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Introduction

Heavy crude oil is a type of crude oil with high viscosity,
making its flow difficult [1,2]. This oil has an API
gravity between 10 and 20 and a viscosity greater than
100 mPa-s [2]. The heaviness of this oil is attributed to
the low ratio of hydrogen to carbon in the molecules,
as well as other minerals that help increase the density
of the oil [3]. The basis of the heavy oil upgrading
process is to break the atomic bonds between heavy
oil molecules and convert these macromolecules into
small molecules [4]. Moreover, the mechanisms of
viscosity reduction of heavy oil include irreversible
chemical viscosity reduction after catalytic reaction
and physical viscosity reduction in dilution and
dissolution between upgraded crude oil and heavy oil
[5]. Furthermore, to increase the utilization of heavy
oil, there is an urgent need to develop effective methods
to reduce viscosity and improve its transportation. In
the process of modification and viscosity reduction,
macromolecules of heavy oil can be decomposed by
catalysts [6].

This research uses computational fluid dynamics to
model heavy hydrocarbon molecular weight reduction
inalatticed oil well, examining factors such as sediment
formation, the effect of water vapor, temperature, and
catalyst type. The modeling results were compared
with reference data, providing insights for designing
more efficient oil production processes and mitigating
challenges with heavy hydrocarbon handling.

Accepted: March 11, 2025

Materials and Methods

A finite element numerical method was used to
solve the differential equations related to flow and
chemical reactions. Furthermore, this method was
used to simultaneously solve the governing equations
including continuity  equations, Navier-Stokes
equations, mass transfer equations, and chemical
reactions. In this study, a Newtonian, incompressible,
laminar fluid was considered [7]. In addition, the fluid
properties in this simulation were selected as density
980 kg/m3 and 0/49 dynamic viscosity.

The geometry studied is a vertical oil well with
perforations in the end section. Moreover, the
dimensions and geometric features have been selected
according to experimental data reported in reliable
sources [8]. Also, the wellbore radius, the length
and radius of the perforations, and other geometric
features have been accurately applied to the model.
Furthermore, the meshing of this geometry is done
in 3D coordinates, and very large elements have been
used to reduce the computational time. The mesh
independence study showed that the use of 3463
elements leads to stable and grid-independent results.

Governing Equations

To model fluid flow assuming laminar and
incompressible flow, in addition to the continuity
equation that ensures mass conservation, the Navier-
Stokes equation is also considered to describe the fluid
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motion. These equations are expressed as Equations 1
and 2 for three-dimensional, steady, and incompressible
flows.

Ou,
Ox,

Ou, P 0 ou, Ou; )| Oty 5
=t Ly 4 _pers (2)
- ox;  0Ox; O, [ﬂ[ﬁxj Ox, ﬂ Ox re

J

=0 (1)

Here, the subscript and denote the direction in the
coordinate system. In Equations 1 and 2, P is the
pressure, velocity is the viscosity, p is density and
T is shear stress, S is the surface force, and g is the
acceleration of gravity.

Results and Discussion

Checking Conversion Rates in the Process

CFD simulations of the reaction in a batch reactor were
performed under the experimental conditions of Hart
et al. [9] at temperatures of 350, 400, and 425 °C and a
pressure of 20 bar. The conversion was calculated based
on the ratio of the heaviest hydrocarbon (C,,H,,) to the
lightest hydrocarbon (CHCH,). The results indicated
good agreement between the numerical model and
the experimental data, with the highest conversion
achieved at 425 °C, confirming that the conversion
rate increases with temperature. Fig. | illustrates the
increasing trend of conversion percentage at different
temperatures.

50

a5

" v
oo Experimental data on®?

Conversion (%)

345 355 365 375 385 395 405 415 425
Temprature (=C)

Fig. 1 Temperature changes (°C) versus percent conversion
(%).

Furthermore, Fig.s 2a and 2b depict the variations in
hydrocarbon concentrations at 425 °C in the perforated
well. These results indicate that the concentration of
primary hydrocarbons decreases in the perforated sec-
tion, and hydrocarbons are effectively cracked in the
perforated regions.

Effect of Catalyst on Conversion Rate

In the catalytic cracking process within the perfo-
rated section of the oil well, heavy hydrocarbons are
adsorbed onto the catalyst surface and converted into
lighter compounds [10]. The catalyst, without being
consumed in the reaction, increases the reaction rate

and thus enhances the conversion. Concentration pro-
file analysis in Fig. 3 showed that in the presence of
the catalyst, the concentration of heavy compounds
significantly decreases along the perforated walls.
However, after catalyst deactivation due to coke depo-
sition, the concentration of these compounds increases
again, indicating a reduction in the efficiency of the
cracking process.
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Fig. 2 Concentration changes (mol/m®) of the heaviest hy-
drocarbon (C ,H,) and the lightest hydrocarbon (CHCH,)
relative to the length of the perforations (cm) a) Heaviest
hydrocarbon b) Lightest hydrocarbon.
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Fig. 3 Concentration profile (mol/m*) of C_H,, after catalyst
application and after catalyst deactivation in the meshed sec-
tion of the well.

The Effect of Carbon Deposition on Molecular
Weight Reduction with a Catalyst

The conversion rate was investigated using three
catalysts with different surface areas and activation
energies, within a temperature range of 300425 °C
and activation energies of 2070 kJ/mol. Temperature
affects all chemical reactions, with higher activation
energy reactions being more sensitive to temperature
changes. Catalysts reduce activation energy, lowering
the temperature required for hydrocarbon cracking and



increasing valuable product yield. Among the tested
catalysts, SiO2/Al20s; showed the highest conversion
due to its lowest activation energy, while Nano-ZSM-5
and SiO: exhibited lower conversion despite similar
activation energies. Surface area also influenced
performance, with SiO: outperforming Nano-ZSM-5.
Overall, conversion increased with temperature for all
catalysts, but activation energy had a stronger effect
than surface area [11].

The Effect of Steam Injection on the Process and
the Fraction of Heavy Hydrocarbons

Steam was injected at three steam-to-oil ratios (0.02,
0.05, and 0.1) to study its effect on heavy hydrocarbon
cracking in the perforated section of the well at
425°C. Results showed that increasing the steam ratio
improved the conversion of heavy hydrocarbons.
CFD simulations closely matched experimental data.
Steam acted as both a diluent and a reactant, reducing
hydrocarbon concentration and minimizing unwanted
byproducts while participating in side reactions to
produce hydrogen. Heavier hydrocarbons (Ci2Hos,
Ci2Hzs) were decomposed, while lighter hydrocarbons
increased along the flow path, indicating completion
of cracking. The high hydrogen content suggests
potential syngas production, which is valuable for
fuel and chemical synthesis, including hydrogen and
methanol production.

Conclusions

This study employed computational fluid dynamics
(CFD) to investigate the effect of catalysts on heavy
hydrocarbon cracking in the perforated section of an oil
well, yielding significant results. The use of catalysts
accelerated the cracking process, and increasing
the temperature raised the conversion rate from 7%
to 45%, indicating more than a sixfold increase.
Moreover, among the tested catalysts, alumina—silica
showed the highest efficiency due to its low activation
energy. Also, the presence of steam was examined, and
higher steam-to-oil ratios (0.02, 0.05, and 0.1 ml-ml™)
increased conversion by approximately 6%. Enlarging
the perforation diameter enhanced well productivity
up to tenfold, highlighting the impact of engineering
design on well performance. Moreover, analysis of
fluid composition revealed that hydrogen gas had the
highest fraction, contributing to syngas formation. A
major challenge was carbon deposition on the catalyst
surface, which gradually reduced its activity over time.
Initially, the catalyst operated at maximum
performance, suggesting that periodic regeneration is
necessary for long-term operation. Overall, CFD results
closely matched experimental data, demonstrating
that temperature, catalyst type, steam presence, and
proper design parameters significantly influence the
reduction of heavy hydrocarbon molecular weight,
improving refinery processes, well productivity, and

Petroleum Research, 2025(August-September), Vol. 35, No. 142

mitigating heavy hydrocarbon challenges. Ultimately,
these findings emphasize the value of CFD modeling
as an effective tool for designing and optimizing oil
extraction and refining systems, while future research
can focus on detailed catalyst behavior under variable
conditions and novel strategies to minimize carbon
deposition and maintain catalyst efficiency.
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