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Adsorbed gas and free gas both exist in shale reservoirs simultaneously due to the unique nanoscale pore structure, resulting in the
complex flow mechanism of gas in the reservoir during the development process. The dynamic performance analysis of shale
reservoirs has mostly been conducted by the numerical simulation and theoretical model, while the physical simulation
method for relevant research is seen rarely in the literature. Thus, in this paper, an experiment system was designed to
simulate the degraded development experiments of shale, coal, and tight sandstone to reveal the output law of gas in different
occurrence states of shale reservoirs and clarify the pressure propagation rules of different reservoirs, and then, adsorption gas
and free gas production laws were studied by theoretical models. Research indicated the following: (1) The gas occurrence state
is the main factor that causes the difference of the pressure drop rate and gas production law of shale, coal, and tight
sandstone. During the early stage of the development of shale gas, the free gas is mainly produced; the final contribution of
free gas production can reach more than 90%. (2) The static desorption and dynamic experiments confirm that the critical
desorption pressure of adsorbed gas is generally between 12 and 15MPa. When the gas reservoir pressure is lower than the
critical desorption pressure in shale and coal formation, desorption occurs. Due to the slow propagation of shale matrix
pressure, desorption of adsorbed gas occurs mainly in the low-pressure region close to the fracture surface. (3) The material
balance theory of closed gas reservoirs and the one-dimensional flow model of shale gas have subsequently validated the
production performance law of adsorbed gas and free gas by the physical simulation. Therefore, in the practical development
of shale gas reservoirs, it is recommended to shorten the matrix supply distance, reduce the pressure in the fracture, increase
the effective pressure gradient, and enhance the potential utilization of adsorbed gas as soon as possible to increase the
ultimate recovery. The findings of this study can help for a better understanding of the shale reservoir utilization law so as to
provide a reference for production optimization and development plan formulation of the shale gas reservoirs.

1. Introduction

Shale is a potentially unconventional gas reservoir, both the
source rock and the storage space for shale gas. Different
from the gas occurrence of conventional gas reservoirs, shale
gas is mainly composed of free gas and adsorbed gas. Specif-
ically, free gas mainly occurs in the fractures, matrix pores,
or organic nanopores of shale reservoirs, and adsorbed gas
mainly exists in kerogen, clay particles, and pore surfaces
[1, 2]. The adsorbed gas proportion in different shale gas

fields universally lies between 20% and 80% [3]; thus, study-
ing the production performance of shale gas in different
occurrence states is of great significance for enhancing shale
gas development efficiency [4, 5]. Due to the extremely low
porosity and low permeability of shale reservoirs and the
complex gas occurrence-transport conditions, the shale gas
flow mechanism is very complicated, dominated by coupled
effects of viscous flow, slip, diffusion, and desorption result-
ing in the fact that the conventional gas flow equation can-
not be applicable to shale gas reservoirs. The shale gas
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production curve has unique L-shaped production charac-
teristics, with high initial production, rapid decline rate,
and long stable production period in the later period [6, 7].
The pressure and production data are only adopted to pre-
dict production using experience or semiexperience, which
cannot reasonably explain the large difference in single well
production of shale gas and illustrate the unclear decline rate
performance, restricting the efficient development of shale
gas to a certain extent [8].

The current research on shale gas development is mostly
based on the production data analysis and prediction of
shale gas wells [9–11], restricted by the discontinuous pro-
duction data, short single well production time, and inaccu-
rate production forecasts. Thus, the physical simulation
experiment on the shale gas utilization mechanism and
development rules is conducted in the paper. The indoor
shale gas research mainly focuses on the static evaluation
of reservoir physical properties, such as shale gas porosity,
permeability test and pore connectivity characterization
[12–14], and adsorption isotherm curve test for adsorbed
gas volume [15, 16]. It can be seen from the previous studies
that there are relatively few studies on the shale gas dynamic
production performance, mostly focusing on theoretical
models and numerical simulations [17–20]. The physical
simulation experiments for shale gas development dynamics
are rare in the literature.

Therefore, considering the unclear understanding of the
gas generation mechanism and production law of shale gas
reservoirs, the workflow is developed as follows: first, the
self-developed high-precision, multipoint depletion develop-
ment simulation experiment system was adopted to carry
out the natural depletion simulation for shale sample, coal
samples, and tight sandstone samples, respectively, to obtain
a qualitative understanding of the gas output law of different
occurrence states. Then, combined with isothermal adsorp-
tion experiments, material balance equations, and one-
dimensional flow model, the utilization mechanism and
development rules of free gas and adsorbed gas were ana-
lyzed, which can provide a reference for production optimi-
zation and development plan formulation of the shale gas
reservoirs.

2. Experimental Design

Due to the limited gas supply range of the matrix, the shale gas
reservoir is transformed into the “artificial gas reservoir” by
hydraulic fracturing, where gas flow channels are established,
and then, depletion depressurization is adopted [1]. Since arti-
ficial fracture conductivity is much greater than that of the
matrix, the gas supply capacity in the matrix is very important
to the stable production period of the gas well [17] after the
fracturing fluid and gas are produced in the artificial fractures.
The gas flow from the matrix to the complex fracture network
plays a key role in the long-term stable production period of
shale gas wells. A physical simulation of shale gas matrix sup-
ply is established by using multiple tandem cores (Figure 1) to
simulate the gas one-dimensional flow from the matrix to the
fracture near the fracture surface. The pressure propagation
distance in the matrix can be directly obtained by setting pres-
sure measurement points along the flow path. According to
the gas production behavior and pressure profile, the gas utili-
zation rate of the matrix blocks at different depths from the
fracture surface can be calculated.

2.1. Experimental Samples. The shale samples were selected
from the Long-1 submember of the Longmaxi Formation in
the Sichuan Basin. In order to compare the difference of
adsorption capacities on pressure propagation and gas pro-
duction, coal samples with large adsorption capacity and tight
sandstone with minimal adsorption capacity were chosen for
comparison experiments. Specifically, the coal samples were
taken from coal seams in the Qinshui Basin, and the tight
sandstones were artificially compressed quartz sand samples.
The detailed parameters of the experimental rock samples
are shown in Table 1. The GAI-100 high-pressure isotherm
gas adsorption of the American CORELAB company [21] is
adopted to obtain the adsorption isotherm curves. Methane
with a purity of 99.99% is used as the test gas in the experiment
to truly reflect the flow state of shale gas.

2.2. Developed Simulation Experiment Methods. The self-
developed multipoint depletion development simulation
experiment system mainly includes ISCO pumps, high-

Pressure inspection instrument

Gas source with high pressure

Mediation valve

Pressure sensor

Pump

Core holder 5

Confining pressure pump

Temperature box

Check valve Flow measuring device

Flow controller

Computer

Pressure sensor 1

Core holder 1
Outlet

Pressure sensor 2 Pressure sensor 6

Core holder 2

Pressure sensor 3

Intermediate
container

Figure 1: Flow chart of coupled flow experiment device.
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pressure volume flow meters, high-precision pressure sen-
sors, core holders, intermediate vessels, ring pressure pumps,
and methane explosion-proof detection devices.

The experimental process is as follows: (1) First, the air-
tightness of the system needs to be checked; then, the core
can be dried at 105°C for 48 hours and cooled at room tem-
perature in a dry environment, finally put into the holder,
adding confining pressure to 35MPa. (2) The reservoir has
to be restored in the original pressure state; then, methane
gas is injected into the core in constant pressure, and the
pressure at each measurement point is recorded. When the
pressure at each measuring point of the core is saturated to
30MPa, the gas source needs to be closed, and then, the
pressure at each measuring point is observed. If the pressure
at each measuring point fluctuates less than 0.01% within 96
hours, the core is considered to be fully saturated. (3) The
outlet is opened, the exhaustion development experiment is
started, and the pressure of each measuring point and the
gas production data at the outlet are recorded in real time.

The following designs were made to improve the accu-
racy of the experiment: (1) The free volume of the system
is reduced. Due to the small porosity of shale, the free vol-
ume in the experimental system, including the free volume
in the pipelines, valves, and holder channels, cannot be
ignored in the experimental gas content and gas production.
In particular, the core holders with small free customization
are adopted in the experiment, and fillers are added in pipe-
lines and valves to minimize the free volume. Furthermore,
the gas expansion method is used to accurately measure
the free volume of the system and deduct it from the calcu-
lation of the gas volume. (2) For the stage-measured pressure
and flow rate method, since the pressure in the depletion
development experiment covers a large span of the original
formation pressure to the wasted formation pressure, pres-

sure sensors with different ranges are selected to ensure the
accuracy of the measurement. The imported gas mass flow
meters are employed in the fast initial flow rate, while the
bubble method or micropipe drainage method for multiple
measurements is adopted in the low-yield period. (3) The
experiments with different gases and different scales of
cores can be conducted by the experimental system. Six
pressure measuring points are set between the inlet, outlet,
and the holder totally in the depletion development exper-
iment of multiple tandem cores, which can measure the
pressure of the core production process to obtain the pres-
sure profile.

3. Results and Analysis of Development
Simulation Experiment

3.1. Analysis of Pressure Spreading and Gas Production
Performance. The multipoint depletion development simula-
tion experiment can directly measure the pressure at differ-
ent distances from the fracture surface and obtain the
pressure propagation profile of the matrix and the gas pro-
duction rate and cumulative gas production data. The pres-
sure profile and gas production of shale samples measured at
different production times are shown in Figures 2 and 3.

It can be seen from Figure 2 that the average matrix per-
meability of this group of cores is 0.00025mD, the total
length of cores is about 20 cm, and the experimental gas pro-
duction time lasts for 315 days. The gas production is still
ongoing. The pressure at the inlet drops from the initial
pressure of 30MPa to 9.7MPa. At the initial development
stage, the pressure profile detected at each measurement
point is the same as that of conventional gas reservoirs such
as sandstone, and the dynamic boundary presents an
“upward convex” pressure drop funnel. The closer

Table 1: Basic physical parameters of experimental samples.

Core number Length (cm) Diameter (cm) Porosity (%) Permeability (mD)

Shale

1 3.81 2.54 2.01 0.00032

2 3.73 2.54 2.3 0.0011

3-1 3.17 2.50 1.86 0.00016

3-2 4.36 2.54 2.40 0.0002

3-3 4.12 2.53 1.77 0.00011

3-4 3.10 2.50 2.08 0.00026

3-5 4.43 2.51 1.70 0.00056

Coal sample

4-1 6.11 3.81 6.82 0.039

4-2 6.13 3.82 7.51 0.015

4-3 6.44 3.81 6.96 0.011

4-4 4.35 3.82 9.82 0.15

4-5 4.93 3.81 9. 01 0.19

Tight sandstone

5-1 4.21 3.81 9.83 0.0015

5-2 4.47 3.84 11.21 0.0048

5-3 4.27 3.84 12.88 0.0063

5-4 4.28 3.80 13.55 0.011

5-5 4.34 3.81 14.42 0.016
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production outlet can lead to the greater pressure drop, and
the time that the pressure spreads to the boundary (No. 1
pressure measuring point) is about 6 days. As the production
time progresses, the pressure at each measuring point grad-
ually decreases. When the pressure drops to about 15MPa,
the pressure profile gradually changes from “upward con-
vex” to “downward concave,” due to the fact that the large
supply of adsorbed gas has slowed down the pressure drop
in the low-pressure area near the outlet, while the adsorbed
gas at the remote pressure measuring point has not yet been
utilized, and thus, the free gas is mainly produced. The pres-
sure drop is slower during the later stage of production.
Therefore, the low-stable production period can last for sev-
eral years or even more than ten years in the shale gas reser-
voirs [22–24].

From the logarithmic coordinate of the gas production
rate curve (Figure 3), it can be seen that the gas production
rate dropped rapidly from 3.4 L/d to below 0.1 L/d within
10 days of the initial production period, and the gas produc-
tion rate can be stable from 0.001 L/d to 0.01 L/d for more
than 300 days, entering a long period of low-stable produc-
tion. The current cumulative gas production is 1.39 L; the
high initial gas production rate and the rising cumulative
gas production curve can be illustrated by the free gas pro-
duced mainly under high pressure .

The same experimental procedure was adopted to ana-
lyze the influence of adsorbed gas on pressure propagation
and gas production. A comparison experiment was carried
out on tight sandstone without adsorbed gas and coal
samples with an adsorbed gas ratio of more than 50%.
The pressure profile of tight sandstone tandem cores and
coal tandem core depletion development is shown in
Figure 4.

As is shown in Figure 4(a), the pressure propagation of
tight sandstone to the boundary (31 cm) lasts for less than
0.2 h, and the experimental pressure has dropped below
7MPa within 4.8 h. The average permeability of tight sand-
stone is about 0.008mD, which is about 30 times larger than
that of shale, leading to a relatively fast gas production rate.
There only exists free gas in tight sandstone samples, and the
adsorbed gas is basically negligible. Thus, the produced gas is
mainly free gas from tight sandstone. The pressure profile is
a conventional pressure drop funnel. The gas closer to the
fracture surface is extracted more easily.

Relatively speaking, the gas in coal samples mainly exists
as adsorbed gas, accounting for about 70%. The tested per-
meability of coal samples is relatively higher than that of
tight sandstone and shale samples, with an average value of
0.08mD. Due to the high complexity, heterogeneity of the
coal structure, and the large range of the pore size distribu-
tion, large pores and many cracks become the main flow
channel. Therefore, the initial pressure drops below
12MPa relatively quickly within 1.4 days. A large amount
of adsorbed gas in the coal sample matrix can obviously slow
the pressure drop when desorption occurs. The supply of
adsorbed gas guarantees the coal gas a long-term stable pro-
duction period. Specifically, the pressure change becomes
smaller in the later production period, except for the rela-
tively large pressure drop near the outlet. Then, the trend
from “upward convex” to “downward concave” is very obvi-
ous, and the supply of adsorbed gas makes the pressure pro-
file smoother in the later stage.

The cumulative gas production and cumulative gas
recovery curves of the three samples are compared, and the
results are shown in Figure 5.

It can be seen from Figure 5 that the initial gas rates of
the three samples are relatively high. The gas recovery rate
of tight sandstones has risen rapidly to over 90% in a short
period of time, indicating that the free gas in sandstones
can easily be destroyed as the pressure decreases. Compared
with tight sandstone, the recovery rate of shale gas and coal
are, respectively, 70% and 90%. The recovery of shale and
coal has a slower rise. The main reason is that after the initial
free gas is extracted, it needs to rely on the supply of
adsorbed gas desorption, the desorption of adsorbed gas is
a slow process, so the degree of recovery slowly increases.

The relationship curve between the cumulative gas pro-
duction and the apparent pressure of the three samples can
be seen that when the pressure is relatively high, the cumu-
lative gas production increases linearly with the decrease in
the apparent pressure during the initial development period,
which is consistent in the relationship between the free gas
and the apparent pressure, indicating that the free gas is
mainly produced in the early stage of development, the
adsorbed gas in the later stage of production makes the gas
production curve of shale and coal deviate from the linear
relationship, and the amount of adsorbed gas is largest in
the coal [25]. The deviation from the linear relationship of
cumulative gas production can be indicated by the adsorbed
gas. Even though there is a difference in the physical proper-
ties of the three different rock samples, the permeability of
the coal sample is the largest, followed by tight sandstone
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and shale. The difference in the gas occurrence state leads to
different gas production performances, in which the pres-
sure drop rate is ranked as tight sandstone > shale > coal
sample for the difference in the adsorbed gas ratio for each
sample. The gas production curve per unit pressure drop
under different pressure conditions is summarized as shown
in Figure 6.

The gas production per unit pressure drop represents
the gas production for each average pressure drop pres-
sure in the core system. Figure 6 shows that the gas

production rates of three samples maintained stable in
the initial production stage. When the pressure drops
to a certain level, the gas production per unit pressure
drop of tight sandstones without adsorbed gas basically
does not change, while the gas production per unit pres-
sure drop of shale and coal seams with adsorbed gas
rises significantly, indicating that the adsorbed gas begins
to desorb and becomes produced free gas. The greater
amount of adsorbed gas can lead to a more obvious
increase.
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3.2. Adsorption and Free Pneumatics Characteristics

3.2.1. Shale Gas Material Balance Theoretical Model.
According to the relationship curve of formation pressure,
cumulative gas production, and daily gas production with
the decrease of formation pressure, combined with the rele-
vant theory of gas reservoir engineering, the amount of free
gas and adsorbed gas production can be estimated to further
analyze the production law of free gas and adsorbed gas [26,
27]. The shale sample contains free gas and adsorbed gas, of
which the free gas volume is calculated by pore volume and
volume coefficient, and the adsorbed gas volume is calcu-
lated using the corrected Langmuir adsorption formula
[16]. The reserve calculation formulas are as follows.

The original free gas volume Gf0 of the matrix:

Gf0 =
VϕM
Bg0

: ð1Þ

The original adsorption gas Gad0:

Gad0 = VM ∗VL
p

pL + p
1 − βρg

� �
: ð2Þ

Reduction in the free gas and adsorbed gas amount at
time t:

Gfree = VϕM
TscPi

TZiPSC
− VϕM

TscP
TZPSC

,

Gab =M0 ∗ VL
pi

pL + pi
1 − βρgi

� �
−M0 ∗ VL

p
pL + p

1 − βρg

� �
:

ð3Þ

The cumulative gas production is

Gt = Gfree + Gab: ð4Þ

Based on the material balance equation for closed gas
reservoirs, without considering the adsorbed gas, the appar-
ent formation pressure decreases linearly with the increase
of free gas production, which can be expressed as equation
(5) [28]:

Gfree =G0 1 − ZiP
ZPi

� �
: ð5Þ

The above expression shows that the slope of the
early shale gas cumulative gas production and apparent
pressure curve is G0Zi/Pi, and the intercept is the total
free gas content G0. Therefore, the total free gas volume
G0 can be determined by the slope of the early shale
gas cumulative gas production and the apparent pressure
curve. The relationship between adsorbed gas volume,
free gas volume, and total gas volume in shale is shown
in Figure 7.

Figure 7 shows that the cumulative gas production
curve calculated by the model has a good fitting result
with the measured results, and the calculated adsorbed
gas and free gas volume are testified to be reliable. It can
be seen from Figure 8 that the cumulative gas production
curve is consistent with the free gas content in the high
pressure and has a good linear relationship with the
apparent average pressure. The free gas content estimated
by the linear section of the cumulative gas production is
about 1.4 L, slightly larger than that calculated by the core
porosity, that is, 1.36, due to a small amount of desorbed
gas near the outlet end. The lower pressure leads to higher
adsorbed gas production and the increased contribution to
the cumulative gas production. Thus, the cumulative gas
production curve deviates from the straight line, and the
free gas volume and the apparent pressure show a good
linear relationship.

It can be seen from Figure 7 that during the produc-
tion time of more than 300 days, the total recovery rate
is about 70%. It is mainly contributed by free gas, which
currently accounts for more than 90% of the total gas pro-
duction. Especially during the initial 30 days of develop-
ment, the average pressure of the core is higher than
10MPa, when free gas is mainly produced, accounting
for more than 90% of the total gas production. During
the production process, the pressure decreases, and the
adsorbed gas recovery rate gradually rises. The absorbed
gas and free gas recovery rates of 5 cores with different
distances from the fracture surface are, respectively, calcu-
lated, as shown in Figure 9. No. 5 is the core closest to the
fracture surface, the other numbers are sequentially away
from the fracture surface, and No. 1 is the most remote
end.

It can be seen from Figure 9 that the free gas and
adsorbed gas of core No. 5 near the outlet end have the
highest recovery rate. The aerodynamics law of free gas
is relatively clear: a large amount of free gas begins to be
produced as the pressure decreases, and the distance closer
to the fracture surface in the core can result in a higher
recovery rate, while the amount of adsorbed gas
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production is very small, mainly in the low-pressure area
near the outlet. Core No. 5 has the highest proportion of
adsorbed gas utilization, accounting for about 70%, while
the pressure of core No. 1 at the far end still stays above
10MPa, and the proportion of adsorbed gas utilization is
small, which is less than 5%. In actual production, free
gas is mainly produced in the matrix far from the fracture
surface with less absorbed gas, while the production of
adsorbed gas mainly occurs in the later stage of produc-
tion. The lower pressure can promote the production of
more adsorbed gas in the later stage.

The high-pressure isothermal adsorption curves of two
shale samples in Changning and Weiyuan are shown in
Figure 10 The static high-pressure isothermal adsorption

experiment also confirmed that the adsorbed gas has a crit-
ical desorption pressure [16]. When the adsorption becomes
saturated during the pressurized process, there is a maxi-
mum of the excess adsorption, indicating the maximum
adsorption capacity of the adsorbed layer and the corre-
sponding pressure is the critical desorption pressure. When
the formation pressure is higher than the critical desorption
pressure, the adsorption layer is saturated, the adsorption
phase density tends to be stable, and the adsorbed gas vol-
ume maintains stable. Since the adsorption layer is saturated
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at about 12-15MPa, the critical desorption pressure of shale
samples can be accurately determined through high-pressure
isothermal adsorption experiments. Only in the dynamic
production simulation experiment can the adsorbed gas pro-
duction law be described more accurately.

3.2.2. Shale Gas One-Dimensional Flow Model Research

(1) Model Building. Combining the mass conservation equa-
tion and the equation of motion, a one-dimensional flow pro-
ductivity model of shale gas is established to simulate the real
reservoir gas production characteristics and to study the contri-
bution of adsorbed gas to gas production. On the basis of the
conventional three-zone seepage model, the high-pressure gas
physical property nonlinearity, high-pressure isothermal
adsorption model, the apparent permeability model of gas dif-

fusion and slippage under low pressure, and the exponential
stress sensitivity in the secondary fracture network are compre-
hensively considered in the improved one-dimensional seepage
model in the paper as shown in Figure 11.

The specific assumptions are as follows:

(a) A quarter of a single fracture in the SRV area is
selected as shown in Figure 11. The convergence of
shale gas from the reservoir to the wellbore is a
one-dimensional seepage process of single-phase
methane gas in the three seepage fields, and the outer
boundary of the shale reservoir is homogeneous and
equally thick

(b) The occurrence state of the gas in the matrix
includes free phase and adsorbed gas. The adsorbed
gas on the pore wall of the matrix satisfies the super-
critical Langmuir adsorption equation, and the diffu-
sion and slippage of free gas in the micro-nanopores
of the matrix are considered

(c) The gas in the fracture network area only exists in a
free gas state. Considering the stress sensitivity of the
fracture network, the gas is supplied to the main
fracture direction in the fracture network

(d) The main fractures in the inner zone are uniformly
distributed, have equal length, are symmetrical up
and down, and fully compress the reservoir verti-
cally. The half-length of the main fracture is yF , the
fracture width is w, the main fracture cluster spacing
is LF , the width of the main fracture is d, and the gas
flow behavior follows Darcy’s law

(e) The channeling of gas between different seepage
areas is an unsteady and isothermal flow, ignoring
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gravity and capillary force. The shale gas well is
working at constant pressure

Based on the dimensionless parameter definitions in
Table 2, the simplified dimensionless flow equation in the
matrix is depicted in

∂ψmD

∂taD
= 1
ηmD

∂2ψmD

∂xD2 ,

ψmD xD, 0ð Þ = 0,

ψmD
dD
2 , taD

� �
= ψf D

dD
2 , taD

� �
,

∂ψmD dD/2, taDð Þ
∂xD

xD=1 = 0
�� :

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

ð6Þ

Likewise, the dimensionless flow equation in the fracture
network is depicted in

∂2ψf D

∂xD2 − γf D
∂ψf D

∂xD

� �
=

3wf

λf Fe
γ f D ⋅ψ f D

∂ψf D

∂taD
,

ψf D xD, 0ð Þ = 0,
ψf D 0, taDð Þ = ψFD,

∂ψf D xD, taDð Þ
∂xD

xD=dD/2
�� = eγ f D ⋅ψ f DdD

2RCD

∂ψmD xD, taDð Þ
∂xD

xD=dD/2
�� :

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

ð7Þ

Similarly, the dimensionless flow equation in the
hydraulic fracture is depicted in

2ye

Take 1/4 of a single hydraulic fracture

yF1 2F

y

yF

Fracture
network
zone 1Hydraulic

fracture

Matrix
zone 2 

LF
d

Le

0 LF/2 xw/2 d/2

Free
gasFree

gas

Adsorbed
gas +
Free
gas

Figure 11: One-dimensional seepage physical model of shale gas fractured horizontal well.

Table 2: Dimensionless parameter definition.

Dimensionless parameter Definition Dimensionless parameter Definition

Dimensionless pseudopressure ψD = ψi − ψ/ψi − ψwf Dimensionless production 1
qD

=
TscKF

ffiffiffiffiffiffiffiffi
Acw

p
ψi − ψwf

� �

PscqscT

Dimensionless pseudotime taD = KFta

μ φmCtm + φf Ct f + φFCtF

� �
Acw

Storage capacity ratio in the matrix wm = ψmCtm

φmCtm + φFCtF + φf Ct f

Dimensionless length xD = 2x
Lf

, yD = yffiffiffiffiffiffiffiffi
Acw

p Storage capacity ratio in the
fracture network

wf =
ψf Ct f

φmCtm + φFCtF + φf Ct f

Zone f ‐F mass transfer
coefficient

λf F =
12Kf

L2FKF

Acw
Storage capacity ratio in the

hydraulic fracture
wF =

ψFCtF

φmCtm + φFCtF + φf Ct f

Dimensionless conductivity in
the matrix

ηmD = KF

φmCmt + φf Ct f + φFCtF

φmCtm

Kma

Dimensionless formation
conductivity

RCD =
Kf d

KmLF

Dimensionless pressure γf D = γf ψi − ψwf

� �
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∂2ψFD

∂yD2 =wF
∂ψFD

∂taD
−
λf Fe

γ f D ⋅ψ f D

3
∂ψf D

∂xD
xD=dD/2
�� ,

ψFD yD, 0ð Þ = 0,
ψFD 0, taDð Þ = 1,
∂ψFD yD, taDð Þ

∂taD
yD=yFD

��� :

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

ð8Þ

The dimensionless seepage mathematical equations can
be solved by Laplace transformation in Laplace space; then
combined with the Stehfest numerical inversion and Newton
iteration method, the production solution in real space is
obtained during constant pressure production.

(2) Case Study. Considering that the pressure distribution
data at different venting radii in the production process by
a single core cannot be obtained, five cores connected in
series were designed for depletion development simulation
to validate the proposed production prediction model and
basic model fitting parameters which are shown in Table 3.
Figure 12 shows that the experimental data and model
results fit well, and the experimental results show that the
30-day total gas production volume is 3.39 L, compared to
the model calculation results of the gas production volume
3.423 L, with the relative error of less than 5%, which can
prove the reliability of the model.

As is shown in Figure 13, the desorption effect becomes
more significant with the increase of the experiment time,
and the proportion of desorption gas can ultimately reach
28.63%. The apparent formation pressure decreases with
the increasing time promoting the occurrence of gas desorp-
tion, and the proportion of desorbed gas increases in gas
production composition.

It can be seen that the gas production is dominated by
free gas in the shale gas reservoirs of high reservoir pressure
coefficient and high proportion of free gas while adsorbed
gas becomes important only when the reservoir drops below
the critical pressure. As for gas reservoirs dominated by
adsorbed gas, depressurization development is the main
method, characterized by the low gas production rate and
the long stable production time; thus, adsorbed gas is the
main source of long-term stable production in the later
stage. Therefore, shale gas development is recommended to
achieve “effective control and efficient production”; that is,

Table 3: Model fitting parameters.

Parameter name Value Parameter name Value

Initial pressure (MPa) 30 Matrix average porosity 0.056

Experimental temperature (K) 300 Matrix average permeability (mD) 0.000647

Core length (cm) 50 Langmuir volume (m3/t) 4.7

Core diameter (cm) 2.5 Langmuir pressure (MPa) 8.5

Rock density (kg/m3) 2600 Constant pressure in the outlet (MPa) 3

Stress sensitivity coefficient (MPa-1) 0.13
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Figure 12: Fitting results of gas production rate of tandem cores.
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to maximize the volume of shale matrix that can be communi-
cated by fractures, shorten the supply distance of the matrix,
and ensure that the recoverable reserves in the SRV area are
“effectively controlled” by the fractures to increase the utiliza-
tion rate of reserves. Meanwhile, it is necessary to reduce the
pressure as much as possible, increase the effective pressure
gradient, and ensure the “efficient production” of free gas
and adsorbed gas. When the gas reservoir pressure drops
below the critical desorption pressure, the adsorbed gas starts
to be supplied, the gas production per unit pressure drop rises
rapidly, and the gas production increases rapidly. The pressure
reduction increases the gas diffusion, and the gas flow capacity
is relatively enhanced, thereby increasing the single well pro-
duction and final recovery rate.

4. Summary and Conclusions

(1) The difference in gas occurrence state is the main
factor of the different gas production laws of the
shale, coal seams, and tight sandstone. In the perme-
ability experiment, the coal sample > tight
sandstone > shale, while the pressure drop rate of
tight sandstone is the largest, followed by shale and
coal sample. The large amount of adsorbed gas
delays the pressure drop rate of coal and shale and
greatly prolongs the low-stable production period

(2) Unlike free gas, there is a critical desorption pressure
for adsorption pneumatics. Both static and dynamic
experiments have confirmed that the critical desorp-
tion pressure for adsorption pneumatics is generally
12-15MPa. Due to the slow propagation of shale
matrix flow pressure, when the reservoir pressure is
higher than the critical desorption pressure in the
initial high production stage, free gas is mainly pro-
duced, and there exists a linear relationship between
gas production and the apparent pressure, which can
contribute more than 90% to the initial production

(3) It can be seen from the pressure profile that adsorption
pneumatics mainly occur in the low-pressure area near
the fracture surface. The material balance theory of
closed gas reservoirs and the one-dimensional flow
model of shale gas are used to study the production per-
formance of adsorbed gas and free gas: when the forma-
tion pressure is below the critical desorption pressure,
the adsorbed gas starts to be produced in large quanti-
ties, and the gas production per unit pressure drop rises
rapidly, resulting in stable production in the late devel-
opment stage. Therefore, in practical development of
shale gas reservoir, it is recommended to shorten the
matrix supply distance, reduce the pressure in the frac-
ture, increase the effective pressure gradient, and
enhance the potential utilization of adsorbed gas as
soon as possible to increase the ultimate recovery

Nomenclature

Gf0: Free gas reserves in the matrix (m3)
Gad0: Adsorbed gas reserves in the matrix (m3)

Pi: Initial gas reservoir pressure (MPa)
VL: Langmuir volume (m3/t)
PL: Langmuir pressure (MPa)
Bg: Volume factor, decimal
Gfree: Free gas production at the time of t (m3)
Gab: Adsorbed gas production at the time of t (m3)
P: Gas reservoir pressure at the time of t (MPa)
Z: The gas compression factor, dimensionless
Zi: Initial gas compression factor, dimensionless
Le: Effective horizontal length (m)
ye: Reservoir width (m)
d: Fractured zone length (m)
yF : Hydraulic fracture half-length (m)
LF : Hydraulic fracture cluster spacing (m)
w: Hydraulic fracture width (m)
Ctm: The matrix comprehensive compressibility coefficient

(Pa-1)
Ctf : The fracture network comprehensive compressibility

coefficient (Pa-1)
CtF : The fracture network comprehensive compressibility

coefficient (Pa-1)
Acw: Wellbore crossflow area (m2)
Km: The matrix permeability (mD)
K f : The fracture network permeability (mD)
KF : The hydraulic fracture permeability (mD)
Psc: The standard atmospheric pressure, 0.101 (MPa)
Tsc: The standard temperature, 273.15 (K)
Zsc: The ideal gas compressible factor, 1, dimensionless
γf : The pseudopermeability modulus (Pa·s/Pa2)
ta: The pseudotime (s).

Greeks

φm: The matrix porosity, dimensionless
φf : The fracture network porosity, dimensionless
φF : The hydraulic fracture porosity, dimensionless
ψi: The initial formation pseudopressure (Pa2/(Pa·s))
ψm: The matrix pseudopressure (Pa2/(Pa·s))
ψf : The fracture network pseudopressure (Pa2/(Pa·s))
ψF : The hydraulic fracture pseudopressure (Pa2/(Pa·s))
ψwf : Bottom hole flowing pseudopressure (Pa2/(Pa·s)).
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