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Abstract. During the transportation process of heavy oil, wax deposition
is prone to occur for the low temperature outside the tube and strong heat
exchange, which will adversely affect the pipeline transportation of heavy
oil. Based on the experimental data of the indoor deposition loop, this
paper considered the impact of strong environmental heat transfer and oil
flow shear on wax deposition and established a kinetic model of wax
deposition for pipeline transportation of heavy oil. Numerical simulation
was performed on the flow field and temperature field during the wax
deposition process to obtain the model parameters. Through analyzing the
deposition rate computed by the model, this paper reveals the effect of oil
flow velocity, oil temperature and wall temperature difference on wax
deposition.
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1 Introduction

In the process of heating and transporting heavy oil, due to the strong heat exchange
effect of the environment, the temperature of the heavy oil in the pipeline will gradually
decrease, and the heavy oil dissolved in the vicinity of the pipe wall, which will directly
affect the pressure and temperature distribution along the pipeline, and even causes serious
accidents, such as pipeline blockage and condensation!'l.

Since the end of the 20th century, scholars at home and abroad have carried out a lot of
research on wax deposition problems and proposed many wax deposition kinetic models,
including Burger model!, Hsu model®), Hamouda model™, Singh model®!. On the basis of
the Singh model, Hernandez®! considered the flow resistance of oil flow shear and wax
deposition, and proposed a new wax deposition rate model and a calculation model for the
wax content in the sediment, however, the model did not consider the effect of deposition
aging on wax deposition. Mehrotra? used the shear-induced deformation method to
incorporate the effects of deposition aging and established a wax deposition calculation
model for unsteady heat transfer, but this model is limited to single-phase heat flow and
two-phase heat flow. Ai Yunchao!® obtained the wax deposition rate expression by defining
the wax deposition potential. The model only considers the flow to determine the structural
state of the deposit layer, but does not consider the influence on the mass transfer process of
wax deposition, which does not conform to the actual situation of pipe flow.
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Through analysis of research status, it is found that the wax deposition model proposed
by the predecessors lacks consideration of the influence of low temperature and strong heat
exchange environment on wax deposition. Therefore, the paper established a dynamic
model of wax deposition in oil pipelines by analyzing the shearing effect of oil flow and the
"aging" effect of wax deposits, which is of great significance to establish the wax
deposition model of pipeline transportation of heavy oil for improving the efficiency and
safety of heavy oil transportation.

2 Numerical simulation of heavy oil wax deposition process in
pipeline transportation

2.1 Mathematical model of wax deposition in pipe

In the process of pipeline transportation of heavy oil, the main mechanism that causes wax
deposition is the influence of molecular diffusion, oil flow shearing effect and "aging"
effect®. When wax molecules are deposited on the wax deposition layer by molecular
diffusion, they will also be sheared by the oil flow in the pipe. After the wax deposition
layer is formed, the wax content in the deposition layer will gradually "aging" under the
action of back diffusion, leading to the increase of the thermal conductivity of the wax
deposition layer and the hardness of the deposition layer, and reducing the diffusion
coefficient of wax molecules in the deposition layer(Fig. 1).
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Fig. 1. Schematic diagram of the process of depositing heavy oil wax.

2.1.1 Effective amount of wax precipitation

The temperature gradient is the driving force for the radial movement of the wax crystals,
so this determines that the wax crystals have a chance to deposit in the thermal boundary
layer. Therefore, before calculating the effective amount of wax precipitation, it is
necessary to determine the quality of all heavy oil flowing through the thermal boundary
layer and the amount of wax precipitated due to temperature drop during the operation time
of the tube.

The mass flow calculation formula in the thermal boundary layer region is:

R AP
G; =27rpIR_§ 4_,ul(R2 —r)rdr (D)

Where G s is the mass flow through the thermal boundary layer, kg/s; p is the oil density,
kg/s3; 6 is the thickness of the thermal boundary layer, m; u is the flow velocity somewhere
in the effective section of the pipe, m/s; AP is the pressure difference between any two
sections of the pipeline, Pa; u is the oil viscosity, Pas; / is the axial distance of any section
of the pipeline, m; R is the effective radius of the pipeline, m; r is the radius of a certain
point on the effective section of the pipeline, m.
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When the pipeline transportation time is #, the effective wax precipitation amount 4, can
be expressed as:

A4, =GiC @)

Where C represents the quality of wax crystals precipitated per unit mass of crude oil at
different temperatures, which can be found based on experimental data.

2.1.2 The effect of oil flow shear

At present, the influence of oil flow shear on wax deposition is generally demonstrated by
loop experiments, and an oil flow shear model is established!'’l. The oil flow shear process
is shown in Fig. 2.
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Fig. 2. Schematic diagram of shearing process of pipe heavy oil.

Edmonds et all!!l, established a calculation model for the shear rate of oil flow based on
the actual measurement of the experimental loop:
Kf pud

- ®

Where the value of K is 6.6 X 10%; y is the shear rate of the oil flow, s'; f'is the Fanning
friction coefficient, which can be calculated by the Blasius empirical formula!'?l; F,, is the
mass fraction of solid wax in the deposition layer, %.

2.1.3 Wax deposition rate

Among the factors that affect the wax deposition rate, these play a leading role, including
the oil viscosity, the solubility coefficient of wax crystals at the pipe wall, the shear stress at
the pipe wall, and the temperature gradient at the pipe wall. The deposition rate calculation
formula based on the multiple linear regression method is :

dT dcC
—0.0204 10371036 ~0.157 ~0.576 o
¢ uT (_dr ) (_dT)

Where 7, is the shear stress at the pipe wall, Pa; dC/dT is the solubility coefficient of

wax crystal at the pipe wall, 10-3/°C; dT/dr is the temperature gradient at the pipe wall, ‘C
/mm.

Then, under different experimental conditions, the calculation formula of the wax
deposition rate of heavy oil in the indoor loop is:

¢4,
7P 5
W zdl ©)

Where W is the wax deposition rate, g/(m?-h); d is the inner diameter of the test section of
the experimental loop, m.
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2.2 Parameters of wax deposition model

Numerical simulations were carried out on the flow field and temperature field of the test
section of the experimental loop during the deposition process to calculate the parameters
required for the solution of the heavy oil wax deposition model of pipeline transportation.

2.2.1 Numerical simulation

The geometric model(Fig. 3) of the numerical simulation in this paper takes the test section
of the wax deposition loop experiment of China University of Petroleum!'! as the prototype.
The inner tube transported the heavy oil, the medium transported by outer tube is cooling
water. The flow of the inner and outer tubes are in opposite directions, and heat exchange is
performed through the inner tube wall.
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Fig. 3. Wax deposition loop test section Fig. 4. Mesh of computational domain.

geometry model.

In the entire computational domain(Fig. 4), the fluid control area is a cylinder of
mx12.52 mmx2000 mm(red area). Near the wall of the tubing the grid has been encrypted.
The polyhedral mesh is utilized in the solution for its advantages of more accuracy and
efficiency. The final number of grid cells in the entire model is 148316.

The flow fields of the two fluids adopted the boundary conditions of velocity inlet and
pressure outlet. Double-precision calculation was selected, and the SIMPLE algorithm was
applied to solve pressure-velocity coupling. In the boundary condition setting, the
sub-relaxation factors of pressure, density, momentum, energy, etc. were all set to default
values, and the velocity and energy residuals were respectively 1x1073 and 1x10° for
convergence. The heat transfer model of the test section adopted the enthalpy model
(thermal energy), only the convection heat transfer between the liquid and the pipe wall and
the heat conduction of the tubing wall were calculated. Changes on viscosity and
temperature of the heavy oil were realized by the software user-defined function. The
convective heat transfer between the heavy oil and the inner wall of the oil pipe and the
coolant and the outer wall of the oil pipe was selected when the boundary conditions are
defined, and the wall attribute was set to steel.

2.2.2 Parameters calculation

Table 1. Simulation results of heavy oil under fixed conditions.

Average temperature  Shear  Average thickness of  Kinetic ~ Coefficient of wax

gradient stress thermal boundary viscosity  crystal solubility
(°C/mm) (Pa) layer(mm) (Pa‘s) (%0)
3.305 13.04 4.486 0.14449 4.377

Table.1 shows the simulation results of the wax deposition loop test section of heavy oil
when the oil temperature is 40 C, the flow rate is 0.5 m/s, the coolant is 20 “C, and the
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flow rate is 0.5 m/s. Substituting the data in the table into the universal wax deposition
model, the calculated wax deposition rate is 62.14g/(m?-h).

4 Numerical simulation result and analysis

4.1 Model validation

In order to verify the feasibility of the pipeline fuel oil wax deposition model proposed in
this paper, the wax deposition rate obtained by numerical simulation was compared with
the wax deposition rate obtained from the loop experiment of China University of
Petroleum!®, as shown in Table.2.

Table 2. Comparison of wax deposition rate simulation results with experimental results.

Oil Coolant Wax deposition rate ~ Wax deposition rate ~ Relative
temperature temperature(‘C) of numerical of loop experiment error
C) simulation (g/(m?-h)) (g/(m?-h)) (%)
40 35 24.55 23.42 4.82
40 30 44.43 43.31 2.57
40 25 56.36 55.34 1.84
40 20 62.14 61.08 1.74
35 20 58.68 57.36 23
30 20 53.87 55.96 3.73
25 20 34.52 31.93 8.11

The maximum error is 8.11% when the oil temperature and the coolant temperature is
25°C, 20°C respectively, and the minimum error is 1.74% when the oil temperature and the
coolant temperature is 40°C, 20°C respectively, which shows that the wax deposition model
of heavy oil in pipeline transportation established in this paper is reasonable and effective.

4.2 Conclusion analysis

4.2.1 Influence of oil flow speed

As shown in Fig. 5, the increase of the oil flow velocity will cause the decrease of the
deposition rate when the oil temperature and the coolant temperature are constant. This is
because the increase in the flow velocity in the pipe causes the pipe wall to shear at the
same oil temperature and coolant temperature. When the stress increases, the scouring
effect of the oil flow at the pipe wall is not conducive to the occurrence of wax deposition
in the pipe. At this time, the temperature gradient, wax crystal solubility, viscosity and
other factors close to the pipe wall are basically the same, and the shearing effect is obvious,
so the wax deposition rate decreases.

4.2.2 Influence of oil temperature

As shown in Fig. 6, the wax deposition rate increases as the oil temperature rises when the
oil flow rate and the coolant temperature remain unchanged. The oil temperature rising will
cause the oil wall temperature difference to become larger and form a larger temperature
gradient, the diffusion ability of wax molecules will increase, and the wax deposition rate
will increase, and the temperature difference range will become larger. As the wax
precipitation interval becomes longer, more wax can be precipitated per unit time, which
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will also cause the wax deposition rate to increase. When the oil temperature is small, as the
oil temperature rises, the wax deposition rate increases fast, and the growth of the wax
deposition rate slows down when the oil temperature is large, because when the oil
temperature is higher than the wax precipitation point temperature, no wax molecules near
the wall are precipitated during the period of oil temperature droping to the wax
precipitation point temperature, so the deposition rate is relatively slow.
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Fig. 5. Fuel oil wax deposition rate at Fig. 6. Fuel oil wax deposition rate at
different flow rates. different inlet oil temperatures.

4.2.3 The influence of oil wall temperature difference

As shown in Fig. 7a, when the oil temperature is 40°C and the oil flow velocity is 0.5m/s,
the wax deposition rate varies with the oil wall temperature difference. When the oil flow
velocity is 0.5m/s and the oil wall temperature difference is maintained at 10°C, the
deposition rate in different temperature ranges is shown in Fig. 7b. It can be found that in a
temperature range where the oil temperature is higher than the freezing point temperature
and lower than the wax precipitation temperature, there is a peak of wax deposition,

however, the deposition rate in this interval is relatively small.
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Fig. 7. The variation of fuel oil wax deposition rate with oil wall temperature difference.

5 Conclusion

(1)Under the condition that the oil temperature and coolant temperature remain unchanged,
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the increase of oil flow velocity has an inhibitory effect on the wax deposition rate.
Meanwhile, under the combined action of three factors, the greater the oil wall temperature
difference, the faster the wax deposition rate decreases. As the oil flow rate increases, the
decline of wax deposition rate gradually slows down, showing a constant trend.

(2)When the oil flow velocity and the oil wall temperature difference are constant, the
wax deposition rate increases with the increase of oil temperature. When the oil
temperature is low, the wax deposition rate increases faster with the increase of oil
temperature. Then when the oil temperature is higher, the wax deposition rate slows down
as the oil temperature increases.

(3)When the oil wall temperature difference and oil flow rate are constant, the
deposition rate increases with the increase of the oil wall temperature difference. When the
oil temperature is 30~34 ‘C, it is in the wax deposition peak area, the wax deposition rate is
the largest.
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