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With the increasing demand for natural gas, the emergency peak shaving capacity
of gas storage is facing great challenges. The operation of gas storage converted
from depleted oil and gas reservoir has the characteristics of strong injection and
production, and alternate injection and production. However, the sand production
of the reservoir makes the major gas storages face the dilemma that the injection
and production capacity cannot be enhanced. In this study, the impact factors of
sand production in injection-production wells of gas storage converted from
depleted oil and gas reservoir were analyzed, and the sand production simulation
device of gas storagewas developed. Aiming at the twomain controlling factors of
alternating load and flow, the experimental study of quantitative sand production
was conducted. The experimental results show that the alternating load has a
significant weakening effect on the reservoir, and the sand production is positively
correlated with the number, size and span of the alternating load exerted on the
reservoir. By the method of multiple regression analysis, the parameters affecting
the sand production degree of the core were obtained as follows: the upper and
lower limit pressure of the alternating load, the flow rate and the number of
alternating loads. The sand production map was obtained by combining the sand
production amount of the core and the upper limit pressure of the alternating load
to evaluate the sand production degree of the injection-production wells. In
addition, at the same flow rate, the ratio of sand yield of two alternating loads
stages is approximately equal to the constant, which provides a reference for the
prediction of sand production in gas storage. The indoor simulation experiment of
sand production in gas storage provides technical ideas and theoretical basis for
the reconstruction of gas storage in Nanpu 1–29 block, and guides the selection of
sand control completion methods in gas storage.
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1 Introduction

In recent years, natural gas consumption has continued to increase at a rapid rate.
However, its supply and demand relationship is particularly uneven in time and space.
Therefore, as a method of peak shaving and strategic reserve, gas storage is in urgent need of
construction (Zheng et al., 2018; Yuan et al., 2020). By 2020, 27 gas storages putting into peak
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shaving operation have formed an annual peak shaving capacity of
13 billion cubic meters, and it is planned to build six gas storage
centers in Northeast, North, Midwest, Northwest, Southwest and
Middle East to ensure stable gas supply (Bo et al., 2003; Donghou
et al., 2015; Ding and Huan, 2020). The gas storage has the
characteristics of large capacity, low cost, safety and
environmental protection, but compared with oil and gas
production wells, sand production in injection-production wells
of depleted oil and gas storage is more common (Wang et al., 2019;
Wang et al., 2022a; Zhang et al., 2022). The main reason is that the
operation characteristics of the gas storage of strong injection and
strong production, alternate injection and production make it easier
for injection-production wells to reach the sand production
conditions (Liu et al., 2021; Wu et al., 2021; Yuan, 2021; Ma
et al., 2022), and the sand bridge is always in a dynamic cycle of
creation and destruction during the operation of gas storage. The
slight sand production of injection-production wells in gas storage
can enhance the reservoir production capacity, while the severe sand
production may result in production reduction, abrasion of
equipment, and reservoir collapse in serious cases (Wang et al.,
1998; Fan et al., 2004; Yan, 2005; Dong, 2009; Zhu et al., 2011; Yang
et al., 2012; Dong et al., 2022).

LUO (Luo et al., 2011) believes that formation rock failure may
cause sand production in wellbore. The failure mechanism of rock
can be divided into shear failure, tensile failure and bond failure. SUI
(Sui et al., 2019) analyzed the experimental data of alternating load
damage, it is found that the core will produce plastic and brittle
deformation under alternating load, and the damage amount of the
core increases with the increase of loading frequency and times. The
increase of damage amount directly leads to the increase of core sand
production. By analyzing the permeability variation of Shuang 6 gas
storage reservoir core under different displacement pressure
difference and gas water saturation, WEN (Wen, 2018) judged
the amount of sand production, and concluded that both
production pressure difference and reservoir water cut would
increase sand production of injection-production wells. Based on
the analysis of sand production from the geomechanical aspects,
P.J. McLellan (McLellan et al., 2000) believed that the geomechanical
aspects of sand production include the damage of bottomhole
pressure to rock, the change of reservoir pressure to in-situ
stress, the promoting effect of temperature on fracture
development, and the pressure instability of compressible and
non-Darcy fluid near wellbore. LIAO (Liao, 2021) uses the
method of laboratory experiment combined with the actual
production conditions of H gas storage to analyze a variety of
external conditions that lead to sand production in gas storage,
including injection-production flow, production pressure difference,
formation pressure drop, permeability and water content. The
experimental results show that the production pressure difference
and permeability have a great influence on the sand production. In
addition to the factors mentioned above, WANG (Wang et al.,
2022b) believes that well completion methods also have a greater
impact on wellbore sand production, including deviation
parameters, perforation parameters and wellbore size.

According to the exsiting research, the main controlling factors
of sand production, namely alternating load and injection-
production flow, are still not fully understood. The existing
experimental devices cannot meet the experimental conditions of

high pressure and large displacement. Aiming at this issue, a
simulation device for sand production in gas storage is designed
and developed. Based on this device, the sand production law of
cores under alternating load and flow rate is analyzed. This study
draws conclusions regarding the controlling factors of sand
production that provide guidance for the selection of sand
control completion methods in field gas storage.

2 Sand production simulation
experiment of gas storage

There are two main controlling factors of sand production in
injection-production wells of depleted gas storage. The one is
alternating load. Due to fatigue effect, the reservoir rock under
alternating load is more likely to produce stress concentration
causing sand production. The other is sufficiently large fluid
velocity. Under the action of fluid carrying, some sand particles
enter the wellbore through cracks. Therefore, it is crucial to analyze
the effect of alternating load and flow rate on sand production of
cores.

According to the operation characteristics of the gas storage in
the period, the formation pressure increases and the bedrock stress
decreases with the injection of natural gas. In the process of gas
production, the formation pressure decreases and the bedrock force
increases. When the rock reaches its critical failure pressure during
gas production, the sand production in reservoir may occur.
Therefore, we need to focus on the selection and optimization of
sand control completion mode when the alternating load amplitude
exceeds the critical failure pressure of the rock. The alternating load
range selected in this study is lower than the critical failure pressure
of the core. The experiment is designed according to the general rule
of formation pressure change during the operation of the gas storage
and the properties of the core.

2.1 Experimental device

The experimental device of sand production in gas storage
shown in Figure 1 can be used to simulate the sand production
in the high-temperature and high-pressure environment of depleted
oil and gas reservoirs during multiple injection and production. This
device can study the sand production of injection-production wells
in depleted oil and gas reservoirs at different temperatures and
pressures, and can realize the simulation of large displacement
conditions. The device is mainly composed of gas supply system,
core pressure and temperature control system, core holder, valve,
sand container and electronic balance. The gas supply system
consists of 1–4, for gas pressure adjustment and provide gas
source; the core pressure and temperature control system is
composed of 5–8, which is used to adjust the confining pressure,
axial pressure and temperature of the core. The switching state of
positive and negative drive controller determines whether the gas
can enter the core holder; the core holder is used for fixing the core;
the sand container and the electronic balance are used to collect and
measure the core sand.

The fluid flows axially from the air inlet of the core holder along
the core shown in Figure 2, and the flow rate increases with the
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increase of inlet pressure. The core fixed in the gripper will be
subjected to the confining pressure and axial pressure generated by
the external liquid of the rubber sleeve under the action of the
manual pressure regulating valve. The confining pressure and axial
pressure can simulate the change of formation pressure during the
injection and production process of the gas storage, and its value will
be set according to the upper and lower operating pressures during
the injection and production of the gas storage. The liquid outside

the rubber sleeve is always separated from the core under the action
of the sealing ring, and the core remains dry during the experiment.
The sand particles carried by the gas enter the sand collecting
container through the gas/sand outlet, and the sand production
of each measuring point can be obtained by weighing.

As the first domestic self-developed and designed sand
production experiment device of gas storage, it can show the
simulation results intuitively through the method of indoor
experiment. Because the upper limit pressure of the gas
storage is generally high, the pressure bearing capacity of most
experimental devices cannot reach the operating conditions of
the gas storage. The safe working pressure and temperature of the
device are 55 MPa and 120°C, respectively, which can realize the
simulation of the formation environment of most gas storages. In
addition to the characteristics of high-pressure and high-
temperature resistance, this equipment can also simulate the
sand production under the injection and production
conditions of the reservoir. The device has a manual valve
with confining pressure and axial pressure, which can adjust
the pressure according to the upper and lower limits of the gas
storage operation, and the temperature can be increased or
decreased by adjusting the control knob.

FIGURE 1
Diagram of sand production simulation device for gas storage (Ma et al., 2022).

FIGURE 2
Schematic diagram of core holder.
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2.2 Experimental materials

In order to simulate the sand production of formation rock
under alternating load during the operation of gas storage, the
experimental cores are taken from Well N77 in Block Nanpu1-
29 and Well G1 in Block Pugu2. The conditions of these two
wells are shown in Table 1. The experimental method of thick
wall cylinder was adopted, that is, drilling 10 mm through hole
along the central axis of the cylindrical core sample, so that the
stress distribution of the treated core is close to the reservoir
fracture.

The coring well and coring depth of cores are summarized
according to the experimental requirements. The length and
diameter of the core are shown in Table 2. In the experiment,
the thick walled cylinder method was adopted, that is, drilling
10 mm through-hole along the central axis of the cylinder core
sample, so that the stress distribution of the treated core is close to
that of the reservoir fracture.

2.3 Experimental scheme

Due to the strong heterogeneity of cores, it is not conducive to
reveal the sand production rule to study the difference of sand
production of different cores under the same experimental
condition. In the following experimental scheme, the

heterogeneity of the core was taken into consideration, and the
sand production is considered as the reference factor for setting the
experimental conditions, and it is progressiveness to set the
experimental conditions from the combination of qualitative and
quantitative aspects.

P0 (micro sand production pressure) is defined as the
corresponding confining pressure when the cumulative sand
production reaches 0.01 g; P1 (medium sand production
pressure) is the corresponding confining pressure when the
cumulative sand production reaches 0.03 g and the core is not
damaged; The formation pressure is PP. In the experiment, we
assume that the change range of the alternating load during each
injection production cycle of the gas storage is half of PP, and the

TABLE 1 Condition of coring well.

Block Well name Daily oil production/t Total sand production/m³ Cumulative operation time/d

Nanpu1-29 N77 37.8 1.2 1874

Pugu2 G1 4.3 0 224

TABLE 2 Core statistics.

Core No. Well name Core depth/m Core length/mm Core diameter/mm Center through-hole diameter/mm

1 N77 2781.62 50 50 10

2 N77 2777.81 80 50 10

3 N77 2782.15 80 50 10

4 N77 2782.15 70 50 10

5 G1 4433.15 50 50 10

6 G1 4433.15 50 50 10

FIGURE 3
Pressure axis analysis diagram.

TABLE 3 Simulation test conditions of core sand production.

Core No. P0/
MPa

P1/
MPa

Application of alternating
load

1 20 28 A (5.5–17 MPa), B (23–28 MPa)

2 32 37 C (10–37 MPa)

3 20 30 A (7–17 MPa), B (23–30 MPa)

4 38 42 C (10–42 MPa)

5 >55 >55 A (10–30 MPa), B (35–55 MPa)

6 >55 >55 C (10–55 MPa)
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alternating load range imposed by the core is different as shown in
Figure 3. The range of section A is Pa-Pb, and the alternating load
range does not reach P0; the range of section B is Pc-P1, and the
alternating load exceeds P0; Section C is a long-span alternating load
with a range of 10-P1.

P0 and P1 were measured in a step-by-step pressurized manner,
with the inlet pressure maintained at 1 MPa, and the confining

pressure and axial pressure increased by 1–2 MPa for 2 min each
time, and then the sand mass in the sand container was measured
until the collected sand mass reached 0.03 g. Multi-stage small-span
alternating loads are applied to core 1, 3 and 5, and single-stage
large-span alternating loads are applied to core 2, 4 and 6. According
to P0 and P1 values in Table 3, the application of core alternating
loads is presented in Figure 4.

FIGURE 4
Core inlet pressure and alternating load application.
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The cores (core 1, 3 and 5) with multi-segment and small-span
alternating loads were subjected to the alternating load of section A
for 30 times when the inlet pressure was 0 MPa, and then the inlet
pressure was increased to 1 MPa, 1.5 MPa, 2 MPa and 2.5 MPa for
2 min, respectively. The sand production at different inlet pressure
was measured and marked as measuring points 1–4. Continuing to
apply B section alternating load 30 times also maintain inlet pressure
at 0 MPa, and the change of inlet pressure is the same as above, again
measured at different inlet pressure of sand production, marked as
measuring point 5–8.

The cores (core 2, 4 and 6) of single-segment large-span
alternating load is applied to the C-segment alternating
load for 30 times when the inlet pressure is 0 MPa. The inlet
pressure is also maintained for 2 min at the pressure of 1 MPa,
1.5 MPa, 2 MPa and 2.5 MPa. The sand production at
different inlet pressures is measured and marked as measuring
points 1–4.

2.4 Experimental result

Because of the strong heterogeneity of the core, the stress fatigue
state of the core under alternating load varies greatly. The increase
degree of sand production of each core under the action of
alternating load varies greatly. The sand production of core
1–4 increases with the increase of external load conditions and
flow, as shown in Figure 5. It can be seen that the core is more likely
to produce sand under the action of alternating load, and the
reservoir rock will be subjected to cyclic loading in the injection
and production process of the gas storage, which causes the borehole
to produce sand more easily. Compared with injection-production
wells in gas storage, oil and gas production wells only have the
process of fluid production. With the development, the formation
pressure gradually decreases, without the influence of cyclic loading,
so the possibility of sand production in the wellbore is relatively low.

Although the alternating load of section A applied by core 1 and
3 for 30 times is lower than P0, the sand production will still increase
steadily with the increase of inlet pressure. Compared with the
measuring point 4 without alternating load of section B, the
measuring point 5 after applying the alternating load of section B
for 30 times has an obvious increase in sand production. Compared
with the alternating load of section A, the upper and lower limit
pressures of the alternating load of section B are higher than that of
section A, and the number of alternating loads has also changed
from 30 to 60. It can be seen that the sand production of loose cores
will increase with the increase of the number and size of alternating
loads. When the alternating load is slightly lower than P0, it will also
promote the sand production of the reservoir. Because the gas
consumption is affected by many factors, such as climate, the gas
storage in China has to carry out injection and production cycles at
least twice a year. With the increase of injection and production
cycles, the damage of the reservoir is getting worse and worse, thus
exacerbating the sand production of the reservoir. In addition, in the
design phase of the gas storage, the sand production in the wellbore
can be reduced by optimizing the injection and production process
of the gas storage and reducing the alternating load of the reservoir.

FIGURE 5
Core sand production.

FIGURE 6
Core state after test.
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From the sand production curve, it can be seen that the sand
production of core 2 and 4 is higher than that of 1–4 measuring
points of core 1 and 3 after the single section long-span alternating
load is applied, which also verifies that the sand production is
positively related to the alternating load. In the process of core
5 and 6 experiments, even if the upper limit of alternating load is
increased to the critical pressure value of 55 MPa of the device, no
sand production is found. At this time, increasing the inlet pressure
will not promote sand production.

It can be seen that the flow rate will promote sand production
when the external stress reaches P0. Although the alternating load
and flow rate have influence on sand production, the alternating
load is the precondition of sand production. Because the limit
pressure value of the test equipment is far less than P0 of core
5 and 6, the damage to the core is small, and it is difficult to reach the
sand production conditions.

As shown in Figure 6, the sand production experiment results
show that the damage of the core through-hole is obviously greater
than that of other positions. The software simulation can also obtain
the damage factor of the core under alternating load. The setting of
the elastic parameters and plastic parameters of the core is shown in
Table 4. After 60 times of 0–35 MPa alternating load, the damage
cloud diagram of the core is obtained, as shown in Figure 7. In
Figure 7, colorbar represents damage factor, the damage factor is a
dimensionless quantity, and the damage factor from 0 to
1 represents no damage and complete damage.

The simulation results of the software and the results of the sand
production experiment can be seen that the inner hole damage of the
core is obviously greater than that of other positions. The inner hole
wall of the core and the fracture section of the formation are both
produced under the action of stress concentration. The experimental
results directly illustrate the role of reservoir fracture section
development in promoting sand production. In addition, the
upper limit pressure of the alternating load applied by core

1 during the experiment is P1, and the value of P1 is less than
the critical failure pressure under the initial state of the core, but the
core 1 skeleton produces obvious cracks after the experiment. It can
be explained that the strength of the core is continuously weakened
during the alternating load process until it is lower than P1 to
produce skeleton cracks.

3 Discussion of experimental results

The percentage of sand production at each measuring point in
the total sand production (the sum of sand production at eight
measuring points) is shown in Figure 8 by recording the sand

TABLE 4 Simulation parameters.

Elastic properties Plastic properties

Young’s modulus/MPa Poisson ratio Density/t/mm3 Dilation angle Eccentricity fb0/fc0 K Viscosity parameter

45,000 0.1817 2.4e-9 40 0.1 1.16 0.667 0

The viscosity parameter of the solid (core) is 0.

FIGURE 7
Core damage cloud diagram.

FIGURE 8
Proportion of sand production in each stage of core I, III and V.
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production at eight measuring points under the multi section small
span alternating load of core 1, 3 and 5. It can be clearly seen from
the data in Figure 7 that with the increase of external load and inlet
pressure, the proportion of sand production of eachmeasuring point
increases.

The inlet pressure conditions of measuring point X and
measuring point Y of core 1 and 3 are the same compared
with each other, but the application of alternating load is
different (measuring point X applied alternating load of
section A for 30 times, and measuring point Y applied
alternating load of section A and B for 30 times respectively).
Through calculation, it is found that the ratio of sand production
in process X to that in process Y is close to a certain constant as
shown in Table 5. The analysis results show that the ratio of the
damage amount of 30 times of alternating load of section A at
measuring points 1–4 to the damage amount of 30 times of
alternating load of sections A and B at measuring points 5–8 is
fixed, so the ratio of sand production at the same inlet pressure is
the same.

Therefore, in order to facilitate the experimental operation, only
the sand production of measuring points 1–5 can be measured, and
the sand production of measuring points 6–8 can be calculated by
formula (1). In addition, in the actual production process, when the
heterogeneity of the formation is assumed to be poor, the sand
production under a certain working condition can also be roughly
predicted.

GXN � GX1

GY1

GYN � βGYN (1)

In the formula: GX1 is the sand production amount of measuring
point X1, g; GY1 is the sand production amount of measuring point
Y1, g; GYN is the sand production amount of measuring point YN, g;
GXN is the sand production amount of XN at the measuring point to
be calculated, g; β is a constant.

In order to discuss the influence of various experimental conditions
on sand production in the sand production experiment, the method of
multiple regression of data analysis software can be used to explain the
correlation between the dependent variable (sand production volume)
and the independent variable (upper limit pressure of alternating load,
lower limit pressure of alternating load, times of alternating load, flow
rate), as shown in Table 6. R is a multiple correlation coefficient, which
is mainly used to judge the linear relationship between independent
variables and dependent variables. The closer R2 is to 1, the better the
fitting degree is. When the VIF value is greater than or equal to 10, we
believe that there is a serious collinearity between variables. When the
VIF value is less than 10, we believe that the data basically conforms to
the assumption of multiple linear analysis; When the significance is less
than 0.05, it is considered acceptable; The absolute value of the
standardized coefficient indicates the influence of the independent
variable on the dependent variable. It can be seen from the data
that the sequence of parameters affecting the sand production
degree of core is: upper and lower limit pressure of alternating load,

TABLE 5 Calculation table of sand production ratio.

Core No. Measuring point X (proportion of sand
production)

Measuring point Y (proportion of sand
production)

Sand production at measuring
point X/Y

1 measuring point 1 (6%) measuring point 5 (13%) 0.42

measuring point 2 (7%) measuring point 6 (17%) 0.43

measuring point 3 (9%) measuring point 7 (18%) 0.50

measuring point 4 (10%) measuring point 8 (21%) 0.48

3 measuring point 1 (4%) measuring point 5 (17%) 0.25

measuring point 2 (5%) measuring point 6 (20%) 0.25

measuring point 3 (5%) measuring point 7 (21%) 0.24

measuring point 4 (6%) measuring point 8 (22%) 0.25

TABLE 6 Analysis results.

Model (R2=0.826) Absolute value of
standardization coefficient

Significance VIF

Lower limit pressure of
alternating load

0.412 0.001 1.575

Upper limit pressure of alternating load 0.879 0.000 1.855

Times of alternating load 0.162 0.044 1.521

flow 0.206 0.027 1.000
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lower limit pressure of alternating load, flow rate and times of
alternating load.

By analyzing the influence of experimental conditions on sand
production, it can be seen that the upper limit pressure of alternating
load has the greatest influence on sand production of the core.
According to the upper limit pressure of alternating load, the sand
production of core is divided into four grades: no sand production
range, slight sand production range, medium sand production range
and large amount of sand removal range. The sand production
simulation experiment of gas storage combines the alternating load
upper limit pressure with the sand production volume, and the sand
production range atlas is shown in Figure 9. The sand production range
atlas can be used to evaluate the sand production situation on the site,
providing a basis for the selection of sand control completion.

4 Selection of well completion mode in
Block Nanpu1-29

The gas reservoir of the gas storage in Block Nanpu1-29 belongs to
loose sandstone, and sand production is common during the
development process. Under the production mode of the gas
storage, the gas injection and production flow are large and the flow
rate is high, and the erosion and denudation of the sand body are more
serious. The wellbore stress bears alternating loads, and the formation is
more prone to produce sand and even collapse. Gravel packing sand
control technology has high sand control strength and can reinforce
well wall and protect screen pipe. The investigation shows that open
hole gravel filling is the optimal sand control completion mode for
horizontal wells in gas storage.

According to the grain size analysis data of clastic rock, the median
grain size of the target layer is 199.46 μm. Particle size analysis data of
sand production experiment, the median particle size of the target layer
is 204.3 μm. According to the clastic rock particle size analysis data and

formula (2), the gravel size is calculated. The variation range of the
packed gravel size is 0.798–1.197 mm.According to the industrial gravel
selection standard, the size range of the packed gravel is determined to
be 20–40 mesh.

D50 � 4 ~ 6( )d50 (2)
In the formula:D50 is the median grain size of filled gravel, μm; d50 is
the median grain size of filled gravel, μm.

In the gravel packing sand control process, the mechanical
screen pipe is used to block the gravel layer. It is required to
block 100% gravel, and the accuracy is slightly less than the
minimum gravel size. According to Table 7, the recommended
selection range of screen pipe precision is 150–200 μm. It is
found that the sand control requirements could be met during
the trial injection and trial production of gas storage.

5 Conclusion

(1) Under the action of alternating load, the core is easier to
produce sand, and the sand production has a positive
correlation with the number and span of the alternating
load. The alternating load has a significant weakening
effect on the core strength, so that the alternating load
slightly below P0 can also promote the sand production of
the core, and the core may be damaged under the alternating
load condition though the load is below critical failure
pressure. When the applied stress reaches P0, the flow rate
can significantly promote the sand production of the core.

(2) At the same flow rate, the ratio of sand yield of two alternating
loads stages is approximately equal to the constant, which
provides a reference for the prediction of sand production of
gas storage.

(3) By the multiple regression analysis of the experimental data, the
sequence of four experimental variables that affect the sand
production degree of the core were obtained: the upper limit
pressure of the alternating load, the lower limit pressure of the
alternating load, the flow rate and the times of the alternating
load. According to the upper limit pressure of alternating load
and the sand production volume of core, the sand production
atlas is drawn, which can be used to evaluate the sand
production degree in the field.

(4) For the construction of gas storage in Block Nanpu1-29, the
sand production of injection-production wells needs to be
considered and the proper sand control measures also need
to be developed. Considering the construction difficulty, sand

FIGURE 9
Sand production range map.

TABLE 7 Gravel size and screen tube accuracy.

Gravel size/mm Screen tube accuracy

Standard sieve mesh Gravel size range Gravel median mm In

40–60 0.419–0.249 0.3342 0.12 0.006

20–40 0.843–0.419 0.6267 0.21 0.012

16–30 1.190–0.584 0.8872 0.29 0.014

10–20 2.010–0.834 1.4222 0.41 \0.020
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control effect, project cost and other factors, the gravel packing is
the most suitable option as the sand control method for Block
Nanpu1-29. For the design of gas storage operation parameters, the
effects of large flow and alternating load on the efficient and safe
operation of the gas storage should be emphatically considered.
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