; p is the pore pressure, Pa; and V is the pressure
gradient operator symbol.

2.1.2. Slip Flow. The gas transport regime in pores is contin-
uous flow with a slippage effect when 107 <K, <107 In
this regime, the gas velocity near the pore wall is no longer
zero due to the slippage effect, which satisfies Klinkenberg’s
equation. Therefore, the AGP for slip flow can be written as

[36] follows:
b
ksi = koo I+ —k) >
lp < paver

where kg, is the slip flow regime AGP, m?; b, is the gas slip
factor, MPa; and p,,,, is the gas phase mean pressure, MPa,

which is equal to the pore pressure.
by is defined as [27, 37]

8nRT\"” u (2
= L2 =1,
w=(5) 56

where R is the universal gas constant, J/(mol-K), which is
8314 ]/(kmol/K); M is the molar mass, kg/mol; and « is the
tangential momentum accommodation coefficient (TMAC),
dimensionless.

By inserting Equation (6) into Equation (5), one can
obtain the AGP correction form that takes into account the
slippage effect:

(5)

(6)
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By substituting (7) into (4), one can obtain
kslip r?
=—p. Vp=—p- —
J slip P p P 8 1
o o ()
nRT U 2
1 (-1 vp,
M Pavg” \&
where ], is the volume flux for the slip regime, kg/ (m*s).

2.1.3. Free Molecule Flow. The gas transport regime is free
molecule flow when K, > 10. The collision between the gas
molecules and the pore walls is the most important influenc-
ing factor, and the gas transport satisfies Knudsen diffusion,
which can be expressed as [38, 39]

M
Jknudsen = 7RT Dy - Vp, (9)
where Jx,udsen 1S the volume flux for the slip regime,
kg/(m*s); D, is the Knudsen diffusion constant, m*/s; and
Z is the deviation factor.

Additionally, the Knudsen diffusion constant can be writ-
ten as [14, 26]

Lkzsz-(SRT)OE. (10)

3 M

During the gas flow in nanopores, the wall roughness has
a profound effect on the Knudsen diffusion constant. The
effective Knudsen diffusion constant influenced by roughness
can be written as [27, 40]

dm D¢-2
Degic = (7> - Dy, (11)

where D, , is the effective Knudsen diffusion constant, m*/s;
d,, is the gas molecule diameter; and Dy is the pore wall frac-
tal dimension, dimensionless.

Substituting Equations (10) and (11) into Equation (9),
the Knudsen diffusion incorporating pore wall roughness
can be written as

M 2r (d \"?* [(8RT\"’
Jxnudsen = 7RT 3 (7) : <71_M) Vp. (12)

2.1.4. Transition Flow. For 107! < K, < 10, the momentum
transfer of molecules between the pore walls is important,
and the continuous flow and Knudsen flow mechanisms
coexist under such conditions [41]. It is vital to calculate
the comprehensive apparent permeability through reason-
able weighting coefficients of both gas transport mecha-
nisms together. Considering gaseous mixtures flowing
through capillaries simultaneously under continuum flow
and Knudsen diffusion, Adzumi [42] introduced a contri-
bution coefficient term & to express each of the flow
regimes involved in gas transport:
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]t = Ivicious + £]Knudsen’ (13)

where J, is the volume flux, kg/ (m?s), and ¢ is the contri-
bution coefficient term, dimensionless.

Adzumi [42] noted that the value of ¢ varies between 0.7
and 1.0 smoothly. Unfortunately, Adzumi [42] did not
explain how to obtain the specific value ¢ in his experiments.
Based on Adzumi’s research, Mohammad [43] expressed the
total mass flow as a superposition of the viscous flow and free
molecular flow as follows:

]t = (l'e)Jvicious + s]Knudsen' (14)

To reflect the flow difference results for different regimes,
the following equation is applied to provide reasonable
results that vary with the Knudsen number for all the flow
regimes ([43]):

-K s
8=CA{1—exp< . ﬂ , (15)
KnViscous

where C, and S are constants, dimensionless, which are 1;
K, viscous €quals K,, when the flow regime transfers from vis-
cous to diffusion flow, which is usually set as 0.3. The simu-
lation results show that Equation (15) fit the Monte Carlo
simulation data well, which is much better than Beskok’s
model with the first-/second-order model slip boundary [34].

Obviously, the slip effect is not considered in Equation
(14). We propose a modification of Equation (14) in this

paper:

]t = (l's)Jslip + €]Knudsen' (16)

2.2. Absorbed Gas Transport Mechanisms

2.2.1. Gas Desorption. For the absorbed gas, the adsorption
layer thickness decreases as the gas desorbs during depressur-
ization, which increases the organic pore radius, as shown in
Figure 1(a). The modified Langmuir adsorption isotherm
equation is adopted to model this effect ([39]):

V=V,-0, (17)
_ 1z
iz "

where V is the adsorbed gas volume per shale unit weight
under standard conditions, m*/kg; V; is the Langmuir vol-
ume under standard conditions, m*/kg; 0 is the gas coverage
under certain pressures, dimensionless; and p; is the Lang-
muir pressure, Pa.

The absorbed gas in the organic matter inner wall recedes
the pore flow radius as

Tef_or = Ve_or — 0- dm’ (19)

where ¢ . is the effective pore flow radius considering gas
desorption, m, and r, ., is the original pore radius of the
organic pore, m.

T
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2.2.2. Surface Diffusion. Surface diffusion is a complicated
process of adsorbed phase transport that can be categorized
into adatom and cluster diffusion [38]. Several different math-
ematical models have been presented to express the surface
diffusion phenomenon. In this paper, it is assumed that the
adsorption and desorption processes would reach equilibrium
instantly, which satisfies the Langmuir equation requirement:

Cs maxpL
-M-D, . —3mL gy, (20)
(p+py)’

where D, is the coefficient surface diffusion, m*/s, and C,,,_ is
the maximum adsorption concentration, mol/m”.

J surface —

2.3. Multifactorial Effect Mechanisms

2.3.1. Stress Dependence Effect. The effective confining pres-
sure will increase during shale gas depressurization, which
will reduce the nanopore porosity and permeability. The fol-
lowing power law equations can be obtained ([44]):

k=k, <p_> (21)
¢ =9 Q—) _q, (22)

where s and g are the material constants, dimensionless,
which can be obtained by permeability and porosity labora-
tory experiments under different effective pressures; k is the
permeability considering the effective stress, um?; k, is the
permeability under the condition of atmospheric pressure,
pm?; p, is the effective stress, MPa (i.e., p_-p); p. is the confin-
ing pressure, MPa; p,, is the atmospheric pressure, MPa; ¢ is
the porosity under the effective stress, dimensionless; and ¢,
is the porosity at atmospheric pressure, dimensionless.

For capillary nanotubes, the relationship between the nano-
pore radius and intrinsic permeability can be written as [45]

r= 2\/5\/2 (23)
Po

Following Equations (21)-(23), the pore effective radius
considering the stress dependence effect can be written as

0.5(q-s)
Teg =T <‘>—e> s (24)
o

where 7 is the effective flow radius considering the stress
dependence effect, m.

2.3.2. Water Storage Characteristics within Inorganic
Nanopores. The shale clay layer minerals with additional nega-
tively charged electrostatic properties are prone to cause the
water molecules to adsorb onto the interpore surface under
actual reservoir conditions. The water film formation will reduce
the inorganic pore effective radius shown in Figure 1(b), and
one can obtain the following water saturation equation:

5
2 _ 2 2 _ 42
s = V_w — nre,inlc nreff_‘mlc — Te_in ~ Teff_in (25)
w 2 2 )
vp T[re_inlc Te_in

Rearranging Equation (25) gives the relationship between

Ter in @0d 7o i

Teff in = Tef_in V 1'Sw’ (26)

where s,, is the shale pore water saturation, dimensionless; v,,
and v, are the bound water volume and pore volume, respec-
tively, m’; 7, ,, is the hydrodynamic radius for inorganic pores
taking the stress dependence effect into account, m; 7 ;, is the
inorganic pore effective flow radius considering the stress
dependence effect and water storage characteristics, m; and [,
is the capillary length, m.

2.3.3. Real Gas Physical Properties. The mutual force and vol-
ume of gas molecules should be considered for evaluating
shale gas reservoirs under realistic high-pressure and high-
temperature conditions. The real gas effect, due to the gas
compressibility factor and gas viscosity, is different from that
under ideal conditions and should be considered carefully.
Here, we apply pseudopressure and pseudotemperature to
determine the gas compressibility factor ([39]):

Z=0.702p?e>*T+-5.524p T+ +0.044T7-0.164T, + 1.15,

(27)
p
==, 28
p o (28)
T
T, = T (29)

where p, is the pseudopressure, dimensionless; T is the pseu-
dotemperature, dimensionless; p_ is the critical pressure,
MPa; and T. is the critical temperature, K.

The effective viscosity for gas transport in nanopores can
be presented as [46]

per = (1x107)Ky exp (Xp"), (30)

~(9-379+0.01607M)T"
47 7(209.2+19.26M + T)

, (31)

S pM

=1.4935x 107> —, 32

p =T (32)
986.4

X =3.448 + . 0.01009M, (33)

Y =2.447 — 0.2224X, (34)

where p . is the effective viscosity of the gas transport in
nanopores, Pa-s; K is the intermediate variable of the viscos-
ity calculation, dimensionless; p is the gas density, kg/m’; X is
the density multiplication factor, dimensionless; and Y is the
density index, dimensionless.



24.  The Coupling  Transport  Mechanism  for
Organic/Inorganic Nanopores. In this section, we build uni-
fied AGP models for modeling gas transport through nano-
pores with various values of K,; these models are valid for
modeling the entire flow regime and take multiple transport
mechanisms into account. The presented models also con-
sider the difference in the flow mechanism between organic
and inorganic nanopores.

2.4.1. The AGP Model for Organic Nanopores. The total mass
flux is determined by the bulk gas and adsorbed gas phases of
the organic pores. The flow capacity equation can be written
as follows according to the value of K,,.

(1) Continuum Flow (K, < 107°). The bulk gas AGP is
obtained through the linear superposition of the con-
tinuum flow formula and surface diffusion formula:

2
_ (reff_or_e‘dm) M-D. - Cs maxPL i @
app-orl — 8 + s 2 4
(p+p)” P
(35)

k

where ./, is the effective flow radius for organic

pores considering gas desorption and the stress
dependence effect, m.

(2) Slip Flow (1073 <K, <107!). The AGP of bulk gas
due to the updated Klingenberg effect formula and
the surface diffusion formula is obtained through
their linear superposition:

—0.d 2 0.5
kapp_or2 = (regp o ) [1 + (8”RT)
8 M

. Heft . <2 _ 1)
pavg (reff_or -0 dm) o

+M'Ds’ Csmaxp]i .@'
(p+p)” P

(36)

(3) Free Molecule Flow (K, > 10). The bulk gas AGP due
to Knudsen flow and absorbed gas surface diffusion is
given as

2(reffor =0+ dim)
ZRT 3

d U7 sRT 0
"™ B i
(2(reff_or -0- dm)) (ﬂM)

. CS maxPL . A"leff.
T ptp)t P

kapp_or3 =

et M D

(37)
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(4) Transition flow (107! < K, < 10). The AGP of bulk
gas due to slip flow and free molecule flow, consider-
ing the surface diffusion formula, is given as

(Teffor—0- dm)2 ‘ [(871RT) 05

kapp_or4 =
app-or g i

. Heff . (E _ 1>
pavg(rep _e'dm) a

2 -0-d 03
(1-¢)+ (regp o m) | (SRT)

3 M

-@~8+M-DS-@-CS“’7“‘%.
P (p+pL)
(38)

2.4.2. The AGP Model for Inorganic Nanopores. The AGP for
inorganic nanopores is determined by the bulk gas transport
mechanisms and water film properties. Considering the
stress dependence and real gas effect, the AGP for inorganic
pores can be written as

(1) Continuum Flow (K, < 107?)

e
kapp-inl = % (39)

(2) Slip Flow (107 <K, <107%)

2 s 8nRT\ "’ 2
kapp_inZ — Veff _in 1+ ( T ) . Hetr . < _ 1>
8 M pavgreff_in o

(40)

(3) Free Molecule Flow (K, > 10)

_ 2egrin ( dy, )DFZ‘SRTO‘S Mef (41)

aPp-in3 3Pav 2reff_in M P
g

(4) Transition Flow (107" <K, < 10)

k - rgff,in . 87RT 02 . Hest . % -1 . (1 —8)
app-int 8 M p avg Teff_in o

2 ()77 (RN
3P3.Vg d nM p
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2.5. The AGP Model for Organic/Inorganic Nanopores. The
final AGP equations for organic and inorganic pores can be
obtained through the apparent liquid phase permeability

2
Teff _in
—s

kapp-inl =
2 RT 0.5 2
kapp_in2 = ref;-m [1 + (8” ) . . <_ - 1) ,
(21
k _— eff in 8RT . Hegt
app_in3 — 3P >
avg eff in 1%

0.5
k ) eff in | 8nRT . Her . E
app_m4 p avg Teff_in @

et
p avg Teff_in

3. Model Comparison and Validation

Validation of the presented AGP models is demonstrated
in this section. The coupled models established in this
paper are compared with the models proposed by Xiong
et al. [47], Asana et al. [48], and Song et al. [11], as shown
in Table 1.

Table 1 clearly shows that the AGP models presented by
Xiong et al. and Asana et al. incorporate free gas and surface
diffusions to model gas transport. However, they ignore
the phase behavior influence on the gas viscosity, stress
dependence, desorption, and water storage effects on pore
diameter. In their models, the apparent gas permeability is
irrespective of K,. Although Song et al.’s model considers
the difference in the free gas and adsorbed gas transport
properties between the organic and inorganic pores, it
ignores the effect of nanopore diameter on water storage.
The presented models are rather general, assuming that
real shale is composed of both organic and inorganic mat-
ters. The presented models are capable of modeling
adsorbed gas in organic nanopores and adsorbed water
films in inorganic nanopores, and the stress dependence

eff _in

_1>:| c(1-¢)+ —Z;P ‘
avg

model of organic pores and inorganic pores established in
Section 2.4.

(1) The AGP Model For Organic

- —0-d.)? )
Kapp_on = (o ) - D S maxp]i : M» Continuum flow (K, < 10’3),
8 (p+p)” P
o= 0 dy)’? 05 .
kapp,orzzw 1+<8”RT> S S (E—l) +M.D,. ComPLHer Slip flow (107 <K, < 1071),
8 M Pag(Fegyor =0+ )~ \&r (e+p) P
Dy-2
M . 8RT\ "~
kapp_or3 = —— (regon = x (7> et ppp Cs manbt. Hett Free molecule flow (K, > 10),
ZRT ' (Teffor = 9 dy) M P (p+p) P
Z
. T 2 2 -0- d %
kapp_ord = (r Neffor 7 m) ) (8R > ‘um (— - 1) “(1-¢) (rejf =t <8R )  Hett ~e+M-D- far G maxpLz ,  Transition flow (10’1 <K, <10)
Pag(rp =07 d) \& P (ptp)

(43)

(2) The AGP model for Inorganic

Continuum flow (Kn <1073 ),

Slip flow (107 <K, <107"),

Free molecule flow (K, > 10),

d,\"? (8RT
B (it . Hett -, Transition flow (10‘1 <K,< 10)
d ™ P

(44)

and real gas effects are incorporated to more closely reflect
the actual reservoir conditions, unlike in the previously
established models.

Inputting the basic parameters listed in Table 2, the AGP
for different models over the entire K, range are calculated
and shown in Figure 3.

Figure 3 illustrates the AGP of organic and inorganic
pores versus pressure results from the presented model com-
pared with those of Song et al.’s, Asana et al.’s, and Xiong
et al.’s models for organic and inorganic nanopores. The pre-
sented model calculation results fit well with those of Song
et al’s, Asana et al.’s, and Xiong et al.’s models for organic
and inorganic nanopores when K, <0.1. The presented
model also fits well with Asana et al.’s model in the range
of 0.1 <K, < 1 for an organic nanopore, while the presented
model achieves the same trend as that of Song et al.’s model
for an organic nanopore when K,, > 0.1, which indicates that
the presented model is valid. Notably, for values of K, greater
than 0.1, one interesting phenomenon exhibited in
Figure 3(a) is that the AGP determined by Song et al.’s model
shows a sudden increasing trend. The reason for this change
is that Song et al’s model is modified from Beskok-
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TABLE 2: Basic simulation data.
Parameter name Symbol Unit Numerical value
Gas type CH, — —
Ideal gas constant R J/(mol-K) 8.314
Temperature T K 412
Molecular weight Mg, kg/mol 1.6 x 1072
Gas viscosity 2 Pa-s 1.76 x 107°
Nanopore diameter d nm 0.35~1010
Rarefaction coefficient o Dimensionless 0.8
Gas molecular diameter d, m 0.34x107°
Confining pressure Peon Pa 61.8 x10°
Mean formation pressure Pavg Pa 30.9 x 10°
Atmospheric pressure Pat Pa 101300
Maximum adsorbed gas concentration Comax mol/m® 24080
Langmuir pressure )23 MPa 2.38
Surface diffusion coefficient D, m?/s 2.73x 10710
Material constant q Dimensionless 0.04
Material constant s Dimensionless 0.08
Porosity 9] Dimensionless 0.047
Critical pressure P Pa 4.834x10°°
Critical temperature T. K 150.86
Nanopore surface roughness Dy Dimensionless 2.5
Grain density Pegrain Lbm/ft® 166
Langmuir volume Vg scf/ton 50
Pore compressibility Cq 1/psi 3x107°
Water saturation S Dimensionless 0.3

Karniadakis’s model with a first-order model slip boundary
condition, which incorporates a tan function, causing the
AGP to fluctuate with K, while B-K’s model with a first-
order model slip boundary condition is also valid at low to
moderate values of K, [24]. In Asana et al’s and Xiong
et al.’s organic permeability models, the AGP remains con-
stant when K, > 1 and is not related to K,. These models
neglect the phase behavior effect on gas properties, and the
gas property values are treated as constants. However, in
our derived model, the comprehensive effects of the flow
regime, stress dependence, phase behavior, and real gas on
the AGP are incorporated. Therefore, the gas viscosity and
compressibility factor properties vary with pressure; these
differences cause the organic AGP to decrease as K, increases
[49]. Additionally, the stress dependence, phase behavior,
real gas effects, and water film effect are considered in the
presented model, causing the organic nanopore AGP to be
smaller than those of Asana et al’s and Xiong et al.’s models.

4. Results and Discussion

In this section, we further analyze the effects of the stor-
age medium, stress dependence, real gas, surface diffu-

sion, and water storage on AGP. The basic parameters
are listed in Table 2.

4.1. Storage Medium and Pore Size. Figure 4 shows that the
AGP in organic/inorganic pores with sizes of 2nm, 20 nm,
and 200 nm varies from 1.0 to 50.0 MPa at a temperature of
412 K under reservoir conditions. In general, the AGP gener-
ally decreases gradually as the pore pressure decreases and
decreases sharply for small pores (i.e, 2nm and 200 nm).
Taking the pore size 2 nm as an example, the AGP can reduce
from 0.1197mD to 0.0007858 mD in organic pores as the
pore pressure increases from 1.0 MPa to 50 MPa. However,
the AGP of the 200 nm pore remains constant with a pore
pressure increase. This difference arises because in the con-
tinuum flow regime, the AGP is mainly determined by the
pore size. In addition, the AGP in organic pores is usually
greater than that in inorganic pores, which is attributed to
the absorbed/surface diffusion in organic pores and the water
film in inorganic pores. Notably, in the flow transition region,
ie, as the flow regime transitions from transition flow
(K, >0.1) to slip flow (107 < K, < 107!), the AGP in inor-
ganic pores is greater than that in organic pores. In
Figure 4, the flow transition pore pressure is 1MPa to
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FiGure 3: Comparison of organic and inorganic matters with other models (p = 30.9 MPa, T = 412 K).

3 MPa for a pore size of 20 nm but 21 MPa to 25 MPa for a
pore size of 2nm.

4.2. Stress Dependence Effect. Figure 5 presents the conditions
of considering the stress dependence effect to the AGP in
organic nanopores within 2 and 20 nm pores from 1.0 to
50.0 MPa under a temperature of 412 K. The AGP decreases
as the effective pressure increases, which is confirmed by
the definition of effective pressure. As shown in Figure 6,
the deviation in the stress dependence effect for pore sizes

of 2nm and 20 nm, the ratio of change in the AGP to the
AGP in the organic pore, varies from -20.45% to -13.69%.
This result implies that the stress dependence effect has a
profound effect on the AGP and cannot be neglected. Nota-
bly, the stress dependence effect usually reduces the AGP
under any pressure, except at a certain pressure stage, as
shown for a pore size of 2nm between 21 MPa and 25 MPa,
because the AGP increases as the pore pressure decreases,
and the slip flow parameters also change with pore pressure.
Assuming that the in situ stress is constant, these changes
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FIGURE 5: Organic pore AGP curves with and without considering the stress dependence.

have two consequences: (1) The permeability will increase
with the increase in pore pressure (i.e., the effective pore pres-
sure will decrease). (2) The slip flow will increase with
increasing pore pressure, thus decreasing the AGP. There-
fore, the final permeability value is determined by the inter-
play of the effective stress and slip flow effect.

4.3. Real Gas Effect. Figure 7 shows the organic pore AGP
comparison between real gas and ideal gas as the pressure
increases from 1 MPa to 50 MPa for pore sizes of 2nm and
20nm. The effect of real gas has a dramatic influence on

the organic pore AGP calculated by the ideal gas model under
pressures lower than 30.0 MPa for a pore size of 20 nm and
for pressures greater than 30 MPa for a pore size of 2nm
(Figure 8). This result occurs because the real gas compress-
ibility varies with pressure and temperature, while the gas
compressibility is assumed to be constant for an ideal gas
[50]. Notably, the real gas effect can dramatically reduce the
AGP from that calculated by the ideal gas model at 50 MPa
for the 2nm pore size because the continuum flow regime
in 2nm pores and the increased viscosity at high pressures
have a profound effect on gas permeability. According to
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Equations (29)-(36), the real gas viscosity can increase from
1.85x 107> to 2.62 x 107> Pa-s (the relative error is 44.4%) as
the pore pressure increases from 1.0 to 50 MPa at 323 K.
Clearly, the real gas effect cannot be neglected.

4.4. Surface Diffusion Effect. Figure 9 shows the difference in
the AGP in organic pores between considering surface diffu-
sion and not considering surface diffusion at diameters of
2nm and 20nm as the pressure changes from 1MPa to
50 MPa. It is obvious that the surface diffusion effect on
organic pore permeability decreases as the pore pressure
decreases. As shown in Figure 10, the surface effect exerts a
profound influence on the organic permeability at the 2nm
pore size for the entire range of pressures, especially for low

pressures. The surface diffusion effect has little influence on
the reduction in the 20nm pore size under high pressure
because the surface diffusion permeability is determined by
the surface diffusion coefficient and the adsorbed gas maxi-
mum adsorption concentration to the squared pore pressure,
Cymax/P*- Obviously, the increase in Cg,,./p is greater than
the increase in gas maximum adsorption concentration as
the pore pressure increases. In addition, the surface diffusion
contribution to the organic pore permeability increases as the
pore radius decreases because under the same formation
pressure, the ratio of absorbed gas area to the total pore area
in a section increases as the pore size decreases. Under the
condition of a pore size of 2 nm, the surface diffusion perme-
ability deviation ranges from 74.85% to 1.67% for the pore
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pressure increase from 1 MPa to 50 MPa, revealing that sur-
face diffusion should be considered under low pressures.
When the pore pressure is greater than 10MPa in the
20 nm pore, the surface diffusion contribution is smaller than
1.0%, which can be ignored.

4.5. Water Storage Effect. The gas permeability results of our
models for different inorganic pore sizes with water storage
are compared in Figure 11. The AGP at a low water satura-
tion is generally larger than that at a high water saturation,
which is consistent with the findings of other studies [51,
52]. In our model, according to Equation (28), the gas flow
radius decreases as the water saturation increases. However,
the AGP does not always decrease as the water saturation

increases for a small pore size. Figure 11 indicates a step
change relationship between k,,, ;, and s,;; namely, k,,, ;,
first decreases with the increase in s, at a low s, but then
increases after s, reaches a critical value. According to Equa-
tion (26), the increase in s, implies a decrease in the nano-
pore flow radius. For the gas flow regime satisfying
continuum flow, k,,, ;, decreased as water saturation
increases, according to Equation (39). As s, further increases,
the effective pore size decreases and K,, increases, and the
flow regime of the gas transfers from continuum flow to slip
flow. The decrease in r,g ;, does not imply a decrease in the
gas k,p,,. Based on Equation (42), the water saturation effect
on gas ky,p, in and b,.
The effective flow radius of the inorganic pore decreases,

can be divided into two parts: 7. ;,
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while the gas slippage factor by increases under higher water
saturation conditions. Whether k,,,,, ;, increases or decreases
with s, depends on the coupled effect of r ¢ ;, and by. ky, 4,
clearly exhibits a turning point as the water saturation
increases to 50% for a pore size of 2 nm because the gas flow
states have changed from a continuous flow regime to a slip
flow regime. However, k,, ;,, exhibits no turning point with
s,, for a pore size of 20 or 30 nm within the continuum flow
regime for all the water saturations investigated.

5. Summary and Conclusions

Shale organic/inorganic pore analytical AGP models are
derived in this paper. The presented AGP model results

match well with the results calculated via the models of Xiong
et al, Asana et al., and Song et al. Unlike the earlier models,
the presented models consider absorption, stress depen-
dence, water storage, and real gas effects on organic/inor-
ganic gas transport comprehensively for the entire flow
regime. The results demonstrate that the AGP generally
decreases gradually as the pore pressure decreases but that
the decrease is sharp in small pores. Generally, the AGP usu-
ally decreases when taking the stress dependence effect into
account. In real situations, the final permeability value is
determined by the interplay of the effective stress and slip
flow effects. Notably, the AGP decreases dramatically when
considering the real gas effect at 50 MPa in a 2 nm pore size.
Clearly, the surface effect exerts a profound influence on the
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organic permeability of the 2 nm pore for the entire range of
pressures investigated, especially at low pressures. The AGP
usually decreases as the water saturation increases for high-
water saturation conditions, considerably reducing the effec-
tive gas pathways. For a small pore size at the critical high-
water saturation, k,,, might increase suddenly as the flow

regime changes from continuum flow to slip flow.

Nomenclature

Roman Alphabet

by: Gas slip factor (MPa)

Cy: Constants (-)

Comax Maximum adsorption concentration (mol/m?)
d: Effective radius of the nanopores (m?)

d,: Gas molecule diameter (-)

Dy: Knudsen diffusion constant (m?/s)

D,y Effective Knudsen diffusion constant (m)

Dy: Pore wall fractal dimension (-)

D.: Coefficient surface diffusion (m?/s)

Juicious:  The continuum flow volume flux (kg/(m>-s))

Jsiip* Volume flux for the slip regime (kg/ (m*s))

Jxnudsen:  Volume flux for the Knudsen regime (kg/(m>-s))

Je Volume flux (kg/(mz-s))

Jourface:  Volume flux for the surface diffusion (kg/(m?s))

kg: Boltzmann constant (-)

K,: Knudsen number (-)

koo Intrinsic permeability (m?)

K, viscous: K, when the flow regime transfers from viscous
to diffusion flow (-)

Ky Intermediate variable of the viscosity calculation (-)

Kqip: Slip flow regime AGP (m?)

kapp-inl: The apparent permeability of shale inorganic
pores when the fluid flow pattern is continuum
flow (m?)

kapp-in2: The apparent permeability of shale inorganic
pores when the fluid flow regime is slip flow (m?)

kapp-in3: The apparent permeability of shale inorganic
pores when the fluid flow regime is free molecule
flow (m?)

kapp_in4: The apparent permeability of shale inorganic pores
when the fluid flow regime is transition flow (m?)

kapp_orl: The apparent permeability of shale organic pores
when the fluid flow pattern is continuum flow (m?)

kapp_or2: The apparent permeability of shale organic pores
when the fluid flow regime is slip flow (m?)

kapp_or3: The apparent permeability of shale organic
pores when the fluid flow regime is free
molecule flow (m?)

kapp_or4: The apparent permeability of shale organic pores
when the fluid flow regime is transition flow (m?)

I.: Capillary length (-)

M: Molar mass (kg/mol)

p: Pore pressure (MPa)

Paver: Gas phase mean pressure (MPa)
P Langmuir pressure (MPa)

P Confining pressure (MPa)

pe:
by

Tef_or

e_or*

ref:

Teff_in’

reff_or:

SHNNP% ©

Jda T

<
.

N T S
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Effective stress (m)

Pseudopressure (-)

Material constants (-)

Nanopore radius (m)

Universal gas constant (J/(mol-K))

Effective pore flow radius considering gas
desorption (m)

Original pore radius of the organic pore (m)
Effective flow radius considering the stress
dependence effect (m)

Hydrodynamic radius for inorganic pores taking
the stress dependence effect into account (m)
Inorganic pore effective flow radius considering
the stress dependence effect and water storage
characteristics (m)

Effective flow radius for organic pores considering
gas desorption and the stress dependence effect (m)
Constants (-)

Material constants (-)

Shale pore water saturation, dimensionless (-)
Formation temperature (K)

Pseudotemperature (-)

Critical temperature (K)

Adsorbed gas volume per shale unit weight under
standard conditions (m3/kg)

Langmuir volume under standard conditions
(m3/kg)

Bound water volume (m)

Bound water pore volume (m?)

Density multiplication factor (-)

Density index (-)

Gas compressibility factor (-)

Greek Alphabet

SRR >

eff*

8§

ce D0

e

Molecular mean free path (m)

Gas molecule collision diameter (m)

Gas density (kg/m’)

Gas viscosity (Pa-s)

Effective viscosity of the gas transport in nanopores (Pa-s)
Pressure gradient operator symbol (-)

Tangential momentum accommodation coefficient
(TMAC) (-)

Contribution coefficient term (-)

Gas coverage under certain pressures (-)

Porosity under the effective stress (-)

Porosity at atmospheric pressure (-).
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