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Waxy crude oil at the wellhead typically has a temperature below its pour point,
leading to the accumulation of gelled crude oil on pipeline walls, causing block-
ages. The melting behavior of gelled crude oil in hot water is critical for pipeline
safety and efficiency. This paper presents a numerical simulation of the phase-
change heat transfer process of bow-shaped gelled crude oil blocks with hot water
injection along the inner pipe wall. The melting and flow characteristics of the
gelled crude oil are analyzed, and the effects of water temperature, initial oil tem-
perature and oil thickness on the melting process are discussed. The results indi-
cate that the melting rate of gelled crude oil is relatively fast before the liquid phase
fraction reaches 55%, while the melting rate slows down for the remaining 45%.
Increasing the water temperature, the initial oil temperature, and reducing the oil
thickness can accelerate the melting process of the oil block. However, their effects
on shortening the melting time of the oil block exhibit a non-linear relationship.
During the flow process, the melted crude oil undergoes deformation, becoming
“flattened and elongated” and exiting the pipeline with water in a thin, strip-like
form. The lower boundary of the crude oil develops an irregular, corrugated shape.
Additionally, an increase in crude oil thickness leads to the formation of small
droplets. These findings provide valuable insights for improving the safety and ef-
ficiency of crude oil gathering and transportation, as well as enhancing energy
savings in practical engineering applications.
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Introduction

Chinese crude oil is typically characterized by a high freezing point, high viscosity,
and high wax content. In deeper oil wells or wells with low liquid production, the wellhead
temperature of gelled crude oil often drops below its condensation point. As a result, gathering
and transportation processes commonly require mixing crude oil with hot water. However, be-
cause crude oil at the wellhead cannot be rapidly melted by hot water, pipeline blockages may
occur, potentially leading to well shutdowns. Thus, understanding the melting and flow char-
acteristics of gelled crude oil in hot water is essential for ensuring the safe and efficient
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transportation of crude oil in pipelines. Furthermore, due to its lower density compared to water,
some crude oil tends to adhere to the upper wall of the pipeline during the mixing process.

Li et al. [1] has investigated the melting and flow characteristics of gelled crude oil
particles in water and numerically simulated the flow process of these particles after melting
under natural and forced convection. The results indicate that the melting rate on the surface of
the crude oil is different, the oil particles do not melt concentrically, and the monitoring points
and rate of increase in temperature are not substantially affected by the phase change interval.
Wang [2] numerically simulated the melting process of spherical gelled crude oil particles under
pipeline transport conditions. The results indicated that the time required for complete melting
of the oil particles, when the melted liquid phase does not flow out with the heated water, is
approximately 20 times longer than the time for complete melting when the liquid phase forms
small droplets and is carried out by heated water. Liu et al. [3] conducted transient numerical
simulations of the melting process of waxy crude oil slugs on the inner wall of elevated pipe-
lines under varying water temperature and flow conditions. The results showed that the initial
temperature distribution is U-shaped along the monitoring line, with temperature decreasing
gradually from the free surface of the oil to its interface with the pipe wall. The flow pattern
has a significant influence on the melting time in its transition from laminar to turbulent but has
little effect after the transition. Cui [4] has integrated experimental and numerical methods to
study the melting behavior of bow-shaped gelled crude oil in hot water under no-slip conditions.
This research analyzed the melting of the oil block under varying operational conditions, in-
cluding the effects of different influencing factors on the melting time, the temperature changes
at the center point, and the transformation of the oil block's shape.

So far, scholars have investigated the melting and flow characteristics of spherical
crude oil particles suspended in water within pipelines. However, in practical engineering sce-
narios, due to the lower density of crude oil compared to water, some crude oil adheres to the
upper wall of the pipeline during the mixing process with hot water. Regarding the transport
conditions of cemented crude oil adhering to the wall, existing studies have primarily focused
on the melting characteristics at planar interfaces. However, the flow behavior of gelled crude
oil after melting, specifically near the wall during the crude oil gathering and transportation
process, has not been reported in the literature. Consequently, this paper examines the coupled
melting and flow characteristics of bonded gelled crude oil during its gathering and transporta-
tion when mixed with hot water.

The flow structure of crude oil is determined by the state of waxes, and the core issue
in the melting of gelled crude oil lies in the melting of waxes within the oil, a non-stationary
heat transfer problem involving phase change [5, 6]. Research on paraffin and other PCM is
currently well-developed [7-13]. Bai [14] has investigated the factors influencing the melting
rate of cylindrical ice columns and the evolution of their shape during the melting process. The
results showed that the melting rate of the cylindrical ice column increases significantly with
the rise in the Peclet number or Stefan number. Ice columns with different initial shapes exhibit
the same self-similar behavior before the melting process reaches its conclusion. Guo et al. [15]
has investigated the upward movement and melting characteristics of ice particles under differ-
ent water superheating and ice particle subcooling conditions. They analyzed the morphological
changes of the ice particles and the influence of local heat transfer coefficients on the melting
process. Chen et al. [16] developed a heat storage model for paraffin melting in a square cavity
to evaluate its heat storage performance. They studied the effects of heating direction and con-
straint form on paraffin's performance and validated the computational model through experi-
mental tests. Debasree and Chandan [17] used numerical simulations to explore how variations
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in thermophysical properties of cavity materials and boundary conditions affect the melting
process of paraffin wax in a spherical cavity. They found that an increase in the Stefan number
or the thermal diffusion coefficient of the cavity material accelerates the melting rate of paraffin
wax. Zhang et al. [18] employed FLUENT software to analyze the melting characteristics of
PCM under different operating conditions. Results indicated that the inlet temperature of the
thermal fluid had the greatest impact, followed by the thickness of the PCM and its initial tem-
perature. Yang et al. [19] combined experiments and numerical simulations to study how cav-
ities with different aspect ratios influence the melting characteristics of PCM. Their findings
revealed that smaller aspect ratios lead to faster temperature changes within the cavity during
melting. Jiang et al. [20] enthalpy-porosity and volume of fluid (VoF) methods were adopted
to simulate the melting process of wax in the crude oil gathering pipeline. The results show that
the wax melts quickly before the liquid fraction reaches 80%, while the remaining 20% melts
very slowly.

The aforementioned literature focuses on the influence factors of PCM such as ice and
paraffin in the melting process, and the flow and heat transfer characteristics of ice slurry and
paraffin in the melting process. The previous references provide a reference for the study of
flow and heat transfer characteristics of crude oil in pipeline. In this paper, the phase change
heat transfer and flow coupling characteristics when hot water melts the cemented crude oil in
a gathering and transportation pipeline under different working conditions are numerically sim-
ulated. The effects of inlet water temperature, flow rate, crude oil thickness and initial temper-
ature on the melting and flow characteristics of gelled crude oil were discussed, which provided
theoretical basis and reference for the mixed transport process of gelled crude oil with hot water.

Modeling and validation

Physical model

The physical model of wall-adherent gelled crude oil is shown in fig. 1. The pipeline
material is steel, length L = 1000 mm, inner diameter @ = 53 mm, wall thickness § = 2 mm, the
oil block is located at 600 mm from the pipe inlet, the axial length of the crude oil is 50 mm,
the upper surface is close to the inner wall of the pipeline, and the lower surface is 10 mm from
the top of the inner wall of the pipeline.

Gelled crude oil

Pipe wall \

Figure 1. Physical model

The model assumes that the crude oil block adheres to the pipeline wall, with melted
crude oil flowing out of the pipeline along with the water. The oil temperature should exceed
the freezing point by at least 3 °C to ensure safe operations. In this study, the condensation point
of the simulated crude oil is 38 °C, so safe gathering and transportation require the overall crude
oil temperature to be maintained above 41 °C. The model accounts for three types of heat
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transfer processes: forced convection heat transfer between hot water, crude oil, and the pipeline
wall, heat conduction between crude oil and the pipeline wall, and phase change heat transfer
within the crude oil. Melted crude oil exits the pipeline along with the hot water.

Mathematical model

To simplify the simulation analysis, the following four assumptions are made:
— The thermophysical properties of crude oil remain constant with temperature, and the crude
oil is considered incompressible and isotropic.
— The phase change temperature range of crude oil is defined as 38-41°C, with a fixed latent
heat value assigned within this range.
— The flow within the pipeline is assumed to occur in a fully developed region.
— No heat exchange occurs between the system and its external environment.
Based on the previous assumptions, the mathematical model is formulated as:
— Control equations

For water:
Continuity
Vu=0 (1)
Momentum
o, {a—”ju(v&)&}:F—v;mwvzﬁ )
or
Energy
o, (Vu)T = A yep (3)
aT W p,wW
For oil:
Energy
a_H = ﬁvz T 4)
gt p,
H=h+AH 6)
T
h=hy+ [ c,dT (6)
Tt
AH =yL @)

where ¢, is the specific heat capacity at constant pressure, L — the latent heat of phase transition,
Trer— the reference temperature, vy — the liquid fraction, and /..r— the enthalpy of the phase
transition material at the reference temperature.

— The VoF volume fraction equation:

9%\ Na, =0 (8)
or

and

a +a, =1 ©))
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P=ap+a,p (10)
M=oy + a0, (11)
where ¢; is the concentration of phase i and subscripts 1, 2 represent two different phases.
— The SST k-w:
9o+ phany =2 [ e 2o | KNG, -y s, (12)
ot Ox, ox, o, )ox,
2 poy+Z(pouy =\ | |22 G, -x, v, v, (13)
ot ox, ox, o, )ox,

where £ is the turbulent kinetic energy, o — the specific dissipation of turbulent kinetic energy,
and S, and S,, — the specified source terms:

Gy = f.S" =2 PRV =% (V) (14)
Gw:pyKSz—g(Vv)zj—ga)Vv} (15)

where Vv is the velocity dispersion, S — the modes of the average strain tensor, and o, y are
the mixing coefficients of the model.

Initialization conditions: A constant value is set for the pipeline, the inlet water tem-
perature, and the initial temperature of the oil block.

T=T. =0 (16)

Boundary conditions: During the melting process, the inlet boundary of the pipeline
was set as velocity-inlet, and the outlet was set as outflow. The crude oil is coupled to both the

hot water and the pipeline wall, with an adiabatic outer boundary condition and a coupled inner
wall surface.

Verification

The SIMPLE method in the commercial software FLUENT was used to solve the
governing equations. Before the melting begins, the initial temperatures of the gelled crude oil,
hot water, and the pipeline are set to constant values. Throughout the melting process, the pipe-
line inlet is defined as a velocity inlet, and the pipe walls are assumed to be adiabatic. The
second-order windward scheme discretizes the momentum and energy equations, and the con-
vergence criterion is maintained at its default setting. The pressure relaxation factors for pres-
sure, density, volumetric force, momentum, liquid fraction update, and energy are set to the
following values: 0.3, 1, 1, 0.7, 0.9, and 1.

Independence verification of grid and time step

The meshing software was used to generate four sets of hexahedral meshes with grid
counts 0f 204109, 469820, 674411, and 971027. At a water temperature of 60 °C, with an initial
oil block temperature of 10 °C, an oil block thickness of 10 mm, and a time step of 0.01 seconds,
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the variation in the liquid fraction of gelled crude oil over time for different mesh resolutions is
shown in fig. 2. The results indicate that the influence of mesh resolution on the liquid fraction
of gelled crude oil during the melting process is negligible. Consequently, to ensure computa-
tional accuracy while optimizing computational efficiency, a mesh size of 204109 was selected
for the numerical study.

- 330} y —a— 0.005
= —— 001
0.8f ——678411r=mnnommm—g - = 85’5
o | ——ortozr; 2 —v—0.
S - =
5 06 ' 5 -
b W ia ey ] © -
T 5 '
5 04 g
= E
= = 300

0.2 /

0.0 290fF

1 1 1 1 1 } 1 1 1 1
0 5 10 15 20 25 30 0 10 20 30 40 50

Time [s]

Figure 2. Variation of crude oil liquid fraction  Figure 3. Variation of oil center point
at different grid numbers temperature at different moments

As shown in fig. 3, the change in the crude oil center, located in point (625, 0, 21.5),
temperature over time exhibits slight differences under the four time steps analyzed. However,
when the time step is reduced to 0.005 seconds, the temperature variation trend closely aligns
with that observed at a time step of 0.01 seconds. Considering both the accuracy of the simula-
tion results and the need to minimize computational effort, a time step of 0.01 seconds was
selected for subsequent simulations.

Melting model validation

To verify the feasibility of using the finite volume method for modeling the solid-
liquid two-phase melting problem, a comparison was made between the results of this study
and those from Wang [2], who analyzed the three-dimensional forced convection melting
of gelled crude oil in a pipeline. The verification results are presented in tab. 1. The physical
model is displayed in fig. 4. The crude oil particles remain stationary at this position, and
the melted liquid-phase gelled crude oil does not flow out of the pipeline with the water.
Throughout the melting process, heat was transferred from the water to the oil via convec-
tive heat exchange. By validating the accuracy of the phase change heat transfer calcula-
tions, it was confirmed that the finite volume method, incorporating turbulence and fluid
heat transfer, is capable of solving the phase change problem associated with the melting
of gelled crude oil.

Table 1. Melting model validation results

Flow rates 0.1 m/s 0.2 m/s 0.3 m/s
Simulation results by [2] 114.2 seconds 92.7 seconds 53.8 seconds
Validation results 109.6 seconds 90.1 seconds 52.3 seconds

Errors 4.0% 2.8% 2.8%
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Figure 4. Verified physical model [2]

Flow model validation

To validate the finite volume method for solving flow and heat transfer problems in
the solid-liquid two-phase system, a comparison was made with the work of Wang [2], who
analyzed the melting and flow of 3-D spherical gelled crude oil in a pipeline. The validation
results are presented in tab. 2. The physical model is depicted in fig. 4. Numerical simulations
were performed to study the melting phase transition of crude oil under conditions of relative
slip between the oil and water phases, as well as variations in particle shape. This comparison
confirmed the accuracy of the mathematical models and solution methods of the finite volume
method in addressing the flow and heat transfer of gelled crude oil.

Table 2. Flow model validation results

Flow rates 0.1 m/s 0.2 m/s 0.3 m/s
Simulation results by [2] 2.33 seconds 1.26 seconds 0.83 seconds
Validation results 2.52 seconds 1.37 seconds 0.91 seconds
Errors 8.2% 8.7% 9.6%

Simulation results and analysis

The physical parameters of the steel pipeline and gelled crude oil used in this study
are presented in tabs. 3 and 4, respectively. Table 5 provides the latent heat values applied in
the simulation, determined through differential scanning calorimetry testing combined with a
calculation method for wax precipitation during crude oil wax formation. In the simulation, the
crude oil temperature is set to a constant value below its freezing point, ensuring it remains in
a subcooled state. The outer wall of the pipeline is modeled as an adiabatic boundary, and the
initial pipeline temperature is assumed to be constant.

Table 3. Parameters of the pipeline

Parameter Value
Density 8030 kg/m?
Specific heat 502.48 J/kgK
Thermal conductivity 16.27 W/mK

Based on the diameter and flow velocity of the simulated oilfield gathering pipeline,
the flow is classified as forced convection. A monitoring surface, referred to as Surface 1, is
located 625 mm downstream from the pipeline inlet, as illustrated in fig. 5.
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Table 4. Parameters of Daqing crude oil

Parameter Value
Density 889.8 kg/m?
Thermal conductivity 0.2 W/mK
Specific heat 2400 J/kgK
Solidification point 311.15K
Melting point 314.15K
Dynamic viscosity 0.05 Pa-s

Table 5. Latent heat of melting of gelled crude oil at different temperature intervals

Oil temperature [°C] Hot water temperature [°C] Latent heat [Jkg!]

10 50 29056.8

10 55 29995.9

10 60~70 30302.1

5 60 33266.1

15 60 26506.6
20 60 21834.3
25 60 16506.9

30 60 11141.4

Nine monitoring points are designated on Monitoring

Surface 1, as shown in fig. 5. The coordinates of the points
are as follows: Point-1 (625, 0, 16.5), Point-2 (625, 0, 19),
Point-3 (625, 0, 21.5), Point-4 (625, 0, 24), Point-5 (625, 0,
26.5), Point-6 (625, -10, 16.5), Point-7 (625, -10, 19),
Point-8 (625, -10, 21.5), and Point-9 (625, -10, 24).

Melting process analysis

The inlet water flow rate was set to 0.3 m/s, with a
water temperature of 60 °C and a gelled crude oil thickness
of 10 mm. At an initial crude oil temperature of 10 °C, the
distribution of oil and water phases on Monitoring Surface
1 at different time intervals is shown in fig. 6.
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The temperature distribution contours and oil-water two-phase distribution contours
on the monitoring surface revealed that the lower boundary of the crude oil did not remain a
smooth plane during the melting process. This irregularity arose because the lower surface of
the oil block, being in direct contact with high temperature water, experienced continuous
forced convection heat transfer, leading to a rapid temperature rise at the lower boundary. The
liquid crude oil reaching the melting point melted first and flowed out of the pipeline in the
direction of the water flow, causing the shape of the lower boundary to change irregularly.
Additionally, during this flow, a velocity boundary layer formed on the crude oil surface in
contact with the water, resulting in significant variations in fluid velocity. This velocity gradient
caused different melting rates at various positions on the oil block's surface. Consequently, the
lower boundary of the crude oil continuously deformed, exhibiting an irregular wavy pattern.

Analysis of temperature changes at monitoring sites

Figure 7 presents the temperature-time curves for an oil block with an initial temper-
ature of 10 °C, a thickness of 10 mm, subjected to an inlet water temperature of 60 °C and a
flow velocity of 0.3 m/s.

As shown in fig. 7, during the initial
stage of melting, heat from the water was not
immediately or fully transferred to the inte-
rior of the oil block, causing the crude oil’s

31445 temperature to remain constant. Due to the
81115 absence of a temperature gradient within the
oil block, no heat transfer occurred, and its
temperature remained at the initial level for a
short period. As convective heat transfer pro-
gressed, the temperature-time curve exhib-
ited an increasing slope, indicating a gradual
transfer of heat from the hot water into the
crude oil. The lower edge of the oil block un-
derwent convective heat transfer with water.
Once the first melted oil reached its melting
point, the underlying crude oil had already absorbed heat and undergone phase transition. Since
its temperature exceeded the melting point, the internal temperature gradient accelerated heat
transfer. In the later stages of melting, the slope of the curve decreased as the crude oil fully
absorbed heat from the hot water, leading to a temperature increase. Consequently, the temper-
ature difference between the oil and water diminished, and the overall crude oil temperature
approached that of the hot water, eventually stabilizing.

At the initial moment, monitoring Points 1 and 6 were located at the oil-water interface,
where forced convection heat transfer occurred. Due to the high heat transfer rate at this stage,
the initial temperatures at these points were significantly higher than the overall initial temper-
ature of the crude oil. Additionally, the warming rate at monitoring Points 1-9 did not exhibit a
notable change during the phase transition interval. This can be attributed to the continuous
contact between the melting crude oil and high temperature hot water, causing the interface to
advance inward as melting progressed. The intense heat transfer between oil and water was
sustained throughout the process. When the crude oil temperature at any monitoring point
reached the melting point, a significant temperature difference remained between that point and
the surrounding crude oil, ensuring rapid heat transfer from the high temperature region to the

Temperature [K]

0 5 10 15 20 25 30 35 40
Time [s]

Figure 7. Temperature changes at
points on the monitoring surface
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low-temperature region. This temperature-gradient-driven convective heat transfer mechanism
allowed the phase change to occur without a noticeable reduction in the heat transfer rate during
the melting interval.

Analysis of the effect of water flow temperature on
the melting process

The variation of the time required for com- 1.0
plete melting of the gelled crude oil when the wa-
ter temperature is 50-70 °C and other conditions 08
are constant is shown in fig. 8. £
Figure 8 illustrates that as the temperature g %6
of the water stream increases, the time required o
for the complete melting of the gelled crude oil & 04
decreases. According to the fundamental princi-
ple of heat transfer, heat flows from high temper- 02
ature regions to low temperature regions. When -
higher temperature water is introduced into the %9 10 20 30 5

pipeline, the temperature difference between the Time sl

water and the crude oil increases, thereby accel- Figure 8. Liquid fraction vs. time at

erating the rate of heat transfer. Consequently, different water temperature

the high temperature water transfers heat to the

crude oil more efficiently, enhancing molecular motion and expediting the melting process.
Additionally, since the melting of crude oil is an endothermic process, a higher water tempera-
ture improves the heat transfer efficiency per unit time. As the crude oil absorbs heat, its solid
phase gradually transitions into a liquid state, further accelerating the melting process.

When the hot water temperature increased from 50-60 °C, the melting time decreased
by 29.6%. A further increase to 70 °C resulted in a 20.2% reduction in melting time. This indi-
cates the presence of a temperature threshold in the crude oil melting process. Once the hot
water temperature reaches this threshold, further increases have a diminishing effect on reduc-
ing melting time. Additionally, excessively high heating temperatures lead to unnecessary en-
ergy loss and decreased energy utilization efficiency. In practical applications, optimizing the
gathering process and minimizing energy consumption require identifying an optimal hot water
temperature. This ensures a shorter melting time while maintaining efficient energy use, thereby
reducing overall energy consumption.

Analysis of the effect of initial oil temperature on
the melting process

The initial temperature of the oil block was 5-30 °C, other conditions remain un-
changed. The crude oil liquid phase rate curves at different flow rates are shown in fig. 9.

When the initial crude oil temperature increased from 10-20 °C, the melting time de-
creased by 12.8%. A further increase from 20-30 °C resulted in a 13.8% reduction. These results
indicate that when the initial crude oil temperature is relatively close to its melting point, in-
creasing the initial temperature significantly accelerates the melting process. However, when
the initial temperature is much higher than the melting point, the effect of further increasing the
initial temperature on accelerating melting diminishes. This is because a higher initial temper-
ature reduces the temperature difference between the oil and water, thereby lowering the heat
transfer rate. Nonetheless, since higher temperature crude oil requires less additional heat to
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1.0 reach the melting point, it still melts more

quickly despite the reduced heat transfer rate.

0.8 Furthermore, high temperature crude oil typi-

< cally has lower viscosity and improved flow

T 06 properties, allowing for better mixing and heat

= distribution within the pipeline. This enhanced

é— 0.4 heat transfer efficiency further accelerates the
melting process.

0:2 Figure 10(a) presents the temperature dis-

R tribution contours at different time points on

oS08 10 20 30 20 monitoring surface 1 when the initial crude oil

Time [s] temperature was 5 °C. In the early stage of melt-

Figure 9. Liquid fraction vs. time at ing, the crude oil temperature was lower than the

different initial oil temperature pipeline wall temperature. Consequently, in ad-

dition to convective heat transfer between the crude oil and water, thermal conduction occurred
between the hotter pipeline wall and the colder crude oil, accelerating the melting process to
some extent. Conversely, when the initial crude oil temperature exceeded the pipeline wall tem-
perature by 10 °C, heat transfer occurred in the opposite direction, with the crude oil transferring
heat to the pipeline wall via thermal conduction. This reversed heat transfer process slowed the
melting of the crude oil. Figure 10(b) illustrates the temperature distribution cloud diagrams at
different moments when the initial crude oil temperature was 20 °C.

A
® ﬁ

Figure 10. Temperature distribution contours; (a) Toi =5 °C and (b) Toi =20 °C

Flow process analysis

Effect of crude oil thickness on flow patterns

The interaction between the flowing fluid and the deformable solid-phase boundary
of the gelled crude oil significantly influences the evolution of the solid boundary shape. Fig-
ures 11 and 12 present the cloud diagrams of the oil-water two-phase distribution for an initial
oil block temperature of 10 °C, a water temperature of 60 °C, a flow rate of 0.3 m/s, and crude
oil thicknesses of 10 mm and 30 mm.

As illustrated in fig. 11, the gelled crude oil gradually melted and deformed as hot
water flowed over it. Due to the fluid’s kinetic characteristics, a velocity boundary-layer formed
at the interface between the hot water and the crude oil. The crude oil's velocity toward the hot
water flow was higher at the leading edge than at the backflow region. In the direction of gravity,
the un-melted oil block remained stationary, with only the velocity at its lower surface increas-
ing. The heat transfer rate at the lower surface was higher than in the middle, leading to the
formation of an irregular arc at the backflow surface during the initial stage of melting. As
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melting progressed, the combined effects of shear force and buoyancy caused the oil block to
gradually thin, taking on a squashed elongated shape resembling a thin strip. Within the veloc-
ity boundary layer, the liquid-phase crude oil, influenced by these forces, formed irregular cor-
rugations that moved toward the pipeline outlet. Meanwhile, buoyant forces acted on the upper
pipeline wall, gradually pushing the crude oil outward.
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Figure 12. Oil-water two-phase distribution at different moments (i = 30mm)

Figure 12 illustrates that the thickness of the crude oil significantly influences the
overall flow pattern. During the initial stage of melting, as hot water flowed through the gelat-
inized crude oil, a small amount of melted liquid-phase crude oil gradually detached from the
main oil block and exited the pipe with the water in the form of oil droplets. As melting pro-
gressed, the proportion of liquid-phase crude oil steadily increased. The presence of gelatin and
asphaltene in the crude oil enhanced intermolecular interactions, increasing the viscosity of the
melted liquid-phase crude oil. This higher viscosity led to the formation of a cohesive mixture
that was resistant to dispersion, resulting in the development of crude oil sheets. Under the
influence of buoyant forces and the density difference relative to the pipeline wall, this mixture
flowed outward along with the water.

Figure 12 also illustrates that liquid oil droplets first melted on the lower surface of
the oil block, then flowed to the backflow surface area, where they remained for some time
before detaching from the upper side of the pipeline. In conjunction with the velocity field on
the xoz plane for a crude oil thickness of 30 mm, as shown in fig. 13, it can be observed that at
7 seconds into the melting process, a larger oil block results in the formation of distinct eddy
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Figure 13. Velocity field on the xoz plane at =7 seconds (di = 30mm)

currents on its backflow surface. These eddy cur-

i =4 73| rents alter the flow direction of the liquid-phase
50 / crude oil, causing oil droplets to remain in the
46.95 backflow region. Figure 14 presents the variation

in the complete melting time of the oil block at

40t different crude oil thicknesses, demonstrating
that the relationship between the complete melt-

Time [s]

- ing time of the gelled crude oil and its thickness
30r ™30.91 is non-linear.

10 15 20 55 30 Figure 15 presents the velocity contours in

Oil thickness [mm] the x-direction and the stream trace patterns of

Figure 14. Melting time of oil blocks with fluid flow on monitoring Surface 1 under condi-

different crude oil thicknesses tions where the crude oil thickness was 10 mm,

the water temperature was 60°C, and the oil tem-
perature was 10°C. During the initial stage of melting, the velocity distribution in the x-direc-
tion across the pipe cross-section was non-uniform, with the highest velocity at the pipe center
gradually decreasing toward the pipe wall. This variation resulted from viscosity effects near
the pipe wall, where fluid velocity was lower, forming a viscous sublayer. As the distance from
the wall increased, the velocity gradually increased, forming a buffer layer and an overlap layer.
x-velocity

0.36

0.34
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o )

Figure 15. X Velocity distribution and stream traces at typical times; (a) 1 seconds,
(b) S seconds, (c¢) 10 seconds, (d) 15 seconds, (e) 20 seconds, and (f) 25 seconds

Additionally, the stream trace patterns indicate that at the initial stage of melting, vor-
tices formed at both ends of the oil blocks due to the scouring action of water. These vortices
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gradually diminished and eventually disappeared as melting progressed. This vortex formation
was influenced by two primary factors. First, due to viscous effects, the fluid in direct contact
with the oil block’s edges slowed down, while the interior fluid, driven by inertia, maintained
a higher velocity. This velocity difference induced rotational motion at the edges, leading to
vortex generation. Second, as hot water contacted the crude oil, the oil’s density changed with
temperature, driving buoyancy-induced flow and further contributing to vortex formation. As
melting continued, the oil blocks gradually shrank, the boundary layer between oil and water
became thinner, and the contact area between the fluid and the oil blocks decreased, ultimately
reducing or eliminating the vortices.

Conclusions

This paper presents a numerical simulation of the melting process of walled gelled
crude oil mixed with hot water along the inner wall of a pipeline under various working condi-
tions using FLUENT software. The study examines the effects of key factors, including inlet
water flow rate, temperature, crude oil thickness, and initial oil temperature, on the melting
characteristics of gelled crude oil. The main findings are summarized as follows.
¢ In comparison to previous studies [2, 3], significant differences were observed in the flow

behavior of bow-shaped and spherical gelled crude oil after melting. These differences can
be attributed to factors such as the shape, volume, and position of the oil masses. However,
the melting trends under various operating conditions were similar to those observed for the
spherical form.

¢ During the melting process, a velocity boundary-layer formed on the surface of the crude
oil in contact with water, causing continuous deformation of the lower boundary, which
exhibited an irregular wavy pattern. Furthermore, due to the temperature difference between
oil and water, the melting rate of the crude oil was initially fast but gradually slowed over
time.

¢ During the melting process, the oil block gradually thinned, and its overall shape became
compressed and elongated into a slender strip. Additionally, the thickness of the gelled
crude oil influenced the evolution of the solid boundary shape: as the oil block's thickness
increased, crude oil droplets formed and flowed out of the pipe with the water.

e The time required for crude oil to melt exhibited a nonlinear decreasing trend with increas-
ing inlet water temperature and initial oil temperature. However, once these temperatures
reached a threshold, further increases had a diminishing effect on the melting rate. The melt-
ing rate of gelled crude oil is relatively fast before the liquid phase fraction reaches 55%,
while the melting rate slows down for the remaining 45%. In practical engineering applica-
tions, it is essential to determine the optimal heating water temperature to ensure a short
melting time while minimizing energy consumption.

Nomenclature
C — empirical model constant, [—] T — temperature, [K]
Cp - specific heat capacity, [Jkg'K™] q — heat flux, [Wm2]
F — body force, [kg m s7?2] i,p —velocity and pressure component, [ms™]
G — turbulent kinetic energy, production
term [J] Greek symbol
H — enthalpy, [Jkg™'] al — phase volume fraction of the primary
k — turbulent kinetic energy, [Jkg™'] phase, [-]
L — pipeline length, [mm] o2 — phase volume fraction of the secondary

Sk,Se  — specified source terms, [—] phase, [-]
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— Hamiltonian operator, [—]

\% — time, [s]
o — w thickness, [mm]

A

n

— density, [kgm™]
— specific dissipation rate, [s™']
— inner diameter, [mm)]

— thermal conductivity, [Wm™'K™]
— dynamic viscosity, [kgm's™]

Seo
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