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Abstract: The temperature distribution around the offshore burial pipeline is an important factor
affecting its safety design and economic operation. The traditional test method cannot obtain the
continuous temperature distribution of soil owing to the constraints of placing measurement sensors
in soil. The transparent soil model test is an alternative method to realize the visualization research of
soil temperature. In this paper, a relationship between the temperature of transparent soil and pixel
intensity was first established. Then, the transparent soil test and numerical simulation, considering
the natural convection, were carried out to study the temperature distribution around the submarine
pipeline during start-up and stable operation. The influence of buried depth and pipeline diameter
was analyzed. The results suggest that the continuous temperature distribution can be obtained
visually by using a transparent soil test, and the observed heating zone of influence extended to a
radial distance of 2.6 pipe diameters. The numerical analysis results show that the influence zone of
the temperature of pipeline is a distance of four pipeline diameters at a temperature difference of
45 °C. The buried depth and pipeline diameter have little influence on the influence zone. In addition,
the contour curves of soil temperature around the pipeline with different diameter are similar in
shape. With the decrease in the buried depth of pipeline, the temperature gradient of soil around the
pipeline decreases, which is caused by the natural convection.

Keywords: offshore pipeline; transparent soil; thermal field; numerical simulation

1. Introduction

Offshore buried pipelines are often used in transportation engineering of marine
crude oil with the advantages of low cost, large transportation volume and continuous
transportation. Crude oil produced from offshore fields usually has a high wax content,
resulting in poor fluidity at the marine environmental temperature. To ensure the smooth
and safe transportation of crude oil, it is often raised to a very high temperature. However,
the sea water temperature decreases with the increase in water depth. The temperature of
sea water at 2000 m depth is about 3 °C [1]. There is a large temperature difference between
the pipeline and the surrounding environment, which means that the heat of the pipeline
transmits to the surrounding soil. Heat transmission causes the temperature of oil to drop,
which, in turn, affects its transportation. In addition, it changes the temperature of the soil
around the pipeline, which effects the interaction between the pipeline and soil. There is
a huge impact on the safety and stability of the pipeline. It is very important to have a
thorough understanding of the soil temperature distribution around the pipeline, which is
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an important basis for the safe design and economic operation of the pipeline. Therefore, it
is necessary to study the soil temperature distribution around the pipeline.

Subsea burial is a common method to prevent pipeline damage and heat loss for
submarine pipelines. The heat transfer of the buried pipeline is an important and complex
problem. In the previous research on the temperature distribution of soil around the buried
pipeline, the influence of the thermal conductivity of the insulation layer, properties and
geometric properties of backfill materials, soil stratification, soil moisture content and void
ratio, natural convection and other factors were studied by using numerical and experi-
mental methods [2-6]. However, the experimental test usually uses temperature sensor
embedded in the soil to measure the soil temperature. The temperature measurement has
spatial discontinuity. The measurement is not accurate under large temperature gradient,
such as media stratification, natural convection and local material phase change. In most
numerical simulations, the soil is assumed to be solid material, ignoring the porous media
characteristics of soil.

Transparent soil test technology can realize the visualization of the displacement
of soil. The previous studies of transparent soil test mainly focus on the physical and
mechanical properties of transparent soil materials [7-11] or use transparent soil tests to
study the deformation of soil around the pile, tunnel, anchor or other structures [12-16].
The transparency of the transparent soil is expected to be improved for larger model
tests. The changes in transparency caused by temperature, saturation and impurities are
considered to be unfavorable factors in the transparent soil test; these factors need to be
strictly controlled in the test. However, the change in the transparency of transparent
soil can also be a favorable factor in the test [17,18]. Based on this understanding, the
relationship between transparency of transparent soil and temperature was established
through experiments, and the temperature field around the energy pile was studied [17]. It
was proved that the continuous temperature field around the structure could be obtained
based on the change in the transparency of transparent soil.

Therefore, aiming at studying the discontinuity of temperature monitoring in the
traditional experimental test for the thermal fields of the submarine buried pipeline, a
visual model test of the soil temperature distribution around the submarine buried pipeline
by using transparent soil model test was carried out. The temperature distribution of soil
around the submarine buried pipeline during operation was analyzed. Combined with
the numerical simulation, the effect of the buried depth and pipe diameter on the soil
temperature distribution around the submarine pipeline was studied.

2. Test Method and Process
2.1. Test Method for Transparent Soil

Transparent soil consists of transparent solid particles and a fluid with a matching
refractive index. The matching degree of the refractive index between solid particles and
pore fluid is one of the main factors affecting the transparency of transparent soil. The
refractive index of a material is usually affected by the wavelength of light and temperature.
The refractive index of solid particles is generally considered not to vary with temperature.
However, the refractive index of fluid varies greatly with temperature. Kong et al. [19] mea-
sured the variation in the refractive index of fluid that may be used in the transparent soil
model test with temperature. It found that the refractive index of those pore fluids mostly
decreased with the increase in temperature. Therefore, with the variation in temperature,
the matching degree of refractive index between solid particles and pore fluid decreases,
resulting in the decrease in the transparency of transparent soil. The previously transparent
medium becomes opaque or appear less clear with the change in temperature.

Individual pixels are the smallest unit that forms a digital image. The pixel intensity
is used to describe the color and brightness of the pixels. The most commonly used
pixel format is where the pixel number is stored as an 8-bit integer. The corresponding
decimal values range from 0 (black) to 255 (white). When the pixel intensity is between
the two extreme values, the pixel will appear gray, as shown in Figure 1. We prepared
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the transparent soil at the specified temperature (i.e., 20 °C) with the optimum refractive
index match. We placed a black background behind the transparent soil and shot it
through the soil. At this time, the black background was clearly visible as the soil was
transparent. The pixel intensities of the background were sufficiently low due to the
relative high transparency of the transparent soil. Conversely, when the temperature of the
transparent soil increased (i.e., 50 °C), the transparency of transparent soil decreased due
to the reduction in refractive index matching degree. The pixel intensity increased such
that the soil appeared to be gray in color. Therefore, the visual measurement of transparent
soil temperature could be achieved by establishing the relationship between pixel intensity
and the temperature of transparent soil.
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Figure 1. The measurement of temperature in transparent soil.

2.2. Test Materials

The transparent soil material used in this study was manufactured using fused quartz
and mixed oil. Fused quartz is a commonly used solid particle material for transparent soil
configuration due to its high purity, high transparency, high angular and similar chemical
composition to natural sand [20]. The particle size distribution of the fused quartz is shown
in Figure 2, which is close to that of natural marine sand [21-23]. The mixed oil was a
blend of mineral oil (white oil) and paraffinic solvent (Norpar 12) with a mass ratio of 4:1.
The refractive index of mixed oil is 1.4585 at 20 °C, which is consistent with that of fused
silica. The fused quartz and mixed oil were thoroughly mixed by using a blender to form a
uniform slurry. The sample was then placed in a vacuum to evacuate the air. A two-phase
continuum was produced, which enabled the transparency of the transparent soil. The
other specific preparation process of transparent soil is presented in the literature [24]. The
physical and mechanical parameters of the transparent soil are shown in Table 1.
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Figure 2. The particle distribution of fused quartz and natural marine sand including calcareous sand
of Australia [21], calcareous sand in South China Sea [22], and Bohai Bay fine sand [23].
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Table 1. Mechanical properties of the transparent soil.

Parameter Unit Value
Nonuniformity coefficient, Cy 3.51
Curvature coefficient, C. 1.14
Saturated bulk density, v sat kg/ m3 18.37
Thermal conductivity, K¢ W/(m-K) 0.785

Specific heat capacity, C; J/(kg-K) 2097.90

2.3. Test Apparatus for Transparent Soil

The visualization test apparatus for the submarine pipeline temperature based on
transparent soil is shown in Figure 3. The test system mainly includes water bath, LED
lighting device, temperature control device, model pipe, model box, image acquisition
device and other parts. The water bath with dimensions of 400 mm (length) by 400 mm
(width) by 450 mm (height) was mainly used to provide a constant temperature boundary
for the model box filled with transparent soil. The water bath was filled with water, which
was warmed by the temperature control device. The temperature control device includes a
heating/cooling element and a circulating water pump to achieve a constant temperature
of the water bath through the circulation of water. The model box for the transparent soil is
300 mm x 40 mm x 350 mm in size and constructed of 10 mm thick plexiglass panels. The
model pipe was manufactured by using hollow copper pipe with black surface spraying. A
water inlet and outlet were arranged in the inner space of the pipe. The inlet and outlet
were connected with another temperature control device. The temperature of the pipe was
controlled through the circulation of water inside the pipe. The specific dimensions and
relative positions of the model box and model pipe are shown in Figure 4.

Dark room Inlet and ofitlet S—

Black background

Figure 3. The physical figure of visual test system of offshore pipeline temperature.

Nonuniform lighting conditions are not conducive to producing consistent pixel
intensity. In order to produce a consistent background, the test device was placed in a dark
room. Two LED lights with constant power were used to provide uniform illumination
of the water bath and model box. A CCD high-speed high-definition camera with fixed
aperture, exposure time and focus was used to record the test image. During the test, the
CCD camera was installed on a tripod at a distance of 0.5 m from the front of the water bath.
The CCD camera was connected to the computer. The images of the test were captured
without contact through control the software on the computer, which ensures long-term
testing without operator intervention. The temperature field around the model pipe can be
obtained through the image analysis software.
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Figure 4. The schematic diagram of model tank in a transparent soil temperature test.

2.4. Numerical Simulation Method
(1) Mathematical model

As pipes are always longer than they are wide, a two-dimensional plane model of the
buried submarine pipeline was used in this study, as shown in Figure 5. The length and
depth of the rectangular influence range of the pipeline on the soil temperature distribution
is 2a and b, respectively. The pipe section is circular with diameter of D and buried depth of
H. The coordinate system is established with the corresponding center point of the pipeline
on the seabed surface as the origin. The horizontal direction is the x-axis, and the vertical
direction is the y-axis. The sea water temperature above the seabed surface is Tw. The
initial temperature of soil is T in;. The thermal conductivity of soil is Ks. There is thermal
convection between the seabed surface and seawater, including natural convection.

M

ly T
AN Natural convection

¥

| 2a |
I 1

Figure 5. The two-dimensional plane model of heat transfers of offshore pipeline.

In order to simulate the physical process of heat transfer from the pipeline to the
surrounding soil during start-up and operation, the following governing equations were
used in the numerical model. Fourier’s law expresses the conductive heat flux as a function
of the temperature gradient as follows:

q=—KVT 1)
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The heat transfer in the soil, which is considered to be a porous medium, is governed

by the heat transfer equation:
oT
pC§+V~(—KVT) =Q )

The initial condition is that the temperature of soil is T jn; for t = 0.

The thermal boundary conditions are that the temperature of the outer wall of the
pipeline is constant as Ty, The left, right and lower boundaries are adiabatic boundaries.
The upper boundary is the heat flux boundary, and there is natural convection between the
seabed surface and seawater. The convective heat flux is

do = h(Tw —T) ©)
The convective heat transfer coefficient / is determined by the following equation:

K0.54RY/* i T > T, and 10* < R, < 107
h=< Koi15RY® if T > T, and 107 < R, < 10" )
K027RV* if T < T, and 10* < R, < 107
It should be noticed that there is a sudden rise in the temperature of the outer wall
of the pipeline at the beginning of the numerical simulation. In Table 2, all the employed

parameters for the equations are reported.

Table 2. The employed parameters for the equations.

Symbol Parameter Unit

C Specific heat capacity of material J/(kg-K)

D,H Diameter and buried depth of pipeline m
h Convective heat transfer coefficient W/(m2K)
K Thermal conductivity of material W/(m-K)
o Density of material
Q Heat J
qo0 Heat flux W/m?2
q Heat flux vector W/m?
T Temperature of material K
Ra Reynolds number

(2) Numerical solution

The software of COMSOL Multiphysics 5.2 was employed to study the soil temperature
distribution around the pipeline during stable operation, considering the natural convection.

To ensure the calculation of the model, the model was subject to the following assump-
tions: (1) the influence area of the pipeline on the surrounding soil was a rectangular area;
(2) the soil was a continuous and uniform porous medium, and the soil was saturated and
the pore water does not change phase; (3) the thermodynamic parameters of soil were kept
constant and did not change with temperature; (4) the flow in soil was two-dimensional and
followed Darcy’s law; (5) there was no heat exchange between the soil skeleton and pore
water; (6) the thermal conductivity of soil was independent of temperature; (7) the water in
soil did not evaporate; (8) there was a natural convection between the seabed and seawater.

A two-dimensional pipe-soil model was used in this study, which means that the
change in the pipeline temperature in the axial direction was not considered. Considering
the boundary effect, the length of the model was set to 16 m, and the depth was set to
8 m. The section of pipeline was circular. The diameter D and buried depth H of the
pipeline were set according to different test conditions. The soil material used in the
numerical simulation was fine sand from the South China Sea, which was described as a
porous medium saturated by water. The physical properties of the soil and seawater are
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shown in Table 3. To consider the natural convection between the soil and the seawater,
the upper boundary was defined as the heat flux boundary. The left, right and lower
boundaries were defined as adiabatic boundaries by setting the heat flux conditions as zero.
At the beginning of the simulation, the soil temperature was assumed to be uniform and
constant T’ ini, which was same as the temperature of the seawater T,. After heating, the
soil temperature changed. In fact, we were interested in studying heat transfer from the
outer surface of the pipe to the soil, rather than solving for the fluid flow inside the pipe.
Therefore, the temperature of the outer wall of the pipe was set to the constant and uniform
temperature T,,,;. Due to the existence of temperature difference between the pipeline
wall and soil, the heat of the pipeline continued to transfer to the soil, which meant that the
soil was heated.

Table 3. Mechanical properties of the soil.

Soil Mass Parameter Unit Value
Thermal conductivity, K W/(m-K) 0.867
, Specific heat capacity, Cs J/(kg-K) 3465
Marine sand Bulk density, 7. kg/m> 18.0
Porosity, n 0.6
Thermal conductivity, Ky W/(m-K) 0.65
Seawater Specific heat capacity, Cy J/(kg-K) 3850
Bulk density, vz kg/ m3 10.25

The specific mesh division used in the model is shown in Figure 6, where the mesh
is finer near the pipe to ensure the convergence of numerical calculation and accuracy
of the simulation. The triangular elements are used in the model, which are linear. The
discretization of the domain has a total of 537 nodes and 979 elements.

I 16 m I

Figure 6. FEM mesh of numerical model.

2.5. Test Procedures and Progresses

In order to establish the relationship between the temperature of the transparent soil
and the pixel intensity, the calibration test was carried out. Calibration of pixel intensity
at different soil temperatures was achieved by placing the model box in the water bath
and allowing the water circulation system to heat up. During the calibration test, the
temperature of the water bath continuously increased from 20 °C to 50 °C, which was
divided into 6 stages in 5 °C increments. At each heating stage, the temperature of the
water bath was set to the desired value. The temperature of the soil was then precisely
determined using a thermometer placed inside the model box. Images were captured
during the heating process with an image acquisition frequency of 30 s. The image pixel
intensities were obtained and recorded by using image processing software. Then, the
relationship between pixel intensity and temperature were established.
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To study the expansion of soil temperature around the pipeline along the horizontal
direction, a transparent soil test was carried out to visualize the temperature. During the
test, the temperatures of the outer wall of the model box filled with transparent soil and the
model pipe were maintained at 20 °C and 50 °C, respectively, through the circulation of
water warmed by the individual temperature control device. Due to the thin outer wall
of the model pipe and the high thermal conductivity of copper, the pipe increased to the
required temperature in a short time, which was not taken into account during the test.
During the test, the images of the transparent soil were captured at a frequency of 5 min
depending on the nature of the test. The measures ensured that sufficient changes in pixel
intensity of each pixel were monitored. The variation in pixel intensity in the image was
interpreted as changes in soil temperature according to the established relationship between
pixel intensity and soil temperature. Therefore, the visualization of the temperature could
be achieved.

Numerical simulation was carried out to study the soil temperature distribution
around the pipeline under different buried depths and pipe diameters, considering natural
convection. In order to verify the validity of the model, the soil parameters and initial
conditions for the transparent soil test were first used by the model, including the thermal
conductivity and initial temperature of the soil (20 °C) and the temperature of the model
pile (50 °C). The results of the numerical simulation were compared with those of the
transparent soil test. After the verification stage, the parameters of marine sand were
substituted into the model for the numerical simulation. The specific calculation conditions
of numerical simulation are shown in Table 4. Combined with reference [25], the calculation
time of the model was 60 days. For heat transfer analysis during start-up, 4 temperature
monitoring points (named as point 1, 2, 3, 4, respectively) were set in the center of the
pipeline along the horizontal direction of the model, with the distances far away from the
outer wall of the pipe being 0.5, 1, 1.5, and 2 pipe diameters, respectively, as shown in
Figure 7.

Table 4. Modeling case in numerical simulation.

Temperature (°C) Buried Depth (H/D) Pipe Diameter (m)
0 0.6
Tw=5 1.0 0.8
Ts,ini =5
2N 2.0 1.0
wall = 3.0 1.2
e
| X
Lo e e e e e e e —-
00
90°
1 2 3 4

Figure 7. Distribution of temperature monitoring points for soil around the pipeline.
3. Experimental Results and Discussion
3.1. Calibration Test

The observation of transparent soil temperature is very sensitive to the change in
image pixel intensity. In order to reduce the influence of abnormal pixel intensity on the test



J. Mar. Sci. Eng. 2024, 12, 637

90f17

results, it is necessary to normalize the pixel intensity. The normalization method proposed
by Siemens et al. [18] is chosen in this study:

I-1
cold (5)

Iy =
Ihot - Icold

where Iy is the normalized pixel intensity, [ is the pixel intensity at the specified tempera-
ture, I.o)q is the reference pixel intensity at low temperature and I}, is the reference pixel
intensity at high temperature.

The relationship between temperature and normalized pixel intensity is shown in
Figure 8. It can be seen that the normalized pixel intensity varies from 0 to 1 for the
temperature of 20 °C to 50 °C. The temperature of transparent soil has a logarithmic
relationship with the normalized pixel intensity. The specific equation is as follows:

T = 48.83913163 (6)

when the temperature is lower than 30 °C, the deviation between temperature data is
apparent. It may be because the refractive of pore fluid is not sensitive to the variation in
temperature at a lower temperature, resulting in low transparency changes. However, it is
interesting to note that these results are in good agreement with the previous results [17,26].
The results of Siemens et al. [18] and Black et al. [17] are also listed in the figure. Siemens
et al. [18] found a linear relationship between temperature and normalized pixel intensity
in the test. Black et al. [17] found that the relationship curve between temperature and
normalized pixel intensity is about a straight line when the temperature is greater than
30 °C, but it is nonlinear when the temperature is 20~30 °C. The variation in pixel intensity
mainly depends on the change in the refractive index of pore fluid. Moreover, the research
proposed by Kong et al. [19] showed that the refractive index of fluid was not uniformly
sensitive to temperature. The difference of these test results may be caused by the difference
in the pore fluid of transparent soil. Therefore, for the transparent soil prepared using
different materials and processes, the relationship between temperature and normalized
pixel intensity should be re-determined.

55

'
0
1

Temperature,7 (°C)

O In this study
® Siemens et al. 2015
— —Black et al. 2015

15 + T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Normalized pixel intensity value,/y

Figure 8. The relationship between temperature and normalized pixel intensity and the comparison
with previous researches [17,18].

3.2. Horizontal Temperature Distribution of Soil around Pipeline

The test results of the horizontal temperature distribution of the submarine pipeline
are shown in Figure 9. It can be seen from the figure that the temperature decreases with
the increase in the distance from the pipe wall. After 5 min, the temperature expands to
0.5D. The influence range of pipeline temperature increases gradually with the increase in
time. The influence range extends to 2.6D after 40 min, and tends to be stable.
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Figure 9. Temperature distribution around pipeline in transparent soil with different times.

When using transparent soil to study the temperature distribution, the test results may
have errors due to light conditions, impurities in the transparent soil and other reasons. In
order to reduce the test error, the average value of the temperature at the same distance
from the pipe wall is taken as the temperature at that distance. The relationships between
the temperature and heating time at the distances of 0.5D, 1.0D, 1.5D and 2D are shown
in Figure 10. It can be seen that the temperature at different locations increases with
heating time, and then tends to be stable. In addition, the temperature of the soil at a
distance of 0.5D increases rapidly after the start of heating, while the temperature of the
soil at distances of 1.0D, 1.5D and 2D begins to increase after 5 min, 10 min and 30 min,
respectively. It indicates that the influence range of temperature gradually expands with
the increase in time. The soil temperatures at different locations all tend to be stable after
60 min.

After the temperature is stable (60 min), the temperature distribution at different
distances from the pipe wall is shown in Figure 11. It can be observed that the temperature
gradually decreases with the increase in the distance from the pipe wall. The temperature
influence range that can be observed is about 2.6D. At the distance far from 2.6D, it is
difficult to use transparent soil to observe the temperature due to the small temperature
change. Moreover, the test results of transparent soil at 0~0.3D decreased significantly,
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which may be related to the reflection of the model pipe wall. The light reflection of the
pipe wall affects the test results.

50
Test results Validation of numerical model
45 —o—I/D=0.5 1/D=0.5
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Figure 10. The temperature at different distances (I/D) far from the pipe wall varies with time.
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Figure 11. The influence range of pipeline temperature during stable operation in transparent soil.

3.3. Influence of Buried Depth and Pipe Diameter on Temperature Field

To verify the validity of the numerical model, the soil parameters and initial conditions
for the transparent soil test were used via the numerical model. Their results are shown in
Figures 10 and 11, respectively. It can be seen that numerical simulation results are very
close to the results of transparent soil test, indicating that it is feasible to use the numerical
model to study the distribution of temperature around the pipeline.

The soil temperature at different locations around the pipeline over time under dif-
ferent buried depths and pipeline diameters are shown in Figures 12 and 13. It can be
seen that in the early stage of pipeline operation, the soil temperature increases rapidly.
As the soil temperature continues to rise, the heat transferred by the pipeline to the soil is
gradually reduced. The rise rate of the soil temperature decreases. The rate and magnitude
of temperature rise at point 4 is much lower than that at point 1, which indicates that with
the increase in the distance from the pipe wall, the influence of the pipe on the surrounding
soil temperature gradually decreases.
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Figure 12. Temperature variation in soil with time at different locations with different buried depths:
(a) point 1; (b) point 2; (c) point 3; (d) point 4.
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Figure 13. Temperature variation in soil with time at different locations with different diameters:
(a) point 1; (b) point 2; (c) point 3; (d) point 4.
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Figure 12 also shows that the soil temperature around the pipeline is closely related to
the buried depth of the pipeline. As can be seen in Figure 12, the deeper the buried depth of
the pipeline, the higher the temperature of the soil around the pipeline. This is influenced
by the natural convection between seabed and seawater. The variation in soil temperature
at different locations around the pipe with time under different pipe diameters is shown in
Figure 13. The diameter of the pipeline affects the rise rate of the soil temperature around
the pipeline. The larger the diameter, the slower the rise rate of soil temperature.

After 60 days of heating, the temperature distribution of soil around the pipeline tends
to be stable. The temperature distribution around the pipeline during stable operation
at different buried depths H is shown in Figure 14. It can be seen from the figure that
the soil temperature gradient near the pipe wall is large, indicating that the soil is greatly
affected by the pipe temperature. The soil temperature gradient far away from the pipe wall
decreases, and the soil is less affected by the pipe temperature. The temperature gradient
around the pipeline is relatively small at a small buried depth. With the increase in the
buried depth, the temperature gradient tends to be stable, indicating that the influence of
natural convection on the temperature field decreases with the increase in the buried depth.
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Figure 14. Temperature distribution of soil around pipeline at different buried depths: (a) H = 0.5D;
(b) H = 1.0D; (c) H = 2.0D; (d) H = 3.0D.

The variation in soil temperature in the horizontal direction of the pipe center during
stable operation at different buried depths is shown in Figure 15. It shows that the final
influence range of heating on the soil temperature at different buried depths is about 4D.
However, the buried depth has little effect on the influence range of heating. At the same
location, the smaller the buried depth, the lower the temperature, and the more obvious
the influence of natural convection on the soil temperature.
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Figure 15. Temperature distribution of soil in horizontal direction of pipeline center at different

buried depths.

The temperature distribution of soil around the pipeline with different pipe diameters
during stable operation is shown in Figure 16. It can be seen that the contour shape of
soil temperature around the pipeline under different pipe diameters is similar. But, the
influence distance of heating will increase with the increased in the pipe diameter.
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Figure 16. Temperature distribution of soil around pipeline at different diameters: (a) D = 0.6 m;
b)D=0.8m;(c)D=1.0m; (d) D=12m.

The variation in soil temperature in the horizontal direction of the pipe center during
stable operation at different pipe diameters is shown in Figure 17. It shows that the
influence range of the heating on the soil temperature under different pipe diameters is
also about 4D. The pipe diameter has little influence on the temperature range of the pipe.
At the same distance, the larger the pipe diameter, the lower the soil temperature.
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Figure 17. Temperature distribution of soil in horizontal direction of pipeline center at different
pipeline diameters.

4. Conclusions

In this paper, an alternative experimental method to realize the visualization research
on the temperature of soil around a submarine buried offshore pipeline is proposed based
on transparent soil test technology. A set of test apparatuses was built, and the temperature
distribution of the soil around the submarine pipeline during the operation was studied.
Moreover, the influence of buried depth and pipe diameter on the soil temperature dis-
tribution was studied via numerical simulation, considering the natural convection. The
following conclusions were obtained:

(1) The relationship between the soil temperature and normalized pixel intensity was
established. The normalized pixel intensity varied from 0 to 1 for the temperature of
20 °C to 50 °C. The temperature of transparent soil had a logarithmic relationship with the
normalized pixel intensity. It proved the feasibility of using transparent soil test technology
to study the soil temperature distribution.

(2) The soil temperature at different locations increased with time, and then tended
to be stable. The influence zone of pipeline temperature gradually expanded with the
increase in time, and the final observable influence zone extended to a radial distance of
2.6D. At the distance far from 2.6D, it was difficult to use transparent soil to observe the
temperature due to the small temperature change, which needed further researches to solve
these problems.

(3) The shallower the buried depth of the pipeline, the smaller the soil temperature
gradient around the pipeline and the more obvious the influence of natural convection of
seawater. The contour shape of soil temperature around the pipeline was similar under
different buried depths. The influence zone of pipeline temperature was a distance of
4D at a temperature difference of 45 °C, which was less effected by the buried depth and
pipe diameter.
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