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INTRODUCTION

In the oil industry, the transportation of waxy crude 
oil has primarily been challenged by the high amount 
of waxes in the crude oil [1]-[3]. Waxy crude oil 
consists of wax (paraffin) that crystallises below a 
specific temperature [4]-[6]. The wax content tends 
to vary according to the API and oil production area, 
which indicates that the rheological properties of the 
waxy crude oil are different for different waxy crude  
oils [7]-[8]. When waxy crude oil is under a thermal 
gradient environment such as the seabed at offshore 
fields, a significant amount of heat loss could occur, 
decreasing the temperature of waxy crude oil 
proportionally to the travelling distances and affecting 
the oil viscosity [9]. This eventually leads to poor oil 
transportation efficiency and, finally, pipeline blockage 
[10]. The blockages require restart operation, such as 
applying high pressure to resume the flow of waxy 
crude oil in pipelines [11]. Flow assurance of waxy 
crude oil production, especially in high paraffinic 
oil fields, faces a significant challenge about waxy 

crude oil transportation in longer pipelines under  
seabed [12]-[14]. This condition may yield a flow 
breakdown that would have significant problems while 
resuming the steady flow again. This finally reduces the 
production as there would be inactive operation during 
shutdown that eventually influences the production 
costs [15]. 

The waxy crude oil’s shear-dependent and temperature-
dependent nature would vary the viscosity and yield 
stress in some conditions [16]-[18]. While the variation 
of viscosity would initiate the thixotropic behavior 
of waxy crude oil, many researchers developed 
numerical models by considering this behavior in 
their models to simulate and estimate the optimum 
pressure for flow restart of waxy crude oil [19]-[21]. 
The most convenient method used by the industry 
for cost-effective transportation of waxy crude oil is 
early prevention. Firmansyah et al. [22] stated that 
wax removal could be performed by heat treatment 
with the use of an external coil for inductive heating. 
Another method is preheating treatment with heated 
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crude oil to allow the compressible gel-crude oil to 
resume. It was recommended to maintain the crude 
oil at a threshold temperature margin which is 5°C 
higher than the pour point temperature, so that the 
crude oil would not solidify at a rapid pace. Fleyfel  
et al. [23] reports also showed that coating the 
pipeline with insulation didn’t show satisfying results. 

Elam et al. [24] experimented that the thermal 
conductivity of the given crude oil can be measured 
accurately using the hot wire method, with a solvent 
mixture of water-glycerol. The correlation in predicting 
the binary mixture of thermal conductivity showed 
promising results in conjunction with the realistic 
physical value obtained from the aromatic and 
paraffinic division. Huang et al. [25] investigated 
mass and heat transfer for the flow type of laminar 
and turbulence to develop a mathematical model 
in forecasting the thickness and fractions of wax 
accumulations. The outcome by involving the kinetic 
model of wax precipitation in oil showed promising 
results in predicting the wax deposition in both pilot-
scale and lab-scale experiments. 

The core annular method is a valuable method used in 
the industry where water film flows around the oil core 
to transport heavy crude oil [26]. The usage of water 
also acts as a lubricant to smoothen transportation. 
The disadvantage of using this method is that oil 
tends to stick to the wall while transporting in the 
pipeline. This may block and restrict the flow in a 
certain period, requiring a higher restart pressure 
after a maintenance or shutdown period. Drag 
Reducing Agent (DRA) for transporting waxy crude 
oil reduces fanning factor and pressure drops, along 
with reducing the energy required, which finally 
increases transportation capacities. However, based 
on Hassanean et al. [27], with a higher concentration 
of DRA, the molecular weight increases leading to 
high fluid viscosity. To ease the restarting of gelled 
waxy crude oil, one of the recently suggested methods 
is injecting non-reacting gas in several selected points 
before or during the shutdown period. The work of 
Sulaiman et al. [28] showed a lower restart pressure 
with nitrogen injection as a result of increased 
slippage effects, alternately saving costs. Moreover, 
nitrogen gas production is much more economical 
and has lower installation complexity than other 
non-reacting gases.

Although the deposition of the wax during dynamic 
cooling would be much lower than that of statically 
cooled pipelines, it was assumed that there would 
be a higher temperature drop in waxy crude oil 
subjected to dynamic cooling with a potential of gel 
formation [29]-[31]. Therefore, this study’s objective 
was to predict the properties of waxy crude oil in 
longer pipelines subjected to dynamic cooling. This 
would help predict temperatures in longer pipelines 
to indicate the magnitude change, leading to wax 
precipitation.

MATERIALS AND METHODS

Simulation Techniques
A parametric study was conducted using the ANSYS-
FLUENT workbench. Initially, the model was designed 
by the design modeller. In the experiment conducted, 
the initial temperature was 80°C, and the surrounding 
temperature was between 17°C and 20°C. The 
simulated pipe was an acrylic pipe with a diameter 
of 30 mm and a length of 1.2 m. The amount of mesh 
sizing was set at a medium rate to obtain optimum 
analysis period and result. As there are no similar 
materials in the ANSYS database that can categorise 
the waxy crude oil and acrylic, user-defined data for 
properties of waxy crude oil was inputted into the 
FLUENT database. Table 1 shows the properties of 
waxy crude oil used in this study. 

Table 1 Properties of waxy crude oil

Density, ρ( kg––
m3 ) 850

Specific Heat, Cp( J––––
kg∙K ) 3000

Thermal Conductivity ( W–––
 m∙K) 0.6

Dynamic Viscosity (Pa-s) 0.002

Simulation Method
ANSYS-Fluent workbench was used to simulate the 
flow of waxy crude oil subjected to dynamic cooling. 
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In solving the analysis, the equations of conservation 
of mass and momentum were used. The conservation 
of energy equation was also applied as the scenario 
considered involves the transfer of heat.

The continuity equation was given as:

 
∂ρ
––
∂t

 + ³ ∙ (ρvb) = Sm (1)

As for the 2D axisymmetric geometry model, the 
continuity equation was stated as:

 
∂ρ
––
∂t

 + 
∂

––
∂x

(ρvx) + 
∂

––
∂r

(ρvt) + 
ρvr––
r

 = Sm (2)

where the vx is the axial pace, vr is the radial pace, x is 
the axial correlation, while r is the radial correlation.

The conservation of momentum is given as follows :

 
∂ρ
––
∂t

(ρvb) + ³ ∙ (ρvbvb) = –³p + ³ ∙ (τ=) + ρɡb + F
b

 (3)

where static pressure represents as p, the τ= represents 
stress tensor, and ρɡb and F

b
 serve as the gravitational 

body force and external body force respectively. From 
Equation 3, the stress tenor τ=, also known as the 
second-order tensor t, consists of nine components 
that define the stress condition at a point inside a 
material in the configuration, deform, and placement 
state. Thus, it can be written as,

 τ= = μ[(³vb + ³vbT) –
2
–
3

³vbI] (4)

where μ is the molecular viscosity, the tensor unit is 
represented as I.

The axial and radial momentum for the conservation 
of equation for the 2D axisymmetric geometry can be 
defined as,

 
∂

––
∂t

(ρvx) + 
1
–
r

∂
––
∂x

(rρvxvx) + 
1
–
r

∂
––
∂r

(rρvrvx) =

 –
∂p
––
∂x

 + 
1
–
r

∂
––
∂r

 [rμ(2
∂p
––
∂x

 – 
∂p
––
∂x

(³ ∙ vb))] +

 
1
–
r

∂
––
∂r

 [rμ( ∂vx––
∂r

 + 
∂vr––
∂x )] + Fx (5)

 
∂

––
∂t

(ρvr) + 
1
–
r

∂
––
∂x

(rρvxvr) + 
1
–
r

∂
––
∂r

(rρvrvr) =

 –
∂p
––
∂r

 + 
1
–
r

∂
––
∂r

 [rμ(2
∂vr––
∂r

 – 
2
–
3

 (³ ∙ vb))] +

 
1
–
r

∂
––
∂x

 [rμ( ∂vr––
∂x

 + 
∂vx––
∂r )] – 2μ

vr––
r2  + 

2
–
3

μ
–
r

 (³ ∙ vb)

 + ρ
vz

2
––
r

 + Fr (6)

The velocity vector was calculated by,

 ³ ∙ vb = 
∂vx––
∂x

 + 
∂vr––
∂r

 + 
vr––
r

 (7)

And the swirl velocity is denoted as vr.

Heat transfer was involved in predicting the properties 
of waxy crude oil as the pipelines lost heat toward the 
surrounding weather. In ANSYS FLUENT, there were 
several energy equations involved in the analysis.  
The energy equation is equated as,

 
∂ρ
––
∂t

(ρE) + ³ ∙ (vb(ρE + p)) = ³ ∙ (keff – Σjhj J
b

j +

 (τ=eff ∙ vb)) + Sh
 (8)

where keff represents effective conductivity and 
diffusion flux of species stated as Jbj. Sh represents the 
heat of any chemical reaction and any other volumetric 
heat sources defined.

RESULTS AND DISCUSSION

Figure 1 shows the 3D plot for inlet and outlet  
pressures for the flow rate of 20 L/min. The results 
simulate that of Riberio et al. [32]. The case was 
forecasted with the condition of constant flow rate 
with the outcome of change in pressure. The wax 
particle accumulates along the line and would 
eventually attach to the wall. The inlet pressure shows 
similar trends where the pressure increases and starts 
to reduce after the turning point. Figure 2 shows the 
patterns for the 15 L/min flow rate. The flow pattern is 
similar to the one predicted by Riberio’s research, but 
many experiment points show deviation compared 
to the 20 L/min flow chart. The pattern of scattering 
seems to be easy to grasp in this case. The pattern 
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Figure 1 3D plot for inlet input against pressure outlet for 
the fl ow rate of 20 L/min

Figure 2 3D plot for inlet input against pressure outlet for 
15 L/min fl ow

Figure 3 3D plot for inlet input against pressure outlet for 10 L/min fl ow
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for the volume fl ow rate of 10 L/min fl ow is shown in 
Figure 3. The crude oil fl ow properties deviate when 
it reaches lower than 303K. 

A higher  f low rate  exhibits  the smoothest 
transportation and the slightest pressure fl uctuation 
compared to the other fl ow rates. Temperature drop 
along the pipeline was showing similar trends. The 
temperature dropped along the pipeline as the 
transfer of heat constantly occurred between the pipe 
and surrounding. In the non-Newtonian region, ANSYS 
simulation may not fully exhibit the crude oil phase 
transition characteristics. Thus the experimental result 
must act as the initial comparison before simulation 
outcomes are used in future analysis. 

Model Validation
The simulated output data are compared with the 
experimental data for validation purposes. The 
comparison of temperature is made in terms of degree 
celsius for more accessible analysis at the outlet 
of the acrylic pipe. The percentages of diff erence 
between the experimental and simulated results 
were calculated. Figure 4 compares experimental 
and simulation results for 20 L/min. The diff erence 
between the experimental and simulation results 
is at an average of 2.6%. Besides, the simulation 
data also followed the trend of the experimental 
data where there is a spike at the trial count of 82, 
showing the reliability of simulated results. When 
the temperature drops to around 46°C, the diff erence 

started to increase due to phase changes. Hence, the 
simulation can no longer be compared in the solid 
phase as that involves multiphase fl ow in the Non-
Newtonian region. 

Figure 5 shows the percentage diff erence between 
experimental and simulation results for the 15 L/min 
fl ow rate. The percentage diff erence between the 
experiments and simulation was 1.7% which is the 
lowest among the others. The percentage diff erence 
between experimental and simulation results for 
10 L/min is shown in Figure 6. The percentage 
difference is shown to be 1.9%. However, the 
simulation data seem to show a minor error where 
there is a fl uctuation of temperature outlet. One of 
them would involve the multiphase flow setting, 
and the other might be the precise data for the heat 
transfer coefficient between the acrylic tube. The 
comparison temperature outlet for the 5 L/min fl ow 
is shown in Figure 7. The percentage of diff erence is 
at 4.5%, the highest among the rest of the fl ow rate. 
Even though the diff erence is high, the graphs show 
a high similarity pattern compared to the other fl ow 
rates in the Newtonian region.

Moreover, there is a small spike at the trial count of 110. 
The diff erence appears to be more prominent as the 
temperature reaches wax appearance temperature, 
leading to phase changes with the deposition of waxes 
in pipelines. As the pour point temperature of the waxy 
crude oil used in this study was around 37°C, it can 

Figure 4 Comparison between experimental and simulated temperature outlet (20 L/min)
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be seen that the prediction is not accurate with high 
spikes below wax appearance temperature with the 
potential of fl ow turning to the static condition due 
to gel formation.

Predictions of fl ow properties in longer pipes
Waxy crude oil properties in longer pipes were 
predicted. The same simulation was conducted, 

but the set parameter was the length instead. By 
setting the length as the manipulated variable, the 
pipe length can be increased to a certain length to 
determine the temperature outlet of the waxy crude 
oil. This was intended to replicate the actual waxy 
crude oil transportation. Hence, this simulation setup 
would be the fi rst trial benchmark to predict the waxy 
crude oil in the long-distance pipe. The simulation 

Figure 5 Comparison between experimental and simulated temperature outlet (15 L/min)

Figure 6 Comparison between experimental and simulated temperature outlet (10 L/min)
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Figure 7 Comparison between experimental and simulated outlet temperature (5 L/min)

c) 15 L/min                                                                                                             d) 20 L/min

Figure 8 Outlet temperature at the designated pipe length for: a)  5 L/min, b) 10 L/min, c) 15 L/min, and d) 20 L/min

a) 5 L/min                                                                                                                  b) 10 L/min
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results include the pipe length used in the design 
of the experiment, the outlet temperature, and the 
outlet pressure. The outlet temperature is plotted 
against the length to show the relationship between 
the responding and the manipulated variable.  
Figure 8a shows the predicted outlet temperature for 
the 5 L/min flow rate. The temperature drops until 
328.28K (55.25°C) with pipe length of 50 m. While in 
10 L/min flow rate (Figure 8b), the longest distance 
tested was 100 m; however, the outlet temperature 
was 328.09K (55.09°C.) The pipe length found in the 
15 L/min, illustrated in Figure 8c, was 30 m with the 
outlet temperature of 347.25K (74.25°C). Lastly Figure 
8d shows the predicted outlet temperature over a 
longer pipe for the 20 L/min flow rate. The longest 
length from the simulation was 100 m with the 
temperature of 338K (65°C). In general, temperature 
drop at low temperatures was observed to be smaller 
as there would be phase changes.   

CONCLUSION

A numerical study was carried out to predict the 
properties of waxy crude oil under dynamic cooling. 
ANSYS-Fluent parameterisation was used for the 
analysis. It was observed that the differences between 
experiment and simulation results are relatively small. 
The percentage of difference for 20 L/min was 2.6%, 
15 L/min has an average of 1.7% percentage difference 
and 10 L/min has an average of 1.9%. In comparison, 
the percentage difference for 5 L/min was 4.5%, 
showing that the simulation model could be used for 
prediction purposes. However, this is only valid when 
the crude oil remains in the liquid phase. According 
to the flow rate and pressure outlet correlation, 
the flow rate at 20 L/min shows a smooth pressure 
graph. The longest simulated distance was as long as 
100 m with the waxy crude oil outlet temperature of 
338K. This demonstrates that the crude oil property 
has not yet fully reached a solid-state, which is 310K. 
This prediction would be the spark to use different 
simulation tools to analyse the waxy crude oil 
temperature and pressure at a certain distance of the 
long pipe so that the restart work could be conducted 
at a much lower cost. 
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