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Gathering and transportation pipelines often appear shutdown condition due
to damage, leakage, and other reasons. The reasonable maintenance time
should be controlled by closely combined with the change law of the oil-water
temperature in the pipeline. This paper established a multi-field coupling
three-dimensional heat transfer mathematical model of the oil-water pipeline
environment based on the two-phase shutdown pipeline as the research
object. According to the changing law of the oil-water temperature field and
flow field under a typical pipe diameter, the evolution behavior of the gelation
layer in the pipe and the transformation process of heat transfer mode were
analyzed, and the heat transfer characteristics between oil-water phase and
its interface in the pipe were defined. With the liquid phase ratio of the oil
phase changing the rule, reasonable maintenance time suggestions were
given for gathering and transporting pipelines with different water content.
Key words: gathering and transportation pipelines, oil-water two-phase, heat
transfer characteristic, oil-water interface, maintenance time

1. Introduction

Because of power failure, leakage, and other reasons, the oil and water gathering and
transportation pipeline often appears the phenomenon of shutdown. Once the shutdown time is too long,
the crude oil in the pipeline will solidify, and the restart failure will inevitably impact the environment
and economy. The smooth progress of restarting after maintenance is closely related to the temperature
drop of the medium in the pipeline. The heat transfer of oil pipeline shutdown involves many physical
phenomena, such as oil phase transformation and heat transfer at the oil-water interface. Due to the
difference in physical properties of oil and water, there is a complex coupled heat transfer process
between oil, water, and pipe wall in the whole pipeline. Clarifying the temperature variation law of the
oil-water two-phase during the shutdown process and exploring the heat transfer mechanism of the
oil-water two-phase have important guiding significance for reasonable control of shutdown time and
formulation of a restart plan.

At present, the heat transfer of fluid in pipeline transmission is mainly concentrated on the heat
transfer characteristics of pure crude oil under the shutdown condition, and the research on the heat
transfer of oil and water in the pipeline needs to be further studied. Liu G [1] believed that the study on
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the temperature drop of waxy crude oil in a shutdown pipeline mainly adopted numerical simulation
methods for heat transfer boundary movement of wax phase transition, natural convection of crude oil,
and simplification of soil outside the buried pipeline. E. Rossi di Schio et al. [2] believed that natural
convection particularly influenced the heat transfer of buried pipelines under the condition of high Re.
Yu G J et al. [3] divided crude oil phase transition into four stages, used the enthalpy porosity model to
describe the heat transfer process, and proposed a phase transition heat transfer model for waxy crude oil
during an outage, which included the influence of non-Newtonian behavior, phase transition evolution,
and turbulence. Girma T. et al. [4] discussed the change of pore volume in the gel of waxy crude oil with
time when there is a temperature gradient between waxy crude oil and ambient temperature. Xu and
Zhang [5] used polarized light microscopy to conduct microscopic experiments on the wax deposition
process of wax-containing crude oil. They believed that the wax deposition process mainly included
nucleation, growth, and bonding of wax crystals, which led to the formation of wax crystal networks.
Alcazar-Vara L. A. et al. [6] believed that the rheological behavior of crude oil occurred when the
temperature of crude oil in the pipe dropped to the point of paraffin evolution. Zhao J et al. [7] believed
that the gelation process of waxy crude oil near the wall surface was mainly affected by the wall
temperature and convective heat transfer coefficient near the wall surface. Mohsen D. et al. [8]
calculated the maximum safe shutdown time of hot oil pipelines based on the freezing point of crude oil
by combining experiment and simulation. Liu Y et al. [9] determined the final complete solidification
position and time of crude oil in the tube by tracking the plane's maximum temperature point change
trajectory.

The research on the heat transfer between oil and water in pipes at home and abroad mainly
focuses on the flow state. Izwan Ismail A.S. et al. [10] carried out the flow experiment of oil-water
two-phase flow. The flow pattern and wax precipitation temperature were observed by measuring the
pressure drop and liquid rate changes of waxy crude oil and water at different flow rates. This was the
first attempt to use waxy crude oil and water two-phase flow. Shang and Sarica [11] derived analytical
solutions for the temperature distribution of stratified oil-water flows during pipeline transport through
energy balance based on the controlled volume method. Somer T.G. et al. [12] experimentally studied
the heat transfer of oil-water dispersions in horizontal pipes. They concluded that the heat transfer rate
depends on the volume fraction of the liquid. By analyzing the heat transfer and flow resistance data of
five typical crude oils in horizontal pipes, Tuo L and Zhao X H [13] found the influence law of crude oil
viscosity and water content on the oil-water mixture's heat transfer and resistance. Karimi H. et al. [14]
measured the heat transfer coefficient of oil-water two-phase flow under different flow patterns in a
horizontal pipeline. They believed that the influence of water velocity on the heat transfer coefficient
was more significant than oil velocities. Li Y et al. [15] developed a mathematical model for heat
transfer characteristics in non-Newtonian liquid-liquid layered wavy tube flows. This model simulated
the pressure variation, velocity characteristics, and temperature of oil-water flow in a horizontal pipeline
and was verified by experiments in the literature. Li J [16] studied the characteristics of oil flow pattern
under the characteristic temperature of pressure drop, defined the two characteristic temperatures
corresponding to flow pattern conversion and pressure drop transition as the characteristic temperature
of gelling of high water cut crude oil, and established a simple and accurate calculation model for the
characteristic temperature of gelling sedimentation. Syed A. A. and Bibin J. [17] experimentally studied
the oil-water heat transfer characteristics of high-viscosity oil and low-viscosity oil under different fluid



flow rates and components and found that the heat transfer phenomenon in liquid-liquid flow was
affected by fluid volume fraction.

In conclusion, the complex heat transfer characteristics of the oil-water two-phase under the
shutdown condition must be further studied for the oilfield gathering and transportation system. This
paper established the three-dimensional two-phase thermodynamic model of oil and water in an
overhead pipeline for the first time, and the numerical simulation and analysis were carried out. The
change law of the temperature field and flow field in the oil-water zone was analyzed, the heat transfer
characteristics between the oil phase, water phase, and oil-water interface were explored, and the
mechanism of oil-water two-phase heat transfer in the shutdown pipeline was revealed. The research
results were of great value in oil and gas storage and transportation.

2. Physical model

In the shutdown process, the oil and water dissipate heat to the outside world simultaneously, the
oil-water interface heat exchange between the oil and water phase due to the different heat dissipation
rates of the oil and water. In order to simplify the heat transfer process, the following three assumptions
are made:

(1) To simplify the calculation, the solid medium is regarded as isotropic, with close contact
between each layer and no heating resistance.

(2) In the early stage of the shutdown, under gravity, the fluid in the pipe has been in a stable state
of stratification on oil and water, and the fluid temperature distribution is uniform.

(3) During the phase transition of crude oil, the crude oil in the liquid phase is regarded as an
incompressible fluid, the wax crystals in the solid-liquid mixing zone are evenly distributed, and the
volume change of crude oil is ignored.

Based on the above assumptions, the three-dimensional physical model of oil-water two-phase
flow in overhead pipeline transport under the shutdown condition is shown in Fig. 1. The distances from
the center of the pipeline to the inner wall of the pipeline, the inner wall of the insulation layer and the
outer wall of the insulating layer are r*, r?, and r*, respectively.
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Fig. 1 Three-dimensional physical model of oil-water two-phase in the overhead pipeline
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3. Mathematical model

3.1. Correlated physical parameters

In the simulation process, the steel pipe with @168x7 mm was taken as an example, the insulating
layer was 30 mm, and the pipe length was 1 m. The initial shutdown temperature of the pipeline was 60
°C; the ambient temperature was -10 °C; the convective heat transfer coefficient of the outer surface was
25 [Wm?K]; the surface emittance was 0.9; the initial fluid temperature in the pipeline was 333 K; the
wax precipitation temperature of crude oil was 315 K; the aggregation temperature of crude oil was 311
K, and the condensation temperature of crude oil was 305 K. The corresponding relation of main
physical properties was as follows, and the material parameters were shown in Tab. 1.
1. The relation between the density of crude oil and temperature
po = 0.902 — 8.177 x 10~*(T, — 273.15) + 1.54 x 1079(T, — 273.15)2
Where, p, is the density of crude oil, [kgm™®]. T, is the temperature of water, K.
2. The latent heat was converted into instantaneous equivalent specific heat capacity.

dH(t) _ dr
ar mcpo(T) E
18.33T — 2327.75 T<T,
Cpo = { —35.8T + 13667.5 T, <T<T,
2140 T>T,

Where, c,, is the specific heat capacity of crude oil, [Jkg™k™]. T, is 303 K, and T, is 322 K.

3. The relation of thermal conductivity of crude oil with temperature

( 0.15 T, = 322.15
1.1265-0.011766(T,—273.15)
Ao = 1.7449-0.03922 (T, —273.15) 313.15 < T, = 322.15

t 0.437932 — 0.005876(T, — 273.15)  305.15 < T, < 313.15
0.25 T, < 305.15

Where, 4, is the thermal conductivity of crude oil, [Wm™K™].
4. The relation of viscosity of crude oil with temperature
U = 105.06039—0.01951T0
Where, u, is the dynamic viscosity of crude oil, [Pa-s].
5. The relation between the density of water and temperature
pw = 1000.50 — 5.65 x 1073 x (T, — 261)18°
Where, p,, is the density of water, [kgm™]. T,, is the temperature of water, K.

Tab.1 Physical parameters of simulated materials

Name/Unit Steel Insulating layer ~ Crude oil Water
Density/[kg-m™] 7850 60 Eq. (1) Eq.(6)
Specific heat 500 700 Eqg. (3) 4182
capacity/[J-kg™- K]
Coefficient of thermal 48 0.04 Eqg. (4) 0.6
conductivity /[W-m™K™]
Dynamic viscosity/[Pa-s] Eq.(5) 0.001
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3.2. Governing equations

The research group [18] divided the waxy crude oil in the pipeline into a liquid phase region, a
liquid-solid mixed porous media fuzzy region, and a solid phase region by constructing a regional heat
transfer model of crude oil based on the aggregation point and freezing point. Then it established the
governing equations for each region.

1. Equation of Continuity

The continuity equation was the same for the water and oil phases.
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Where, u, v, and w are the velocity components of the water and oil phases in the X, y, and z
directions, m/s.
2. Momentum Equation

(1) The momentum equation of the water phase was the same as that of liquid and solid oil.
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Where, p is the density, [kgm-3]. 7 is the time, s. F, F,, and F; is the component of the volume
force in the x, y, and z directions, N. P is the static pressure, Pa. 5 is the dynamic viscosity, [kgm™s™].
The subscript w is for water, and o is for oil.

(2) When the temperature of the crude oil was between the coalescence point and the
condensation point, the crude oil in the pipe was in the porous medium zone. The momentum equation
of the fuzzy region in the liquid-solid mixed porous medium of crude oil in the pipeline was as follows:

200%0) 1 (pyirg - V)2 = W (epo) + ooV 2Ty + F (11)
F = =250, — S0 + pogB(To — Trey) 1z
e=1- % (13)

s (14)

k= c(f—.s)2 (15)

Where, ¢ is the liquid phase fraction in the liquid-solid mixing zone, namely the voidage during the
phase transition. T, iS the reference temperature of porous media, K. T;is the aggregation temperature
of crude oil, K. Ty is the condensation temperature of crude oil, K. F, is the shape factor. K is the
permeability. £ is the coefficient of expansion, 1/K. C is the porous media coefficient, C =10* ~ 10",

3. Energy Equation

(1) The energy equation of the water phase was the same as that of liquid and solid oil.

aTW ] aTW o aTW o aTW ] AW ] 62TW o aZTW o OZTW ]
61'/ tu 6x/ v ay/ tw (’)z/ - pw/oczw/p(,( E)xz/ 6y2/ + 822/ )

(16)



TO > Tx, AO = llo (17)

T, < T, < Ty,
L2450/ A10+20(A50/A10—1)
Ao=H0 " o Ato—Dhso/Aio—1) (18)
Tx—To
—x"% 1
0] - (19)
TO < TN’ AO = ASO (20)

Where, T is the temperature, K. 1 is the thermal conductivity, [Wm™K™]. cp is the equivalent
specific heat capacity, [Jkg™K™]. Txis the wax precipitation point temperature of crude oil, K. @ is the
solid phase fraction. The subscript | represents the liquid crude oil, and S represents the solid crude oil.

(2) The energy equation in the fuzzy region of solid-liquid mixed porous medium for crude oil in
the pipeline.
LLoHo) 1§ (pycpoti - VT,) = Ao V2T, (21)
T

The Enthalpy method was used to solve the change in the liquid phase ratio of crude oil, and its

calculation formula was as follows.
H, (T) = fr:N Cpo (To)dTo + ijTN (22)
Ao = (L —€)Aso + €Ay (23)
Where, H, is the enthalpy of crude oil, [Jkg™]. C,;is the baseline specific heat capacity, [Jkg™K™.

4. Heat transfer equation for piping and insulating

aT 82T 82T a2T
a/b _ g/b g/b /b
Pg/bCpg/pb 5, —Ag/b( o2 9y2 FP) ) (24)

Where, the subscript g stands for pipe and b for insulating.

3.3. Initial and boundary conditions

At the initial moment of shutdown, the fluid temperature distribution throughout the pipeline was
uniform and fixed value:

Ty =Ty =Tin (25)
The fluid in the pipe was in contact with the pipe's inner wall:
dr,
A9, = how(Topw = Ty) (26)

The tube wall was in contact with the insulating layer:
ary
9 ar

dr
=1 —2 (27)

r=r, ar ly=r,

The outer wall of the insulating layer of the overhead pipe came into direct contact with the
atmosphere:
—hp—2 = hy(Tp — Ty) (28)
Tr=r3

Where, h, is the comprehensive convective heat transfer coefficient, [Wm?K™]. T; is the
atmospheric ambient temperature, K.



3.4. Numerical solution methods and independence verification

In the process of model building, the finite volume method was used to discrete the governing
equation, the enthalpy method was used to deal with the phase transformation heat problem, laminar
flow and solidification/melting model were selected, the SIMPLE algorithm and the second-order
upwind scheme were used to solve the problem, and the phase-to-phase coupling method was used to
solve the coupling of crude oil and water. The compound heat transfer of convection and radiation
occurred between the outer wall of the pipeline and the atmospheric environment. In order to simulate
the shutdown process more accurately, the steady-state simulation of the pipeline was carried out first to
obtain the temperature field distribution of the pipeline and insulating layer. On this basis, the unsteady
state numerical simulation was carried out to obtain the temperature field distribution after shutdown.

The average oil phase temperature in the pipeline was taken to verify grid and time step
independence, as shown in Fig. 2 and Fig. 3. Since the selected model was a symmetrical geometric
figure, O-shards in ICEM were used for grid drawing.
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Fig. 2 Average temperature of the oil phase Fig. 3 Average temperature of the oil phase
under different grids under different time steps

As shown in Fig. 2, the number of grids in Grid 1, Grid 2, and Grid 3 were 80523, 149144, and
241250, respectively. Through comparative analysis, the curves of Grid 2 and Grid 2 almost coincided.
Grid 2 had met the accuracy requirements, so Grid 2 was selected for the numerical simulation analysis
of the @ 168x7 mm steel pipe.

For the verification of time step independence, as shown in Fig. 3. The number of grids was
149144, and the time steps were selected as 10 s, 20 s, and 40 s, respectively. Through comparative
analysis, the oil phase average temperature curves with time steps of 10 s and 20 s almost coincided.
Considering the calculation rate, the 20 s was used as the time step in the subsequent transient numerical
simulation.

4. Simulation results and analysis

4.1. Analysis of the temperature drop characteristics of the oil-water two-phase in the shutdown
pipeline

Since the axial temperature gradient of the oil pipeline was much smaller than the radial
temperature gradient, the section (center plane of the pipeline) at Z = 0.5 m was selected when the
temperature field and flow field changed of the oil and water two phases in the shutdown pipeline are
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analyzed. In the shutdown process of the overhead pipeline, the oil-water interface was Y = 0 m, the
conversion coefficient of the flow field was 1, and the length of the flow field vector was 1. The Fig. 4
showed the temperature field and flow field at the ventral surface of a pipe with a 50 % water content of
@ 168%7 mm.
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Fig. 4 Temperature field and flow field diagrams of a pipe with a water content of 50% at typical
times

In the early stage of the outage, as shown in Fig. 4 (A) and Fig. 4 (B). According to the flow field
cloud diagram, in the oil phase and water phase region, the internal temperature difference led to the
relative movement of cold and hot fluids, which made the oil and water two phases form two
approximately symmetric eddies, respectively. The natural convection effect was violent at this time.
According to the temperature cloud diagram, the lowest temperature area was on the upper wall. This is
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because, compared with water, oil's thermal conductivity and specific heat capacity were lower, and the
oil phase carried less heat near the pipeline wall. Hence, the heat supplement to the upper wall of the
pipeline was relatively slow. Meanwhile, the flow field vector direction generated by the oil and water
phases at the oil-water interface was the opposite. Heat transfer occurred between the depositing cold oil
and the floating high-temperature water, making the cold oil float after absorbing heat. As a result, the
highest temperature area in the pipeline was in the crude oil area. The cold oil near the wall on the
oil-water interface exchanged heat with the water phase and the pipe wall simultaneously, so the
temperature drop here was faster than at the center of the oil-water interface.

In the middle shutdown period, the pipe temperature was lower for the oil phase than the wax
precipitation temperature of crude oil, as shown in Fig. 4 (C). The flow field gradually weakened, and
wax crystals precipitated in the oil phase area. The wax crystals released latent heat outward, and the oil
phase isotherm presented a wave-like annular distribution. As shown in Fig. 4 (D), the temperature in
the pipe was all lower than the aggregation temperature of crude oil. At this time, the eddies current of
the oil phase flow field disappeared. The wax crystals precipitated gradually formed a porous grid
structure, which made the liquid crude oil appear static in the pores, and the oil phase isotherm was
evenly distributed in a ring. As shown in Fig. 4 (E), the temperature in the pipe was lower than the
condensation temperature of crude oil. The oil phase flow field disappeared. For the water phase, the
eddies current intensity gradually weakened with the temperature decrease. It can be seen from the
temperature cloud diagram that the lowest temperature in the pipe at this stage appears on the lowest
wall. This was due to the latent heat release effect of wax crystals in the oil phase region, and the heat
loss between the crude oil and the wall could be quickly replaced so that the heat dissipation rate
between the oil phase and the upper wall was lower than that between the water phase and the lower
wall.

In the late outage period, as shown in Fig. 4 (F). The lowest wall temperature appeared on the upper
wall, and the highest was found in the center of the oil phase. In the oil phase region, the latent heat
release of the wax crystal ended, and the crude oil was all solidified, resulting in the heat transfer mode
being mainly heat conduction. Due to the radial thermal resistance, the heat transfer of crude oil to the
wall had slowed down. The flow field diagram showed that the heat of water could quickly replenish to
the lower wall surface. During this period, convective heat transfer between the oil phase and the water
phase interface was formed.

4.2. Analysis of gelation characteristics of oil-water two-phase flow in shutdown pipeline

During the shutdown process of the @ 168x7 mm overhead pipeline with 50 % water content, the
gelling cloud diagram of the oil-water two-phase flow on the central surface of the pipeline at a typical
time was shown in Fig. 5. The section of the pipeline (ventral surface of the pipeline) at Z = 0.5 m was
taken, and the oil-water interface was Y = 0 m.

According to Fig. 5, with the increase of the stopping time, the crude oil in the inner wall of the
pipeline was the first to dissipate heat under the effect of natural convection inside the oil phase and
convective heat transfer between the water phase and the oil phase. The crude oil near the wall of the
oil-water interface transferred heat with the pipe wall and water phase simultaneously, so the crude oil
dissipated heat fastest there. Due to the existence of the water phase and the low thermal conductivity of
the insulating layer, the temperature distribution gradient of the fluid in the whole tube was
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insignificant, and the oil phase waxy crystal state lasted for a long time. The gelation layer appeared on
the inner wall of the oil phase pipe at 43 h, and the thickness of the wall gelation layer near the oil-water
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Fig.5 Gelling cloud diagrams of a pipe with a water content of 50% at typical times

interface was more significant than that on the upper wall. The highest temperature of the oil phase was
located in the center of the oil phase. At 45 h, the oil-water interface was covered by a gelation layer, and
the thickness was the thinnest at the center of the oil-water interface. As the gelation layer thickened
gradually, the natural convection in the oil phase was weakened, and the thermal conductivity was
strengthened. The gelation layer interface gradually shrunk, approached the center of the oil phase, and
finally wholly solidified.

4.3. Influence of different moisture content on the liquid phase ratio of the oil phase
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With the increase in shutdown time, the fluid temperature in the tube drops below the crude oil
wax evolution point, and the crude oil wax crystal precipitates, weakening its fluidity and the gradual
decline of the liquid phase ratio of crude oil. Therefore, the safe shutdown time (the reasonable
maintenance time) set in this paper should be controlled within the period of liquid phase ratio of 1.

According to Fig. 6 and Fig. 7, the safe shutdown time of pipelines with 30% water content was
4.8 h less than that of pipelines with 70% water content. Within 55 h of the shutdown time, the lower the
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water content, the shorter the time of oil phase wax crystal precipitation, the slower the decline rate of oil
phase liquid ratio, the shorter the safe shutdown time of the pipeline, and the longer the complete
solidification time of crude oil. In the early stage of the shutdown, because of the large contact area
between the oil phase area and the pipe wall of the pipeline in the low water content pipe, the liquid
crude oil near the wall lost heat faster, and the crude oil wax crystal there was the first to occur. With the
increase in shutdown time, because the oil phase in the pipeline with low water content had more heat
storage and the potential heat release of crude oil was more significant, the temperature drop of crude oil
was slower, the liquid phase rate was slower, and the complete solidification time was longer.

5. Conclusions

This paper established a three-dimensional oil-water heat transfer model in the overhead
shutdown pipeline, and numerical simulation and heat transfer process analysis were carried out,
focusing on the change law of the oil-water two-phase flow field and temperature field in the pipeline.
The main conclusions were drawn as follows:

(1) At the initial stage, the overall oil phase temperature dropped rapidly due to the difference
physical properties between the crude oil and the water. Since then, with the release of latent heat of
phase transition and the appearance of porous medium structure in the crude oil region, the natural
convection effect was weakened, and the average temperature of the water phase in the pipeline was
lower than that of the oil phase, at the same time, the heat of oil phase was transferred to water phase
through the oil-water interface.

(2) Due to the heat transfer between the oil-water interface, the thickest gelation layer in the
pipeline was located at the pipe wall near the oil-water interface at the beginning of the formation of the
gelation layer.

(3) For the shutdown pipelines with different water content, the wax crystal occurred first in the
pipelines with the lowest water content (the liquid phase ratio started to be less than 1). However, due to
the larger oil phase capacity of the pipeline with lower water content, the whole oil solidification time
was longer. Considering the safe restart, it was suggested to reasonably adjust the pipeline's
maintenance time based on its liquid phase ratio curve of the oil phase.
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