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Abstract: When a long-distance pipeline is shut down for maintenance due to corrosion
and damage, the process of cooling down and waxing of crude oil in the pipeline is
accompanied by complex phase change heat transfer, and it is important to obtain its
temperature drop law to reasonably control the shutdown time and formulate restart plan. In
this paper, the heat transfer problem of long-distance pipelines under operation and
maintenance conditions was studied and refined. Considering the influence of flow and wax
precipitation characteristics of crude oil on heat transfer, a multi-field coupled action model
was established and analyzed by numerical simulation in combination with the wide-phase
interface partitioning method of crude oil. The evolution of the original flow and temperature
fields in the pipeline at typical locations of the maintenance pipeline was revealed, and the
reasonable maintenance time was proposed based on the change of liquid phase rate. The
research in this thesis refined the heat transfer mechanism of the solidified phase change of
crude oil for long-distance pipeline shutdown.
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1. Introduction

Most of the crude oil produced in China has a high wax content and a high freezing point.
To improve its fluidity, crude oil containing wax is often heated during the transportation
process. When a pipeline is shut down for maintenance due to corrosion or damage, the crude
oil in the pipeline undergoes gelation and phase change heat transfer under the effect of the
temperature difference between inside and outside, and its fluidity is changed significantly.
When the temperature drops below the anomaly point not only do they exhibit complex
rheological properties, but the structural strength of the crude oil increases further. When it is
greater than the pump can provide the start-up pressure will occur condensate pipe accident, a
serious impact on the safe delivery of pipeline and economic operations .Therefore, it is
important to grasp the temperature drop rule of crude oil in buried hot oil pipelines under
stoppage and maintenance conditions.

The temperature drop along the pipeline in steady-state operation and the soil
temperature field distribution are the initial conditions for the study of heat transfer during
shutdown. A large number of studies had been conducted by domestic and foreign researchers
on the process of heat transfer during shutdown of long-distance pipelines [1-8]. In the early
studies, the heat transfer between crude oil and the inner wall of the pipeline was mostly
ignored, and the temperature of crude oil was equated with the temperature of the inner wall



of the pipeline and calculated based on Sukhov's formula [9-10]. Some scholars had also
introduced along-range temperature distributions based on the specific heat expressions of
wax-containing crude oils in three different temperature zones from the energy balance
relationship [11-12]. Both of these methods simplified the heat transfer coefficient between
the crude oil and the wall in the pipe. Heat transfer between the crude oil and the wall in the
pipeline involves a number of factors such as flow rate, crude oil temperature and the
condition of the wall in the pipeline, resulting in different heat transfer coefficients along the
journey. Therefore, the simplified method of calculating heat transfer coefficients can lead to
a deviation between the along-track temperature drop and the actual temperature drop. This
deviation can affect the accuracy of the temperature drop prediction for subsequent
shutdowns. Therefore, the steady state operation model should fully consider the coupling
effect of flow and heat transfer between crude oil and pipelines in the pipeline.

Phase change heat transfer studies where pipelines are shut down for maintenance for
any reason mostly ignored the effect of axial temperature difference of the pipeline and used a
two-dimensional heat transfer model. The phase transition of crude oil involves
multi-physical phenomena such as latent heat nonlinear release, natural convection effects,
and coupled liquid-solid interfaces, and its heat transfer study is exceptionally complex
[12-15]. The former crude oil phase change model can be summarized in two aspects- infinite
thin phase interface [16-20], enthalpy-porous medium model [21-26]. Xiaoyan Liu [17] used
fluent software to construct a temperature drop model for overhead thermal oil pipeline
shutdown, established the control equations of liquid-phase and solid-phase zones according
to the phase state of crude oil, and used the equivalent thermal conductivity coefficient to deal
with the natural convection heat transfer problem in the liquid-phase zone. Xu [19] carried out
an analysis of crude oil variable physical properties on the temperature field of stopping
transmission using an N-S combined laminar flow model. From the results, it can be seen that
the crude oil physical properties were regarded as constant values, resulting in a temperature
field distribution that differs from the actual one, especially the density term was constant,
which was equivalent to neglecting the effect of natural convective heat transfer. Xiaoyu
Chen [20-21] used the condensation point of crude oil as the partition point of the phase
interface to solve the phase change heat transfer problem of crude oil. Lu Tao [24] firstly used
enthalpy - porous medium method to solve the problem of crude oil temperature field in the
stopping pipeline. His model considered that the latent heat and liquid phase rate in the
porous medium zone varied linearly with the temperature, which was obviously inconsistent
with the actual wax precipitation process. Liu [25] used simulations to analyze the
temperature field and liquid phase cloud diagrams of gelled crude oil with different oil-water
temperature differences, different water flow rates and different sizes, and obtained the total
melting time and temperature variation curves of spherical gelled crude oil under different
initial conditions. Min Wang[26] numerically simulated the solidification and melting of a
wax-containing crude oil in a storage tank using an enthalpic porous medium model, in which
the amount of wax precipitated was solved based on a linear distribution with temperature.
During the shutdown process of a hot oil pipeline, the phase state of crude oil undergoes a
complex change from liquid to porous media system to solid state. When crude oil shows
porous media characteristics, its heat transfer mode is different from that of liquid and solid



state, so the two-phase zone model cannot accurately describe its heat transfer process. At the
same time, the enthalpy-porous medium model requires accurate determination of the phase
change precipitation wax interval, which becomes the key to obtain the temperature drop
pattern of crude oil stoppage. Based on this, the group [28] used the microscopic properties of
wax precipitation from waxy crude oil and considered the influence of the phase evolution of
wax crystals on the heat transfer mode, so as to construct a new partitioned "wide phase
interface partitioning" heat transfer model, which was found to be more accurate in predicting
the pipeline stoppage temperature distribution after experimental comparison.

In this paper, the coupled heat transfer between crude oil flow and wall surface in
pipeline during steady state operation was fully considered. Additionally, a three-dimensional
steady-state thermal model of a long-distance pipeline was established for the first time by
combining it with the k-¢ model. This model aimed to obtain a more accurate temperature
distribution along the pipeline and soil temperature field. On this basis, combining with the
wax crystal phase state change rule, using the "wide phase interface partition" model, the
establishment of three-dimensional stopping pipeline heat transfer mathematical model.
Through numerical simulation of pipeline stopping non-steady state process, in-depth analysis
of the change rule of temperature drop of crude oil in stopping and repairing pipeline, to
further improve the long-distance pipeline stopping phase change heat transfer mechanism.

2. Physical model

The following assumptions and simplifications were made for buried oil pipelines: (1)
All solid media were assumed to have isotropic physical properties. (2) External
environmental conditions were assumed to be constant during the cooling of the crude oil. (3)
It was assumed that the flow rate and temperature at the inlet of the pipeline were uniformly
distributed in the inlet section and that the flow at the outlet was free flowing. The physical
model of the buried pipeline was shown in Fig.1, with the horizontal direction boundary being
the thermally influenced area of the pipeline, the longitudinal burial depth direction boundary
being the thermostatic layer of the earth, and the rest of the thermally influenced area of the
pipeline being set as the adiabatic wall surface. Convective heat transfer mainly occurred
between the crude oil and the pipe wall inside the pipe, and heat conduction was mainly
dominated between the pipe walls. And the composite heat transfer of convective heat
transfer + radiative heat transfer occurred between the soil surface layer and the ambient air.
Due to plan maintenance or the occurrence of unavoidable factors and stopping the
transmission of excavation and repair, in the pipeline from the outgoing station 9km at the
excavation of 2km, the excavation exposed the pipeline section boundary conditions into the
convection radiation heat transfer between the pipeline and the atmosphere.



Fig. 1. Physical model of buried pipeline excavation
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3.1 Equations of steady state operation
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3.2 Shutdown maintenance thermal modelling
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(2) Solid-phase zone in the pipeline:
When the temperature of the crude oil in the pipeline is below the freezing point, the heat
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(3) Liquid-solid mixed porous media fuzzy zone in the pipeline:

Continuity equation:

Liquid-solid mixed porous media fuzzy zone of the continuity equation is the same as
the liquid phase zone.

Momentum equation:
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In order to characterise the non-linear change of wax precipitation with temperature
during the phase change process of crude oil, combined with the DSC curve test results, the
enthalpy method was used to solve the change of liquid phase rate of crude oil, and its
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Calculated boundary conditions: /Ig = ak(T Tw)

The thermostatic Iayer is 8m below ground level: y=To;
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4 Validation analysis

4.1 Grid-independent verification

An "O-shaped" grid structure was used to discretize the fluid in the pipe. A quadrilateral
grid was used to discretize the computational domain of the pipe and insulation, with the grid
progressively thinner from the inner wall of the pipe to the outer wall of the insulation. The
soil was designed with a non-uniform grid system, where the closer the pipe, the denser the
grid. The number of grids per kilometre was 8,997,605. see Fig. 2(a).Discretize the
computational domain using structured meshes. Comparing the computational effectiveness
of the meshes used and determined the optimal mesh design method. The grid number was
6730910, 8997605 and 10712586, respectively, and it can be seen from Fig.2(b) that the three
curves had the same trend, and there was a deviation in the curve with the grid number of
6730910, while the remaining two curves were almost overlapped, so the grid number of
8997605 was selected. 1s, 5s and 10s were used in the time step, respectively, and it can be
seen from Fig. 2(c) that the overall trend was the same, and there was a slight deviation in the
time step of 1s, so the time step of 5s was selected.

Fig.2(a). Grid structure of the system
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4.2 Model validation




Wu [28] used steady state heat transfer experiments on an uninsulated oil pipeline of
®89x3.5mm. The oil content was 100%, the crude oil temperature was 33°C, the air
temperature at the sand surface was -17.5°C, the temperature of the thermostatic water bath
under the sand box was 12.5°C, and the density was uniformly 1500 kg/m?, and the
temperature field of the soil around the pipeline was measured, as shown in Fig. 3(a).
Comparing the simulation results with the experimental results as shown in Tab. 1, the
maximum absolute error between the calculated and experimental temperature values was
2.63°C. In addition, the control of the surrounding environment of the pipe was 16 °C in the
suspension heat transfer experiment of Xu [27], using the natural flow heat exchange
experiment correlation of large space, after considering the air flow speed, it can be
determined that the coefficient of the outer flow thermal exchange was 15W/(m-K); the
surface emission rate was 0.7 outer pipe. The simulated results of monitoring the crude oil
temperature at the centre point of the pipeline were compared with the experimental results as
shown in Fig. 3(b), and the error between the two was less than 2%. The comparative
verification analysis showed that the prediction results of the currently built three-dimensional
buried pipeline heat transfer model were reliable, and further research on its heat transfer
characteristics can be carried out.
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Fig. 3 (a) Soil temperature measurement location  Fig. 3 (b) Comparison of simulated
values and experimental values
Fig.3 Model verification
Tab. 1 . Comparison of experimentally measured and simulated temperature values
unit: °C

Measuring point 1-1 1-2 1-3




Experimental -12.54 1.63 15.02

Calculated -12.4 0.33 13
error 0.1 1.3 2.02
Measuring point 2-1 2-2 2-3
Experimental -12.6 0.63 11.34
Calculated -12.82 -0.95 10.42
error 0.22 1.58 0.92
Measuring point 3-1 3-2 3-3
Experimental -13.06 0.13 5.62
Calculated -14 -2.5 4.73
error 0.94 2.63 0.89
Measuring point 4-1 4-2 4-3
Experimental -12.38 -2.42 0.88
Calculated -12.91 -2 2.95
error 0.53 0.42 2.07

5 .Analysis of results and discussion
5.1 Temperature drop along the steady-state operation
Crude oil leaves the station as it flows and dissipates heat between it and the
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Fig. 4 .Temperature drop and soil temperature field at typical positions(Okm, 10km,
20km)

Based on Fig. 4.it was evident that due to the existence of radial temperature differences,
the heat carried by the oil flow continuously dissipated to the outside of the pipe, resulting in
a gradual decrease in temperature along the pipeline. Under a certain flow rate, the
temperature decreased along the 20 km pipeline segment was 8°C. Combining with the cloud
diagram of the soil temperature field around the pipe, it can be seen that the isotherms of the
soil temperature field were distributed in an eccentric ring, and the surrounding soil
temperature gradually decreased from the centre of the pipe to the outside, and the soil
isotherms were dense at the top and sparse at the bottom. This was because the pipeline
dissipated heat to the atmosphere through the soil surface, with the pipe being closer to the
surface, resulting in a smaller radial thermal resistance and a larger temperature difference,
leading to higher heat flux density. Low density of heat flow underneath the pipe.
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temperature distribution of crude oil in the pipeline along the pipeline axis direction at
different stopping moments was shown in Fig. 5.

Fig.5. Plot of average temperature variation of crude oil in excavation and stopping
transmission

According to Fig.5,when the excavation and maintenance section was exposed to the
atmosphere, the thermal resistance between the pipeline and the environment decreased
abruptly, leading to a significant temperature drop. At both ends of the excavation section,
they were more influenced by the temperature drop along the buried section, resulting in
higher temperatures compared to the middle section of the excavation. Based on the change in
the slope of the temperature drop curve along the pipeline, it can be observed that after 10
hours of shutdown, the temperature drop rate was faster in the pre-excavation section (Section
A) compared to the post-excavation section (Section B). This was due to the fact that the
average temperature of the crude oil in the pipeline section B has dropped to the wax



precipitation point, and the wax crystals precipitate to release latent heat. At the same time,
after the crude oil cooling gelation, the formation of radial wax crystal grid structure of the
pipeline, inhibiting the natural convection heat transfer of crude oil, both of the above aspects
lead to the slowdown of the crude oil temperature drop rate in this section of the pipeline.
When stopping the transmission of 15h, the entire section of crude oil were below the wax
precipitation point, A, B section of the overall temperature drop rate was basically equal.

From the interval between the two curves of 10 and 15h, it can be seen that the
temperature drop in section A was obviously higher than that in section B for the same
pipeline cross section. This was because the crude oil in the section A at 10h was above the
waxing point, the heat exchange method was mainly the natural co-current heat exchanges,
the raw oil in B section was already below the Waxing Point, showing the characteristics of
the porous medium, the method of heat transmission changed. The temperature drop in
section B was significantly slower than that in section A at 15h.

5.3 Changes in crude oil temperature and flow fields at typical locations under
maintenance conditions
The flow and temperature fields in the pipeline at the typical locations of the inlet section,

excavation section and inlet section at different times of stoppage were shown in Fig.6.
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Fig. 6. Cloud images of flow field and temperature field in radial section at different
locations

As shown in Fig. (A), after the crude oil pipeline was shut down, the oil temperature was
high and evenly distributed in the middle and upper part of the excavated section of the
pipeline, but there was a local low temperature zone in the lower part of the pipeline, and it
was stratified. Large vortices were formed throughout the pipeline. As the shutdown time



increased, the oil temperature near the pipe wall decreased more significantly. Due to the
increase in density of the cold oil, it will accumulate at the bottom of the pipeline under the
effect of natural convection, and the hot oil with higher temperature will move to the upper
part of the pipeline, and the flow field in the whole pipeline was significant. From the clouds
of the excavated pipe section clouds in Fig. (B)-(C), it can be seen that the isotherm at the
bottom area of the pipeline had gradually changed from an almost parallel line to an elliptical
shape similar to the geometry of the pipeline. When the pipeline was stopped for 17h, as
shown in Fig. (D), the crude oil isotherm gradually changed from an elliptical shape to a
concentric circle shape, and the flow almost completely disappeared, at which time the heat
transfer mode of the crude oil in the pipeline was mainly conduction.

The difference in heat transfer characteristics between the excavated and unexcavated
sections was more obvious when comparing the calculated results of the temperature clouds
of the excavated and unexcavated sections. The buried pipeline was slower to dissipate heat
from the crude oil due to the heat storage in the soil and the long natural convection effect.
Comparison of the velocity vectors showed that the high flow rate of the crude oil was
concentrated near the inner wall of the pipeline, especially the lower wall of the pipeling,
while the relative velocity of crude oil at other locations was smaller and showed upward
movement. The slow temperature drop of crude oil containing wax in buried pipelines and the
high specific heat of the soil around the pipeline were the main reasons for this phenomenon.

5.4 Solidification pattern of crude oil in the pipe at typical locations

The solidification pattern of crude oil in the pipe at typical locations under maintenance
conditions.

It can be seen from Fig. 7, the solidification process is similar for different radial
sections of the crude oil pipeline. For the excavated section at -20°C ambient temperature
when stopping the transmission for 5h, the bottom of the crude oil pipeline had appeared
obvious gelling layer. At the beginning of the shutdown, as the heat dissipation of the crude
oil in the pipeline gradually increased, the crude oil near the pipe wall was the first to
dissipate and cool, and was the first to solidify when its temperature drops to the solidification
point. Due to natural convection, the hot oil is always in the upper part of the pipeline, so the
condensate layer appeared first on the lower wall of the pipeline, and the solidification
phenomenon appeared on the lower wall of the excavated section of the pipeline after 5h, and
the condensate appears on the upper wall of the pipeline after 15h. In the middle and late
stage of stopping transmission, due to the release of latent heat of solidification, the
""crescent-shaped” condensate layer gradually became bigger, thicker and starts to transform
to the circular shape, which was characterized by the thinning on top and the thickness
underneath. With the increase of stopping time, the natural convection effect was weakened,
the heat conduction effect was gradually enhanced, the thickness difference between the
upper and lower condensate layer was gradually reduced, and the radial thermal resistance of
the pipeline in the whole excavation section was approximately equal. During the
solidification phase transition, the liquid phase rate in the liquid-phase region gradually
decreased, and the liquid-phase region continued to shrink until it solidifies.
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Because of the soil heat accumulation effect, the crude oil in the non-excavation section
of the pipeline was all liquid oil, the natural co-flowing effect is weak, so the entire gel layer
separation interface showed the level characteristics.

5.5 Changes in the average temperature and liquid phase rate of crude oil in the pipeline

The changes in the average temperature and liquid phase rate of crude oil in the pipeline
during the shutdown process were shown in Fig. 8,and Fig.9.

As can be seen from Fig.8, the trend of oil temperature reduction after pipeline shutdown
at different locations was the same and divided into three stages. Stage 1: The slope of
temperature drop of crude oil was the largest. In the initial stage of stoppage, due to the large
temperature difference between the crude oil inside the pipe and the soil outside the pipe, the
crude oil inside the pipe lost heat to the soil area outside the pipe and the temperature
decreased rapidly. Stage 2: The temperature of crude oil reached the waxing point, the
temperature drop rate of crude oil slowed down and the natural convection in the porous
medium weakened; at the same time, the wax crystal grid started to form in the lower
temperature area on the inner side of the pipe wall, the wax crystal will release the latent heat
of waxing in the process of precipitation, which slowed down the temperature drop rate of
crude oil. Stage 3: The temperature drop rate increased slightly compared to the second stage,
due to the fact that the heat was mainly dissipated to the outside world in the form of
condensate heat transfer, the thermal conductivity of the condensate was large and the overall
thermal resistance was relatively small. However, compared with the first stage, the
temperature drop rate was relatively slow. This was due to the fact that there was no natural
convection heat transfer in this stage, and the heat transfer can be regarded as pure conduction
heat, and the thermal resistance was larger in this stage, and the temperature difference
between the crude oil inside the pipe and the soil outside the pipe was smaller, which lead to a
significantly smaller temperature drop rate than the first stage.

As can be seen from Fig.9 the liquid phase rate of the crude oil in the first stage was
basically unchanged because the cold oil at low temperature sinks and the hot oil floats, and
the temperature did not reach the wax precipitation point of the transition state. Since then,
due to the influence of internal and external temperature differences, the crude oil in the
pipeline was rapidly transformed into a transitional state and a gel, the curve approximately
resembling the palliative line below the opening. With the extension of the stoppage time, the
rate of liquid phase rate of crude oil decreased gradually, the crude oil was in the fuzzy area
of porous medium, and the temperature drop of crude oil slowed down significantly. As the
crude oil temperature gradually approached the freezing point, the effect of the porous media
fuzzy zone on the liquid phase rate change become more obvious. The pipeline wall surface
crude oil all solidified as the pipeline stopping thermal conditions, 17 h pipeline wall surface
crude oil completely solidified, so for this condition should be controlled within 17 h of the
maintenance time to complete.



6 .Conclusion

This paper established a three-dimensional mathematical model of heat transfer under
the multi-field coupling of atmosphere-soil-pipeline-crude oil for steady-state operation and
shutdown maintenance conditions, carried out relevant numerical simulations, analyzed the
thermal change characteristics of the shutdown pipeline, and obtained the following main
conclusions:

1. The three-dimensional heat transfer temperature drop model established in this paper
obtained simulation prediction results that were closer to the measured results than the
two-dimensional model (the error was 2.63°C and less than 2%, respectively).

2. At the two ends of the excavated section, the temperature drop along the buried
section was more affected, and its temperature was higher than that of the middle section of
the excavation. The rate of along-range temperature drop was faster before the overall
excavated section than after the excavated section. When the whole pipe section crude oil
were below the wax precipitation point, the overall temperature drop rate was basically equal.

3. The temperature field, flow field, and solidification evolution in the excavation section
had experienced a significant change. The buried section of the pipeline exhibited a horizontal
interface throughout the entire oil condensation layer due to the thermal storage effect of the
soil.

4. For this simulated pipeline, according to the liquid phase rate change, the optimal
repair excavation time should be controlled within 17h.
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Nomenclature

C Constant
Permeability factor, C =104~107
cp Instantaneous equivalent specific heat capacity of crude oil, J/ (kg-K)
cpj Baseline specific heat capacity, J/(kg-K)
Fe Form factor
Gk Turbulent kinetic energy from laminar velocity gradients
Gb Turbulent kinetic energy from laminar velocity gradients
H Crude oil enthalpy, J/kg
ha Surface heat transfer coefficient of convective heat transfer from the outer wall
of the pipe to the atmosphere, W/(m?-K)
K Permeability
P Apparent pressure, Pa
Sk, Customisation
S, ¢ Crude oil temperature, K
T Crude Oil Waxing Point Temperature, 315.15K.
TX Polycondensation point temperature, 311.15K

TJ Freezing point, 305.15K




TN Atmospheric temperature, K

TK Reference temperature, K

Tre Initial temperature of pipeline medium, K

Tw Thermostat temperature, K

TO Fluctuations from excessive diffusion in compressible turbulence
Ym Exothermic coefficient of the soil surface to the atmosphere, W/m?-K
ok Heat transfer coefficient between the oil in the tube and the tube wall, W/m?-K
oh Coefficient of expansion, 1/K

B Porosity during phase transitions zone

€ Crude oil equivalent thermal conductivity, W/ (m-K)

A Solid fraction

(0] Thermal conductivity of liquid phase crude oil, W/ (m-K)

A Thermal conductivity of solid phase crude oil, W/ (m-K)

As Effective thermal conductivity, W/(m-K)

M Effective kinematic viscosity of crude oil, m2 /s

ue Liquid phase crude oil kinematic viscosity, mz2/s

no Turbulent Prandtl number for the K-equation (factorless number)

ok Turbulent Prandtl number (uncaused number) for the ¢ € equation
e Viscous stress

T
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