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Abstract: The geological resources of salt cavern gas storage in China are mostly complex layered
salt beds with many thin inter-layers and high insoluble matter content. In the process of cavity-
building by water-solution method, the insoluble matters in salt layers and inter-layers are peeled
off and deposited at the bottom of salt cavern, occupying more than one-third of the whole cavity
volume. These sediments have a large pore volume and strong compressibility, and they are filled
with brine; as a result, they have great potential for gas storage. The research on the flow law of
brine and sediment particles in gas-driven brine drainage in the sediments of salt caverns is the
basis of utilizing the void space of sediments for gas storage. In this paper, salt cores of salt cavern
gas storage wells in the Jintan District were selected, and the physical characteristics of insoluble
sediments of the salt cores were analyzed. Then, a laboratory simulation device and experimental
method of the gas-driven brine drainage were presented. Using artificial composite sediments in the
experimental device, the following was tested: (i) the flow rates of brine and particles in the vicinity
of the brine drain pipe in the sediments under different nitrogen displacement pressures, (ii) the
relationship between the sand extraction amount and nitrogen displacement pressure of different
brine drain pipes, (iii) the sand extraction amount of different sizes of particles with brine drain
time, (iv) the cumulative sand extraction amount of different brine drain pipes, and (v) the effect
of brine flow rate on the sand extraction amount. The results show that quartz, plagioclase, and
ankerite account for 45–94% and clay accounts for 3.3–14.4% of the insoluble minerals of the salt
cores from the Jintan District. The particle size distribution of the sediments ranges from 0.04 mm
to 6 mm and can be divided into four ranges: <0.5 mm, 0.5 mm~2 mm, 2 mm~4 mm, and >4 mm.
The mass percentage of each range is 37.9%, 36.5%, 17%, and 8.6%, respectively. There is a threshold
pressure of the gas-driven brine drainage, where the larger the diameter of the sieve hole, the lower
the threshold pressure, and the easier the pipe is to sand out. The diameter of the sieve hole has a
great influence on the flow rate of the sediment particles near the brine drain pipe. The increase in
nitrogen displacement pressure has a positive correlation with the flow rate of sediments near the
pipe with 5 mm diameter sieve holes, but has little effect on the flow rate of sediments near pipes
with 1.5 mm or 0.5 mm diameter sieve holes. The sand extraction amount is affected by factors such
as the nitrogen displacement pressure, diameter of sieve hole, brine drain time, and brine flow rate in
the process of gas-driven brine drainage. A higher nitrogen displacement pressure and brine flow
rate lead to more sand extraction. A screen pipe with 1 mm diameter sieve holes is suggested to be
used for sand control, the sieve holes are recommended to be machined in the shape of a trumpet
with a small inlet section (i.e., 1 mm) and a large outlet end (i.e., 1.5 mm), and the brine flow rate is
suggested to be about 30 m3/h when the brine removal is carried out in the sediments of salt cavern,
which depends on the actual operation on site.
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1. Introduction

Salt caverns are becoming more and more prevalent in energy storage with their many
advantages such as large storage capacity, high working gas ratio, large daily gas recovery,
flexible market response, and good economy [1–3]. The first salt cavern was utilized in the
early 1940s in Canada for storing liquefied petroleum gas. At present, there are 108 salt
cavern gas storages in service all around the world [4,5]. Most cavities are constructed in a
thick salt dome, located in Europe and America. However, the salt beds used to build salt
caverns for gas storage in China generally contain many inter-layers such as mudstone or
anhydrite, and the content of insoluble matters in the salt layer and inter-layer is relatively
high [2,6,7]. The proportion of inter-layers in salt rocks ranges from 10% to 50%, the content
of insoluble matters in salt bed is 5–40%, and the content of insoluble matter in inter-layer
increases to 54–96% in the Jintan District, Ping-dingshan, Huai′an, and other regions [7–10].

Many scholars have carried out experimental tests and analyses on the dissolution
characteristics of salt rocks with inter-layers and the collapse mechanism of the inter-layers.
Liu et al. studied the dissolution characteristics of salt rock when the salt rock grade is 50%
and 75% [11]. Zeng et al. tested the effect of the volume fraction of sodium chloride in brine
on the dissolution rate of salt rocks with salt cores, Glauber′s salt ore, and Long Hills salt
rock samples [12]. Zhang et al. developed a similar material for the geomechanical model of
salt cavern gas storage, and simulated the salt rock, mudstone and inter-bed separately [13].
Zheng et al. proposed a new design method of fully soaking the inter-layer and building the
trench one more time to enlarge the space for thick-sandwich salt cavern gas storage [14].
Zheng et al. tested the solubility, uni-axial and tri-axial compression of salt samples from
the Huai’an, Ping-dingshan, and An-ning regions, and discovered that increasing confining
pressure can restrain the influence of insoluble matter content on short-term strength of rock
salt [15]. Liu et al. analyzed the influence of the permeability of three typical inter-layers
on the tightness of energy storage in deep-bedded salt formations. The results showed that
there was a low permeability in the compressed inter-layer, which was beneficial to the
sealing performance of gas storage [16]. Ban et al. analyzed the rock salt grades influences
on salt cavity gas storage built with water solution, and considered that salt cavity gas
storage should be built in strata with high-grade-rock salts, which can not only control
the configuration of the cavity, but also shorten the construction period [17]. Wang et al.
combined field data and investigated the technology for controlling the collapse of a thick
inter-layer during salt cavern construction [18]. All the above efforts have promoted the
successful construction of salt cavern gas storages in multi-layered salt formations in China.

The complexity of the stratigraphic structure of salt beds has a great influence on the
dissolution rate of salt water, the control of the cavity shape, the construction period of gas
storage, and the storage volume of the salt cavern [19–22]. According to the statistics, the
volume of insoluble sediments account for 33–66.2% of the total volume of salt cavern in
such areas as Huai′An, Chouzhou, Pingdingshan, Yunying, and Jintan District, and the
pores of the sediment are filled with brine [2–6]. It is the most common approach to inject
gas into the salt cavity to drain brine [21–24]. In the field implementation, there is usually
still 3~10 m depth of residual brine above the sediment surface after the completion of the
operation of gas-driven brine drainage. This is mainly due to the vibration and bending
deformation of brine drain pipes, as well as for safety operations. As a result, almost half
the volume of the salt cavern is occupied by sediments and brine [3–7,21–24] (Figure 1).

The sediments at the bottom of the salt cavern are in a loose accumulation state with a
high porosity, and they are filled with brine. In recent years, a large number of studies have
been carried out on the physical properties of the sediments. Chen et al. carried out an
experimental study on the dilatancy and expansion coefficient of sediment in multi-layered
salt cavern gas storage, and analyzed the effects of shape, size, arrangement, and size
distribution of the particles on the dilatancy coefficient of the inter-layers [25]. Ban et al.
studied the influence of the content of insoluble matter in salt rock on the effective space of
gas storage cavity [17]. Ren et al. used the gas expansion method to test the pore volume
of sediments and concluded that the total porosity of the sediments at the bottom of a
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salt cavern in Jintan District was 45.73%, while it was 42.66% measured by field sonar
according to the pore volume model and calculation method [26]. On the basis of the
experimental tests, Zhang et al. concluded that the volume of the sediment at the bottom of
the cavity was nearly twice larger than it was before fragmentation and expansion, while
the porosity was between 44% and 69% at atmospheric pressure. There was an exponential
negative correlation between the sediment porosity and the overlying loading pressure [27].
Han et al. carried on an experiment and simulation to determine the void ratio of the
sediment accumulation body. By combining laboratory physical experiment simulation
with mathematical modeling, they obtained that the porosity of the spherical sediment
particle accumulation body was 36.41–43.11%, wherein 26.32% of the pore volume in the
accumulation body could be used for gas storage through gas-driven brine drainage [28].
Zheng et al. studied the space utilization possibility of insoluble substance. They measured
that the porosity of the laboratory sediments was at least 42.8–50.2%, while gas displace-
ment increased the usable volume by 1.4–2.3% in the experiment [29]. The current research
has mostly focused on the morphology and physical properties of sediments, along with
the feasibility of the utilization of sediment pore space for gas storage. The understanding
of liquid–solid two-phase flow in gas-driven brine drainage in the sediments of salt caverns
is the basis of utilizing the sediments pores for gas storage [30,31]. Therefore, the purpose
of this paper is mainly to carry out a laboratory simulation experiment of gas-driven brine
drainage, and then analyze the flow law of brine and sediment particles, along with its
influencing factors.

Sustainability 2023, 15, x FOR PEER REVIEW 3 of 17 
 

 
Figure 1. The salt cavern volume occupied by sediment and residual brine in some areas. 

The sediments at the bottom of the salt cavern are in a loose accumulation state with 
a high porosity, and they are filled with brine. In recent years, a large number of studies 
have been carried out on the physical properties of the sediments. Chen et al. carried out 
an experimental study on the dilatancy and expansion coefficient of sediment in multi-
layered salt cavern gas storage, and analyzed the effects of shape, size, arrangement, and 
size distribution of the particles on the dilatancy coefficient of the inter-layers [25]. Ban et 
al. studied the influence of the content of insoluble matter in salt rock on the effective space 
of gas storage cavity [17]. Ren et al. used the gas expansion method to test the pore volume 
of sediments and concluded that the total porosity of the sediments at the bottom of a salt 
cavern in Jintan District was 45.73%, while it was 42.66% measured by field sonar accord-
ing to the pore volume model and calculation method [26]. On the basis of the experi-
mental tests, Zhang et al. concluded that the volume of the sediment at the bottom of the 
cavity was nearly twice larger than it was before fragmentation and expansion, while the 
porosity was between 44% and 69% at atmospheric pressure. There was an exponential 
negative correlation between the sediment porosity and the overlying loading pressure 
[27]. Han et al. carried on an experiment and simulation to determine the void ratio of the 
sediment accumulation body. By combining laboratory physical experiment simulation 
with mathematical modeling, they obtained that the porosity of the spherical sediment 
particle accumulation body was 36.41–43.11%, wherein 26.32% of the pore volume in the 
accumulation body could be used for gas storage through gas-driven brine drainage [28]. 
Zheng et al. studied the space utilization possibility of insoluble substance. They meas-
ured that the porosity of the laboratory sediments was at least 42.8–50.2%, while gas dis-
placement increased the usable volume by 1.4–2.3% in the experiment [29]. The current 
research has mostly focused on the morphology and physical properties of sediments, 
along with the feasibility of the utilization of sediment pore space for gas storage. The 
understanding of liquid–solid two-phase flow in gas-driven brine drainage in the sedi-
ments of salt caverns is the basis of utilizing the sediments pores for gas storage [30,31]. 
Therefore, the purpose of this paper is mainly to carry out a laboratory simulation exper-
iment of gas-driven brine drainage, and then analyze the flow law of brine and sediment 
particles, along with its influencing factors. 

2. Test and Analysis of Physical Properties of the Sediments 
The salt cavities built and put into operation in China are concentrated in the Jintan 

District. In order to better integrate the laboratory simulation experiments with the field, 
insoluble sediments were extracted from the core samples of some salt layers in the Jintan 
District. 

  

0

10

20

30

40

50

60

70

80

Huai'An Pingdingshan Chouzhou Yunying Jintan Average

Vo
lu

m
e 

ra
tio

(%
)

volume ratio of residual brine volume ratio of sediments

Figure 1. The salt cavern volume occupied by sediment and residual brine in some areas.

2. Test and Analysis of Physical Properties of the Sediments

The salt cavities built and put into operation in China are concentrated in the Jin-
tan District. In order to better integrate the laboratory simulation experiments with the
field, insoluble sediments were extracted from the core samples of some salt layers in the
Jintan District.

2.1. Preparation of Sediment Samples for Laboratory Experiments

The salt core columns of six salt cavities from the Jintan District were selected to
conduct a water solution experiment. The experimental steps were as follows [32–35]:

(i) Identify core columns, weigh and measure them, and record the weight and volume
of each core column.

(ii) Place the core samples in different containers in sequence.
(iii) Prepare clean water. The amount of water required for each core column dissolution

test is based on its own weight in a ratio of 3 g of salt rock to 10 g of water.
(iv) Pour the water into the corresponding container and soak the core column samples

for more than 5 days to completely dissolve the soluble salts in the samples. The clay
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and other insoluble materials in the samples will be broken by brine immersion and
expansion, and precipitate at the bottom of the container.

(v) Collect the residual sediments of the core columns in all containers; then, dry, weigh
and measure them, make a record, and mark them separately.

Table 1 shows the experimental test data of the core columns and their insoluble
sediments. Figure 2 shows the labeled sediment samples of the salt core columns from
the Jintan District after the water dissolution experiments. The test results show that the
content of the insoluble matter in salt rocks of the Jintan District was about 14~21%, which
is in agreement with the calculation results of sonar measurements data of 23 salt cavern gas
storage wells in this area (Figure 3). Therefore, these sediment samples are representative
and can be used as experimental samples.

Table 1. The mass, volume, and proportion of insoluble sediment in salt rock samples.

Sample
Number

Core
Column
Weight,

g

Core
Column
Volume,

cm3

Weight of
Insoluble

Matter,
g

Volume of
Insoluble

Matter,
cm3

Proportion of
Insoluble Matter

by Weight,
%

Volume Fraction
of Insoluble

Matter,
%

1# 1585.2 727.1 225.1 82.7 14.2 11.4

2# 1469.4 598.9 233.6 92.8 15.9 15.5

3# 1585.2 727.1 272.7 100.1 17.2 13.8

5# 5117.1 2041 992.7 291.6 19.4 14.3

6# 4523 1805 755.3 309.7 16.7 17.2

7# 4066 1256 866.1 267.8 21.3 21.3
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2.2. Analysis of Mineral Composition of Insoluble Sediment

The mineral composition of insoluble residue was analyzed by whole-rock X-ray
diffraction (XRD), including a whole-rock mineral test and clay mineral test [32–34]. The
test results are shown in Tables 2 and 3, and Figure 4.
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Figure 3. Distribution of the content of insoluble matters in salt rocks of the Jintan District. Note: The
data other than the core sample test results are derived from the calculation results of sonar cavity
data of salt cavern gas storage wells in Jintan District.

Table 2. Test results of the major mineral compositions and their proportions of the sediments.

Samples
Mineral Composition and Its Proportion (%)

Qtz Kfs PI Cal Dol Brt Anh Gbs Ank Clay Mineral

1# 73.7 2.3 20.7 0 0 0 0 0 0 3.3

2# 60.0 4.0 17.6 9.9 0 0 1.8 0 0 6.7

3# 67.6 4.4 14.8 4.6 0 0 3.4 0 0 5.2

5# 28.2 0 6.3 0 0 6.6 0 0.8 43.7 14.4

6# 9.6 1.4 2.6 0 36.6 5.6 0 0 33.1 11.1

7# 57.7 4.7 13.1 0 0 0 1.9 0 18.9 3.7
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Table 3. Test results of the main compositions of the clay minerals.

Number of Tests
Relative Content of Clay Minerals (%)

I/S It C

No. 1 63 32 5

No. 2 51 29 20

No. 3 0 87 13

No. 4 0 74 26

No. 5 0 100 0

No. 6 0 100 0

No. 7 0 100 0

No. 8 0 79 21

No. 9 0 100 0

No. 10 0 100 0

No. 11 10 83 7

No. 12 6 76 18

No. 13 15 81 4

Average 11.1 80.1 8.8
Note: I/S is the mixture of montmorillonite and illite, It is illite, and C is chlorite.

As can be seen from Table 2 and Figure 4, there were more than 10 kinds of mineral
compositions in the sediments, of which quartz, plagioclase, and ankerite were the main
mineral compositions, accounting for 45–94%, with an average of about 78%. The content
of clay minerals in the sediments was about 3.3–14.4%. Illite was the main clay mineral,
accounting for about 80.1% of all clay minerals, while others were composed of a mixture
of montmorillonite or illite (19.9% on average), as shown in Table 3.

2.3. Particle Size Analysis of Insoluble Sediment

The sieving method was used to determine the particle size distribution of the sedi-
ments [36,37]. The experimental steps were as follows:

(i) Prepare sediment samples, and then weigh, mark, and record them;
(ii) Select the proper screens with different mesh numbers according to the design re-

quirements, and stack them in order according to their pore sizes;
(iii) Pour the sediment samples on the highest screen;
(iv) Turn on the vibrating screen machine and use the vibration of the machine to sift the

sediments through the installed screens;
(v) Take out the screens of each layer in turn; then, collect the sediment particles on the

screen, weigh them, and record the results;
(vi) Calculate and analyze the distribution of different particle sizes of the sediments

according to the recorded data.

The tests results are shown in Table 4 and Figure 5.
As can be seen from Table 4 and Figure 5, the particle size distribution of the sediments

ranged from 0.04 mm to 6 mm, and the corresponding mesh number ranged from 4 mesh
to 360 mesh. The particle size distribution could be divided into four ranges: <0.5 mm,
0.5 mm~2 mm, 2 mm~4 mm and >4 mm. The mass percentage of each range was 37.9%,
36.5%, 17%, and 8.6%, respectively.
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Table 4. Test results of the particle size distribution of the sediments.

Seive Mesh
(Mesh)

Particle Diameter
(mm) Test 1# Test 2# Test 3# Test 4# Test 5# Test 6#

4 6 15.40% 0.16% 1.08% 3.86% 5.56% 5.64%

5 5 7.24% 1.47% 3.23% 2.90% 2.25% 2.58%

6 4 0.47% 0.94% 1.08% 12.02% 10.64% 13.97%

7 3.5 6.13% 5.40% 8.12% 7.60% 6.00% 6.28%

8 3 2.92% 3.93% 2.86% 4.89% 3.77% 5.36%

10 2 2.34% 5.17% 2.98% 18.96% 12.33% 15.98%

12 1.6 3.21% 8.74% 5.90% 10.87% 9.61% 9.42%

16 1.25 5.49% 9.89% 8.62% 13.56% 12.09% 10.53%

20 1 6.41% 12.94% 10.41% 7.73% 8.53% 7.12%

40 0.45 24.83% 26.52% 32.97% 8.52% 10.03% 7.44%

50 0.36 2.72% 2.22% 1.61% 4.70% 4.75% 5.20%

80 0.2 10.01% 9.89% 10.97% 3.20% 6.46% 4.70%

120 0.12 3.88% 4.04% 3.09% 0.99% 3.21% 3.75%

200 0.07 5.57% 5.62% 5.13% 0.13% 4.19% 1.10%

300 0.05 1.97% 1.86% 1.36% 0.04% 0.48% 0.64%

>300 <0.05 1.41% 1.21% 0.59% 0.03% 0.10% 0.29%
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Figure 5. Particle size distribution of sediments.

3. Experimental Methods and Results Analysis

A laboratory simulation device and experimental method of the gas-driven brine
drainage were self-designed to analyze the flow law of the brine and sediment particles
in gas-driven brine drainage in the sediments of salt cavern gas storage. Using artificial
composite sediments in the experimental device, we tested the flow rates of brine and solid
particles in the vicinity of the brine drain pipe in the sediments under different nitrogen
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displacement pressures, the effect of nitrogen displacement pressure, brine drain time, and
brine flow rate on the sand extraction amount.

3.1. The Simulation Experimental Device

In order to facilitate the research and the establishment of experimental equipment,
a cylinder was used to simulate the salt cavern without considering the irregular shape
of the salt cavern. It was a transparent acrylic cylinder with a diameter of 60 cm and a
height of 90 cm, which could achieve the sealing of the simulated salt cavern through a
thread connection with the seal cover. There were three sealing connectors on the seal
cover, one for connecting the gas injection line, one for installing the simulated brine
drainage pipe, and the other for standby. A nitrogen cylinder was connected to the other
end of the gas injection line, and a valve was installed near the connection to control the
gas displacement. A transparent PE pipe with an outer diameter of 8 mm and an inner
diameter of 6 mm was used to simulate the brine drain pipe, of which the bottom end was
inserted in the sediments in the simulated cavity, and the top end was connected with the
drain line through the sealing connector. Several measuring cups were used to collect and
measure the brine discharged through the line. Compared with the salt cavern gas storage
in the Jintan District, the simulated salt cavern and the simulated brine drainage pipe were
reduced as a whole in a ratio of 1:278.

A schematic diagram of the laboratory simulation experiment device is shown in
Figure 6, and a physical diagram is shown in Figure 7.
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Figure 6. Schematic diagram of the laboratory simulation experiment device. Note: 1. nitrogen
cylinder, 2. pressure gauge, 3. valve, 4. gas injection line, 5. pressure gauge, 6. valve, 7. sealing
connector, 8. spare connector, 9. seal cover, 10. bolt, 11. simulated salt cavern, 12. sediments, 13.
saturated brine, 14. simulated brine drainage pipe, 15. drain line, 16. measuring cup.
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A large number of sediment samples were needed in the laboratory simulation experi-
ments of gas-driven brine drainage, and the sediment samples obtained by dissolving the
cores were far from sufficientl therefore, some sediment samples were prepared artificially
according to the test results of the physical properties of the sediment.

On the basis of a comparison of the data presented in Tables 5 and 6, the physical
parameters of the artificial sediment samples, such as mineral composition and its propor-
tions, and porosity, were slightly different from but generally similar to the actual sediment
samples. Therefore, the artificial sediment samples could be used in laboratory experiments
and would not bring too much influence on the simulation experiments of gas-driven brine
drainage and the study of the flow law of brine and sediment particles in the process of
the experiments.

Table 5. Comparison of mineral compositions between artificial sediment samples and real
sediment samples.

Sample Number Mineral Composition and Its Proportions (%)

Qtz Kfs Pl Cal Dol Brt Anh Gbs Ank Clay Mineral

Sediment sample 5# 28.2 6.3 6.6 0.8 43.7 14.4

Sediment sample 6# 9.6 1.4 2.6 36.6 5.6 33.1 11.1

Artificial sediment sample 1# 16.9 3.3 9.1 19.0 11.5 1.5 8.7 12.1

Artificial sediment sample 2# 21.2 4.1 5.4 3.5 50.8 13.6

Artificial sediment sample 3# 13.2 2.7 30.6 7.3 27.7 10.0

Table 6. Comparison of porosities between artificial sediment samples and real sediment samples.

Data Sources Sediment Porosity (%)

Test results of sediment sample 5# 48.34–50.62

Test results of sediment sample 6# 46.48–48.73

Test results of artificial sediment sample 1# 41.36–45.57

Test results of artificial sediment sample 2# 48.92–50.19

Test results of artificial sediment sample 3# 45.27–47.55

Results of numerical model analysis (Han, J. [28]) 36.41–43.11

Experimental test results (Zheng, Y. [29]) 42.8–50.2

Results of modeling analysis (Ren, Z. [30]) 45.9–46.95

Results of sonar cavity measurement (Field data [31]) 42.66

3.2. Experimental Conditions and Procedures

The pre-experiment preparation and experimental conditions were as follows:

• The artificial sediment samples were poured into the simulated salt cavern, whose
filling height was set at 50 cm~60 cm.

• The brine used in the experiments was taken from the salt cavern gas storage wells
in the Jintan District, and it could also be self-configured in accordance with the
concentration of 25–26%. After the brine filled the pores of the sediments, the liquid
level was kept 10 cm above the sediment surface.

• Three types of simulated brine drainage pipes were prepared; the lower part of the
pipes was pre-arranged with 5 mm, 1.5 mm, and 0.5 mm sieve holes. When tested
with a simulated brine drainage pipe, it was inserted into the sediments at a depth of
about 10 cm from the bottom of the simulated salt cavern.

• The simulated salt cavern was kept sealed during the experiment.
• The experimental temperature was normal, and the experimental pressure was set up

in groups (0.005 MPa, 0.01 MPa, 0.015 MPa, 0.02 MPa, 0.025 MPa, 0.03 MPa, 0.035 MPa,
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0.04 MPa, 0.045 MPa, 0.05 MPa, 0.1 MPa, 0.15 MPa and 0.2 MPa), controlled by the
nitrogen cylinder and valves.

• The experiment consisted of the following steps:

(i) Prepare sediments and brine according to the requirement of the experiment
condition, and install the experimental equipment to check the air tightness of
the simulated salt cavern and the gas injection line;

(ii) Pour the sediments and brine into the simulated salt cavern; then, install the
simulated brine drainage pipe, and connect the simulated salt cavern and its
seal cover by bolts;

(iii) Connect the gas injection line to the left sealing joint of the sealing cover, and
check the sealing of the simulated salt cavern and the gas injection line again to
ensure that no leakage occurs during the experiment;

(iv) Connect the drain line with the simulated brine drainage pipe through the
middle sealing joint of the sealing cover, and then get the measuring cups and
a timer ready;

(v) Then, start the gas-driven brine drainage simulation experiments. The flow law
of brine and sediment particles near the brine drainage pipe under different
pressure is tested by controlling the nitrogen displacement pressure through the
valve installed on the gas injection line; meanwhile, the discharge of brine and
sediment particles under different pressures and different time are tested. The
brine drain time is measured by the timer and the amount of brine discharged is
measured by the measuring cups. The amount of sand extracted is determined
by collecting and drying the sediment particles in the measuring cups, and
then weighing them.

(vi) Finally, replace the simulated brine drainage pipe, repeat the previous experi-
ment process, and test the influence of the hole size of the screen on the flow
rate of the brine and sediment particles in the sediments, as well as the size and
extraction amount of the sediments discharged from the brine drainage pipe.

3.3. Analysis of Experimental Results
3.3.1. The Flow Rate of Brine and Sediment Particles near the Brine Drain Pipe in
the Sediments

With parameters such as nitrogen displacement pressure, brine drain time, sand
extraction amount, and the reduction ratio of the experimental equipment, the flow rate
of brine and sediment particles near the brine drain pipe in the sediments under different
injection pressures could be obtained. The relationship between the flow rates of brine and
sediment particles and nitrogen displacement pressure is shown in Figure 8.

It can be seen in Figure 8 that the variation of brine flow rate with nitrogen displace-
ment pressure near three kinds of brine drainage pipes was generally similar. There was
a threshold pressure of starting flow for the gas-driven brine drainage in sediments due
to the flow resistance, where the larger the diameter of the sieve hole, the smaller the
threshold pressure. Once the nitrogen displacement pressure exceeded the pressure thresh-
old, the flow rate of brine increased with the increase in nitrogen displacement pressure.
Furthermore, the diameter of the sieve hole had a differential influence on the flow rate
of the sediment particles near the brine drain pipe. For the brine drain pipes with 1.5 mm
diameter sieve holes and 0.5 mm diameter sieve holes, when the nitrogen displacement
pressure reached the threshold pressure and the brine began to flow, the flow rate of the
sediment particles near the brine drainage pipe was maximum, and then decreased rapidly
with the increase in nitrogen displacement pressure, before gradually becoming stable.
However, for the brine drain pipe with 5 mm diameter sieve holes, the flow rate of the
sediment particles near the brine drainage pipe firstly reached a higher value as the brine
began to flow, and then decreased rapidly, before increasing gradually with the increase in
nitrogen displacement pressure in a fluctuating manner.
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nitrogen displacement pressure in the vicinity of brine drain pipe with different sieve holes.

3.3.2. Effect of Nitrogen Displacement Pressure on Sand Extraction Amount

During the experiments of gas-driven brine drainage, the change in nitrogen displace-
ment pressure affected the brine flow rate, which affected the extraction amount of sediment
particles. Figure 9 shows the sand extraction amounts of three kinds of brine drain pipes
with different diameters of sieve holes under different nitrogen displacement pressures. It
can be seen from the diagram that a larger diameter of the sieve hole facilitated sanding of
the pipe. The sand extraction amounts of these three pipes were basically the same with the
change in nitrogen displacement pressure; that is, the initial sand extraction amount was
generally high, and then it fluctuated with the increase in nitrogen displacement pressure,
showing a positive correlation in general.
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3.3.3. Effect of Brine Drain Time on Sand Extraction Amount

In this experiment, we tested the relationships of sand extraction amount of different
sizes of sediment particles and cumulative amount of sediment particles with brine drain
time. The test results are as shown in Figures 10 and 11.
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Figure 11. Comparison of the amounts of sediment particles discharged with brine in three kinds of
brine drainage pipes.

It can be seen in Figure 10 that, at the early stage of the experiment, a large number of
different sizes of sediment particles less than 4 mm in diameter were discharged with brine;
the sand extraction amounts of sediment particles with diameters of 2–4 mm, 0.5–2 mm,
and less than 0.5 mm were 0.3 g, 0.17 g, and 0.3 g, respectively. Subsequently, the sand
extraction amounts decreased rapidly, and only sediment particles less than 0.5 mm in
diameter were discharged. With the increase in brine drain time, the sand extraction
amounts of particles less than 0.5 mm in diameter gradually increased, and the particles
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with diameter of 0.5–2 mm and 2–4 mm were also discharged gradually; the total sand
extraction amount showed a positive correlation with the brine drain time.

The reason for this trend may have been related to the distribution of sediment
particle size and the diameter of sieve hole. According to the previous experimental results,
91.4% of the sediment particles were less than 4 mm in diameter; therefore, most of the
sediment particles near the brine drainage pipe could enter the pipe through the 5 mm
diameter sieve holes and be discharged with the brine, and the initial sand extraction
amounts of sediment particles were relatively high. However, when a large number of
particles with larger size moved to the vicinity of the brine drainage pipe, some of them
could come into contact with each other to form a “sand bridge” near the sieve holes.
This played a certain role of “sand control” on the pipe and only allowed the fine-sized
sediment particles to pass through with the brine. Meanwhile, there was flow resistance on
the particles in the surrounding sediments moving toward the pipe. As a result, the sand
extraction amounts decreased rapidly, and only some sediment particles less than 0.5 mm
in diameter were discharged. Subsequently, with the increase in brine drain time, the
peripheral sediment particles continuously moved to the vicinity of the pipe along with
the brine, and the sand extraction amount gradually increased. The stability of the sand
bridge structure near the pipe could be destroyed when the nitrogen displacement pressure
fluctuated or the brine flow rate increased suddenly, whereby the sediment particles with
diameter of 0.5–2 mm were gradually discharged with the brine through the sieve holes,
and different sizes of particles near the pipe were carried out with the brine through the
pipe again.

Figure 11 shows the amount and comparison of various kinds of sediment particles
discharged with brine in three kinds of brine drainage pipes during the experiment. As
can be seen from the Figure 11, the particles less than 0.5 mm in diameter constituted the
main parts of the sediments that were discharged, accounting for 100%, 67%, and 78% of
the sediments discharged with brine in the three kinds of pipes. The diameter of the sieve
hole had a certain impact on the cumulative sand extraction. The cumulative amounts of
particles discharged from the pipes with 5 mm diameter and 1.5 mm diameter sieve holes
were almost the same, being about 1.7 times that discharged from the pipe with 0.5 mm
diameter sieve holes.

Therefore, in order to prevent too many sediment particles from entering the brine
drainage pipe and causing blockage or erosion of the pipe, two suggestions are put forward
when the operation of gas-driven brine drainage in the sediments is carried out on the spot:
(i) a screen pipe with 1 mm diameter sieve holes is suggested to be used for sand control;
(ii) sieve holes are recommended to be machined in the shape of a trumpet with a small
inlet section (i.e., 1 mm) and a large outlet end (i.e., 1.5 mm). The significance of this is that
the sediment particles do not easily bridge each other and plug the sieve hole upon passing
through the screen pipe. Even if they are blocked, this is also conducive to the removal of
pipe plugs using the positive cycle cleaning method.

3.3.4. Effect of Brine Flow Rate on the Sand Extraction Rate

The sand extraction rate at different brine flow rates was tested and analyzed, and
the results are shown in Figure 12. It can be seen in Figure 12 that the sand extraction
rate increased with the increase in brine flow rate. When the brine flow rate was between
20 m3/h and 30 m3/h, the sand extraction rate of the brine drainage pipe was relatively
low, at only about 0.2–0.3 g per liter. However, the sand extraction rate doubled to 0.4–0.5 g
per liter when the brine flow rate reached 35–50 m3/h. The reason for the higher initial
sand extraction rate is that a large number of sediment particles with diameter less than
0.5 mm near the brine drain pipe were discharged with the brine when the brine began
to flow. This speed was instantaneous, and its duration was not long. According to the
experimental results, taking into account the factors such as sand production rate and the
minimum discharge requirements for the pipe string to carry sediments, the brine flow rate
is suggested to be about 30 m3/h, depending on the actual operation on site.
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4. Conclusions and Discussion

In this paper, the physical properties of insoluble sediments of salt rocks from the
Jintan District were tested, a self-designed laboratory experimental apparatus and method
for simulating gas-driven brine drainage in sediments were introduced, and the flow
law of brine and sediment particles in the simulated experiments was tested. The main
conclusions are as follows:

1. Quartz and dolomite are the main mineral components of the insoluble sediments
from salt rocks in the Jintan District, accounting for 45–79%, and the clay mineral
content is about 5–15%.

2. There is a threshold pressure for the gas-driven brine drainage in the sediments. A
larger diameter of the sieve hole results in a smaller threshold pressure. Once the nitro-
gen displacement pressure exceeds the threshold pressure, the flow rate of brine and
sand extraction amount increases with the increase in nitrogen displacement pressure.

3. The diameter of the sieve hole has an effect on the liquid–solid two-phase flow in the
sediments near the brine drain pipe, as well as a greater effect on the flow rate of the
sediment particles. The screen pipe with 1 mm diameter sieve holes is suggested to
be used for sand control, and the sieve holes are recommended to be machined in
the shape of a trumpet with a small inlet section (i.e., 1 mm) and a large outlet end
(i.e., 1.5 mm) when the operation of gas-driven brine drainage in the sediments is
carried out on the spot.

4. The sand extraction amount is influenced by many factors in the process of gas-
driven brine drainage, such as the nitrogen displacement pressure, the diameter
of the sieve hole, the brine drain time, and the brine flow rate. A higher nitrogen
displacement pressure and brine flow rate result in more sand extraction. According
to the experiment results, the brine flow rate is suggested to be about 30 m3/h when
the brine removal is carried out in the sediments of salt cavern, but this depends on
the actual operation on site.

5. The salt caverns for gas storage are mainly built in salt beds with many inter-layers in
China, and over one-third of the volume of the salt cavern is occupied by insoluble
sediments. Extensive research results show that these sediments in the salt cavern have
large pore space and good potential for gas storage. It is estimated that, if 20% brine
can be discharged from the sediments of a salt cavern, the gas storage volume can be
increased by 17.6%. The experimental equipment and method presented in this paper
can be used to simulate the gas-driven brine drainage experiment in the laboratory.
The research on the flow law of brine and sediment particles in the sediments has
certain reference and guiding significance for the field operation of gas-driven brine
drainage and expansion of gas storage capacity in the salt cavern.
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6. There are still some limitations in these experiments. For example, the sediment
samples used were artificially prepared on the basis of the test results of insoluble
matters in salt rocks from the Jintan District. There must be a difference between
the artificial sediment samples and the actual sediments at the bottom of the salt
cavern. In addition, the simulation experiment time was relatively short, and the
influence of salt crystallization blocking was not considered in the experiment [38,39].
Therefore, the experimental method needs to be improved continuously, and the laws
and cognition need to be further studied.
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