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The effective utilization of reserves in tight sandstone reservoirs is one of the major concerns in terms of the development of tight
sandstone gas reservoirs. However, the characteristics of reserve utilization are not fully understood, and many uncertainties still
exist in the process. For this purpose, long cores on the Su 6 block of Sulige tight sandstone gas field in China were selected, and
a multipoint embedded measurement system was established to study the characteristics of effective reserve utilization. Then,
the effects of the related reservoir properties and production parameters were investigated. Based on the similarity theory, the
effective conversion relationship between the physical experiment and the actual field production was established. The results
showed that the pressure distribution in the exploitation of tight gas reservoir is nonlinear, and water cut in the reservoir will
hinder the effective utilization of reserves. The lower the reservoir permeability, the larger the negative effect of water on
reservoir utilization. Lower gas production rate and higher original pressure are associated with a smoother drawdown curve,
which results in larger reserve utilization. The moving boundary expands with time, and its initial propagation velocity increase
and then decrease. Additionally, the water cut in the reservoir can delay the spread of moving boundary propagation. The
experimental results are consistent with the actual results of the field production by the similarity criterion, which can reflect
and predict the production performance in tight gas reservoirs effectively. These results can provide a better understanding of
reservoir pressure distribution and effective utilization of reserves to optimize the gas recovery and development benefit in tight
sandstone gas reservoirs.

1. Introduction

Tight sandstone gas reservoirs are widely distributed
throughout the world with huge resource potential, which
is playing an increasingly important role among energy
sources [1, 2]. Up till 2019, the discovered tight sandstone
gas field is more than 70 and the total amount of estimated
recoverable is more than 45 × 1013 m3 [3]. According to the
statistics, the recoverable reserves of tight sandstone gas in

China are about 13:4 × 108 m3, which accounts for more than
50% of the total natural gas reserves in the country. There-
fore, the efficient development of tight sandstone gas is of
great significance to the implementation of China’s natural
gas strategy [4]. At present, most of the tight sandstone gas
reservoirs belong to lithologic gas reservoirs which are
formed under the microstructure background, and they are
characterized by small-scale, low reserve abundance, large
amplitude change in production, and more development
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difficulties [5, 6]. Due to the geological characteristics with low
porosity, low permeability, and high water saturation, as well
as the development characteristics of threshold pressure gradi-
ent, Klinkenberg effect, and stress sensitivity, the propagation
law of the pressure disturbance in tight sandstone reservoirs
significantly differs from conventional gas reservoirs [7, 8].
Moreover, the seepage laws in tight sandstone reservoirs also
differ from Darcy’s law. The characteristics of pressure propa-
gation and pressure distribution in tight sandstone reservoirs
are the direct reflection on the effective utilization range and
utilization degree of the reservoir, which is also the theoretical
basis for cognizing geofluid flow characteristics, gas produc-
tion calculation, and well testing in gas reservoirs [9]. There-
fore, there is great significance to understand the effective
utilization of reserves for gas productivity and optimize the
effective development in tight gas reservoirs.

In the last few decades, there has been a surge of interest
in the characteristics of fluid flow and reservoir pressure dis-
tribution in the low permeability reservoirs [10]. Based on
comprehensive consideration of threshold pressure gradient,
nonlinear flow, and dynamic boundary effects, some scholars
have established a large number of the percolation models of
low-permeability reservoirs. Pascal analyzed the transient
flow in a one-dimensional model with the threshold pressure
gradient and derived the approximate analytical solution
[11]. Feng and Ge [12] established the mathematical model
of unsteady non-Darcy flow in the dual-medium reservoir
and analyzed the change of bottom hole pressure in the dif-
ferent exploitation process. Wattenbarger et al. [13] analyzed
the production decline curve analysis of linear flow into frac-
tured tight gas wells. Considering the threshold pressure gra-
dient and moving boundary factors, Deng and Liu [14]
proposed a mathematical model of nonlinear steady flow
and unsteady percolation in low permeability reservoirs and
derived the reservoir pressure distribution of two percolation
models. Hsieh et al. [15] used both analytical and numerical
methods to estimate the pressure disturbance area from a
producing well in an infinite reservoir. Feng et al. [16] estab-
lished a mathematical model of nonlinear percolation in low-
permeability gas reservoirs which considered the threshold
pressure gradient. Wang et al. [17] derived a new analytical
expression of pressure distribution and moving boundary
propagation by approximate solving the mathematical model
of nonlinear radial unstable fluid flow, which involved
threshold pressure gradient and moving boundary using
the integration method. Ji and He [18] established a
non-Darcy radial percolation model for ultralow perme-
ability reservoirs under constant flow and constant flow
conditions, which considers the threshold pressure gradi-
ent. Nobakht and Clarkson [19, 20] studied the linear flow
of fractured wells in tight gas reservoirs under constant-
flowing-pressure boundary conditions and obtained the cor-
responding expressions of detection boundary propagation.
Based on the trilinear flow model, Huang et al. [21] estab-
lished a new analytical model of a multifractured horizon-
tal well to recognize formation properties and forecast the
dynamics of pressure and the production in tight gas res-
ervoirs. Besides, there are some studies conducted in the
physical experiments, and Hu et al. [22] conducted gas perco-

lation experiments to understand the changes in reservoir
pressures during tight gas reservoir exploitation under the
conditions of homogeneous cores. Based on the similarity the-
ory of heterogeneous reservoir, Yu et al. [23] used low-
permeability physical simulation by artificial core plate model
to study on the seepage flow patterns in heterogeneous low
permeability reservoir. However, although there have been a
lot of numerical simulations studies, most of these studies have
generally been restricted to the idealized conditional, which
cannot truly represent the pressure disturbance propagation
and the reserve utilization in the actual formation. Concerning
physical simulation studies, the length of core commonly used
is generally only 5-8 cm; thus, accordingly, the effect of end
surface is obvious [24]. The existing long core experiments
usually arrange the growing cores or multicores in series
through the permeability harmonic average method, and there
is a great error compared with actual formation [25, 26].

In this study, the multipoint embedded measurement
system was established, and the 30 cm long core of the Sulige
tight sandstone gas fields was selected by outcrop coring to
simulate the variation law of reservoirs pressure in the differ-
ent exploitation processes. The propagation characteristics of
pressure disturbance and reserve utilization of tight sand-
stone gas reservoirs during the exploitation process were
studied, and the effects of the related reservoir properties
and production parameters such as permeability, pressure,
water saturation, and gas production were investigated.
Based on the above study, the effective conversion relation-
ship between the physical experiment and the actual field
production was established by the dimensional analysis,
and the experimental results were transformed into the actual
field production. These results can provide a better under-
standing of reservoir pressure distribution and effective
utilization of reserves for improving the gas recovery and
development benefit in tight gas reservoirs.

2. Experimental Samples and Methods

2.1. Experimental Samples. Sulige gas field, the biggest tight
sand gas reservoir in China, is a gentle west-leaningmonocline
located in the Yishan slope of the Ordos Basin, which is a
monoclinic structure inclined from northeast to southwest
with an exploration area of about 4:0 × 104 km2 [25]. The Su
6 block is located in the middle of the Sulige gas field in the
Ordos Basin, and it is one of the most favorable natural gas
enrichment and key development blocks in the Sulige gas field.

In the previous studies, physical simulation experiments
often use conventional cores with a length of 5-8 cm which
can result in the effect of end surface. Although long core
formed by splicing can weaken the effect of end surface, it dif-
fers significantly from the actual formation. Constrained by
coring technology and coring equipment, conventional cor-
ing of long cores is very difficult. In this study, 30 cm lone
core samples are collected by outcrop coring from the Su 6
block of the Sulige tight sandstone gas field. Then, three cores
with permeability values of 1:49 × 10−3 μm2, 0:32 × 10−3 μm2,
and 0:028 × 10−3 μm2 are selected to understand the propa-
gation characteristics of pressure disturbance and reserve
utilization of tight sandstone gas reservoirs during the
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exploitation. The basic properties of the tight sandstone
cores used in this study are shown in Table 1.

Tight sandstone gas reservoirs are characterized by low
permeability, high heterogeneity, and high water saturation
[22, 27]. During the depletion-drive development, the reser-
voir pressure gradually decreases, and the pressure within
the gas well drainage radius will exhibit a decreasing draw-
down curve from the distal reservoir to the proximal. The
physical properties and gas production rate of the reservoir
are diverse; thus, the pressure drop profiles in the different
development phases are also different, which reflects the
imbalance in the utilization of reserves. According to the
propagation characteristics of pressure disturbance and
reserve utilization of tight sandstone gas reservoirs, the
effects of the related reservoir properties and production
parameters such as reservoir permeability, original pressure,
water saturation, and gas production rate were considered,
and the experiments of the effective utilization of reserves
conducted on different conditions are summarized in
Table 2.

2.2. Experimental Methods. In the study, the experimental
system of multipoint embedded measurement in the gas res-
ervoir development is illustrated in Figure 1, which was com-
posed of a gas boosting section, core simulation section, and
data acquisition section. The unique feature of this experi-
mental system is that in addition to the two pressure points
at the inlet and outlet ends, there are also three pressure
points evenly distributed in the sidewall of the core holder.
The pressure sensor corresponding to each pressure measur-
ing point has an independent rigid collecting channel in
which the apex has installed a filter. The fore-end of the pres-
sure sensor is placed inside the core through the sealing
isolating device of the pressure-receiving device, which can
accurately measure the pressure changes at different posi-
tions on the core section during the gas reservoir develop-
ment. The pressure point recording interval is 2 s. Through
the data processing device, the pressure profiles of different
development phases can be established according to the mea-
sured pressure, and determine reservoir pressure propaga-
tion and pressure distribution characteristics finally.

The following experimental processes are set up to simu-
late the effective utilization of reserves in tight sandstone gas
reservoirs under different conditions: (1) According to the
experimental scheme, the core samples were chosen (for the
aqueous experiment, the irreducible water saturation was
established on the core by the gas-drive method). Drill a
radial hole in the core and put the core in the core holder,
and then place the rigid collecting channel of the pressure
sensor in the corresponding radial hole. (2) The nitrogen
was previously pressurized to 20MPa by gas booster pump

and stored in the high-pressure vessel. After the confining
pressure was increased to 30MPa, open the safety valve and
the control valve 2, and the core samples was filled with
high-pressure nitrogen. Then, the core samples were satu-
rated with a set saturation pressure secondarily by a gas
booster pump. When the pressure distribution inside the
core was uniform, remove the high-pressure gas source and
prepare to start the experiment. (3) Open the control valve
3 and release the gas at a constant gas production rate by reg-
ulating valve 3 at the outlet end during the initial stage. The
regulator valve 3 was opened to release gas from the outlet
end of the core holder, and the outlet end flow rate was con-
trolled by the regulating valve 3. After the outlet pressure was
reduced to the abandonment pressure 5MPa, the experiment
terminated, and the abandonment pressure Pa is calculated
using the empirical formula of the constant volume reservoir,
Pa = ð0:7 ~ 0:5ÞPiZa/Zi. (4) At the end of the experiment, the
drawdown curves were made with the experimental data.
Then, the characteristics of drawdown curves and the effect
of the different factors on the utilization of tight sandstone
reservoirs were analyzed comprehensively. During the exper-
iment, the core system of saturated high-pressure nitrogen
was closed completely, and there was no other external
energy supply. There is a great difference in the compressibil-
ity between the gas phase and the water phase, and thus, it
could be ideally considered that the energy source of the
product gas was the gas expansion caused by the reservoir
pressure drop.

2.3. Basic Theory. The material balance equation has long
been recognized as one of the basic tools for interpreting
and predicting reservoir performance, which was presented
by Schilthuis [29, 30]. The equation of the closed dry gas
reservoir can be written as follows:

GBgi = G − Gp

� �
Bg, ð1Þ

where G is the initial gas-cap gas; Gp is the cumulative gas
produced; Bgi is the initial gas formation volume factor; Bg

Table 1: Basic properties of tight sandstone cores.

Core no. Core type Core size (cm) (length × diameter) Permeability (10-3 μm2) Porosity (%)

Su1 Low permeability 30 × 3:76 1.49 14.6

Su2 Ultra-low permeability 30 × 3:72 0.32 11.7

Su3 Tight 30 × 3:77 0.028 8.8

Table 2: Different experiments for the reservoir utilization
conducted.

Experimental
scheme

Core
No.

Original pressure
(MPa)

Gas production
rate (mL/min)

1 Su1 20 2000, 6000, 10000

2 Su2 20 500, 1000, 1500

3 Su3 20 100, 300, 500

4 Su3 25 100, 300, 500
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is the gas formation volume factor; GBgi is the reservoir vol-
ume filled with gas under the initial reservoir pressure, and it
is the core pore volume for the dry core, while the water-
bearing core is that the core pore volume minus the irreduc-
ible water volume; ðG −GpÞBg is the reservoir volume filled
with gas at the pressure Pi after gas production, which is illus-
trated in Figure 2.

By substituting the ratio of the gas formation volume fac-
tor under initial condition and production (Bgi/Bg = ZPi)
into the Equation (1), thus, Equation (1) can be rewritten
and expressed as

P
Z
= Pi

Zi
−

Pi

ZiG
Gp: ð2Þ

From Equation (2), it can be seen that the graph of P/Z
versus Gp is a straight line if the reservoir is a closed bound-
ary. Based on the curve of P/Z versus Gp in the depletion-
drive development of tight sandstone gas reservoir, the
dynamic reserve G can be obtained by the intercept.

In this study, the gas production rate (q) and the cumula-
tive gas (Gp) can be measured, and the degree of reserve

recovery can be calculated from the cumulative gas and the
dynamic reserve,

R =
Gp

G
: ð3Þ

Define the recovery at a point in the core segment as
(1 − ZiP/ZPi), where P is selected as the pressure at that
point,

R′ = 1 − ZiP
ZPi

� �
: ð4Þ

3. Results and Discussion

3.1. Effect of Reservoir Permeability and Water Saturation.
The gas driving method was often used to establish the water
saturation of the core. However, it is more difficult to estab-
lish water saturation for the 30 cm long core in the experi-
ment. Here, the dry and irreducible water conditions were
compared to study the effect of water saturation on reserve
utilization in tight gas reservoirs. Based on the gas driving
method, the irreducible water saturation was established for
the cores, and the changes of related parameters between
dry core and aqueous cores were shown in Table 3. Accord-
ing to the experimental scheme, the physical experiments of
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Figure 1: Measurement of multipoint embedded measurement in gas reservoir development.

GBgi (G-Bp)Bg

Production condition
(p < pi)

Initial condition
(p = pi)

Gp

Figure 2: Tank model concept of the material balance equation
[28].

Table 3: Changes of related parameters between dry core and
aqueous cores.

Core
No.

Permeability
(10-3 μm2)

Aqueous cores
Permeability

loss
Water

saturation
Permeability
(10-3 μm2)

Su1 1.49 38% 0.86 46%

Su2 0.32 43% 0.15 61%

Su3 0.028 48% 0.022 21%

4 Geofluids



different permeability sandstone cores in the exploitation
were conducted, and the propagation characteristics of pres-
sure disturbance and reserve utilization were studied by the
system of multipoint embedded measurement.

For the formation of a sandstone reservoir with perme-
ability greater than 1× 10-3μm2 represented by Su1 core,
the reserve utilization under the dry and irreducible water
conditions is illustrated in Figure 3. The fluid percolation
channel is mainly capillary pore throat (0:1 μm< r < 1 μm)
and supercapillary pore throat (r > 1 μm), and the resistance
of single-phase gas to flow in the core is very small. From the
results of the experiment, the internal pressure of the core is
basically the same, with evenly decreasing, and the draw-
down pressure is extremely small. The drawdown curve is
approximately a straight line, and there is almost no pressure
cone of depression. The average pressure in the dynamic con-
trol area is low when the core outlet reaches the abandon-
ment pressure, and the reservoir is very well utilized. When

the gas production rate is 6000mL/min, the experiment is
carried out for 8.23min, and then, the pressure at the outlet
reaches the abandonment pressure. The pressure at the inlet
and outlet of the dry core is 5.66MPa and 5.03MPa, respec-
tively. The drawdown pressure is 0.63MPa, and the ultimate
recovery is 71.7%. When the reservoir contains irreducible
water, the irreducible water is present in the form of a water
film on the surface of the reservoir pore throat. The thickness
of the water film is very small relative to the radius of the pore
throat, so the influence on the gas seepage is negligible. In the
study, the experiment was finished in 4.13min, and the draw-
down pressure and the ultimate recovery are 0.99MPa and
66.7%, respectively.

For the formation of a sandstone reservoir with the per-
meability of 0:1 ~ 1 × 10−3 μm2 represented by Su2 core, the
reserve utilization under the dry and irreducible water condi-
tions is illustrated in Figure 4. The fluid percolation channel
is mainly microcapillary pore throat (0:01μm< r < 0:1 μm)
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Figure 4: Comparisons of reserve utilization in the Su2 core under the dry and irreducible water conditions.
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and capillary pore throat. From the result, it can be seen that
there exists the obvious percolation resistance when the gas
flows through in the core. The drawdown curve is nonlinear,
which shows the pressure cone of depression. When the pres-
sure drop reaches the end of the core, the pressure drop at
each point decreases uniformly with the increase of time
and reaches the pseudosteady state. When the gas production
rate is 500mL/min, the experiment is carried out for
5.38min, and the outlet reaches the abandonment pressure.
At the end of the experiment, the drawdown pressure is
8.29MPa, and the ultimate recovery of the dry core is
49.55%. The reservoir contains the irreducible water, and
the thickness of the irreducible water film is not negligible
compared with the radius of the main control throat. The
existence of the water film occupies the effective pore throat
of the reservoir, and it reduces the effective pore throat radius
and increases the percolation resistance to affect the effective
gas flow, which results in a larger drawdown pressure than in
the nonaqueous state to maintain the same gas production
rate. When the core contains irreducible water, the experi-
ment was finished in 1.67min; the drawdown pressure and
the ultimate recovery are 13.32MPa and 27%, respectively.

For the formation of a sandstone reservoir with perme-
ability less than 1 × 10−3 μm2 represented by Su3 core, the
reserve utilization under the dry and irreducible water condi-
tions is illustrated in Figure 5. The microcapillary pore throat
and nanopore throat (r < 0:1 μm) play the main control role
in the permeability of the formation. Compared with Su2,
Su3 has a smaller radius of the main control hole throat,
and the gas is more resistant to percolation in such reservoirs.
The drawdown curve is more nonlinear, and the pressure
cone of depression is more obvious. The reserves can be uti-
lized near the outlet while the reserves are utilized very poorly
at a distance from the outlet. When the gas production rate is
500mL/min, the experiment is carried out for 8min, and the
outlet reaches the abandonment pressure. At the end of the
experiment, the drawdown pressure is 9.91MPa, and the
degrees of reserve recovery degrees in the pressure measure-
ment points 1, 2, 3, 4, and 5 are 24.2%, 24%, 32.4%, 46.1%,

and 73.9%, respectively, and the degree of reserve recovery
in the dry core is 49.55%. When the reservoir contains irre-
ducible water, the main pore throat radius is smaller than
that of the ultralow permeability sandstone reservoir, and
the rock pore surface has a stronger ability to bind water mol-
ecules. Both the irreducible water saturation and the water
film thickness are larger, and the thickness of the irreducible
water film is even in the same order of magnitude as the
radius of the pore throat because the influence of water-
bearing gas percolation is greater. At the end of the experi-
ment, the pressure near the inlet hardly decreased, and the
reserves were basically not utilized. The pressures corre-
sponding to the pressure measuring points 1, 2, 3, 4, and 5
were 19.90MPa, 19.88MPa, 19.83MPa, 18.36MPa, and
4.92MPa, respectively, and reserve utilization in the pressure
measurement points was 1.88%, 2%, 2.40%, 8.56%, and
74.31%, respectively. The drawdown pressure reaches
14.98MPa, while the reservoir ultimate recovery is only
8.40%, and the ultimate recovery is reduced by 31.4%
compared with the dry core.

3.2. Effect of Initial Pressure. The original pressure of tight
sandstone gas reservoir is varied in different areas, which
affects the ultimate recovery [31, 32]. In this study, the Su3
core with irreducible water was chosen to study the effects
of different initial reservoir pressures in the reservoir utiliza-
tion. The gas production rate and original pressure were
100mL/min, 20MPa, and 25MPa, respectively, which was
shown in Figure 6. When the original pressure of the core
was 20MPa, the gas production rate was 100mL/min, and
the experiment was completed in 20.07min. The pressures
corresponding to the pressure measurement point 1, 2, 3, 4,
and 5 were 11.81MPa, 11.59MPa, 11.36MPa, 8.54MPa,
and 5MPa, respectively. The drawdown pressure was
6.81MPa at the end of the experiment, and the ultimate
recovery was 48.3%. While the initial saturation pressure
was 25MPa, the gas production rate was 100mL/min, and
the experiment was carried out for 34.12min. The pressures
corresponding to the pressure measurement points 1, 2, 3,
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Figure 5: Comparisons of reserve utilization in the Su3 core under the dry and irreducible water conditions.
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4, and 5 were 13.27MPa, 13.03MPa, 12.87MPa, 10.17MPa,
and 5MPa, respectively, and the drawdown pressure and
the ultimate recovery were 8.27MPa and 59%, respectively.
Compared with the initial saturation pressure of 20MPa,
the ultimate recovery was increased by 10.7%. This demon-
strates that the greater the original pressure in tight sand-
stone reservoirs, the greater the elastic expansion energy
that promotes the gas percolation. Therefore, the more gas
that could be effectively utilized in the reservoir, and the
greater the ultimate recovery.

3.3. Effect of Gas Production Rate. The gas production rate is
an important parameter in the gas reservoir exploitation
which can impact the productive life and the effective use
of reservoir [28, 33]. When the gas production rate was too
high, the drawdown pressure would increase rapidly. Besides,
the pressure at the core outlet would drop to the abandon-
ment pressure when the experiment was conducted for a
short time. When the experiment was in the abandoned con-

ditions, the corresponding core inlet pressure was varied with
different gas production rates. The higher gas production rate
was significantly associated with lager drawdown and higher
inlet pressure in abandonment conditions. As a result, the
degree of reservoir utilization was very low, and the nonlin-
ear pressure drop curve was stronger. The amount of pro-
duced gas was reduced, and the lower the ultimate
recovery. As shown in Figure 7, the original pressure of the
core was 20MPa, and the gas production rate was
100mL/min. When the experiment was carried out until
20.07min, the outlet pressure was reduced to the abandon-
ment pressure, and the corresponding pressures of the pres-
sure measuring points 1, 2, 3, 4, and 5 were 11.81MPa,
11.59MPa, 11.36MPa, 8.54MPa, and 5MPa, respectively.
According to Equation (6), the corresponding recovery of
each pressure point is 38.3%, 39.4%, 40.55%, 54.95%, and
73.51%, respectively, and the corresponding ultimate recov-
ery at the gas production rate was 48.3%. When the gas pro-
duction rate was 500mL/min, the experiment was carried out

q=100mL/min, Pi=20MPa q=100mL/min, Pi=25MPa

R=0
R=10%
R=20%

R=40%
R=48.3%

R=0
R=10%
R=20%

R=40%
R=59%

0 8 16
Distance to outlet (cm)

24 32 0 8 16
Distance to outlet (cm)

24 32

25

20

15

10

Pr
es

su
re

 (M
Pa

)

5

0

25

30

20

15

10Pr
es

su
re

 (M
Pa

)

5

0

Figure 6: Comparisons of reservoir utilization in the Su3 core under different initial reservoir pressures.
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to 8min, and the outlet pressure was reduced to the aban-
donment pressure. The corresponding pressures of the pres-
sure measuring points 1, 2, 3, 4, and 5 were 19.9MPa,
19.88MPa, 19.83MPa, 8.54MPa, and 5MPa, respectively.
The reserves in the core end were basically not utilized, and
the reservoir ultimate recovery was only 8.4%.

3.4. Effect of Abandonment Pressure. The abandonment pres-
sure plays a significant role in determining recovery effi-
ciency, and the reservoirs with low permeability will have
higher abandonment pressures than reservoirs with high per-
meability [28, 34]. The characteristics of the drawdown curve
under abandonment pressure reflected the distribution of
remaining reserves. In this study, the abandonment pressure
was uniformly set to 5MPa; three abandonment pressures (6,
7, and 8MPa) were set to study the effect on the utilization of
tight sandstone gas reservoir. Then, the recovery factor and
the drawdown curves of Su 3 under different abandonment
pressure were analyzed and compared.

Figure 8 shows the drawdown curves of the Su3 core with
irreducible water at different gas production rates when the
outlet pressure drops to the abandonment pressure. It can
be seen from the pressure distribution curve that the draw-
down curve was sharp near the outlet and was gentler away
from the outlet when the experiment was carried out to the
abandoned pressure condition. The trend of drawdown
curves is similar at the same production rate but different
abandonment pressure. However, the increased gas produc-
tion rate would make this trend more apparent. The results
of this phenomenon indicate that reserves near the core out-
let can be better utilized, but the reserves near the core end
are less utilized. The reason for the above phenomenon was
that the pore pressure was gradually reduced during the tight
sandstone depletion-drive development, and the pore pres-
sure was different at different locations in the core. Therefore,
the effective stresses at different points inside the core were
different. However, there was a strong stress sensitivity in
the tight sandstone, so the permeability of the core at differ-
ent locations was different in the mining process. The effec-

tive stress increased, and the permeability decreased along
the seepage direction. In the case of constant flow condition,
the drawdown pressure would gradually increase to ensure
the gas supply, which was reflected in the drawdown curve.

3.5. Propagation Characteristic of the Moving Boundary. Pas-
cal [11] and Liu [35] pointed out that there existed threshold
pressure gradient in the low-permeability reservoirs. The
propagation of pressure disturbances in the flow was not
transmitted to infinity instantaneously like the high-
permeability formation, but there existed a dynamic bound-
ary which was the outer edge of the propagation of pressure
disturbance. Tight sandstone gas reservoirs had similar
dynamic boundary pressure propagation characteristics as
low-permeability reservoirs. Analysis of gas reservoir pres-
sure disturbance propagation could reflect the effective utili-
zation range around gas wells, which was the theoretical basis
for analyzing gas production performance.

Since there was the threshold pressure gradient in the
tight sandstone gas reservoir, the pressure disturbance did
not propagate to the end of the core instantaneously, while
it would gradually move from the outlet end to the end of
the core with the advance of time. As shown in Figure 9,
the pressure wave propagated to pressure detecting points
4, 3, and 2, respectively, when the experiment was carried
out for 6 s, 18 s, and 34 s, respectively, in the dry core, and it
reached the core inlet when the time was 54 s. The corre-
sponding times of the dynamic boundary propagation to
each pressure measurement point in the condition of irre-
ducible water were 8 s, 24 s, 52 s, and 92 s, respectively.
Within the influence range of the moving boundary, the res-
ervoir was utilized and formed a pressure profile. However,
the reservoir was not utilized outside the influence range of
the moving boundary. The moving boundary gradually
expanded with the advance of time, and the propagation
speed increase first and then decrease. The higher the gas
production rate was, the faster the dynamic boundary prop-
agation speed was. The irreducible water in the core would
increase the threshold pressure gradient of the reservoir,
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which reduced the propagation velocity of the moving
boundary and decreased the propagation velocity of the pres-
sure disturbance. Therefore, the control area of a single well
was limited in the tight reservoirs even if the formation was
an infinite formation and there were no external boundary
conditions.

4. Similarity Conversion between Physical
Experiment and Gas Well Production

4.1. Similarity Criteria. Tight sandstone gas reservoirs are
characterized by low permeability, and there is basically no
natural productivity, and only after large-scale fracturing
transformation can they obtain gas productivity [36, 37].
However, the gas can only flow effectively within the
fracturing-affected area, and thus fracturing technology is
widely used during the development to increase the discharge
area of the gas well and increase productivity [38]. When
there was a fractured horizontal well in the center of the tight
sandstone gas reservoir, the gas flowed from the reservoir to
cracks and then flowed from the crack to the wellbore. And
the cracks were the main discharge surface and vertical
cracks were the main flow lines in the reservoir. The vertical
cracks were formed after fracturing in the gas well, which was
with equal spacing distribution and symmetrical distribution
on both sides of the gas well, and the cracks had infinite flow
conductivity, illustrated in Figure 10. Therefore, the percola-
tion problem of the segmented fracturing of horizontal wells
in tight sandstone reservoir could be simplified into several
one-dimensional percolation models. Considering that
cracks were distributed along the wellbore with equal spac-
ing, the production dynamics between the cracks did not
interfere, and then, the contribution of each crack to the
gas well production was consistent.

Similarity criterion refers to the effective conversion rela-
tionship between physical model experiment parameters and
mineral parameters established through similarity theory.
The similarity criterion can realize the effective application
of the physical simulation experiment results in the actual

mine field [39]. According to the percolation mechanics
theory and gas reservoir engineering method, there are 13
independent variables and 1 dependent variable in the exper-
iment, which contains 4 basic dimensions, as shown in
Table 4. They are length dimension (L), mass dimension
(M), time dimension (T), and temperature dimension (K),
respectively. According to the similarity theory, there are 10
similarity numbers, and they can be expressed by the follow-
ing form [40],

π = Kx1ϕx2Sx3w L
x4R1

x5R2
x6Px7

i q
x8 tx9zx10Tx11Tx12

sc P
x13
sc P

x14
5 : ð5Þ

According to the homogeneous principle, the corre-
sponding linear equations are as follows:

2x1 + x4 + x5 + x6 − x7 + 3x8 − x13 − x14 = 0, ð6Þ

x7 + x13 + x14 = 0, ð7Þ

−2x7 − x8 + x9 − 2x13 − 2x14 = 0, ð8Þ

x11 + x12 = 0: ð9Þ
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Equations (6), (7), (8), and (9) are homogeneous equa-
tions of length dimension, mass dimension, time dimension,
and temperature dimension, respectively. The corresponding
equations are homogeneous linear equations. According to
the matrix theory, there are 10 basic solutions for homoge-
neous linear equations and 10 independent similarity criteria.
By solving the equation, then conducting derivation and
transformation, the similarity criterion of the similarity phys-
ical simulation experiment of tight sandstone gas reservoir
development is obtained (as shown in Table 4).

π1 and π2 are the porosity and water saturation (or gas
saturation), respectively; π3 is the gas compressibility similar-
ity, and the deviation factor of nitrogen and formation natu-
ral gas used in the experiment changes around 1, which is
basically consistent; π4 is the ratio of temperature to the stan-
dard temperature. The physical experiment temperature is
298.13K and the formation temperature is 373.15K. The dif-
ference between the two and the standard temperature is
small, and the similar criteria π4 can be guaranteed to be
basically consistent; π5 and π6 are the geometric similarity.
In the physical experiment, π5 is the ratio of the core long
axis to the short half axis, which is generally 1. In the field,
π5 is the ratio between the width of the fracture percolation
surface and the thickness of reservoir. It can be seen from
Table 4 that it is difficult to achieve consistency between
physical experiment and the field according to the similarity
criterion π5, but it mainly represents the similarity of the ver-
tical flow direction, which has little influence on the one-
dimensional flow in the experiment, and the similarity
requirement can be appropriately reduced; π7 and π8 are
the dynamic similarities, and they are similar initial pressure
and similar abandonment pressure. The denominator of the
similarity criteria π9 is the expression of open flow capacity,
which means that the ratio of the experimental production
rate to the core open flow capacity should be consistent with
the ratio of the field production and the gas well open flow
capacity, which is consistent with the production of 1/3 and
1/6 based on the open flow capacity, and the significance of
the similarity criteria π9 is to establish relative production.
The similarity criteria π10 are the ratio of cumulative gas pro-
duction to dynamic reserves, which reflects the degree of gas

recovery. According to calculations and statistics, the com-
pact gas reservoir prototype similarity criteria π10 are
between 0 and 0.6, and the physical experiment π10 is
between 0 and 0.95, and thus, the similarity criteria are basi-
cally the same. It can be seen from the comparison between
the similarity criteria of the physical experiment and the
actual value of the field in Table 4 that they are the same basi-
cally, and so, the dynamic physical experiment of tight gas
reservoir development can basically realize the effective sim-
ulation of the field.

4.2. Similarity Conversion. According to the similarity crite-
rion π9, the velocity at the core outlet corresponds to the con-
tribution of a single fracture to the gas well, which can be
described as follows.

qsc =
bhKKrgTscP

2
i

aμzTPsc

qLμzTPsc

πR1R2KKrgTscP
2
i

 !
m

, ð10Þ

where the subscript m is the experimental parameter.
Then, the horizontal well production is written as

q = nf qsc: ð11Þ

Based on the similar criteria π10 and the experimental
time tm, the actual production time in the field can be calcu-
lated as follows.

t = bhaϕSwTscPi

qzTPsc

zTPsctm
πR1R2LϕSwTscPi

� �
qm: ð12Þ

According to the similarity criteria π8 and material
model core pressure Pj, the pressure P at different positions
during the development process is calculated. Thus, the bot-
tom hole pressure of gas well can be calculated based on the
pressure at the outlet end of the physical model core.

P = Pi

Pj

Pi

� �
m

: ð13Þ

Table 4: Physical simulation similarity of the tight sandstone gas reservoir development.

No. Similarity Similar attribute Model value Mine value

1 π1 = ϕ Porosity 0.11 0.02~0.15
2 π2 = Sw Flow medium 0.42 0.4~0.8
3 π3 = z Gas compressibility 1.055 0.9~1.2
4 π4 = T/Tsc Temperature 1 1.1~1.3
5 π5 = R2/R1 Geometric 1 10~50
6 π6 = R2/L Geometric 0.126 0.3~1
7 π7 = Psc/Pi Dynamic 0.005 0.002~0.005
8 π8 = Pa/Pi Dynamic 0.250 0.1~1.0
9 π9 = q/ πR1R2KKrgTscP

2
i /LμZTPsc

� �
Dynamic 0.097 0.1~0.3

10 π10 = qt/ πR1R2LϕSgTscPi/zTPsc

� �
Recovery 0.479 0~0.95
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4.3. Application of Similarity Criteria. To verify the accuracy
of similarity criteria in the field, the Su-1 well of Sulige gas
field was selected in this study, and they are similar in the res-
ervoir characteristics. The original formation pressure of the
reservoir is 29.23MPa, and the reservoir thickness is 13.6m,
and the porosity, the water saturation, and the reservoir tem-
perature are 8.7%, 42%, and 373.15K, respectively. The
length of the horizontal well is 1045m, and the number of
reconstruction sections is 8, and the length of the fracture is
90m. Since April 2011, the production has started at 4:2 ×
104 m3/d in the initial stage and gradually decreased to about
2:5 × 104 m3/d in the later stage. The average daily gas pro-
duction is about 3:48 × 104 m3/d, and there is a small amount
of water in the process, and the related production perfor-
mance is shown in Figure 11.

According to the similarity π9, the average daily gas pro-
duction of the Su-1 well is 3:48 × 104 m3/d, which corresponds
to the experimental flow rate of 100mL/min. Based on the
experimental result and the similarity criteria, the production
performance curve can be calculated as shown in Figure 12.
From the result of Figure 12, it can be seen that the production
performance curve calculated by the experimental result and
the similarity criterion is basically consistent with the actual
gas production performance curve in the field. There exists a
slight deviation, and the reason is that the influence of the frac-
ture conductivity, the wellbore flow, and other production fac-
tors are not considered. Thus, the production prediction of gas
reservoir development can be carried out based on similar cri-
teria and the physical experiments.

5. Conclusions

The variation law of reserve utilization in tight sandstone gas
reservoirs development was studied using the multipoint
embedded measurement system, and the effects of the utiliza-
tion of reservoir were analyzed. Besides, the effective conver-
sion relationship between the physical experiment and the
actual field production was established by the dimensional
analysis. The conclusions are as follows:

(1) The multipoint embedded measurement system can
accurately measure the pressure changes at different
positions on the core section during the gas reservoir
development. Selected 30 cm long core can weaken
the effect of end surface and overcome the unreality
of splicing long cores, and the experimental results
are more representative of real reservoirs.

(2) The water cut of tight sandstone gas reservoir has an
impact on the gas flow characteristics and thus reduces
the ultimate recovery. The lower the permeability is,
the higher the effect of water on the reservoir utiliza-
tion is, which is reflected in the drawdown curve as
the drawdown curve is nonlinearly enhanced. The
higher the reservoir pressure is, the lower the gas
production rate is, and the smoother the drawdown
curve is and the higher the ultimate utilization of the
reservoir is.

(3) There exists a moving boundary effect in the develop-
ment of tight gas reservoirs. The velocity of the mov-
ing boundary becomes large and then reduces
smaller, and the moving boundary will gradually
expand with time. The water cut in the reservoir will
reduce the velocity of the moving boundary.

(4) Based on the similarity theory, the production per-
formance curve calculated by the experimental result
is basically consistent with that in the field. However,
there exists a slight deviation between them as a result
of the effects of the fracture conductivity, the wellbore
flow, and other production factors.

Data Availability

The data used to support the findings of this study are
available from the first author upon request.
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