
Research Article
Study on Fluid Front Motion of Water, Nitrogen, and CO2 during
Anisotropic Flow in Shale Reservoirs

Xiangxiang Zhang ,1,2 Kai Gu ,1 Chengyu Liu ,1,2 Yangbing Cao ,1 J. G. Wang ,3

and Feng Gao 3

1Zijin School of Geology and Mining, Fuzhou University, Fuzhou 350108, China
2Research Center of Geological Engineering, Fuzhou University, Fuzhou, Fujian 350116, China
3State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology,
Xuzhou 221116, China

Correspondence should be addressed to Chengyu Liu; liuchengyuphd@126.com

Received 12 August 2022; Accepted 24 September 2022; Published 5 December 2022

Academic Editor: Su Shan-Jie

Copyright © 2022 Xiangxiang Zhang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The fluid front motion is an important phenomenon during anisotropic fluid flow in rock engineering. The pore pressure and
mechanical responses may be significantly influenced and show an obvious difference near the moving fluid front. However,
few studies have been conducted to investigate the front motion of different types of fluids during anisotropic fluid flow. In
this work, a numerical model was proposed to detect the front motion of water, nitrogen, and CO2 in anisotropic shale
reservoirs. The full coupling effects among mechanical deformation, fluid flow, and moving boundary in anisotropic porous
media were considered in the model construction. The impacts of different fluid properties among water, nitrogen, and CO2
on the anisotropic fluid flow have been discussed. Then, the proposed model was applied to study the differences in front
motion among different types of fluids in anisotropic shales. The impacts of permeability and mobility on fluid front motion
were investigated. The theoretical equations for predicting the fluid front motion of different types of fluids were established by
introducing corresponding correction coefficients to the previous formulas. The results showed that the model can well
describe the anisotropic fluid permeation process. The fluid front motion increased with the increase of permeability and
mobility. At the same permeability or mobility, the nitrogen front motion was the largest and the water front motion was the
smallest. The difference in fluid front motion among water, nitrogen, and CO2 was caused by the difference of their viscosity
and compressibility. The proposed formulas can fast and accurately predict the evolution of fluid front motion for different
types of fluids.

1. Introduction

In engineering practice, fluid permeation through porous
media is a very common phenomenon [1–4]. During
hydraulic fracturing, the fracturing fluid continues to perme-
ate outward and the seepage boundary keeps moving, result-
ing in an expanding seepage area [5–8]. According to the
effective stress principle, the pore pressure in the seepage
area increases and the effective stress in the rock changes,
which leads to crack sprouting and expansion and finally

to damage [8–11]. Bruno and Nakagawa [12] investigated
the effect of pore pressure on fracture evolution in sedimen-
tary rocks and showed that fluid permeation changes the
pore pressure distribution, which in turn affects crack prop-
agation. Based on the hydraulic fracturing test with different
injection rates, Solberg et al. [13] found that the injection
rate had a significant effect on the permeability of the frac-
turing fluid, which led to changes in rock fracture pressure,
crack propagation, and acoustic emission characteristics.
Ikeda and Tsukahara [14] studied the effect of pore pressure
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on the hydraulic fracture load profile. The results showed
that fluid permeation increase the rock pore pressure and
leads to the tensile damage around the borehole. Chen
et al. [15] found that the hydraulic fracturing mode and
crack morphology are related to the permeation characteris-
tics of the fracturing fluid. Based on the pulsating nitrogen
fatigue test of low-permeability coal. [16, 17, 18] found that
the permeability of the coal was enhanced after fatigue frac-
turing. Through the comparative tests of hydraulic fractur-
ing and SC-CO2 fracturing, Zhang et al. [19] showed that
the difference in breakdown pressure was due to the differ-
ence in fluid front motion and seepage area between water
and SC-CO2. Therefore, the fluid front motion has signifi-
cant influences on the fracturing mechanism of the rock,
which should be carefully considered in fluid-solid coupling
analysis.

A series of experiments have been carried out to study
the fluid front motion in porous media. According to the
change of electrical conductivity, Guizzardi et al. [1] investi-
gated the fluid permeation in porous media and the evolu-
tion of penetration depth with time. Khatri and
Sirivivatnanon [20] performed the water permeation tests
in concrete and establish a theoretical relationship between
concrete permeability and penetration depth. In the process
of water permeation, the fluid follows Darcy’s law at lower
injection pressure and obeys the diffusion law at higher
injection pressures [21]. The fluid front motion was influ-
enced by injection pressure, injection time, and water-
cement ratio [22]. Based on the permeation tests on the
Queenston shale using water, bentonite solution, and poly-
mer solution, Al-Maamori et al. [23] found that the type of
fluid has a significant effect on the fluid front motion. The
permeation tests on concrete with different components
and water-cement ratio showed that the fluid front motion
was also influenced by the permeation properties of fluid
and concrete components as well as fluid types and water-
cement ratio [24, 25]. However, most experiments were con-
ducted under 1D simple condition, neglecting rock anisot-
ropy. Meanwhile, the parametric analysis is inevitably
limited in experimental research.

In numerical simulation, fluid permeation can be
regarded as a moving boundary problem. The size of the
permeability domain, the shape of the seepage boundary,
and the related parameters and variables must be deter-
mined [26, 27]. Several fluid-solid coupling models for
two-phase flow have been constructed to study the CO2
seepage law and its penetration depth in rocks [28–30].
Lockington et al. [31] developed a prediction model based
on the seepage equation for unsaturated porous media, and
this model was verified by the experimental data. Wang
and Ueda [32] considered concrete as a mesoscale three-
phase mixture and established a grid network model based
on unsaturated seepage theory to investigate the water
absorption properties and water penetration depth of con-
crete. In order to easily determine the fluid front motion,
several analytical formulations based on Darcy’s law ([20,
22]; and [21]) have been proposed to calculate the penetra-
tion depth of incompressible fluids. According to the evolu-
tion of fluid front motion with time, Al-Maamori et al. [23]

proposed a fitting formula for the penetration depth, in
which the fitting parameters were related to fluid type and
rock characteristics. Wang et al. [3] deduced a theoretical
formula for the fast calculation of the penetration depth of
compressible fluid. However, the differences in fluid front
motion among incompressible fluid, ideal gas, and real gas
have not been well studied. The influences of permeability,
viscosity, and rock anisotropy on fluid front motion are still
unclear.

In order to study the fluid front motion of different types
of fluids, an anisotropic fluid-solid-moving boundary cou-
pling model is established in this study. The rock anisotropy
in different physical process is fully considered in model
construction. The critical state of CO2 and the differences
in compressibility and viscosity among different types of
fluids are considered. This model is applied to study the
influences of permeability, mobility, fluid type, and fluid
characteristics on the penetration depth of fluid front. A the-
oretical formula for fast determination of penetration depth
is proposed for fluid permeation in anisotropic porous
media.

2. Governing Equations for Each
Physical Process

2.1. Governing Equation for Anisotropic Deformation. For a
pseudostatic deformation process, the equation of motion
is [5]

G⊥ui,kk + ζjδijuk,ki + γj δij − δjk
À Á

uk,ki + αp,i + f i = 0, ð1Þ

where G⊥ is the shear modulus in the plane vertical to isotro-
pic plane, f i is the body force per unit volume in the ith
direction, p is the pore pressure, α = 1 − K/Ks is the Biot
coefficient, K is the bulk modulus of the porous media, Ks
is the bulk modulus of grains, ζj and γj are the rock param-
eters related to the elastic modulus and Poisson’s ratio, and
δij is the Kronecker delta.

2.2. Porosity and Permeability Model. Shale is a typical
porous media, and its porosity can be obtained as [33]

ϕ

ϕ0
= 1 + 1 − α

ϕ0

� �
ψ0 − ψ

1 + ψ
, ð2Þ

where ϕ0 is the initial porosity and ψ0 and ψ are the initial
and current effective volumetric strains, which are expressed
as

ψ = εv +
p
Ks

,

ψ0 = εv0 +
p0
Ks

,
ð3Þ

where εv0 and εv represent the initial and current volumetric
strain, respectively, and p0 represents the initial pore
pressure.
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According to Equation (3), the following equation can be
derived as

∂ϕ
∂t

= α − ϕ

1 + ψ

∂εv
∂t

+ 1
Ks

∂p
∂t

� �
: ð4Þ

In the anisotropic porous media, the permeability in i
th direction is related to the effective strain in jth direction
as [5]

ki
ki0

= 1 + 1 +
2 1 − Rj

À Á
ϕ0

 !
Δεej

" #3
, i ≠ j, ð5Þ

where ki and ki0 are the current and initial permeability in
ith direction; Rj =△εmj/△εj is the strain proportion of
matrix in the jth direction.

2.3. Governing Equation for Anisotropic Fluid Flow. During
fluid permeation into anisotropic shale, it obeys the Darcy’s
law. Thus, the anisotropic fluid flow for water, nitrogen, and
CO2 can be expressed as [2]

cρ ϕ
∂p
∂t

−
ki
μ

∇ipð Þ2
� �

+ α − ϕ

Ks 1 + ψð Þ
∂p
∂t

−∇ ⋅
ki
μ
∇ip

� �
= ϕ − α

1 + ψ

∂εv
∂t

,

ð6Þ

where cρ is the isothermal coefficient of compressibility [34].
μ is the dynamic viscosity of fluid.

The density of water is generally considered as constant
and cρ = 0. The density of gas is controlled by the tempera-
ture and pressure; thus, cρ = ð1/pÞ − ðð1/zÞð∂Z/∂pÞÞ. Z
(dimensionless) is the compressibility factor of real gas.

Nitrogen is usually considered as ideal gas; thus, Z = 0
and cρ = 1/p. For CO2 under critical temperature, its density
and viscosity vary with the pressure, especially near the crit-
ical pressure. According to the experimental results, the
compressibility factor and viscosity of CO2 under critical
temperature can be expressed by the fitting formulas as [19]

Z = A1e
pr/B1 + A2e

pr/B2 + A3pr + A4, ð7Þ

μCO2 = C1e
pr/D1 + C2e

pr/D2 + C3, ð8Þ
where A1~A4, B1~B2, C1~C3, and D1~D2 are the fitting
parameters of CO2 as shown in Tables 1 and 2, which can
be determined by Zhang et al. [2]. According to Equation
(7), the isothermal coefficient of compressibility of CO2
under critical temperature is

cCO2
= 1
p
−

A1B2e
pr/B1 + A2B1e

pr/B2 + A3B1B2
pcB1B2 A1e

pr/B1 + A2e
pr/B2 + A3pr + A4ð Þ : ð9Þ

2.4. Moving Boundary Method. The fluid permeation into
rock is a typical moving boundary problem with moving
fluid boundary and changing permeation zone [35]. Thus,
the penetration depth of fluid front should be firstly calcu-
lated to determine the computational domain and boundary

as shown in Figure 1 [2]. The moving velocity of fluid front
can be obtain by Darcy’s law as

v!bi =
∂Li
∂t

= −
ki
μ

∂p
∂i

����
i=Li

: ð10Þ

In general, anisotropy is the most distinctive feature of
rock materials, particularly shale formation. Equation (10)
can be used to calculate the anisotropic fluid front motion
in anisotropic shale. Based on the time integration of mov-
ing velocity, the moving fluid boundary and changing per-
meation zone can be determined by the location of fluid
front.

3. Construction of Anisotropic Fluid-Solid-
Moving Boundary Coupling Model

According to the above study, the 1D formula is not applica-
ble to predict the penetration depth during 2D fluid perme-
ation. Therefore, an anisotropic fluid-solid-moving
boundary coupling model for fluid permeation is established
by fully coupling the anisotropic deformation (Equation
(1)), the anisotropic fluid flow (Equation (6)), and the mov-
ing velocity of fluid front (Equation (10)). Their interactions
are shown in Figure 2. Combined with the constitutive
model of porosity and permeability (Equations (2) and
(5)), this model can solve the fluid front motion in aniso-
tropic shale by COMSOL.

Differences in seepage characteristics and the velocity of
movement of seepage boundaries in porous media affect the
magnitude and distribution of pore pressure. Therefore, in
this section, water, nitrogen, and CO2 fracturing were used
to explore the differences in fluid front motion among
uncompressible fluid, ideal gas, and critical temperature
fluid in bedding shale. In the numerical simulation, the tem-
perature is set as the critical temperature of CO2. The viscos-
ities of water and nitrogen are 1mPa·s and 0.018mPa·s,
respectively. The viscosity of CO2 is determined by Equation
(8), and other main parameters are shown in Table 3.

4. Fluid Front Motion of Water, Nitrogen,
and CO2

Based on the numerical model developed above, this section
takes water, nitrogen, and carbon dioxide fracturing as
examples to study the factors affecting the penetration depth
of incompressible fluid, ideal gas, and critical temperature
fluid, such as permeability, viscosity, fluid compressibility,
viscosity, and mobility. And then, the prediction equations
for the fluid front motion of different types of fluids are
established by introducing the corresponding correction
functions to the previous formulas.

4.1. Impact of Permeability on Fluid Front Motion. The mov-
ing velocity of fluid front is associated with the permeability,
so the influence of permeability on penetration depth should
be well investigated. In this section, the temperature is set as
the critical temperature of CO2, and the viscosity of water
and nitrogen is considered as constant. The viscosity of
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CO2 is determined by formula, and the other main parame-
ters are shown in Table 3. Figure 3 represents the variation
of penetration depth with permeability for an injection time
of 100 h. It shows that the penetration depth of water, nitro-
gen, and CO2 increases with the increase of permeability,
and the penetration depth evolution curve has typical non-
linear characteristics. At the same permeability, the penetra-
tion depth of nitrogen is the largest, and the penetration
depth of water is the smallest. The penetration depth of
CO2 is smaller than that of nitrogen, but larger than that
of water.

4.2. Pore Pressure Distribution of Different Fluids. When the
permeability is 1 × 10−19m2 and the permeability time is
100 h, the pore pressure distribution of water, nitrogen,
and CO2 is shown in Figure 4. It can be seen that before
the fluid front extends to the outer boundary, it moves out-
ward in an elliptical shape due to the typical anisotropy of
the permeability in bedding shale. The moving fluid front
forms an elliptical permeation zone, and the main axis of
permeability (x-axis and y-axis) is the symmetry axis of this
permeation zone. The pore pressure in the permeation zone
decreases along the radial direction, while the pore pressure
in the initial state zone remains unchanged. The fluid front
also is the dividing line between the permeation zone and
the initial state zone. At the same permeation time, the per-
meation zone of water is the smallest and the permeation
zone of nitrogen is the largest. Thus, the permeation zone
of CO2 is smaller than that of nitrogen, but larger than that
of water. It shows that the different fluid front motion of dif-
ferent fluids leads to significant difference in the size of the
permeation zone and pore pressure distribution.

4.3. Evolution of Compressibility and Viscosity. Figure 5
shows the evolution of pore pressure, compressibility coef-
ficient, and viscosity of water and gas along the y direc-
tion. In Figure 5(a), the penetration depth and pore
pressure evolution curves of water, nitrogen, and CO2
are different, which leads to different pore pressure gradi-
ents on the fluid front. Thus, the moving velocities of the
fluid front for water, nitrogen, and CO2 are significantly
different. In Figure 5(b), the compressibility coefficient of
water remains constant, while that of nitrogen increases
continuously in the permeation zone and remains constant
in the initial state zone. The compressibility coefficient of
CO2 increases slowly in the permeation zone. It increases
sharply and then decreases sharply near its critical state,
resulting in an obvious peak at the critical state. But the
compressibility coefficient of CO2 in the initial state
remains constant. At the same time, the compressibility
coefficient of water is the smallest. Before the critical state,
the compressibility coefficient of CO2 is smaller than that
of nitrogen. But after the critical state, the compression
coefficient of CO2 becomes larger than that of nitrogen.
In Figure 5(c), the viscosity of water and nitrogen remain
constant, and the viscosity of water is much higher than
that of nitrogen and CO2. The viscosity of CO2 in the per-
meation zone continues to decrease and increase sharply
near its critical state, while the viscosity of CO2 in the ini-
tial state remains constant and slightly lower than that of
nitrogen. It shows that there are significant differences in
pore pressure, compressibility coefficient, and viscosity
evolution among different fluids during fluid permeation.
Furthermore, according to the Equation (10), the moving
velocity of fluid front is determined by permeability, vis-
cosity, and pore pressure gradient, and the pore pressure
distribution is closely related to the compressibility and
viscosity of the fluid. Therefore, the differences in fluid
compressibility and viscosity are the main factor leading
to the difference in fluid front motion and pore pressure
distribution among water, nitrogen, and CO2 as shown
in Figures 3 and 4.

4.4. Impact of Mobility on Fluid Front Motion. Mobility can
characterize the effects of permeability and viscosity on
fluid permeation, so it is important to study the difference
of water and gas penetration depth with mobility. In this
section, the permeability and viscosity of water, nitrogen,
and CO2 used in numerical simulation are shown in
Table 4. Since the CO2 viscosity varies with the pressure,
the CO2 viscosity at the injection pressure is used as the
CO2 viscosity to calculate the mobility. Figure 6 shows
the evolution of the penetration depth of water and gas
with mobility. It can be seen that even if the viscosity
and permeability are different, the penetration depth of

Table 1: Parameters for the fitting formula of CO2 compressibility factor.

A1 A2 A3 A4 B1 B2
p < pc -2.61556E-4 -2.8701E-48 -0.43915 1.00157 0.15155 0.00927

p > pc -3.606 0 0 3.66 -26.704 0

Table 2: Parameters for the fitting formula of CO2 viscosity.

C1 C2 C3 D1 D2
p < pc 0.04744 0 15.2715 0.2003 0

p > pc -2.29081E7 -141.52906 186.689 -0.0717 -7.8103

p1 p2p2Seepage domain

p2

p1

Moving boundary

Figure 1: 1D seepage-controlled model with moving boundary.
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nitrogen remains the same with the same mobility, which
further shows that mobility can characterize the combined
effect of permeability and viscosity. At the same time, the
penetration depth of water and gas increases nonlinearly
with the increase of mobility. At the same mobility, the
penetration depth of CO2 is the largest, and the penetra-
tion depth of water is the smallest. Thus, the penetration
depth of nitrogen is larger than that of water, but smaller
than that of CO2. Since the mobility can characterize the
combined effect of permeability and viscosity, the main
reason for the difference of the penetration depth of water,
nitrogen, and CO2 shown in Figure 6 is their different
compressibility. The compressibility will affect the pore
pressure distributions of water, nitrogen, and CO2, result-
ing in different pore pressure gradients and different mov-
ing velocities of fluid front. Therefore, the penetration
depths of different fluids are significantly different.

4.5. Theoretical Formulas for Predicting the Penetration
Depth. In engineering practice, it is often necessary to
quickly estimate the penetration depth of fluids. Wang
et al. [3] derived a theoretical formula based on the theory
of seepage mechanics, which is expressed as [3]

Lw =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mf p1 − p0ð Þt

q
,

Lg =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf

p1
2 − p0

2

p0
t

s
:

8>>><
>>>:

ð11Þ

In Equation (10), p1 and p0 are the fluid pressure on the
seepage boundary, and mf is the mobility. However, this for-
mula is only suitable for incompressible fluids and ideal gas
under one-dimensional conditions. In engineering practice,
the permeation processes of water and gas are generally two-
dimensional problems. Furthermore, the compressibility and
viscosity of CO2 at critical temperature are obviously different
from that of ideal gas. Thus, the penetration depth of nitrogen
and CO2 are significantly different, and the previous formula
is not applicable to the situation of this work. The revised equa-
tion for predicting the penetration depth of water in bedding
shale under two-dimensional condition has been proposed by
Zhang et al. [19]. Based on this method, corresponding correc-
tion functions were introduced to predict the penetration depth
of water, nitrogen, and CO2 in bedding shale under two-
dimensional conditions, which can be obtained as

Fracturing fluid flow,
p (r, t)

Rock deformation,
ui

Compaction effects on rock

Pore pressure induced strain

Strain induced permeability

Boundary condition
Po

re-
pr

ess
ur

e g
rad
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t

Bou
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dit

ion

Moving boundary,
vbi

Figure 2: Interaction effect among rock deformation, fracturing fluid flow, and moving boundary method.

Table 3: Computational parameters of bedding shale for numerical
simulation.

Parameter Value

Density of rock, ρs (kg/m
3) 2570

Elastic modulus of rock, E (GPa) Ex = Ez = 30, Ey = 20
Bulk modulus of grains, Ks (GPa) 60

Poisson’s ratio, ν νxy = 0:2, νyz = νxz = 0:3
Initial porosity, ϕ0 0.03

Viscosity of water, μ (mPa·s) 1

Bulk of water, Κ (GPa) 2

Initial permeability, k0 (m
2) kx0 = 5 × 10−18, ky0 = 1 × 10−18

Initiation pore pressure, p0 (MPa) 5

Injection pressure, pI (MPa) 20
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Figure 3: Changes of permeation depth with permeability during
water and gas permeation.

5Geofluids



2 × 107

5 × 106

2

1.8

1.6

1.4

1.2

1

0.8

(a) (b) (c)

0.6

×107

Figure 4: Pore pressure distribution during water and gas permeation: (a) water, (b) nitrogen, and (c) CO2.
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permeation.
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Lwr = f w
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mf p1 − p0ð Þt

q
,

Lnr = f n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf

p1
2 − p0

2

p0
t

s
,

Lcr = f c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mf

p1
2 − p0

2

p0
t

s
:

8>>>>>>>>>><
>>>>>>>>>>:

ð12Þ

In Equation (12), f w, f n, and f c are the corresponding cor-
rection functions of water, nitrogen, and CO2, respectively.
They can be calculated by the nonlinear fitting of the numerical
simulation results. According to the simulation results in
Figure 6, the correction functions in Equation (12) can be
obtained as

f w = −0:072 lg mf − 0:365,
f n = −0:027 lg mf + 0:247,
f c = −0:150 lg mf − 0:373:

8>><
>>: ð13Þ

It can be seen that the prediction results of the formula are
in good agreement with the simulation results, indicating that
the improved theoretical formula proposed in this section can
accurately predict the penetration depth of water, nitrogen,
and CO2 in bedding shale.

5. Conclusions

In this study, the differences in compressibility and viscos-
ity among incompressible fluid, ideal gas and critical tem-
perature fluid, and the fluid front motion in bedding shale
were seriously considered. The rock anisotropy in different
physical processes was analyzed during model construc-
tion, and the critical state of CO2 was seriously discussed.
The proposed model in this work was used to study the
influences of permeability, mobility, fluid type, and fluid
characteristics on the penetration depth of fluid front.
The differences of fluid front motion among water, nitro-
gen, and CO2 were compared, and its internal mechanisms
were analyzed. Corresponding improved formulas for
rapid prediction of water, nitrogen, and CO2 penetration
depth were proposed. The main conclusions and findings
are summarized as below.

Firstly, an anisotropic fluid-solid-moving boundary cou-
pling model for bedding shale was established to describe the
permeation process of different fluids. This model consid-
ered the anisotropy of deformation, fluid flow, and fluid
front motion in bedding shale. The differences in compress-
ibility and viscosity among incompressible fluid, ideal gas,
and critical temperature fluid were analyzed. The moving
boundary algorithm was coupled to describe the movement
law of fluid permeability boundary.

Secondly, the effects of permeability, compressibility, vis-
cosity, mobility, and fluids on penetration depth were inves-
tigated. The results showed that the penetration depth
increases with the increase of permeability. When the mobil-
ity was the same, the penetration depth remained the same
even if the permeability and viscosity were different. The
penetration depth increased with the also increase of
mobility.

Thirdly, the differences in permeation boundary motion
among water, nitrogen, and CO2 were comparatively ana-
lyzed. A rapid method to predict the penetration depth
was proposed. The results showed that the penetration
depth of water was the smallest at the same permeability
or mobility, while the penetration depth of nitrogen was
larger than that of CO2 at the same permeability. However,
the penetration depth of nitrogen was smaller than that of
CO2 under the same mobility. The main reason for these
differences in penetration depth was the different evolution
laws of compressibility and viscosity among water, nitro-
gen, and CO2. In order to fast calculate the penetration
depth, new theoretical formulas were established to predict
the penetration depth of water, nitrogen, and CO by intro-
ducing the correction functions to the previous formulas.
The correction functions were related to mobility. The
effectiveness of the proposed formulas was verified through
simulation results.

Table 4: Computational parameters for simulation of water and gas permeation.

Parameter Water Nitrogen CO2

Initial permeability, ky0 (m
2) 1 × 10‐20 ∼ 5 × 10−16 2 × 10‐22 ∼ 1 × 10‐19 2 × 10‐22 ∼ 1 × 10‐19

Viscosity, μ (mPa·s) 1 ∼ 10‐2 0:018 ∼ 1:8 0:0867
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Figure 6: Changes of permeation depth with mobility during water
and gas permeation.
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