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Threshold pressure gradient, gas slippage, and stress sensitivity have important effects on the production of a tight gas reservoir. But
previous studies only focused on one or two of these effects. In this study, a mathematical model considering these three effects was
established to describe gas transport in a dual-porosity tight gas reservoir. Threshold pressure gradient, gas slippage, and stress
sensitivity are simultaneously considered in the velocity term of continuity equation which is mainly different from the previous
research results. The partial differential equation and definite solution condition are discretized by a central difference method.
A finite difference procedure was compiled and applied to solve this numerical model and predict the productivity of a
production well in a dual-porosity tight gas reservoir. The difference between the predicted and tested cumulative production is
less than 10%, which indicates that the proposed mathematical model can be used to describe the characteristics of gas flow in
the dual-porosity tight gas reservoir. Then, gas productivity of five different scenarios considering these effects was compared.
Results show that both stress sensitivity and threshold pressure gradient are negatively correlated with gas production, while gas
slippage is positively correlated with gas production. Among them, stress sensitivity has the greatest impact on the production of
a dual-porosity tight gas reservoir. Overall, these three effects have great influence on the development of the dual-porosity tight
gas reservoir, which should be considered in the production prediction.

1. Introduction

With the increasing demand for oil and natural gas, tight gas
is a kind of important supplement for fossil energy. Tight gas
is one of the largest unconventional energy resources, which
plays an indispensable role in natural gas supply [1, 2, 3].

Compared with conventional gas reservoirs, gas trans-
port in tight gas reservoirs has three specific characteristics,
including the threshold pressure gradient, gas slippage, and
stress sensitivity. A tight gas reservoir shows the effect of
threshold pressure gradient due to low porosity and perme-
ability [4]. When the gas flows in the tight reservoir, the
molecular force between gas and rock surface is far less than
that between oil/water and rock surface. This phenomenon is
called “gas slippage effect.” This gas slippage is much more
obvious when the gas flows in micropores [5, 6, 7]. The rock
in the tight reservoir also undergoes elastic and plastic defor-

mation with decreasing pore pressure. This phenomenon
results in the decrease in porosity and permeability. This rock
property change owns a significant impact on the fluid flow
in the reservoir. Therefore, the permeability stress sensitivity
needs to be considered in the mathematical model [8].

Previous researchers conducted a lot of work to study
these three effects. Qanbari and Clarkson [8] introduced a
new variable to solve the partial differential equation, which
described the slightly compressible fluid transiently flow in
a stress-sensitive reservoir. Zhang and Guo [9] established a
mathematical model considering the gas slippage effect of a
low-permeability gas reservoir and developed a pseudo-
pressure function and pseudo-time function which made
the mathematical model linearized. Based on the power func-
tion relationship between permeability and pressure, Ren
and Guo [10] launched an unsteady flow model in the
stress-sensitive reservoir to analyze the gas productivity.
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Huang et al. [11] presented an unsteady flowmodel for a hor-
izontal well considering both stress sensitivity and composite
reservoir shape. They also discussed the effects of permeabil-
ity coefficient and other relevant parameters on the transient
pressure and the declining production rate of the horizontal
well in stress-sensitive composite reservoirs.

At present, the published mathematical model of tight
gas reservoirs mainly focused on one or two effects of thresh-
old pressure gradient, gas slippage, and stress sensitivity.
There is rarely a mathematical model taking all of them into
account. This paper established a mathematical model of gas-
water two-phase flow in the dual-porosity tight gas reservoir,
which comprehensively considered the threshold pressure
gradient, gas slippage, and stress sensitivity. A finite differ-
ence method was applied to solve this model by computer
programming. Then, this model was applied to a tight gas
well to verify the reliability of the model. Finally, the effects
of these three effects on gas production were discussed.

2. Mathematical Model

The mathematical model of gas-water two-phase flow in the
dual-porosity tight gas reservoir is divided into four parts,
including gas equation of state, motion equation, continuity
equation, and solution conditions. Some basic assumptions
are made in the mathematical model to well depict the gas-
water physical flow, including the linear Darcy flow of water
and high-speed non-Darcy flow of gas in the dual-porosity
tight gas reservoir. Threshold pressure gradient, gas slippage,
and stress sensitivity were considered together into the conti-
nuity equation simultaneously.

2.1. Gas Equation of State. The PVT relationship of gas can-
not be described exactly by using a static equation of state,
because it can be influenced by pressure characteristic caused
by the gas flow through porous media [12–13]. The gas flow
is assumed in equilibrium, and its equation of state is written
as follows.

p + cð ÞV = nRT 1 + N
2V β + δ

N

� �
, ð1Þ

where c is the pressure characteristic, p is the system pressure,
V is the system volume, N is the molecular number, β is the
deviation coefficient between the actual gas and ideal gas, n is
the mole number of gas, R is the gas constants, δ is the
parameter related to c, and T is the system temperature.

For an ideal gas, β is 0 and σ is so small that can be
ignored. Equation (1) can be simplified as follows:

p + cð ÞV = nRT: ð2Þ

Equation (2) represents the PVT relationship of flowing
gas more accurately because the pressure characteristic
parameter was added to the left side of the equation [14].

According to equation (2), the gas density can be
expressed as follows:

ρg =
p + cð ÞM
RT

, ð3Þ

where ρg is the gas density andM is the gas molecular weight.

2.2. Motion Equation. In the gas-water two-phase flow of the
matrix and fracture system, the final motion equations were
established based on Darcy’s law, considering threshold pres-
sure gradient, gas slippage, and stress sensitivity effect.

2.2.1. Threshold Pressure Gradient. Gas and water in the
matrix and fracture system have to overcome the threshold
pressure gradient to flow. Therefore, the influence of the
threshold pressure gradient should be considered. At the
same time, the high-speed non-Darcy effect of the gas in
the fracture system also needs to be considered. The motion
equations in the matrix and fracture system are, respectively,
shown in equations (4)–(8) [15–20].

The motion equation in the matrix system is

vmg =
KmKrmgρmg

μmg
∇pmg − λmg

� �
, ð4Þ

vmw = KmKrmwρmw
μmw

∇pmw − λmwð Þ, ð5Þ

where vmg is the gas velocity in the matrix, vmw is the water
velocity in the matrix, Km is the permeability of the matrix,
Krmg is the relative permeability of gas in the matrix, Krmw
is the relative permeability of water in the matrix, ρmg is the
density of gas in the matrix, ρmw is the density of water in
the matrix, μmg is the viscosity of gas in the matrix, μmw is
the viscosity of water in the matrix, ∇pmg is the pressure gra-
dient of gas in the matrix, ∇pmw is the pressure gradient of
water in the matrix, λmg is the threshold pressure gradient
of gas in the matrix, and λmw is the threshold pressure gradi-
ent of water in the matrix.

The motion equation in the fracture system is

vfg =
BK fKrfgρfg

μfg
∇pfg − λfg

� �
, ð6Þ

vfw = K fKrfwρfw
μfw

∇pfw − λfwð Þ, ð7Þ

where vfg is the gas velocity in the fracture, vfw is the water
velocity in the fracture, K f is the permeability of the fracture,
Krfg is the relative permeability of gas in the fracture, Krfw is
the relative permeability of water in the fracture, ρfg is the
density of gas in the fracture, ρfw is the density of water in
the fracture, μfg is the viscosity of gas in the fracture, μfw is
the viscosity of water in the fracture, ∇pfg is the pressure gra-
dient of gas in the fracture, ∇pfw is the pressure gradient of
water in the fracture, λfg is the threshold pressure gradient
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of gas in the fracture, and λfw is the threshold pressure gradi-
ent of water in the fracture.

The non-Darcy coefficient of high-speed non-Darcy flow
of gas in the fracture system is

B = 1
1 + aρgK f /μfg

� �
vfg + hρgK f /μfg

� �
vfg2

, ð8Þ

where B is the gas non-Darcy coefficient and a and h are
constants.

2.2.2. Gas Slippage Effect. The gas slippage effect usually
occurs in tight porous media. Because the fracture permeabil-
ity is much greater than the matrix, the gas slippage effect in
the fracture is very weak. In order to solve the motion equa-
tion easily, the gas slippage effect in the fracture can be
ignored. At the same time, because there is no gas slippage
effect for water, only the gas slippage effect in the matrix sys-
tem needs to be considered [21].

The permeability equation considering the gas slippage
effect is shown in

K = K∞ 1 + b
�p

� �
, ð9Þ

where K∞ is the Klinkenberg permeability, b is the slippage
factor of the matrix, �p is the average formation pressure,
and Km∞ is the Klinkenberg permeability of the matrix.

The motion equation in the matrix system is

vmg =
Km∞Krmgρmg
μmg 1 + b/�pð Þð Þ ∇pmg − λmg

� �
, ð10Þ

vmw = KmKrmwρmw
μmw

∇pmw − λmwð Þ: ð11Þ

2.2.3. Stress Sensitivity Effect. The stress sensitivity effect
means that the permeability decreases with the increase in
the effective pressure during the production process. Because
the fracture is the main permeable path, the stress sensitivity
effect of the fracture system is considerable, while that of the
matrix system is not obvious. Therefore, only the stress sen-
sitivity effect of the fracture system is considered in the
dual-porosity tight gas reservoir.

The relationship between permeability and effective
stress is shown in

K = K0pe
−m, ð12Þ

where K0 is the initial permeability, pe is the effective pres-
sure, m is the stress sensitivity index, and K f0 is the initial
permeability of the fracture.

The motion equation in the fracture system is

vfg =
BK f0pe

−mKrfgρfg
μfg

∇pfg − λfg
� �

, ð13Þ

vfw = K f0pe
−mKrfwρfw
μfw

∇pfw − λfwð Þ: ð14Þ

Considering the above factors, motion equations of the
matrix and fracture system are launched, shown in equations
(10), (11), (13), and (14).

2.3. Continuity Equation. According to the law of mass con-
servation, the continuity equation of the gas-water two-phase
system can be obtained which takes into account threshold
pressure gradient, gas slippage, and stress sensitivity effect.

Matrix system:
Gas:

∇
Km∞Krmgρmg
μmg 1 + b/�pð Þð Þ ∇pmg − λmg

� �" #
− Fg − qmg =

∂
∂t

ϕmρmgSmg
� �

:

ð15Þ

Water:

∇
KmKrmwρmw

μmw
∇pmw − λmwð Þ

� �
− Fw − qmw = ∂

∂t
ϕmρmwSmwð Þ,

ð16Þ

where qmg is the gas production in the matrix, qmw is the
water production in the matrix, pmg is the gas pressure in
the matrix, pmw is the water pressure in the matrix, Smg is
the gas saturation in the matrix, and Smw is the water satura-
tion in the matrix.

Cross-flow in the matrix and fracture system:

Fg =
σKm
μg

pmg − pfg
� �

, ð17Þ

Fw = σKm
μw

pmw − pfwð Þ, ð18Þ

where Fg is the gas crossflow from the matrix system to the
fracture system, Fw is the water crossflow from the matrix
system to the fracture system, and σ is the shape factor.

Fracture system:
Gas:

∇
BK f0pe

−mK rfgρfg
μfg

∇pfgg − λfg
� �" #

+ Fg − qfg =
∂
∂t

ϕfρfgSfg
� �

:

ð19Þ

Water:

∇
K f0pe

−mKrfwρfw
μfw

∇pfw − λfwð Þ
� �

+ Fw − qfw = ∂
∂t

ϕfρfwSfwð Þ,

ð20Þ

where qfg is the gas production in the fracture, qfw is the water
production in the fracture, pfg is the gas pressure in the frac-
ture, pfw is the water pressure in the fracture, Sfg is the gas
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saturation in the fracture, and Sfw is the water saturation in
the fracture.

The main difference between the continuity equations
(15)–(19) and the previous research results is that threshold
pressure gradient, gas slippage, and stress sensitivity are
simultaneously considered in the velocity term of the conti-
nuity equation. In equations (15)–(19), the velocity term
includes the threshold pressure gradient of the matrix and
fracture system. The slip factor b in equation (15) represents
the gas slippage effect of gas in the matrix system. The m
stress sensitivity index in the velocity term in equations
(19) and (20) represents the stress sensitivity effect of the
fracture system. Continuity equations (15)–(19) comprehen-
sively characterize the interaction of these three effects in
tight dual-porosity gas reservoirs.

2.4. Solution Conditions. The solution conditions should be
given to solve the mathematical model, including boundary
and initial conditions.

2.4.1. Boundary Conditions. Because the edge water of the
tight gas reservoir has no obvious complementary effect on
the formation pressure, the outer boundary pressure of the
reservoir can be approximately regarded as closed. Then, it
is considered as a known function of time and space, as
shown in

pE = φ x, y, z, tð Þ: ð21Þ

The constant bottom hole pressure is adopted for the
inner boundary condition. It is considered a known function
of time and space, as shown in

p rwj = φ1 x, y, z, tð Þ: ð22Þ

2.4.2. Initial Conditions. The initial pressure is also a neces-
sary parameter to solve the model. The pressure distribution
in the gas reservoir is a known function at the initial time, as
shown in

p x, y, z, 0ð Þ = ϕ x, y, z, tð Þ: ð23Þ

The initial distribution of fluid saturation is needed when
calculating the gas-water two-phase flow. The distribution of
water saturation in the gas reservoir is a known function at
the initial time, as shown in

Sw0 = Sw x, y, zð Þ: ð24Þ

3. Model Solution

The mathematical model is a set of the partial differential
equation which is very complex and nonlinear. It is difficult
to be solved by an analytical method. In this paper, the partial
differential equation and definite solution condition are dis-
cretized by the central difference method and are calculated
by computer programming. The solution is solved by the
IMPES method. The key approach of IMPES is that the pres-
sure is solved implicitly for each cell and the saturation is

solved explicitly. So the pressure and saturation are solved
alternately. The advantage of the IMPES method is that it
needs less computation time at each time step and the com-
putation speed is relatively fast. The key technology of this
method is that the conductivity is taken as an explicit value,
and the pressure and saturation are solved alternately. The
programming design diagram is shown in Figure 1.

4. Model Validation

The numerical model was applied for a vertical well located
in the high structure of a dual-porosity tight gas reservoir
to test the validity of the model. In the numerical simulation,
the following parameters were used: cell size is 20m × 20m
× 1m, cell dimension is 25 × 25 × 5, initial reservoir pressure
is 4500psi, average matrix porosity is 6%, average fracture
porosity ϕ is 0, average matrix permeability is 0:0915 × 10−3
μm2, average fracture permeability is 100 × 10−3 μm2, irre-
ducible water saturation is 35%, and residual gas saturation
is 10%. The other parameters, such as threshold pressure gra-
dient parameter, gas slippage parameter, stress sensitivity
parameter, and relative permeability curve, also were input
into the program. The actual well schedule and production
data were put into the model. Gas production of the well
was calculated according to the actual well schedule. The
results are shown in Figures 2 and 3.

The calculated and actual gas production is shown in
Figure 2. The overall results show that the calculated gas pro-
duction is well consistent with the actual one, although some
data points could not be matched well. Figure 3 shows the
comparison of the calculated and actual cumulative gas pro-
duction. These two sets of data have the same trend. At the
early stage, two lines almost overlap together. From the mid-
dle stage, a little gap began to appear between them, which is
caused by failing to be matched well on some daily produc-
tion data. The deviation of cumulative gas production is less
than 10%. In conclusion, the matching result indicates that
the numerical simulation result well fits with the production
data.

5. Results and Discussion

In order to understand how the threshold pressure gradient,
gas slippage, and stress sensitivity influence the gas produc-
tion, five scenarios were designed. Three effects, none, and
only one were considered, respectively. Daily and cumulative
gas production for the five scenarios was calculated, as shown
in Figures 4 and 5.

From Figure 4, it can be seen that threshold pressure gra-
dient and stress sensitivity have a negative effect on gas pro-
duction while gas slippage has a positive effect. At the early
stage of production (before 700 days), the gas productions
of five scenarios are almost equivalent to each other. Because
gas saturation of the reservoir is high and the reservoir energy
is sufficient at the early stage, the threshold pressure gradient
effect is not significant. At the same time, the flow velocity of
gas in the reservoir is relatively high. The positive effect of gas
slippage on gas production is just offset by the negative stress
sensitivity. At the middle stage of production (700-1700
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days), the production difference between scenario 1 (three
effects) and scenario 5 (without three effects) is getting bigger
due to the closure of fractures caused by the reservoir pres-
sure depletion. Both stress sensitivity and threshold pressure
gradient effects are strong. In the meantime, positive effect of
gas slippage on gas production cannot make up for the neg-
ative effect of threshold pressure gradient and stress sensitiv-
ity. At the late stage of production (1700 days later), the
reservoir pressure continues to deplete, and the gas slippage
effect plays a major role gradually. However, because the
gas production is at a low level, the impact of the three factors
on the production is not as obvious as that at the middle
stage. As the formation pressure drops, gas production with
three effects is gradually close to that with no effect.

Gas production with stress sensitivity is less than that
with no effect. The gas production declines fast before the
fracture is closed. The gas production with the gas slippage
effect is higher than that with no effect. It means that the
gas slippage effect is positively related to production. Because
the threshold pressure gradient increases the flow resistance,
the production with it is lower than that with no effect.

From Figure 5, it is easy to be found that the cumulative
gas production with only the gas slippage effect is the largest.
That with only stress sensitivity is the smallest. Therefore, the

Define grid

Input properties

Input fluid

Grid initialization

Well schedule

Input time step

Reservoir pressure calculation

Fluid saturation calculation

Reach the last
time step or not

No

Yes
Finish

Figure 1: The programming design diagram.
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above results fully show that stress sensitivity has a greater
impact on production, followed by the gas slippage effect
and threshold pressure gradient. Stress sensitivity and
threshold pressure gradient have a negative correlation with
gas production, while the gas slippage effect is positive. They
comprehensively affect the gas flow ability in dual-porosity
tight gas reservoirs.

6. Conclusion

In this paper, a new mathematical model of the gas-water
two-phase flow in the dual-porosity tight gas reservoir is
established. The finite difference approach is used to solve
the model combined with computer programming. The con-
clusion can be summarized as follows.

(1) A mathematical model was established to compre-
hensively characterize the integrative influence of
threshold pressure gradient, gas slippage, and stress
sensitivity on gas flow in dual-porosity tight gas
reservoirs

(2) The daily and cumulative gas production predicted
by the proposed model is well matched with the
tested production data. The difference between the
calculated and actual cumulative production is less
than 10%

(3) The stress sensitivity and threshold pressure gradient
are negatively correlated with gas production, while
the gas slippage effect is positive. The combination
of these effects greatly influences the gas flow ability
in dual-porosity tight gas reservoirs

Nomenclature

c: Pressure characteristic (N/m2)
V : System volume (m3)
N : Molecular number
Β: Deviation coefficient between the actual gas and ideal

gas
n: Mole number of gas (mol)
R: Gas constant = 8:314 J/ðK · molÞ
δ: Parameter related to c
T : System temperature (°C)
ρg: Gas density (kg/m3)
M: Molecular weight of gas (kg/mol)
B: Gas non-Darcy coefficient
K0: Initial permeability (10‐3 μm2)
K∞: Klinkenberg permeability (10‐3 μm2)
Km: .Permeability of the matrix (10‐3 μm2)
Km∞: Klinkenberg permeability of the matrix (10‐3 μm2)
K f : Permeability of the fracture (10‐3 μm2)
K f0: Initial permeability of the fracture (10‐3 μm2)
b: Slippage factor of the matrix (MPa)
p: System pressure (N/m2)
�p: Average formation pressure (MPa)
pe: Effective stress (MPa)
m: Stress sensitivity index

σ: Shape factor
vm: Matrix velocity (m/s)
vf : Fracture velocity (m/s)
λm: Matrix threshold pressure gradient (MPa/m)
λf : Fracture threshold pressure gradient (MPa/m)
Krm: Matrix relative permeability
Krf : Fracture relative permeability
ρm: Matrix fluid density (kg/m3)
ρf : Fracture fluid density (kg/m3)
μm: Matrix fluid viscosity (mPa·s)
μf : Fracture fluid viscosity (mPa·s)
∇pm: Matrix system pressure gradient (MPa/m)
∇pf : Fracture system pressure gradient (MPa/m)
F: Gas and crossflow from the matrix system to the

fracture system (m3/s)
qm: Matrix fluid production (m3/d)
qf : Fracture fluid production (m3/d)
pm: Matrix system pressure (MPa)
pf : Fracture system pressure (MPa)
Sm: Matrix fluid saturation
Sf : Fracture fluid saturation
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