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Abstract: Crude oil continues to be a major obstacle to effective pipeline
transportation due to its very high viscosity, inclination toward wax
crystallisation, and multiphase flow behaviour. Each of these characteristics
increases flow resistance, which raises energy costs and creates operating
difficulties. Flue optimisation techniques, particularly the use of chemical agents,
are often used to address these issues in order to lower energy losses and improve
transportation efficiency. The present study investigated the flow behavior of
untreated waxy crude oil (WC) and chemically modified samples containing
conventional additives (CA-1 and CA-2) and new developed nanohybrid
chemical additives (NHCA-1 and NHCA-2) using computational fluid
dynamics97 simulations confined by ANSYS Fluent software. Various
significant parameters such as velocity distribution, liquid fraction, pressure drop
and shear stress were examined at both the inlet and outlet sections of pipeline
The simulation results showed significant improvements in flow properties
following chemical treatment. The untreated crude oil had the largest resistance
to flow, with a pressure drop of 6.80 x 10? Pa and shear stress of 4741.98 Pa. In
contrast, the sample treated with NHCA-1 showed the greatest improvement,
dropping pressure drop by more than 90% and shear stress by around 95%.
Furthermore, velocity profiles for the treated systems indicated a more uniform
distribution and lower flow resistance than the untreated oil. Overall, the study
demonstrates that the newly developed nanohybrid chemical additives
outperform conventional additives in improving the flow properties of waxy
crude oil. By effectively decreasing viscous drag and energy requirements, these
additives present a promising approach for achieving more energy-efficient and
economically viable pipeline transportation of crude oil.
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1 Introduction

Approximately one-third of the world's energy consumption comes from crude oil,
which is still the primary energy source [1][2]. Therefore, an essential part of the
global energy supply network is the effective transportation of crude oil via pipelines.
However, paraffin wax, asphaltenes, and other heavy hydrocarbons with large molec-
ular structures frequently impede the flow of crude oil, posing serious operational
issues, particularly in offshore areas and low-temperature conditions [3][4]. The natu-
rally high viscosity of untreated waxy crude oils combined with wax crystallisation
and deposition can result in significant pressure losses, higher pumping power needs,
and, in severe cases, total pipeline blockage [5][6].

Several flow assurance technologies have evolved throughout time to meet these
transportation challenges[7]. Traditional methods include pipeline heating, mechani-
cal cleaning via pigging, and chemical agent injection[8]. Chemical treatment has
shown to be one of the most practical and cost-effective methods for increasing crude
oil flow[9]. Commonly used additives, such as pour point depressants and flow im-
provers, work by lowering crude oil viscosity and changing the shape of wax crystals,
thereby improving flow properties. However, their effectiveness may be reduced un-
der complex operating conditions, especially in dynamic multiphase flow systems
[1o][11][12].

In recent years, research has focused on the development of novel hybrid chemical
additives (NHCA). These formulations combine the functional capabilities of many
chemical groups, such as polymers, surfactants, dispersants, and nanoparticles, into a
unified system[13] [14]. The goal of these hybrid additives is to improve both rheo-
logical and hydrodynamic performance, resulting in lower drag and better control of
wax deposition[15][13]. Although these materials have demonstrated significant po-
tential, rigorous comparisons of untreated crude oil, conventional chemical additives,
and advanced hybrid formulations under regulated flow conditions are still lim-
ited[16][17].

In this regard, computational fluid dynamics (CFD) has emerged as a significant ana-
lytical method for investigating fluid flow behaviour within pipelines [18]. CFD
simulations allow for extensive evaluation of characteristics like as velocity distribu-
tion, liquid fraction, pressure drop, and shear stress, which provides a better under-
standing of flow mechanics and the efficacy of various chemical treatment strate-
gies[19][14][20].

This study provides a comparative investigation of untreated waxy crude oil, conven-
tional additives, and unique hybrids. CFD simulations were used in conjunction with
experimental rheological data to assess their effects on flow velocity, pressure drop,
and shear stress in pipeline conditions. The results of this study are expected to pro-
vide actionable insights for the petroleum sector in decreasing pumping costs, mini-
mising energy losses, and assuring continuous crude oil transportation.
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2. Materials and Methods

The crude oil sample used in this investigation was acquired from the Western On-
shore field of Oil and Natural Gas Corporation (ONGC) and is referred to as WA. The
physicochemical characteristics of crude oil were assessed using ASTM standard
procedures. Conventional chemical additives (CA-1 and CA-2) and their correspond-
ing nanohybrid formulations (NHCA-1 and NHCA-2), with carbon chain lengths of
C20 and C22, were synthesised using a combination of monomers such as alkyl acry-
late, stearyl methacrylate, and styrene, as well as modified nanosilica. Several analyti-
cal techniques were used to characterise the synthesised additions, including Fourier
Transform Infrared Spectroscopy (FTIR), Proton Nuclear Magnetic Resonance (‘H
NMR), and X-ray Diffraction. The performance of these additives was further evalu-
ated through pour point measurements, rheological analysis, cold finger tests, and
microscopic examinations, as reported in [17]. The methodology involves geometry
creation, meshing and setting up model which is discussed in [20].

3. Results and Discussion

The examination of the synthesised formulations revealed that nanohybrid additives
outperformed traditional chemical additives. The nanohybrid formulations reduced
the crude oil's pour point by up to 15 °C at a concentration of 500 ppm, but the similar
traditional additives achieved just a 6 °C reduction even at a greater dosage of 1000
ppm. Furthermore, when treated with 500 ppm of nanohybrid additions, the viscosity
of the waxy crude oil dropped by nearly 90%, whereas traditional additives reduced
the viscosity by only around 65% at 1,000 ppm. Cold finger tests revealed significant
suppression of paraffin wax deposition, with nanohybrid additions providing up to
65% inhibition. These data indicate their potent efficacy as pour point depressants.
Microscopic examination confirmed these findings, revealing greater dispersion and
change of wax crystal structures in samples treated with nanohybrid formulations.
Overall, both the synthetic chemical additions and their nanohybrid equivalents were
efficient at lowering the pour point and viscosity of crude oil. However, nanohybrid
additions routinely outperformed traditional chemical additives [16]. The CFD model
was validated by comparing simulated results for untreated crude oil to experimental
data collected from a laboratory-scale flow loop. Following validation, the CFD simu-
lations and rheological evaluations of untreated waxy crude oil (WA) and chemically
treated samples containing conventional additives (CA-1 and CA-2) and nanohybrid
additives (NHCA-1 and NHCA-2) were thoroughly evaluated. The investigation fo-
cuses on key flow characteristics such as velocity distribution, liquid percentage,
pressure drop, and shear stress to better understand how chemical treatments affect
the flow behaviour of waxy crude oil[21].

3.1 Velocity Distribution

Figure 1 illustrates the velocity profile at the inlet and outlet of the pipeline for all oil
samples. The untreated waxy crude oil (WC) had a distorted velocity profile, with
notable boundary layer thickening and irregular velocity distribution over the pipe
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cross-section. The velocity in the core region was significantly lower than that report-
ed in ideal Newtonian fluids, which is consistent with the non-Newtonian and shear-
thinning behaviour frequently associated with waxy crude oils [22].
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Fig. 1. Velocity profile of the oil sample at inlet and outlet
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Chemical treatment resulted in improved velocity distribution for both conventional
additives (CA-1 and CA-2) and nanohybrid additives (NHCA-1 and NHCA-2). The
treated samples showed a more uniform flow pattern through the pipeline. Among
them, NHCA-1 produced the highest velocity at the pipe core as well as the most
symmetrical velocity profile, indicating improved momentum transmission across the
pipe's cross section. This improvement is most likely due to the additive's ability to
break the linked wax crystal network in crude oil, lowering internal structural re-
sistance and allowing for smoother flow.

3.2 Temperature Influence on Velocity

Table 1 summarizes the inlet and outlet temperatures of crude oils during transport.

Table 1. Velocity at inlet and outlet of the pipeline

Name of oil Inlet temperature Outlet temperature
wC 333.15 315.15
WC+CA-1 333.15 322.15
WC+CA-2 333.15 321.15
WC+NHCA-1 333.15 330.15
WC+NHCA-2 333.15 331.15

The entrance temperature of untreated crude oil (WC) is 333.15 K, while the output
temperature lowers to 315.15 K, representing an 18 K difference. This large tempera-
ture drop indicates the pipeline's high viscous and frictional losses. Waxy crude oil
loses heat faster due to its high viscosity and poor flow, increasing the likelihood of
wax deposition. With WC + CA-1 and WC + CA-2 (conventional additives), the out-
put temperatures rise to 322.15 K and 321.15 K, respectively.

This lower temperature decrease (about 11-12 K) suggests that traditional additives
reduce flow resistance and viscous heating losses by somewhat improving flow be-
haviour, allowing the crude to retain more heat as it passes down the pipeline. Outlet
temperatures for WC + NHCA-1 and WC + NHCA-2 (nanohybrid additions) rise to
330.15 K and 331.15 K, respectively, with just a 2-3 K decline. This indicates nano-
hybrid additives' superior efficacy in lowering internal friction and increasing mo-
mentum transfer, which increases velocity and liquid fraction homogeneity while
minimising thermal energy loss. The oil acts more like a Newtonian fluid, with great-
er laminar flow, so less energy is released as heat, and more heat is maintained down
the pipeline.

3.3 Velocity Variation Along Pipeline Cross-Section

Figures 2 and 3 present velocity variations along the pipeline axis (longitudinal pro-
file) and across the length of the pipeline and the pipe cross-section respectively.
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Fig. 2. Velocity profile of untreated and treated crude oil samples along the length of pipeline
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Fig. 3. Velocity profile of untreated and treated crude oil samples along the cross-section ar-

ea of pipeline

The untreated crude oil (WC) showed high velocity gradients at the pipe wall, as well
as localised stagnation regions, which are prevalent in wax-deposition-prone crude
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oils. Treatment with common chemical additives (CA-1 and CA-2) lowered the
strength of the wall velocity gradient; nonetheless, considerable flow asymmetry and
distortion persisted. In contrast, crude oil samples treated with nanohybrid chemical
additives (NHCA), notably NHCA-1, demonstrated velocity profiles that were virtual-
ly parabolic in shape, closely mimicking the behaviour of Newtonian fluids. This
suggests a significant improvement in flow properties, such as decreased drag and
modified viscosity. The improved performance of nanohybrid additives can be due to
their synergistic action, in which polymer components reduce viscosity and surfactant
functions encourage wax crystal dispersion within the oil matrix [23].
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Fig. 4. Effect of different chemical additives on velocity of untreated and treated crude oil

samples along the (a) length and (b) cross-section area of pipeline

3.4 Liquid Fraction Distribution

Figure 5 depicts the liquid fraction contours for untreated and treated crude oils. un-
treated waxy crude oil (WC) exhibited significant fluctuations in liquid holdup, in-
cluding relatively immobile patches near the pipe walls and signs of multiphase strati-
fication. Such behaviour is undesirable in long-distance pipelines because wax precip-
itation can exacerbate flow heterogeneity and encourage deposition on the pipe sur-
face.
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Fig. 5. Liquid fraction of untreated and treated crude oil samples

In comparison, the chemically treated crude oil samples demonstrated a more uniform
liquid fraction distribution. The effects of the additives can be summarized as follows:

e CA-1 and CA-2: These conventional additives reduced the thickness of the
stagnant wall layer and improved the overall homogeneity of the flow, alt-
hough some minor irregularities remained.

e NHCA-1 and NHCA-2: The nanohybrid additives produced a nearly uni-
form phase distribution throughout the pipeline cross-section, effectively
minimizing stagnant zones and supporting a more stable and continuous flow
regime.

The enhanced uniformity of the liquid fraction plays an important role in limiting wax
deposition and preventing slug formation, thereby improving the reliability and opera-
tional efficiency of crude oil pipeline transport.
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3.5 Pressure drops

Table 2 and Figure 6 show a comparison of pressure drop results for untreated and
chemically treated crude oil samples. The unprocessed waxy crude oil (WA) had the
maximum pressure drop (6.80 x 10? Pa), indicating severe resistance to flow in the
pipeline. In contrast, the use of chemical additives resulted in a significant reduction
in pressure losses. NHCA-1 had the most pronounced effect of all the studied formu-
lations, lowering pressure drop by more than 90% when compared to the untreated
sample. This significant drop demonstrates the efficacy of nanohybrid chemical addi-
tives in enhancing flow properties.

The remarkable reduction in pressure drop suggests that hybrid chemical formulations
can significantly minimize hydraulic resistance in pipelines, thereby lowering pump-
ing energy requirements and enhancing the overall efficiency of crude oil transporta-
tion.

Table 2. Pressure drops of untreated and treated oil

Oil sample Pressure drops Pressure reduction efficien-
(Pa) cy (%)
WA 6800 -
WA + CA-1 2990 56.03%
WA + CA-2 3750 44.85%
WA + NHCA-1 530 92.23%
WA + NHCA-2 1910 71.91%
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Fig. 6. Pressure drop across the length of the pipeline for treated crude oils
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Lower pressure reductions correspond directly to lower pumping energy require-
ments, with significant industrial ramifications. Reduced flow resistance not only
reduces operational expenses but also increases the life of pumping equipment. For
example, in this study, the pressure drop dropped from 680 Pa for untreated WA to
53.4 Pa with NHCA-1 treatment, resulting in a nearly tenfold reduction in energy
demand. Such benefits are consistent with field data, which have demonstrated that
using chemical drag-reducing additives can reduce pumping costs by 30-70% [20].
This indicates how nanohybrid additives, such as NHCA-1, can give significant eco-
nomic and operational benefits in large-scale pipeline transport of waxy crude oils.

3.5.1 Shear Stress

Table 3 and Figure 7 present the shear stress values.

Table 3. Shear stress of untreated and treated oil

Shear stress reduction ef-

QOil sample Shear stress Pa
ficiency %
WA 4741.98 -

WA + CA-1 2002.75 58

WA + CA-2 2550.59 47
WA + NHCA-1 266.91 95
WA + NHCA-2 1232.69 74
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Fig. 7. Effect of chemical additives on shear stress of the untreated oil and treated crude oils

The untreated waxy crude oil (WC) had a very high shear stress of 4741.98 Pa, indi-
cating severe resistance to flow within the pipeline. NHCA-1 again outperformed the
other formulations, reducing shear stress by nearly 95%. The similar trends seen
between shear stress and pressure drop support the efficacy of chemical treatments.
Both measurements consistently show that nanohybrid additives, notably NHCA-1,
significantly improve flow behaviour by reducing internal resistance, increasing mo-
mentum transfer, and allowing for smoother pipeline transit of waxy crude oil.

3.6 Discussion of Rheological Effects

The large reduction in shear stress observed with NHCA-1 suggests a significant ad-
justment of the crude oil's rheological properties, thereby moving WC's behaviour
closer to that of a Newtonian fluid. Previous studies have demonstrated that polymer-
surfactant hybrid additives can inhibit wax crystal interlocking while also dispersing
asphaltene aggregates [21].

This process is highly supported by the findings of this study, which show that
NHCA-1 not only reduces yield stress in waxy crude oil but also promotes a more
laminar, uniform flow profile. This dual action—simultaneous rheological alteration
and structural dispersion—explains the significant increases in velocity uniformity,
pressure drop, and shear stress seen in the models.

3.7 Comparative Performance of Additives

NHCA-1 consistently performed better than the other additives, including CA-1, CA-
2, and NHCA-2, across all assessed parameters, including velocity distribution, liquid
fraction, pressure drop, and shear stress. Although traditional CA additives provided
some improvements, they were insufficient to completely solve the problems caused
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by waxy crude oils. The NHCA formulations, particularly NHCA-1, on the other
hand, showed a better synergistic effect by coupling significant rheological alteration
with efficient drag reduction.

These findings show that NHCA-1 is an extremely attractive option for the industrial-
scale pipeline transportation of crude oil, with the potential to reduce energy con-
sumption while reducing flow assurance hazards such wax deposition and flow insta-
bilities. Further validation of the numerical simulations revealed a divergence of less
than 5%, confirming the CFD modelling framework's robustness and dependability

4. Conclusion

Using CFD simulations backed by rheological measurements, this study methodically
examined the hydrodynamic and rheological behaviour of untreated waxy crude oil
(WC) and chemically treated samples using conventional additives (CA-1, CA-2) and
novel nanohybrid chemical additives (NHCA-1, NHCA-2). The following is a sum-
mary of the main findings.

e  Velocity profiles: The flow of untreated crude oil was extremely uneven and
showed clear boundary layer effects. Chemical additives, especially NHCA -
1, increased momentum transfer by restoring near-parabolic velocity distri-
butions.

e Liquid fraction: While NHCA-treated oils obtained very homogenous lig-
uid fractions, minimising stationary zones and lowering the likelihood of
wax deposition, WC displayed a heterogeneous phase distribution.

o Pressure drop: NHCA-1 reduced pressure losses by up to 92%, directly
lowering pumping energy requirements and operational costs.

o  Shear stress: Reductions in shear stress mirrored the pressure drop trends,
with NHCA-1 achieving a 95% decrease, highlighting its superior ability to
modify the rheology of waxy crude oils.

e Overall performance: The nanohybrid additives (NHCA) demonstrated a
synergistic effect between rheological improvement and drag reduction, con-
sistently outperforming conventional additives (CA) and offering a workable
solution to flow assurance issues in crude oil pipelines.

In order to determine industrial viability, future steps should include pilot-scale field
validation of NHCA performance, optimisation of additive dosages under various
operational situations, and economic analyses contrasting additive costs with potential
energy savings.

Disclosure of Interest: The authors have no competing interests to declare that are relevant to
the content of this article.
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