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Abstract. During the operation of an LNG receiving terminal, the fluids within
the feed pipes are typically low-temperature media such as nitrogen and liquefied
natural gas. The pipelines frequently operate under ultra-low temperature condi-
tions, and rapid temperature changes often lead to issues of thermal expansion
and contraction, as well as thermal stress, which may subsequently result in a
series of serious consequences and potential risks such as pipeline deformation,
rupture, and leakage. Reducing the adverse effects of thermal expansion and con-
traction, thermal stress, and other factors in LNG pipelines is a critical issue that
needs to be addressed during pipeline design and construction. In engineering,
the installation of expansion bends is commonly used to address such issues.
Their main function is to absorb pipeline deformation during expansion and con-
traction, thereby preventing bending deformation or cracks in the pipeline due to
thermal stress, reducing pipeline damage, and ensuring the stable operation of the
LNG pipeline system. Based on actual data from an LNG receiving terminal, this
study constructs a three-dimensional model of the feed pipeline expansion bend
and conducts numerical simulations of the flow and heat transfer processes under
pre-cooling and cold retention cycling conditions. The temperature field distri-
bution characteristics of the feed pipeline expansion bend are analyzed. The re-
search results indicate that during the pre-cooling and cold retention cycling pro-
cesses, the fluid temperature inside the pipeline exhibits a clear stratification phe-
nomenon in the direction of gravity. When the fluid flows through the expansion
bend, this stratified structure is disrupted, thereby reducing the temperature dif-
ference between the top and bottom of the pipeline to a certain extent. The re-
search findings not only provide a theoretical basis with reference value for the
practical application of LNG pipeline engineering but also offer beneficial guid-
ance for engineering design and optimization in related fields.
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1 Introduction

Liquid natural gas is natural gas liquefied at -162°C. Compared to gas, LNG takes up
625 times less volume [, boosting transportation and storage efficiency, and meeting
growing global demand. As LNG is low-temperature, sudden flow into a room-temper-
ature pipe causes rapid thermal contraction. The pipe's bottom contacts cold LNG,
while the top stays warmer, causing temperature stress. To prevent damage, thorough
pre-cooling and insulation are necessary before pipe operation. Gradually cool the pipe
using low-temperature steam until it reaches a safe temperature for LNG transport.

Many scholars have studied low-temperature fluid flow, phase transitions, and heat
transfer in pipes. L. Castillo®?! analyzed compressors and refrigerants for pre-cooling,
setting criteria for refrigerant selection. Changxu Wul3! modeled hose temperatures,
finding they depend on pre-cooling time, location, insulation, and nitrogen inflow.
Yuan Kun!* 3! investigated liquid nitrogen pre-cooling in horizontal pipes under low
flow and gravity. Wang!® modeled thermodynamic changes and pressurization in cry-
ogenic tank discharges, showing external heat transfer has little effect, but internal wall
heat transfer reduces performance. Ludwig!”! studied self-pressurization in cryogenic
tanks, finding temperature stratification and phase change controlled by pressurization
gas. In!® tested a helium tank pressurization system with a heater, proving stable dis-
charge pressure. Barsil® modeled liquid hydrogen tank discharges, predicting flow and
pressurization accurately. Kassemi''” simulated heat and mass transfer at the gas-liquid
interface, analyzing its impact on pressurized discharge and pressure control in cryo-
genic tanks.

Based on previous research and combined with actual operational data from LNG
receiving terminals, this paper studies and analyzes the entire process of pre-cooling
and cold retention cycling in the feed expansion pipeline at LNG receiving terminals.
Through numerical simulation methods, the distribution patterns of temperature fields
in the expansion bend sections during pre-cooling and cold retention cycling are inves-
tigated. The study reveals that during pre-cooling and cold retention cycling, fluid tem-
perature stratification also forms inside the pipeline along the direction of gravity. As
the fluid flows through the expansion bends, this stratification is disrupted, reducing
the temperature difference between the top and bottom of the pipeline to a certain extent
and ensuring pipeline safety.

2 Modeling and Numerical Simulation of Expansion
Bends

2.1 Numerical Modeling and Mesh Generation for Expansion Bends

Based on actual data from the LNG receiving terminal, a three-dimensional physical
model of the expansion bend was constructed, as shown in Figure 1. The outer diameter
of the pipeline is 1016mm, with a wall thickness of 12.7mm. The pipeline is equipped
with two layers of cold insulation on its exterior, with the thickness of the inner cold
insulation layer being 150mm and the outer cold insulation layer being 70mm,
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respectively.The pipeline is divided into three sections: the inlet straight pipe section,
the expansion bend, and the outlet straight pipe section, all located within the same
horizontal plane. The total length of the pipeline is approximately 65 meters, with the
inlet straight pipe section being 30 meters long, the expansion bend structure, which is
perpendicular to the x-direction, being 10 meters long, the pipe section parallel to the
x-direction being 8 meters long, and the outlet straight pipe section being 10 meters
long.

Fig. 1. D model of expansion bend pipe.

As shown in Figure 2, the model is divided using a polyhedral grid. In order to ac-
curately simulate the flow within the boundary layer, a body-fitted grid is set up, con-
sidering both computational accuracy and computational workload. The final number
of generated grids is 1.32 million, with an orthogonal quality greater than 0.5.

Fig. 2. Grid diagram.

As shown in Figure 3, to analyze the distribution of temperature and velocity fields
within the expansion bend, a total of ten radial cross-sections are created along the flow
direction of the pipeline at various pipe sections. Meanwhile, based on field conditions,
temperature monitoring points qp1 and qp2, wpl and wp2, hpl and hp2 are established
on the upper and lower wall surfaces of the pipeline at cross-sections 1, 6, and 10,
respectively.



Study on Flow and Heat Transfer Characteristics of LNG 201

-
w
S
L}
®
e

Fig. 3. Position of each radial section of the pipeline.

2.2 Numerical Simulation Method and Boundary Conditions

Based on field operational data, the pre-cooling and cold retention cycles adopt a
phased injection process using low-temperature media, which takes a total of 26 hours.
The fluid media utilized for the pre-cooling and cold retention cycles are low-tempera-
ture nitrogen and BOG, respectively. The pipe is made of austenitic stainless steel, with
polyisocyanurate and foam glass as the inner and outer cold insulation layers, respec-
tively. The inlet boundary conditions for the model are shown in Table 1. The pipeline
flow state is turbulent, with the flow model set to the Realizable k-& turbulence model.
The boundary layer treatment selects the extended wall function. The heat transfer
model includes the energy equation. Gravitational effects are considered during the
flow process, with a gravitational acceleration of 9.8 m%/s in the negative Y-axis direc-
tion. The outermost wall surface of the pipeline's cold retention layer is in direct contact
with the external air, resulting in natural convective heat transfer. The convective heat
transfer coefficient is set to 11.6 W/(m-K), and the ambient temperature is 303 K.

Table 1. Boundary conditions for different operating conditions.

Condition Inlet temperature(k) flow rate(m*h) Pressure(Mpa) Operating
phase time(h)
1 263 1000 0.2 3
2 243 1000 0.2 3
3 243 1500 0.2 1
Precooling 4 223 1500 0.2 3
5 203 1500 0.2 3
6 183 1500 0.2 2
7 163 1500 0.2 3
8 143 1500 0.2 3
Cold retention 9 123 1500 0.2 5

cycle

2.3  Analysis of Simulation Results for Precooling and Cold Retention
Cycles of Expansion Bends

The primary objective of this simulation study is to meticulously observe the flow dy-
namics during the precooling and cold retention cycles of the expansion bends within
the LNG feed line. Special attention is given to monitoring the temperature variations
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across the entire bend, as well as the temperature fluctuations of the fluid within the
pipeline. Comprehensive records and analyses are conducted on the temperature data
obtained from the designated fluid temperature monitoring points and solid temperature
monitoring points.

2.3.1. Analysis of Pipeline Wall Temperature.Figure 4 depicts the temperature dis-
tribution of the pipe wall after the completion of different pre-cooling stages. Figures a
to e represent the temperature field distribution of the pipe wall at the end of the 1st
stage of pre-cooling, the end of the 3rd stage of pre-cooling, the end of the 4th stage of
pre-cooling, the end of the 6th stage of pre-cooling, the end of the 8th stage of pre-
cooling, and the end of the cold retention cycle stage, respectively.As time progresses,
the overall temperature of the pipe wall gradually decreases. At the same instant, along
the flow direction in the inlet straight pipe section, the pipe wall temperature gradually
increases; whereas the temperature difference between the pipe wall surfaces of the
expansion bend and the outlet section is insignificant. Additionally, the circumferential
distribution of the pipe wall temperature is uneven, with the temperature of the upper
wall being higher than that of the lower wall, especially noticeable at the inlet straight
pipe section before the expansion bend. In the expansion bend section, besides the tem-
perature difference between the upper and lower wall surfaces, the pipe wall tempera-
ture on the outer side of the bend is lower than that on the inner side when passing
through the bend.

According to the monitoring data, as the pre-cooling and cold retention cycles pro-
ceed, the temperatures at each point continue to decrease, with the temperatures at the
bottom of the pipe wall being lower than those at the top at the same time. At the end
of the low-temperature nitrogen pre-cooling process, the highest and lowest tempera-
tures among the monitoring points are 176K and 148.4K, respectively. After the cold
retention cycle concludes, the highest and lowest temperatures among the monitoring
points are 142.2K and 128.3K, respectively, which basically meet the temperature re-
quirements of the process. Comparing the monitoring points at the bottom of the pipe
wall, the temperature at qp2 is lower than that at the other two points, wp2 and hp2,
with a smaller temperature difference between wp2 and hp2. However, comparing the
monitoring points at the top, the temperature at qp1 is higher than that at wp2 and hp2,
which differs from the temperature distribution pattern observed in horizontal straight
pipes and tank inlet pipes, where the temperature decreases as you move closer to the
inlet.

Upon analyzing the temperature monitoring data specifically for the top and bottom
of the pipe, it is observed that during each pre-cooling stage, the temperature difference
between the top and bottom of each point first increases and then decreases. The tem-
perature differences between the top and bottom of the pipe wall at the expansion bend
(wp) and the outlet section (hp) are more similar and both are smaller than that at the
inlet section (qp). The peak temperature differences between the top and bottom at qp,
wp, and hp can reach 36.2 K, 21.5 K, and 24.2 K, respectively, all of which are below
the 50 K required by engineering standards.
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Fig. 4. Temperature distribution on the pipe wall at different times.

Figure 5 illustrates the variation of temperature decrease rate at the top of the moni-
toring points in the pipeline over time. As the pre-cooling boundary conditions change
in stages, the temperature decrease rate at the top of each point continues to alter. Within
the same pre-cooling stage, the temperature decrease rate at qpl generally increases
gradually, while it decreases gradually at hp1. Therefore, at the beginning of each stage,
the temperature decrease rate follows the order qpl <wpl <hpl, and the order reverses
at the end. Throughout the entire process, the temperature decrease rates at the top of
each point are relatively low. The maximum rate at qp1 reaches 11.4 K/h at the 13th
hour, while at other times, it remains basically stable below 10 K/h, which is within a
relatively safe range.
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Fig. 5. The variation of temperature drop rate at the top of pipe wall over time.
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Figure 6 represents the variation of temperature decrease rate at the bottom of the
monitoring points in the pipeline over time. Within each pre-cooling stage, the temper-
ature decrease rate at the bottom of each point follows a similar pattern, gradually de-
creasing as time progresses. Similar to the temperature decrease rate at the top, the rate
at qp2 is higher than that at wp2 and hp2 at the beginning of each stage, and the order
reverses at the end. Compared to the top, the temperature decrease rates at the bottom
of each point fluctuate more significantly, reaching their peak at the beginning of each
stage with an average exceeding 10 K/h. The maximum temperature decrease rate at
gp2 reaches 14.6 K/h at the 16th hour, and then the rates decrease, remaining within a
safe range overall.
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Fig. 6. The variation of temperature drop rate at the bottom of pipe wall over time.

2.3.2 Analysis of the Fluid Temperature Field Inside the Pipe.As shown in Figure
7, the fluid temperature distribution within the pipe cross-section in the horizontal di-
rection at the end of different pre-cooling stages is depicted. Figures a to e represent the
fluid temperature field distribution inside the pipe at the end of the 1st stage of pre-
cooling, the end of the 3rd stage of pre-cooling, the end of the 4th stage of pre-cooling,
the end of the 6th stage of pre-cooling, the end of the 8th stage of pre-cooling, and the
end of the cold retention cycle stage, respectively. As pre-cooling progresses, the fluid
temperature inside the pipe gradually decreases, with colder and more abundant cooling
capacity fluid gradually shifting from the inlet towards the outlet section. At the same
time, the fluid temperature gradually rises along the flow direction. The fluid tempera-
ture in the inlet straight pipe section drops the fastest, and by the end of the pre-cooling
stage, it is closest to the injection temperature of the medium, making this section the
first to complete pre-cooling. In the expansion bend section, as the fluid passes through
each bend, the temperature distribution changes, with the fluid temperature on the outer
side of the bend being lower than that on the inner side. This results in a similar tem-
perature distribution in the downstream straight pipe following the bend, with a section
of lower temperature. After flowing through multiple bends, this phenomenon dimin-
ishes, and the fluid temperature distribution gradually becomes more uniform.
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Fig. 7. Temperature distribution of fluid inside the pipe at the end of different pre cooling
stages.

Taking the 4th stage of pre-cooling as an example for further analysis of the fluid
temperature distribution pattern, the variation curve of fluid temperature along the pipe
axis at different times during the 4th stage and the fluid temperature contour map within
the expansion bend pipe after 8 hours of pre-cooling are plotted, as shown in Figures 8
and 9, respectively. From the two figures, it can be seen that the fluid temperature over-
all shows an upward trend along the axis. At the expansion bend, there are fluctuations
in the fluid temperature. Due to the disturbance caused by the bend, low-temperature
fluid accumulates on the outer side of the bend and the corresponding side of the straight
pipe section. Therefore, the fluid temperature in the straight pipe section after passing
through the bend experiences a slight decrease and then rises again. As pre-cooling
progresses, these fluctuations gradually weaken.

Figure 10 shows the temperature distribution along the axial cross-section of the pipe
in the direction of gravity every hour during the 4th stage. The fluid temperature con-
tinuously rises along the flow direction. Due to the influence of gravity and buoyancy,
temperature stratification occurs in the fluid within each pipe segment in the direction
of gravity. After each bend, the temperature stratification is disturbed. Therefore, after
flowing through the expansion bend, the temperature stratification in the fluid of the
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outlet straight pipe segment is blurrier compared to the inlet segment, and the temper-
ature distribution becomes more uniform.

250

240

230

temperature
(k)

220F  Inlet straight section

Expansion bend

- -

L i i 14 i i

0 10 20 30 40 50 60
from the pipe inlet(m)

Fig. 8. Axial fluid temperature of pipelines at different times.
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Fig. 10. Temporal fluid temperature distribution across pipeline cross-sections along gravity.

In summary, during the pre-cooling process, temperature stratification also occurs
in the fluid within the entire expansion bend pipe, with the inlet straight pipe segment
being particularly evident. The reason for this is the same as that for temperature strat-
ification in the fluid of the tank feed pipe. The density of the pre-cooling medium varies
with temperature, and after heat exchange with the pipe, the fluid temperature rises and
its density decreases, leading to the formation of stratification under the action of grav-
ity and buoyancy. In the expansion bend segment, the disturbance caused by the bend
mixes the fluid, and after multiple passages through the bend, the fluid temperature
distribution in the outlet straight pipe segment becomes more uniform, and the heat
exchange with the pipe wall is more balanced. Additionally, the turbulence within the
bend disrupts the flow and temperature boundary layers to some extent, enhancing the
heat exchange between the fluid and the pipe wall. Therefore, the pipe wall temperature
at the bend decreases, and the temperature difference between the top and bottom of
the pipe wall diminishes.

3 Conclusions

Through numerical simulation, this study primarily analyzed the distribution patterns
of temperature and velocity fields in expanding elbow pipes under different process
conditions and drew the following conclusions: During the pre-cooling and cold reten-
tion cycles, due to changes in the physical properties of the medium with temperature,
and influenced by gravity and buoyancy, the fluid temperature and velocity inside the
pipe tend to stratify in the direction of gravity. This results in temperature differences
between the top and bottom of the pipe wall due to unequal heat exchange with the pipe
wall. Typically, at the beginning of each pre-cooling stage, the temperature decrease
rate at the bottom is faster than that at the top, but this situation reverses later. When
the fluid flows through the expanding elbow pipe, the disturbance caused by the elbow
disrupts the flow, leading to higher velocities on the inside of the bend compared to the
outside, and lower temperatures on the inside than on the outside. This creates vortices
that disrupt temperature stratification and the boundary layer, enhancing heat exchange
with the pipe wall. Consequently, the temperature decrease at the top is more significant
than at the bottom, with an accelerated temperature drop rate and a reduced temperature
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difference between the top and bottom. Simultaneously, this affects the fluid tempera-
ture and velocity in the downstream straight pipe segment. Compared to the inlet seg-
ment, the fluid temperature and velocity distribution in the outlet straight pipe segment
are more balanced, indicating that the presence of the expanding elbow pipe can, to a
certain extent, reduce the temperature difference between the top and bottom of the pipe
and ensure pipeline safety.
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The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
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