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This paper established a triple porosity physical model in rectangular closed reservoirs to understand the complex fluid flowing
mechanism and production behavior of multifractured horizontal wells in shale gas reservoirs, which is more appropriate for
practical situation compared with previous ones. According to the seepage theory considering adsorption and desorption process
in stable state, the gas production rate of a well producing at constant wellbore pressure was obtained by utilizing the methods
of Green’s and source function theory and superposition principle. Meanwhile, the volume of adsorbed gas (𝐺L) and the number
of hydraulic fractures (𝑀) as well as permeabilities of matrix system (𝑘m) and microfractures (𝑘f ) were discussed in this paper as
sensitive factors, which have significant influences on the production behavior of the wells. The bigger the value of 𝐺L is, the larger
the well production rate will be in the later flowing periods, and the differences of production rate with the increasing of𝑀 are
small, which manifest that there is an optimum𝑀 for a given field. Therefore, the study in this paper is of significant importance
to understand the dynamic production declining performance in shale gas reservoirs.

1. Introduction

Some researches show that the reserves of shale gas in current
world have reached 456 × 1012m3 [1], which equals the sum
of coal-bed methane and tight sand gas reserves. That is to
say, shale gas has become the most important energy source
and a key component of the energy supply in the world. In
order to develop the shale gas reservoirs more economically
and efficiently, it is necessary to take advantage of horizontal
well drilling technology and multistage hydraulic fractur-
ing, which can not only improve conductivity of hydraulic
fractures, but also activate and connect existing natural
fractures generating large spatial network system. So these
technologies have been proved as the most effective method
in developing shale gas reservoirs until now.

Due to the unique features, unconventional reservoirs
are often characterized by dual-porosity model [2], in which
matrix has lower permeability but contains most of the gas,
while fractures have greater flow conductivity as the main

flow channel. Existing in rock matrix and fractures, nat-
ural gas in shale formation is commonly described by
dual-porosity models. According to the previous theoretical
research and field tests [1, 3–9], an identical conclusion
has been reached that both hydraulic fractures and natural
fractures play important roles in production performance in
shale gas reservoirs.

However, it has been proved that seepage flow in shale
gas reservoirs is much more complicated than that in
conventional gas reservoirs because of massive multistage,
multicluster hydraulic fracturing stimulations. It is urgent
to propose some new methods to simulate these complex
flowing systems better and to help understand the recovery
mechanism as well as optimizing development plans of shale
gas reservoirs.Therefore, many researchers have done a great
amount of studies on fluid seepage in horizontal wells and
transient pressure analysis for shale gas reservoirs in recent
years. Different models have been built to illustrate different
flow mechanism in shale formations.
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The transient pressure behavior of wells in shale gas
reservoirs was first studied by Kucuk and Sawyer [10] who
utilized the analytical method and numerical simulation to
do the research. However, they did not take the effect of
desorption and diffusion into consideration, which are the
typical characteristics of shale gas. This may cause big error
in production analysis during the practical development.

In 2010, Ozkan et al. [6] took the diffusive flow mecha-
nism into consideration and used analytical method to build
up the dual-mechanism dual-porosity multiply fractured
horizontal well model for shale gas reservoirs. But they
neglected adsorption gas on matrix particle surface, which
may cause great deviationwith shale gas production behavior.

Aiming to describe the flow mechanism in shale matrix,
triple-porosity linear flow model was built by Al-Ahmadi
and Wattenbarger [11], where they took the impact of shale
gas desorption into their physical and mathematical model.
However, the disadvantage in their paper was that the shale
gas diffusion in matrix was neglected.

Zhao et al. [12] took reference to former studies and
presented a new concept called “triporosity” mathematical
model to describe fluid flow from shale gas formation to a
multifractured horizontal well while analyzing the produc-
tion decline when a well is producing at a constant wellbore
pressure. But the physical model in their paper was built up
on the condition that the layer is infinite, which is not always
in accordance with actual situation.

Based on the models established by previous scholars,
Wang [13] provided a new well testing model with con-
sideration of desorption, diffusive flow, viscous flow, and
stress-sensibility of reservoir permeability for multifractured
horizontal wells in shale gas reservoirs.However, the shale gas
production behavior was not discussed in his research.

Assuming an analytical model with the consideration of
adsorption anddiffusive flowprocess, Sang et al. [14] analyzed
the transient pressure performance of multiple fractured
horizontal wells in unconventional shale reservoirs. Although
they discussed the influence on production behavior caused
by different bottom-hole pressure and Langmuir pressure,
some key factors were neglected such as the number of
hydraulic fractures.

The work done by Xu et al. [15] was identical with the
former scholar’s. Not only did they set up physical model and
discuss the transient pressure behavior, but also they analyzed
the production performance. But they considered that the
outer boundary is infinite, which may not be true in actual
situations.

In view of these factors, the physical model in this
research was based on the condition of a multistage fractured
horizontal well in a rectangular closed reservoir, since the
constant pressure curves could form a nearly rectangular
region, according to the seepage theory and practical pro-
duction data [1, 16]. Applying the triple-porosity model with
considering adsorption and desorption in stable state, a novel
model to describe the fluid flow behaviors in shale gas
reservoirs is established and the corresponding solutions are
derived by Green’s and source function and superposition
principle, which canmake up the defects of previous ones and
can be more effective in guiding the practical production.

2. Gas Adsorption/Desorption Model

Gas adsorption is a surface phenomenon and is predomi-
nately a physical bond caused by the intermolecular attractive
forces, such as Van der Waals forces, while desorption is the
converse process of adsorption [18].

Although there are many adsorption models that were
introduced to describe the adsorption/desorption character-
istics of gas molecular on particle surface, the Langmuir
model is themost commonly used.Themathematical expres-
sion of this model is

𝐺ads =
𝐺L𝑝m
𝑝L + 𝑝m

. (1)

For most reservoirs, reservoir temperature can be treated
as constant only if the reservoirs are injected with other cool
or hot fluid. So, for the adsorption/desorption model, an
assumption that temperature does not change for the problem
is under consideration. That is the reason why people always
called the Langmuir formula “sorption isotherm.” A typical
adsorption isotherm curve (Langmuir curve) is illustrated in
Figure 1.

3. Physical Model

It has been reported that there existed many organic pores in
the formation of shale gas reservoir from SEM images, and
the scale of these pores is much larger than the molecular
diameter of methane, so this will cause some errors if gas
storage and seepage in matrix pores were not taken into
account in shale matrix. In order to overcome this problem,
some scholars proposed a triple-porosity model to consider
the effects of these large scale pores on well production
performance, which means that the absorbed gas would
firstly flow into matrix pores rather than microfracture, and
then it would flow intomicrofractures frommatrix pores.The
flowing process can be clearly schematized by the following
illustrations (Figure 2) [12, 17].

In spherical coordinate system, the continuity equation
of shale gas flowing in fractures was presented by Kucuk and
Sawyer [10] as follows:

1

𝑟2

𝜕

𝜕𝑟
(
𝑘f
𝜇g
𝜌g𝑟
2 𝜕𝑝f
𝜕𝑟

) + 𝑞m =

𝜕 (𝜙f𝜌g)

𝜕𝑡
. (2)

According to the Warren and Root model [2], the gov-
erning flow equation in matrix pores can be described by the
following formula for the pseudosteady state flow:

−𝑞m =

𝜕 (𝜙m𝜌g)

𝜕𝑡
+ 𝑞des.

(3)

And For pseudosteady state interporosity flowmodel, the
equation of gas flow from matrix pores to microfractures is

𝑞m =
𝛼𝑘m
𝜇g

(𝜌gm𝑝m − 𝜌gf𝑝f) . (4)
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Adsorption: with the increasing of pressure, some free gas will be
adsorbed on the particle surface

Desorption: with the decreasing of pressure, the adsorbed gas will escape 
from the particle surface and becomes free gas
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Figure 1: Illustration of typical gas adsorption/desorption isotherm curve.
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Figure 2: The physical model of triporosity model [12, 17].

For gas flow in porous media, in order to linearize the
strong nonlinear flowing equations, the pseudopressure is
needed, which is expressed as follows:

𝑚(𝑝f) = ∫
𝑝f

𝑝o

2𝑝

𝑍𝜇g
d𝑝. (5)

With consideration of the macroscopic pores in the
matrix as media for gas to flow through, the model turns
into a “triporosity” model. Because the assumption of pseu-
dosteady state flow of gas frommatrix pores to microfracture

system is made, the following variables are defined for the
derivation process:

𝑟D =
𝑟

𝐿 ref
,

𝑡D =
𝑘f 𝑡

(𝜙m𝑐mgi + 𝜙f𝑐fgi) 𝜇gi𝐿
2

ref

,

𝜔f =
𝜙f𝑐fgi

𝜙m𝑐mgi + 𝜙f𝑐fgi
,
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𝜔d =
𝜙m𝑐d

𝜙m𝑐mgi + 𝜙f𝑐fgi
,

𝜆 = 𝛼
𝑘m
𝑘f
𝐿
2

ref ,

Δ𝑚f = 𝑚 (𝑝i) − 𝑚 (𝑝f) ,

Δ𝑚m = 𝑚 (𝑝i) − 𝑚 (𝑝m) ,

𝑐d =
2𝑇𝑝sc

𝜙m𝜇gi𝑇sc

(1 − 𝜙f − 𝜙m) 𝐺L𝑚(𝑝L)

[𝑚 (𝑝L) + 𝑚 (𝑝m)]
2

.

(6)

By substituting the above variables into the governing
equations of bothmatrix and natural microfractures systems,
the general equation ofmicrofracture systems under different
flow mechanisms is

1

𝑟
2

D

𝜕

𝜕𝑟D
(𝑟
2

D
𝜕Δ𝑚f
𝜕𝑟D

) = 𝑓 (𝑠) Δ𝑚f . (7)

Note that 𝑓(𝑠) is a parameter group for the mechanism
flow model used in this paper, which is described with the
following equation:

𝑓 (𝑠) =
𝜆 (1 + 𝜔d) + 𝜔f (1 − 𝜔f + 𝜔d) 𝑠

𝜆 + (1 − 𝜔f + 𝜔d) 𝑠
𝑠. (8)

Through carefully analyzing the expression of above
equation, it can be easily concluded that the mechanism
model proposed in this paper can be transferred into the
conventional dual-porosity model by equaling 𝜔d to 0, which
means there is no adsorbed gas in the matrix system.

4. Mathematical Model

In order to obtain the solution of fractured horizontal well
in closed rectangular shale gas reservoir with Green’s and
source function, the continuous point and source functions
must be derived firstly. Figure 3 shows a physical model of
a fractured horizontal well in closed rectangular shale gas
reservoir. In order to make the problem more tractable, we
assume that all hydraulic fractures are transverse and fully
penetrated along the well and the orientation of horizontal
well is distributed along the 𝑦 coordinate; all the fractures
are infinite conductivity and neglect the fluid flow from
the microfractured to the horizontal well; the formation
thickness and the fracture heights are ℎ.

The continuous line source function in a rectangular
closed shale gas reservoir in Laplace domain is [19]

Δ𝑚f =
𝑝sc𝑇

𝑇sc

𝑞scL
𝜋𝑘f𝐿 refℎD𝑠
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Figure 3: Physical model of a multifractured horizontal well in a
closed rectangular shale gas reservoir.
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(10)

According to the continuous line solution in a rectangular
closed shale gas reservoir derived above, the pressure drop
of the 𝑖th element fracture on the point of (𝑥D, 𝑦D) can be
obtained by integrating the continuous line source function
of (8) along the fracture if the flux of each fracture element is
uniform (the schematic is shown in Figure 4):

Δ𝑚f 𝑖 (𝑥D, 𝑦D) = ∫
Γ

Δ𝑚fL (𝑥D, 𝑦D, 𝑥wD𝑖, 𝑦wD𝑖, 𝑠) d𝑙. (11)

Then, the line integral in the equation above can be
converted into the integration of fracture unit along 𝑥
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Figure 4: Discretization of one fracture in fracture system.

direction reasonably in that the directions of fractures in the
model are parallel to the 𝑥-axis, which can be written as
follows:

Δ𝑚f 𝑖 (𝑥D, 𝑦D)

= ∫

𝑥m𝑖+Δ𝐿 f 𝑖/2

𝑥m𝑖−Δ𝐿 f 𝑖/2
Δ𝑚fL (𝑥D, 𝑦D, 𝑥wD𝑖, 𝑦wD𝑖, 𝑠) d𝑥w.

(12)

Substituting (9) into (12) results in following equation:

Δ𝑚f 𝑖 =
𝑝sc𝑇

𝑇sc

𝑞scL𝑖
𝜋𝑘f𝐿 refℎD𝑠

𝜋

𝑥eD
{Δ𝐿 f 𝑖

⋅
cosh (√𝑢�̃�D1) + cosh (√𝑢�̃�D2)

√𝑢 sinh (√𝑢𝑦eD)

+ 2𝐿 ref ∫
+Δ𝐿 fD 𝑖/2

−Δ𝐿 fD 𝑖/2

+∞

∑

𝑘=1
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𝑥eD

)

⋅ cos(𝑘𝜋
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)
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} d𝛼.

(13)

Defining the following dimensionless production and
dimensionless pseudopressure, the expressions are

𝑞D𝑖 =
𝑞scL𝑖Δ𝐿 f 𝑖
𝑞sc

,

𝑚fD =
𝜋𝑘fhℎ𝑇sc
𝑝sc𝑇𝑞sc

Δ𝑚f .

(14)

The dimensionless pseudopressure drop in an arbitrary
point caused by an arbitrary element 𝑖 can be obtained by
substituting (14) into (13):

𝑚fD𝑖 = 𝑞D𝑖𝐴𝑗𝑖 =
𝑞D𝑖
𝑠

⋅
𝜋

𝑥eD
{
cosh (√𝑢�̃�D1) + cosh (√𝑢�̃�D2)

√𝑢 sinh (√𝑢𝑦eD)
+

2

Δ𝐿 fD𝑖

⋅ ∫

Δ𝐿 fD 𝑖/2

−Δ𝐿 fD 𝑖/2

+∞

∑

𝑘=1

cos(𝑘𝜋 𝑥D
𝑥eD

) cos(𝑘𝜋
𝑥mD𝑖 + 𝛼

𝑥eD
)

⋅
cosh (√𝜀𝑘�̃�D1) + cosh (√𝜀𝑘�̃�D2)

√𝜀𝑘 sinh (√𝜀𝑘𝑦eD)
} d𝛼,

(15)

where𝐴
𝑗𝑖
(both 𝑖 and 𝑗 vary in the range 1 to 2𝑁𝑀) represents

the pseudopressure drop of element 𝑗 at the location of
element 𝑖.

Since the hydraulic fractured horizontal well consists of
many discrete fracture units, the pressure of an arbitrary
point in formation is the result of superposition by discrete
units according to the assumption of this model. On the basis
of superposition principle, the pressure drop at nodal point
caused by the total element can be obtained as follows:

𝑚D (𝑥D𝑗, 𝑦D𝑗) =
𝑀∗2𝑁

∑

𝑖=1

𝑞D𝑖𝐴𝑗𝑖 (𝑥D𝑖, 𝑦D𝑖, 𝑥D𝑗, 𝑦D𝑗, 𝑠) . (16)

The hypothesis of infinite conductivity fracture leads to
the same pressure at every point inside the fracture element,
which is equal to the bottom-hole pressure, which yields

𝑚wD = 𝑚D (�̂�D𝑗, �̂�D𝑗) . (17)

Besides, the total flow rate is the summation of the rate
from each fracture as a result of the material balance theory,
so

𝑀∗2𝑁

∑

𝑖=1

𝑞D𝑖 = 1. (18)

Although the solution of the mathematical model in this
paper is based on the foundation of gas well producing at a
constant rate, when the gas well is producing at a constant
wellbore pressure, the corresponding dimensionless produc-
tion rate of wells can be obtained through the following
equation:

𝑞D =
1

𝑚fD × 𝑠
2
. (19)

Through combining (19) with other equations presented
above, we can get the solution for a multifractured horizontal
well producing at a constant wellbore pressure in a rectangu-
lar reservoir.
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Table 1: Basic data used in analysis of examples.

Input parameters Value
Initial reservoir pressure, 𝑝i (MPa) 25
Initial reservoir temperature, 𝑇 (K) 320
Formation thickness, ℎ (m) 60
Half fracture length, 𝑥f (m) 30
Gas specify gravity, 𝛾 (dimensionless) 0.65
Initial compressibility of gas, 𝑐gi (MPa−1) 0.01
Flowing pressure in bottom hole, 𝑝wf (MPa) 1
Permeability of microfracture system, 𝑘f (mD) 0.01
Permeability of matrix pores system, 𝑘m (mD) 0.0001
Porosity of microfracture system, 0f (dimensionless) 0.02
Porosity of matrix pores system, 0m (dimensionless) 0.12
Skin factor, 𝑆kin (dimensionless) 0.1
Wellbore storage coefficient, 𝐶D (m3/MPa) 10−6

Langmuir pressure, 𝑝L (MPa) 4
Langmuir volume, 𝐺L (m

3/m3) 10
Number of fractures,𝑀 (integer) 3
Effective horizontal well length, 𝐿 (m) 1200
Outer boundary size in x-axis, 𝑥e (m) 400
Outer boundary size in y-axis, 𝑦e (m) 2000
Shape factor, 𝛼 (1/m2) 10−5

5. Results, Discussion, and Sensitive Analysis

In the above section, we have analyzed the well produc-
tion rate solving process in detail and the corresponding
coefficient matrix can be easily assembled and solved with
Gaussian elimination method. In this section, with the aid
of computer program techniques and Stehfest numerical
inversion method [20], the relationship of well production
rate and its corresponding cumulative production with time
can be drawn on a rectangular coordinate system. The
synthetic data used are listed in Table 1.

5.1. Effect of Adsorption Gas Volume. As a significant part of
gas component in shale gas reservoirs, adsorption gas origi-
nally attaching on surface of shale matrix has great effect on
gas production behavior of multistage fractured horizontal
wells. Figure 5 illustrates the effect caused by desorption gas
volume on production rate and its corresponding cumulative
production. It clearly shows that, with the increasing of
desorption gas volume, gas production will become larger,
which is also true to cumulative gas production. As is known
to us all, the free gas is produced firstly at the beginning of
production. With the pressure of reservoir decreasing, more
and more adsorbed gas will be desorbed frommatrix surface
and then becomes free gas in macropores of matrix system.

5.2. Effect of Fracture Number. As a critical sensitive factor of
gas production in multifractured horizontal wells, the num-
bers of hydraulic fracture immediately affect production per-
formance. Figure 6 reflects the influence on production rate
decline caused by different numbers of hydraulic fractures. It
shows that themore fractures there are, the higher production
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Figure 6: Effect of fracture number (𝑀) on production behavior.

rate we will get during the early flow period. Compared to
the situation of 𝑀 = 3, the other three situations (𝑀 = 5,
7, 10) have a larger production rate. With the increasing of
production time, the difference of production rate between
different fracture numbers is becoming smaller. If we set the
production time at 𝑡 = 3000 days, which means the well will
produce nearly 10 years with constant bottom-hole pressure
under same condition, it can be clearly seen from the curves
that the difference of production rate for𝑀 = 5 and𝑀 = 7 is
nearly 0.2 × 104m3/day, which is a very considerable rate for
shale gas reservoir. But the difference for𝑀 = 7 and𝑀 = 10

is nearly 0.04 × 104m3/day, which is negligible comparing
to the hydraulic fracturing cost. And also, if we set the
production time at 4200 days, the same laws can be obtained.
So, under this situation, the optimum fracture number can be
selected as 7. Due to the fact that real formation characteristic
is very complex and sometimes the induced fractures can be
formed during the fracturing process, this conclusion maybe
has some deviation with the practice situation.

5.3. Effect of Matrix System Permeability. As matrix is the
main storage place of shale gas, the permeability of matrix
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Figure 7: Effect of matrix system permeability (𝑘m) on production
behavior.
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Figure 8: Comparing the results when 𝑘m equals 10−6mD and
10−7mD.

system plays a vital role in the process of production, which
can be seen fromFigure 7.Thehigher thematrix permeability
is, the higher the well production rate will be. But when
the matrix permeability increases to a certain value, the
increment of the production is less (see Figure 8), such as 𝑘m
= 10−6mD and 10−7mD, which means there is a critical value
for 𝑘m. In this case, the critical value can be set as 10−6mD.

5.4. Effect of Microfracture System Permeability. As a typ-
ical characteristic of shale gas reservoir, the influence of
microfracture systemwas often neglected by previous studies.
As the channel between the shale matrix and hydraulic
fractures, the permeability of natural fracture has a certain
effect on production behavior of fractured horizontal wells,
which can be seen from Figure 9. As we can see, production
rate and cumulative gas will ascend along with the value of
natural fractures permeability increasing. Although the layer
pressure decreases constantly at the early stage of production,
it is always beyond the value of desorption pressure. At inter-
mediate and late stage, the formation pressure is low enough
and adsorption gas begins to be desorbed, so the influence of
natural fractures’ permeability will come into effect.
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Figure 9: Effect of microfracture system permeability (𝑘f ) on
production behavior.

But there is one point we should notice that no matter
what product condition is, production rate and cumula-
tive gas will tend to be stable in late period due to the
limitation of total reserve of shale gas reservoir. And the
larger the microfracture permeability is, the larger the stable
productivity will be. So, for the economic development of
unconventional gas reservoir, the areas with microfracture
developed should be treated as sweet spot to preferentially
exploit.

6. Conclusions

A new physical triple-porosity model of a multifractured
horizontal well in a closed rectangular shale gas reservoir
was built with consideration of adsorption and desorption
process in stable state or pseudosteady state.The point source
function and superposition principle were used to establish
the mathematical model to describe the flow process of shale
gas in formation. From the above discussion, the following
conclusions can be summarized:

(1) Due to the distribution of constant pressure curves
in multistage fractured horizontal wells, the outer
boundary of the physical model in this paper was
considered to be a rectangular closed reservoir. It is
closer to practical situations and the solutions can be
calculated by Laplace transformation and numerical
inversion conveniently.

(2) As a main component of gas production rate, adsorp-
tion gas plays an important role in production
behavior. With more adsorption gas, there are more
production rates. Besides, owing to the process of
desorption, the effect of adsorption gas volume comes
in intermediate and late production periods. But it
will not influence the total production of shale gas
reservoir.
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(3) Hydraulic fracture which was regarded as primary
channel for gas seepage is another critical factor when
analyzing the production decline of multifractured
horizontal well in shale gas reservoir. To a certain
extent, the production rate will ascend with hydraulic
fracture number increasing, but it does not mean that
the more fractures the better. According to different
reservoir conditions, the optimum fracture number
should be utilized to solve different problems.

(4) The effect of matrix system permeability, which
reflects the connectivity between shale matrix and
fracture system, is more obvious in intermediate and
late production stages.The higher the permeability of
matrix is, the better the gas production rates are. But
the ultimate gas recovery will not be affected.

(5) The permeability of microfractures also has a certain
effect on production behavior, which is the bridge
between shale matrix and hydraulic fractures. Sim-
ilarly, the effect of them is more evident in inter-
mediate and late production periods. Moreover, gas
production rate has a positive correlation with the
permeability of these natural fractures, but at later
stage of production, all of the production rate and
cumulative gas will tend to be stable.

Nomenclature

𝑐fgi: Initial gas compressibility in fracture, Pa−1

𝑐mgi: Initial gas compressibility in matrix, Pa−1

𝐺L: Langmuir volume, m3/m3
ℎ: Formation thickness, m
𝑘f : Permeability of microfracture system,

10
−15mD

𝑘fh: Horizontal permeability of fracture
system, 10−15mD

𝑘m: Permeability of matrix pores system, mD
𝐿: Effective horizontal well length, m
𝐿 ref : Reference length, m
Δ𝐿 f 𝑖: Length of the 𝑖th element of the hydraulic

fractures, m
𝑀: Number of fractures, integer
𝑁: Discrete number of half fractures, integer
Δ𝑚: Pseudopressure drop, Pa
𝑚fD: Dimensionless pseudopressure
𝑝L: Langmuir pressure, Pa
𝑝f : Pressure in fracture, MPa
𝑝m: Pressure in matrix, MPa
𝑝o: Reference pressure, Pa
𝑝sc: Pressure at standard condition,

0.10325 × 10
6 Pa

𝑞sc: Gas production rate in standard condition,
m3/s

𝑞m: Flow rate of free gas from shale matrix to
fractures, kg/(m3⋅s) (see (2))

𝑞des: Diffusion rate of shale gas from shale
matrix to matrix micropores, m3/s (see
(3))

𝑞scL𝑖: Continuous line source flow rate of the 𝑖th
discrete fracture, m3/s (see (2))

𝑞D𝑖: Dimensionless production rate on the 𝑖th
element

𝑟: Radial distance, m
𝑟e: Radius of outer boundary, m
𝑠: Laplace variable
𝑆kin: Skin factor, dimensionless
𝑡: Production time, day
𝑇: Temperature, K
𝑇sc: Temperature at standard condition, 293K
𝑍: Gas deviation factor, fraction
𝛼: Shape factor, 1/m2
𝜌: Gas density in reservoir condition, kg/m3
𝜌gm: Gas density in the matrix systems, kg/m3

𝜌gf : Gas density in the fracture systems, kg/m3
𝜆: Interporosity flow coefficient,

dimensionless
𝜇: Gas viscosity, 10−3∗cp
𝜔: Storability coefficient
𝑥, 𝑦, and 𝑧: Distance coordinates, m
𝑓(𝑠): Variables groups.

Subscript

D: Dimensionless
i: Initial condition
sc: Standard state
f : Fracture system
m: Matrix system
g: Gas
w: Wellbore.

Superscript

–: Laplace domain.
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