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Abstract: Freezing construction in saline stratum under the action of groundwater is typical. To study
the coupling effect of the groundwater velocity and salinity on the freezing in saline stratum, the
freezing temperature of saline sand with different salinities was obtained through experiments. A
controllable velocity double-pipe freezing physical model test system for saline sand was established.
The temperature distribution in saturated saline sand under different salinities and velocities were
studied. The test results showed that the temporal and spatial evolutions of the temperature field were
affected by the velocity and salinity. Under the same boundary temperature, the higher the salinity,
the lower the temperature at the measuring point on the main surface and interface. The overlapping
time varies significantly. The analysis results showed that the larger velocity and the higher the
salinity, the longer the overlapping time. The velocity and salinity inhibited the development of the
frozen curtain. Under different test conditions, the development rate of the freezing curtain area was
in the range of 3987–15,246 mm2/h.

Keywords: saline sand; freezing temperature; groundwater velocity; temperature field; frozen curtain

1. Introduction

A soil is called saline stratum when the total soluble salt in the soil mass is greater
than 0.3%, and it has engineering characteristics such as solution subsidence, salt swelling,
and corrosion [1]. Saline soil is distributed worldwide. In China, it is mainly distributed
in coastal and northwest areas [2–5]. Saline stratum exhibits water–salt migration and
frost heaving, which have a negative impact on the artificial stratum freezing method.
During the freezing process, the salt in the stratum migrates with the water, which changes
the concentration and distribution of the water and salt, and consequently affects the
thermodynamic characteristics of the stratum [6–8]. The distribution of the temperature
field and the development of the frozen curtain have different characteristics. Research on
the development law of freezing in saline stratum can help expand the application scope of
the freezing method and improve the freezing efficiency of the saline stratum.

Many scholars have studied the freezing in saline stratum. Bing et al. [9] introduced
laboratory test results of the freezing point of saline soil. The results showed that the freez-
ing point decreases with the increase in the salinity and water content. Wan et al. [10], Wu
et al. [11], and Xiao et al. [12] established a calculation formula for the freezing temperature
corresponding to different soil properties. Zhai et al. [13,14] proposed a new model as the
explanation for water flow in unsaturated soil. Geng et al. [15] used the finite element
method to simulate the migration of salt in water -bearing strata. Xu et al. [16] studied the
coupled water-heat solute transport process by numerical simulation and discussed the
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dynamic changes in the unfrozen water content and the effects of freezing point on ther-
mal, water, and salinity profiles. Zhang et al. [17] proposed a water -heat coupling model
suitable for saline soil, and the accuracy of this model was supported by measured data.
Wan et al. [18] developed a new model to explore the dynamic variation characteristics of
the thermal conductivity of saline soils. Ye et al. [19] simulated the effect of groundwater
salinity on the freezing effect and reached the conclusion that when the groundwater
salinity is greater than 4%, the effect of salt cannot be ignored. At the same time, most of
the above studies only considered the velocity or salinity. It will be meaningful to consider
the above two factors at the same time.

Clearly, research on the freezing of saline soil mainly focused on analyzing its basic
thermodynamic characteristics, and a numerical simulation is typically used to analyze
the temperature field. Compared with numerical simulations, experimental methods
were also often used to study engineering problems. In this study, a typical saturated
coastal saline stratum was considered, including saline soil freezing conditions under
different velocities and salinities. A set of large-scale physical model similarity tests was
designed. Based on a test platform, freezing tests were conducted in saturated saline sand
under different groundwater seepage velocities (hereinafter referred to as velocity) and salt
solution concentration (hereinafter referred to as salinity). Combined with the research
on the thermophysical characteristics of the sand layer, the development and distribution
characteristics of the temperature field and the development law of the frozen curtain were
determined. The test results provide references for freezing construction and design in
saline stratum.

2. Freezing Point Test of Similar Materials in Saline Layer
2.1. Test Method and Scheme

To successfully conduct research on the freezing characteristics of saline stratum, it is
necessary to study the thermophysical characteristics of saline stratum materials, among
which the freezing temperature is an important parameter for the research and is a basis
for analyzing the spatiotemporal development characteristics of the freezing curtain. The
freezing temperature can be determined using four ways: based on the changes in the
potential, resistance, heat, and temperature. Among them, the judgment method marked
by the temperature is widely used owing to its simple and intuitive advantages. Figure 1
shows the temperature–time curve when soil is cooled and frozen [9]. The soil experiences
four stages in the cooling process, among which the constant stage is the free water freezing
stage, and the corresponding temperature is considered the freezing temperature [20–22].
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Figure 1. Typical cooling curve of the frozen soil. Figure 1. Typical cooling curve of the frozen soil.

Quartz sand (hereinafter referred to as sand) material commonly used as the filling
layer in freezing model tests was selected for the research. The saturated volume water
content of the selected sand layer is 20% [23], and the other properties of the sand layer
are reported in Table 1. NaCl was selected as the salt source. Considering that the average
salinity of seawater is 3.5%, the saline solution with mass salinities (hereinafter referred to
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as salinities) of 0%, 1%, 2%, 3%, 4%, 5%, 6%, and 7% was prepared for the test. Based on the
saturated volume water content, the relationship between the salinity of the solution and
the salinity of the saturated salt sand can be obtained, as listed in Table 2. The configured
salt sand covers low saline soil (salinity of saline sand 0.3–1.5%) and medium saline soil
(salinity of saline sand 1.5–5.0%) [24]. The test was conducted with NaCl crystal powder
(purity > 99%), and the solution was prepared with water from the municipal pipe. Due to
the low ion content in the water, the influence of existing ions was no longer considered in
the configuration and calculation [25]. The so-called 0% solution was directly prepared with
municipal water source without adding NaCl crystal powder. In the following analysis,
the salinity refers to the salinity of the salt solution, which can be converted to the salinity
of saline soil.

Table 1. Physical properties of the sand.

Particle Size
(mm)

Dry Density
(kg/m3) Porosity Saturated Moisture

Content
Permeability

Coefficient (m/s)

0.5 ± 0.15 1612 0.32 20% 2.28 × 10−4

Table 2. Relationship between salinities of solution and salinities of saline sand.

Salinities of the
Solution 0% 1% 2% 3% 4% 5% 6% 7%

salinities of saline sand 0% 0.216% 0.435% 0.660% 0.889% 1.122% 1.362% 1.605%

2.2. Experimental Equipment and Steps

The test included two systems: a low-temperature control system and a data acquisi-
tion and storage system. The low-temperature control system mainly included a DW-50
low temperature test chamber. The DW-50 has an accurate temperature control capability
that can maintain a temperature from 0~−50 ◦C. The temperature control accuracy was
0.1 ◦C. The data acquisition system was composed of a TDS602 data acquisition instrument
and T-type copper-constantan thermocouples. The temperature measurement accuracy
was 0.1 ◦C and it can measure the temperature in the range of −100~400 ◦C. TDS602 was
manufactured by Tokyo Sokki Kenkyuio Co., Ltd. It has the function of real-time scanning
and multi-point measurement. The data storage and analysis system could record the data
every 10 s. During the test, the solution was first prepared and then mixed with dry sand.
A uniformly mixed saturated water-bearing sand was placed at the center of the metal
container, and wrapped with dry sand after sealing. The measuring point passed through
the metal cover to the center of the sand. Figure 2 shows the sample configuration and test
system.
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Figure 2. Test system and test procedure.

2.3. Analysis of Test Results

The rapid cooling scheme was adopted. the sample temperature before freezing was
11 ◦C. The temperature of the low-temperature test chamber was set to −22.0 ◦C during
the test. and the sample was placed at the center of the low-temperature test chamber after
the temperature stabilized. The cooling test was conducted on eight groups of samples
twice to obtain the temperature–time curve of saline sand under different salinities. As
Figure 3 shown, there are four stages in the cooling process of the sand samples, and the
higher the salinity, the longer the supercooling stage, the longer the duration of the constant
section, and the lower the corresponding freezing temperature, that is, for saturated sand
samples, the higher the salinity, the lower the freezing temperature of the sand samples.
The freezing temperature of sand under different salinities can be obtained from the above
temperature reduction curve. The freezing temperature of the sand sample is plotted as
shown in Figure 4.

Energies 2022, 15, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. Test system and test procedure. 

2.3. Analysis of Test Results 
The rapid cooling scheme was adopted. the sample temperature before freezing was 

11 °C. The temperature of the low-temperature test chamber was set to −22.0 °C during 
the test. and the sample was placed at the center of the low-temperature test chamber after 
the temperature stabilized. The cooling test was conducted on eight groups of samples 
twice to obtain the temperature–time curve of saline sand under different salinities. As 
Figure 3 shown, there are four stages in the cooling process of the sand samples, and the 
higher the salinity, the longer the supercooling stage, the longer the duration of the con-
stant section, and the lower the corresponding freezing temperature, that is, for saturated 
sand samples, the higher the salinity, the lower the freezing temperature of the sand sam-
ples. The freezing temperature of sand under different salinities can be obtained from the 
above temperature reduction curve. The freezing temperature of the sand sample is plot-
ted as shown in Figure 4. 

  
(a) (b) 

Figure 3. Cooling curve of sand under (a) 0%, 2%, 4%, 6%; (b) 1%, 3%, 5%, 7%. 

0 50 100 150 200
-15

-10

-5

0

5

10

15

Te
m
pe
r
a
tu
r
e（

℃
）

Time (min)

 0%
 2%
 4%
 6%

0 50 100 150 200

-10

-5

0

5

10

15

Te
m
pe
r
a
tu
r
e（

℃
）

Time（min）

 1%
 3%
 5%
 7%

Figure 3. Cooling curve of sand under (a) 0%, 2%, 4%, 6%; (b) 1%, 3%, 5%, 7%.



Energies 2022, 15, 1308 5 of 15Energies 2022, 15, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 4. Variation in the freezing temperature with the salinity. 

Figure 4 shows that when the salinity is 0%, the freezing temperature of the sand is 
−0.1 °C, which is consistent with the existing research results [23] and shows the correct-
ness of the test method and the reliability of the data. The salinity has an evident effect on 
the freezing temperature of sand. Through the fitting of the test data, a strong linear rela-
tionship can be seen between the freezing temperature Tf and salinity s. It can be consid-
ered that within the test range, the following equation is satisfied: 

f = 0.73   0.08T s    (1)

3. Model Test of Saline Sand under Different Velocities 
3.1. Model Test Scheme 

For the freezing of the saline sand, different velocities and salinities were considered. 
Considering the low salinity in the project, three salinities of 0%, 2%, and 4% were selected. 
At the same time, considering the environmental conditions of the saline soil, the test ve-
locities were determined as 0, 3 and 6 m/d. Based on the above analysis, a large test plat-
form was built, as shown in Figure 5. In Figure 5, from left to right, they were the temper-
ature acquisition and analysis system, the core test area, the constant-temperature brine 
circulation system and freezing circulation system. The core test area was densely filled 
with the above sand. A constant-temperature brine circulation system with a flowmeter 
and a temperature controller were employed to achieve directional stable constant-speed 
horizontal water flow. The salinity can be controlled by using a salinity meter. Table 3 
presents some of the parameters of the test platform [26]. 

 
Figure 5. Freezing model test system (a) temperature acquisition and analysis system; (b) core test 
area; (c) constant-temperature brine circulation system; (d) freezing circulation system. 

-1 0 1 2 3 4 5 6 7 8
-6

-5

-4

-3

-2

-1

0

Fr
ee

zi
ng

 te
m

pe
ra

tu
re

 (℃
)

Salt content of sand (%)

 Experimental results
 Fitting curve

Tf = -0.73w-0.08, R2>0.99

Figure 4. Variation in the freezing temperature with the salinity.

Figure 4 shows that when the salinity is 0%, the freezing temperature of the sand is
−0.1 ◦C, which is consistent with the existing research results [23] and shows the correctness
of the test method and the reliability of the data. The salinity has an evident effect on
the freezing temperature of sand. Through the fitting of the test data, a strong linear
relationship can be seen between the freezing temperature Tf and salinity s. It can be
considered that within the test range, the following equation is satisfied:

Tf = −0.73s − 0.08 (1)

3. Model Test of Saline Sand under Different Velocities
3.1. Model Test Scheme

For the freezing of the saline sand, different velocities and salinities were considered.
Considering the low salinity in the project, three salinities of 0%, 2%, and 4% were selected.
At the same time, considering the environmental conditions of the saline soil, the test
velocities were determined as 0, 3 and 6 m/d. Based on the above analysis, a large test
platform was built, as shown in Figure 5. In Figure 5, from left to right, they were the tem-
perature acquisition and analysis system, the core test area, the constant-temperature brine
circulation system and freezing circulation system. The core test area was densely filled
with the above sand. A constant-temperature brine circulation system with a flowmeter
and a temperature controller were employed to achieve directional stable constant-speed
horizontal water flow. The salinity can be controlled by using a salinity meter. Table 3
presents some of the parameters of the test platform [26].
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Figure 5. Freezing model test system (a) temperature acquisition and analysis system; (b) core test
area; (c) constant-temperature brine circulation system; (d) freezing circulation system.
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Table 3. Dimensions of the model test.

Geometric
Similarity Ratio

Temperature
Similarity Ratio

Time
Similarity Ratio Model Test Size Freezing Pipe

Radius
Freezing Pipe

Spacing

1/3 1 1/3 1.5 m × 2 m × 1 m 0.02 m 0.4 m

3.2. Design of the Freezing in Saline Sand

The adjustability and accuracy of the velocity and salinity in the model test should
be considered in the test design. During the freezing, the key to the model test in saline
soil is to form stable velocity conditions and uniform salinity distributions. To ensure
the reliability of the test system, a new test system was established based on the mature
hydrothermal coupling test system without considering salinity [24]. After the test system
was established, 2/3 of the calculated amount of NaCl salt powder was added into the
water tank. Then the constant-temperature brine circulation system was turned on, which
was maintained at a low velocity for at least 4 h. A salinity meter with an accuracy of 0.01%
was used for the continuous measurement until the salt concentration no longer changed.
The NaCl powder was added to the tank again, and the previous step was continued.
Notably, the closer the measured value is to the target concentration, the lower the amount
of salt that should be added. The above steps were repeated until the target salinity was
reached. For the freezing test with the velocity of 0 m/d, after the target was reached, the
water circulation was closed. In order to ensure that the core test area was in a stable state,
the freezing test can only be started after waiting for 12 h. For the freezing test under the
velocity of 3 m/d or 6 m/d, during the freezing process, salt will migrate to the freezing
front with water. During the freezing process, the salinity in the thermostatic water tank
was detected and supplemented when required. In this model test, the test with a low
velocity and low salinity was carried out first, and the test with a large velocity and high
salinity was carried out last.

The temperature was measured using the TDS630, with a measurement accuracy of
0.1 ◦C. In the box body, the test plane was arranged at the central height of the box body,
and the temperature measuring points were arranged around the frozen pipe on the A–E
axis, as shown in Figure 6. There were two freezing pipes on the B and D axes, denoted as
the main surface. The C axis is located at the center of the two freezing pipes, denoted as
the interface. The temperature changes in the saline sand layer were monitored in real time
through 65 temperature measuring points located upstream and downstream. Outside the
box, the ambient temperature, water temperature, and temperatures of the inlet and outlet
of the frozen pipe were measured simultaneously. During the test, the temperature of the
water was controlled at 15 ◦C using the constant-temperature controller. The temperature
of the freezing refrigerant was set to −30 ◦C. Figure 7 shows the measurement results of the
inlet and outlet temperatures of the freezing pipe in the test. As shown, the temperatures
at the two locations vary synchronously, At the beginning of freezing, the temperatures of
the inlet and outlet pipes dropped rapidly and approached −30 ◦C, and then maintained
near −30 ◦C. The freezing pipe is a casing, and the refrigerant enters from the inner pipe
and exits from the outer pipe. The sand layer in the box absorbs the cooling capacity of
the freezing pipe and conducts it to the surrounding. The temperature of the refrigerant
increases due to the cooling loss, and the increased temperature reflects the amount of
energy absorbed by the sand layer. Figure 7 shows that the difference between the inlet
and outlet temperatures develops gradually. The temperature difference increases rapidly
at the beginning of freezing and reaches the maximum of 1.2 ◦C at 4 h. In this stage,
the temperature difference between the sand layer temperature and the freezing tube
temperature is significant, and the degree of heat exchange is high. Subsequently, as the
temperature difference between the sand layer and the frozen pipes decreases, there is
less heat exchange between the two, and the temperature difference between the inlet and
outlet of the frozen tube gradually decreases and finally reaches close to 0 ◦C.
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Figure 7. Freezing pipe inlet and outlet temperatures and temperature difference.

4. Analysis of Freezing Model Test Results in Saline Sand
4.1. Temporal and Spatial Development of Freezing Temperature Field in Saline Sand

Based on the test platform, nine groups of double-pipe freezing tests under three
velocities and three salinities were carried out according to the above steps. Through
the measuring points in the saline sand, the temperature data and temperature spatial
distribution at different time under different test conditions were obtained. The spatial
distribution characteristics of temperature under different test conditions have been ana-
lyzed. Figure 8 shows the temperature field distribution when freezing for 32 h. In Figure 8,
low temperature zones were formed centered on the freezing pipes. The temperature
distribution was different under different test conditions. Spatially, taking the temperatures
at measuring points on the main surface B axis as an example. During the freezing process,
the temperature distributions on the B axis were consistent. That is, temperature curve
centered on the freezing pipe is formed. The velocity and salinity made the distribution of
temperature field different. Figure 9 shows the temperatures on the B axis under different
test conditions. It should be mentioned that the temperatures at B1 were all 2 ◦C for
convenient comparisons.
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Figure 9. The temperature distribution on the main plane D-axis at (a) 0m/d; (b) 3m/d; (c) 6m/d.

In Figure 9a, the temperature at each measuring point was symmetrical. The tempera-
ture at B7 was the lowest, which was about −28.5 ◦C. Except for the temperatures at B1
and B7, the temperature of each point under different salinities was different. Taking B2
to B6 as an example, the higher the salinity, the lower the temperature at each measuring
point. As can be seen from Figure 9a, the higher the salinity, the closer the temperature
curve to the linearity. This meant that the temperature on B axis was more well-distributed.
The reason for this phenomenon is that the higher the salinity, the smaller the thermal
conductivity. When the boundary temperature was the same, the freezing time was longer,
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which made the temperature developed more fully and evenly. In Figure 9b,c, the tem-
perature distribution was similar to that in Figure 9a. When the temperature at B1 was
2 ◦C, the higher the salinity, the lower the temperature at each measuring point. However,
due to the effect of the velocity, the temperature in the downstream was lower than that in
the upstream. The larger the velocity, the larger the temperature difference between the
upstream and downstream. The test results showed that under the coupling effect of the
velocity and salinity, the temperature difference in the upstream was small, and there was
a large temperature difference in the downstream far from the freezing pipe.

The temperature difference between B13 and B1 under nine groups of test conditions
could be obtained from Figure 9. The data are summarized in Table 4. After ignoring the
measurement error, it can be considered that the larger the velocity, and the greater the
salinity, the larger the temperature difference. When the velocity was 6 m/d and the salinity
was 4%, the maximum temperature difference was 5.9 ◦C. The temperature difference was
approximately linear with the salinity. When the seepage velocity is 3 m/d or 6 m/d, the
salinity increases by 1% and the temperature difference increases by about 0.6 ◦C.

Table 4. The temperature difference between B13 and B1 under different test conditions.

The Velocity
The Salinity

0 2% 4%

0 m/d 0 0 0.1
3 m/d 2.1 3.6 4.6
6 m/d 3.6 4.5 5.9

The temperatures on the interface C axis were selected to further analyze the distri-
bution characteristics of the temperature field. the temperature distribution was select for
analysis when C1 temperature was 2 ◦C. Figure 10 shows the temperatures on the C axis
under different velocity and salinity conditions. In Figure 10a, the temperature at each
point on the C axis was also symmetrically distributed. Since there was no freezing pipe on
the C axis, the temperature at each point was higher than the temperature on the B axis.
In addition, the temperature difference between the measuring points was also relatively
small. Comparing the temperatures under different salinities, the higher the salinity, the
lower the temperature at the same location. In connection with the actual project, it can be
known that when the same temperature target in a certain area (the temperature in this
paper is 2 ◦C), the higher the salinity, the lower the temperature around the freezing pipe
and the lower the average temperature in the area. Under the three salinity conditions, the
temperature at C7 was the lowest, which was −9.7, −11.2 and −13.5 ◦C, respectively. In
Figure 10b,c, due to the effect of the velocity, the temperature distribution was no longer
symmetrical. At the same time, the higher the salinity, the lower the temperature. It is
noted that on the interface C axis, the salinity had a great effect on the temperature. The
temperature difference on the interface caused by the salinity was greater than that on
the main surface. Compared with 10a–c, the temperature distribution curves were closer
with the increase in the velocity. Under velocities of 0 m/d, 3 m/d and 6 m/d conditions,
the temperature differences at C7 between 0% and 4% salinity were 3.8, 3.1 and 2.1 ◦C,
respectively. It indicates that the temperature change caused by the salinity decreases when
the flow velocity was large. The effects of velocity and salinity on temperature were related.
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Figure 10. The temperature distribution on the interface C-axis at (a) 0 m/d; (b) 3 m/d; (c) 6 m/d.

4.2. The Overlapping Times of the Frozen Curtain under Different Velocities and Salinities

Combined with the temperatures at all measuring points, the development of the
frozen curtain can be determined. According to the above research on the saline sand, the
freezing temperature of the saline sand was determined. From the above analysis, the
freezing temperatures measured for salinities of 0%, 2%, and 4% were −0.1, −1.4, and
−3.1 ◦C, respectively. The temperatures were used as the boundary basis for the frozen
curtain. Then the overlapping time of the double-pipe frozen curtain could be obtained.
Figure 11 shows the overlapping times under three velocities and three salinities. The
existence of salt changed the thermodynamic characteristics of the salinity sand, resulting
in the change of overlapping time. In addition, the velocity would also prolong the
overlapping time of the frozen curtain. Under the three salinities, the overlapping times
increased with the increase in the velocity. But the relationship between the two was
nonlinear. Taking 0% salinity as an example, when the velocity increased from 0 m/d
to 3 m/d, the overlapping time increased by 24%. When the velocity increased from
3 m/d to 6 m/d, the overlapping time increased by 60%. The overlapping time increased
significantly when the velocity was 6 m/d. The relationship between the salinity and
overlapping time can be described by a linear function. The slopes of the linear functions
under three velocities were 0.88, 1.00 and 1.75, respectively. It showed that the larger the
velocity, the greater the effect of the salinity on the overlapping time. Compared the effects
of the velocity and salinity on the overlapping time, it is found that the velocity has a great
effect on the overlapping time.
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Figure 11. The overlapping time of double-pipe freezing.



Energies 2022, 15, 1308 11 of 15

4.3. The Development of the Frozen Curtain under Different Velocities and Salinities

The thickness of the frozen curtain in freezing engineering is worthy of attention.
Therefore, the thickness of the frozen curtain was counted. The upstream thickness of the
frozen curtain was recorded as Ru and the downstream thickness of the frozen curtain was
recorded as Rd. Figure 12 shows the positions of Ru and Rd. According to the temperature
at each measured point, the isotherm distribution map was drawn and the outline of
freezing temperature was obtained. Figure 13 shows the values of Ru and Rs.
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Figure 13. The developments of Ru at (a) 0 m/d; (b) 3 m/d; (c) 6 m/d.

In Figure 13a–c, Due to the different overlapping times, Ru began to develop at
different freezing times. At any velocity and any salinity, Ru increased with the freezing
time. The development curve of Ru had the same characteristics. Ru increased rapidly in
the initial stage of the freezing and the development of Ru gradually slowed down in the
later stage of the freezing. At the same velocity and freezing time, the higher the salinity,
the smaller the Ru. The salt inhibited the development of Ru. The velocity also had an
impact on the development of Ru. The value of Ru when freezing for 48 h is sorted out as
shown in Table 5. Under each salinity, the larger the velocity, the smaller the Ru. Under
the conditions of 0% and 4% salinity, when the velocity increased from 0 m/d to 6 m/d,
Ru decreased by 38% and 23%, respectively, indicating that the effect of the velocity on Ru
was weakened when the salinity was high. Similarly, the effect of the salinity on Ru was
weakened at large velocity. It can be found that in the whole process of freezing, the larger
the velocity and the higher the salinity, the smaller the Ru.
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Table 5. The values of Ru when freezing for 48 h (unit: mm).

The Velocity
The Salinity

0 2% 4%

0 m/d 450 304 227
3 m/d 395 254 196
6 m/d 280 192 175

Figure 14 shows the change of Rd with freezing time. When the velocity was 0 m/d,
Rd was the same as Ru. Therefore, when the velocity was 0 m/d, the development of Rd
was the same as that in Figure 13a, which was no longer given in Figure 14. However,
when the velocity was 3 m/d and 6 m/d, Rd was greater than Ru at the same freezing
time. This conclusion is not affected by the salinity. As can be seen from Figure 14a,b,
the development laws of Rd and Ru were the same. Ru increased over time, then slowed
down and finally stabilized. At the same velocity, the higher the salinity, the smaller the Rd,
and with the increase in freezing time, the different became larger and larger. At the same
salinity, the greater the velocity, the smaller the Rd. Both the velocity and salinity inhibited
the development of Rd.
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Figure 14. The developments of Rd at (a) 3 m/d; (b) 6 m/d.

The frozen curtain area can reflect the development of the freezing. Therefore, the
development of the frozen curtain area was obtained in the isotherm diagram. Figure 15
shows the development curves of the frozen curtain. Different from the development law
of Ru and Rd, the frozen curtain area kept an approximate linear growth in the freezing
process. In Figure 15a–c, the larger the velocity and the higher the salinity, the slower the
development of the freezing curtain area. At the same time, when the velocity was large,
the difference of the curtain area between different salinities gradually decreased, which
indicated that the existence of the velocity decreased the effect of the salinity.

The average development rates of the frozen curtain area during the whole freezing
process are shown in Table 6. It can be found that the average growth rate of the frozen
curtain area was affected by the velocity and salinity. The larger the velocity and the greater
the salinity, the smaller the development rate. When the seepage velocity was 0 m/d
and the salinity was 0%, the development rate was the largest, which was 15246 mm2/h.
When the seepage velocity was 6 m/d and the salinity was 4%, the development rate
was the smallest, which was 3987 mm2/h. Under the three velocities, when the salinity
increased from 0% to 4%, the development rate decreased by 0.64, 0.66 and 0.56. Under the
three salinities, when the velocity increased from 0 m/d to 6 m/d, the development rate
decreased by 0.38, 0.38 and 0.27. This result indicated that the salinity had a great impact
on the development rate of the frozen curtain area.
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Figure 15. The relation between freezing curtain area and freezing time at (a) 0 m/d; (b) 3 m/d;
(c) 6 m/d.

Table 6. The average development rates of frozen curtain area (unit: mm2/h).

The Velocity
The Salinity

0 2% 4%

0 m/d 15,246 8387 5443
3 m/d 12,366 7284 4116
6 m/d 9434 5191 3987

5. Conclusions

In this research, a double-pipe freezing test platform was established to study the
distribution of the temperature field and the development of the frozen curtain in a saline
stratum. Double-pipe freezing tests were conducted under three different velocities and
salinities. The temporal and spatial distributions of the temperature field and the formation
law of the frozen curtain were thoroughly analyzed. From the analysis, the following
conclusions can be drawn:

(1) Based on the temperature characteristic curve of the frozen sand, the freezing
temperature of the saline sand under different salinities was obtained. The fitting results
showed a linear relationship between the freezing temperature and the salinity. When
saturated sand was prepared with salt solutions having salinities of 0%, 2%, and 4%, the
freezing temperatures of the saline sand were −0.1, −1.3, and −3.1 ◦C, respectively.

(2) Both the velocity and salinity had a significant influence on the development and
distribution of the temperature. The effect of velocity made the temperature in the down-
stream higher than that in the upstream. The larger the velocity, the greater the temperature
difference between the upstream and downstream. When the boundary temperature was
the same, the higher the salinity, the lower the temperature. The temperature difference
due to the salinity at the interface was greater than that on the main surface. With the
increase in the velocity, the effect of salt weakened, and the temperature difference due to
the salt decreased gradually.

(3) The analysis of the overlapping time showed that the larger the velocity and the
higher the salinity, the longer the overlapping time. The overlapping time increased rapidly
with the increase in the velocity. The relationship between the overlapping time and the
salinity was approximately linear. Under velocities of 0, 3, and 6 m/d, the growth rates of
the overlapping time with the salinity were 0.88, 1.00, and 1.75, respectively. Comparing the
effects of the velocity and salinity on the overlapping time, it was found that the velocity
had a greater influence.

(4) The upstream thickness Ru and downstream thickness Rd of the frozen curtain in-
creased with the freezing time. Under the effect of the velocity, Ru was smaller than Rd. The
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velocity and salinity could inhibit the development of the frozen curtain thickness. The ef-
fects of the salinity and velocity were coupled and interactive. The area of the frozen curtain
increased approximately linearly with the freezing time. Under different test conditions,
the development rate of the frozen curtain area was in the range of 3987–15,246 mm2/h.
The results showed that the larger the velocity and the higher the salinity, the smaller the
development rate of the frozen curtain area. A further analysis showed that salt had a
significant influence on the development rate of the frozen curtain area.
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