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ABSTRACT

Drilling fluid performance is vital for operational efficiency, as it enhances the
rate of penetration and ensures wellbore stability by preventing wellbore collapse.
However, in harsh conditions (HPHT), the drilling efficiency and equipment longevity
face significant threats. Specifically, the viscosity of drilling fluids decreases at
high temperatures, exacerbating fluid loss. Mitigating fluid loss necessitates the
deployment of temperature-stable additives, such as sawdust charcoal nanoparticles.
Corresponding Authors: These additives contribute to increased viscosity, fluid loss control, and improved
Mojtaba Rahimi filtration efficiency. The main objective of this study was to examine the rheological
Email: properties and filtration of bentonite, potassium chloride (KCl), and oil-based drilling
mrahimi@iau.ac.ir fluids in the presence of sawdust charcoal nanoparticles using molecular dynamics
(MD) simulations. First, the designed atomic samples were equilibrated, followed by
an investigation into their structural evolution using the NVE ensemble. Throughout
the MD simulation, to examine the rheological behavior of the target atomic
structure, the changes in physical quantities, such as mean square displacement
(MSD), shear stress, interaction energy, and viscosity, were analyzed. The main
qualitative finding was that an increase in the initial temperature of the atomic
sample enhanced atomic mobility within the simulation box; however, adding an
additive to the initial structure reduced the sample’s mobility due to an increase
in attractive interatomic forces. Key quantitative findings included MSD increase to
2.39A, indicating enhanced atomic oscillation, and the absorption of 28 atoms into
the porous material, suggesting improved fluid penetration. Shear stress reached
69.92 Pa, reflecting interatomic forces, while the interaction energy converged to
-14.85 kcal/mol, highlighting its role in penetration thresholds. Overall, the study
emphasized the need to balance fluidity and penetration efficiency to optimize
drilling fluids for practical applications. The findings contributed to cost-effective
and efficient drilling practices in the oil industry while addressing challenges in fluid
behavior at the nanoscale.
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1-Introduction

Drilling fluids (DFs), sometimes called drilling
mud (DM), are engineered liquids used in the oil
and gas extraction process. They fulfill significant
roles while drilling [1]. DF functions mainly to keep
the drill bit lubricated and cool, and thus, reduces
friction and heat during the drilling process [2].

Also, DFs help lift small bits of rock and soil from
the hole and bring them to the surface for disposal
[3]. DFs also maintain constant pressure (P) in
the well to limit the premature entrance of oil,
gas, or water. DFs also keep the well stable, where
the wellbore does not deteriorate, and it remains
strong [4]. DFs ability to change shape and flow
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is a critical factor that impacts many aspects of
drilling. The driller, in a complex physical and
chemical mechanical process in the drilling fluid,
tries to maximize hole cleaning efficiency, the loss
of P inside pipes and tubing, and the equivalent
circulation density (ECD) while going down the
well [5]. DF identifies major flow patterns within
pipes and constricted areas, P variations, and tunes
hydraulic setups to find optimum drilling [6]. The
presence of effective fluid characteristics allows for
the quick movement of drill cuttings away from
the drill bit, which increases drilling efficiency,
ensures drilling safety, and controls costs [7]. The
proper characteristics of DF must be monitored
to be able to give an accurate assessment of how
well these DF characteristics perform. This is
performed by monitoring flow characteristics,
which will improve decision-making and efficiency
in drilling operations [8]. Filtration effectiveness
of DFs is a significant indicator of solid material
movement ability, and the importance of flow is
a factor in preventing clogging in bottom-hole
equipment and surface facilities. Filtration is
essential for wellbore stability, fluid loss reduction,
and improved drilling operations efficiency [9].
The oil and gas sector routinely utilizes fluids
that filter well while drilling in challenging
conditions, including high-permeability areas, and
predominantly during drilling in unstable shale
conditions [10]. These characteristics are essential
for good directional drilling. They play a significant
role in the precision of filtration management;
thus, proficiency decreases the likelihood of P
differences, which could cause adverse effects on
the rock formation, leading to well failure [11]. The
use of bentonite (B) DM is beneficial because of the
great suspension ability, thick viscosity (V), and
fluid loss control and B DM forms an impermeable
filter preventing fluid entry, while limiting formed
damage, and is non-toxic and biodegradable
making it useful in environmentally sensitive areas
of operations [12, 13]. KCl DM, a water-based
fluid with a long history in the drilling industry,
is valued for its ability to control shale swelling,
stabilize boreholes, inhibit formation damage, and
minimize wellbore instability, making it suitable
for sensitive environments, while also providing
excellent filtration control and being non-toxic
and environmentally friendly [14-16]. Oil-based
mud offers superior lubrication and cooling,
enhancing drilling efficiency and equipment
longevity in challenging environments, while its
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high thermal stability, excellent fluid loss control,
and formation stabilization reduce well collapse
and formation damage [17, 18]. Coir fiber, derived
from coconut husks, is gaining recognition as a
sustainable additive in DM due to its high tensile
strength, which enhances stability, and its fibrous
structure that helps control fluid loss, while being
biodegradable and environmentally friendly, thus
minimizing toxicity and environmental impact
[19, 20]. Pine sawdust, a byproduct of the wood
industry, serves as an effective additive in DM by
reducing fluid loss and maintaining well stability
through its filter control properties and ability to
form a protective filter cake [21]. Coal sawdust, or
charcoal sawdust, is a promising additive in drilling
mud formulations that offers various benefits and
unique properties when incorporated into the mud
[22].

From the past until now, extensive research
consisting of experimental studies and numerical
simulations has been carried out to clarify the
complex interactions between DF components and
geological formations, some of which are discussed
below. Misbah et al. [16] studied the effects of
temperature (T) on the stability of two viscosifier
polymers, Flowzan (type A) and xanthan gum
(type B), in water-based DM, and the finding
showed that polymer A demonstrated superior
performance in enhancing V, yield point, and gel
strength, particularly at 250°F, while KCl addition
improved thermal stability and maintained gel
point recommendations for both polymers.
Alimardanli et al. [23] found that replacing B
in DFs with sawdust at optimal concentrations
(0.0029% for particles <71 um and 0.009% for
125-150 um) led to a 7% reduction in fluid loss,
with KClI fluids showing significant improvements
when combined with sawdust. Oseh et al. [24]
found that using 1 gr of sodium dodecyl sulfate
with nano-hydroxyapatite in water-based DMs
significantly improved thermal stability and V
(increasing by 78.6% at 298 K and 79.2% at 353 K)
while also reducing fluid loss by 31.8% at 298 K
and 25% at 353 K. Khandaker et al. [25] found that
adding SnO, nanoparticles to B water-based mud
improved rheological and lubrication properties,
with 0.1% by weight increasing plastic V and gel
strength, and 0.5% reducing liquid loss and mud
thickness by 8.1% and 34%, respectively, while 1%
concentration achieved a maximum 14% reduction
in the lubrication coefficient. Lalji et al. [26] found
that biopolymer water-based DFs exhibited pseudo-
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plastic properties, with filter volume increasing
from 6.4 to 11.2 ml as ionic radius decreased, while
potassium ions reduced filter loss, sodium caused
salt crystal deposits, and magnesium enhanced
long-term water preservation in shale samples.
Abdullah et al. [27] found that adding 0.3 wt%
polyethyleneimine-grafted graphene oxide to
water-based DF at 160 °C significantly improved
rheological properties, increasing the yield point/
plastic V ratio and reducing filtration loss volume by
42% and 67%, respectively. Zhang et al. [28] studied
the impact of petroleum-based components” atomic
concentration on the atomic and rheological state
of oil-based DFs using molecular dynamics (MD)
simulations. They showed the challenges of utilizing
water-based fluids that struggle to prevent shale
enlargement and emphasized the development
of eco-friendly and stable DFs with optimized
rheological properties. The findings indicated
that increasing the oil concentration from 15% to
30% enhances atomic mobility and permeability,
thereby improving diffusion and reducing viscosity.
The study also pointed out the significance of
creating high-performance green drilling fluids to
improve wellbore stability and reduce operational
costs. Irfan and Busahmin [29] presented a study
that attempted to improve the performance of
DFs used in high-P high-T (HPHT) conditions to
improve rheological behavior and shale inhibition
potential. They studied the effect of single and
dual-nanomaterial systems in base fluids to
improve rheological behavior and shale inhibition
ability. Five different nanomaterials (SiO,, ALO,,
TiO,, Fe,0,, and Fe,O,) were evaluated either on
their own or in combinations with polymers. The
rheological behavior of DFs was evaluated using
the Herschel-Bulkley rheological model, with
the main performance indicators being plastic V,
fluid loss, and shale recovery. The results showed
that while single-nanomaterial systems had small
advantages, dual combinations significantly
improved performance, suggesting synergistic
effects among nanomaterials for use in advanced
drilling fluids in extreme conditions.. ALBajalan
et al. [30] demonstrated the improvement of
nanocomposite DFs using synthesized TiO,@
Quillaja  Saponin (QS)/Cr nanoparticles. The
overall objectives was to enhance the rheological
and filtration properties of DFs specifically for
HPHT purposes. TiO,@QS/Cr was synthesized
and trialled as a function of concentration to show
improvement in V and yield point, and to lower
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the fluid loss in filtration. These results indicated
that the optimization of formulation would need
to be considered so we avoid issues related to
the agglomeration of nanoparticles at increased
concentration, confirming the effectiveness of
the nanocomposites in enhancing drilling fluid
performance for HPHT conditions.

MD simulation is a fundamental computational
method to assess the structure and function of
biological macromolecules by allowing for the
modeling of particle interactions as a function
of time governed by physical laws. Because the
systems of interest at the molecular level are
complex, consisting of significant numbers of
particles, it is typically impractical to evaluate
systems of this complexity through analytical
means. Therefore, MD is a critical method for
permitting understanding of these systems. For
instance, MD can be used to analyze the rheological
specifications and filtration of DFs made with
natural materials, such as nanoparticles of sawdust
charcoal. By observing the molecular interactions
of these particles with fluid components,
researchers can evaluate how properties affect V,
shear stress, and filtration, allowing formulations
of DFs to be optimized for wellbore stability and to
enhance more sustainable drilling efficiencies. To
elaborate, our study of rheological specifications
and filtration behavior of DFs, using sawdust
charcoal nanoparticles as natural additives
through the applied-MD simulations had two
innovative aspects. The first aspect was that MD
simulations provided an exact understanding of
how the natural additives functioned within DF
materials at the atomic and molecular scales. This
understanding allowed an investigation to predict
how the natural additives affected the overall fluid
behaviours, such as viscosity, shear-thinning, and
filtration behaviours. The second novel aspect of a
natural sawdust charcoal nanoparticle as a natural
additive was that it provided a sustainable approach
to preparing DF systems. Natural materials will
be renewable, biodegradable, and sustainable
materials, as opposed to synthetic additives, and
the DF industry is beginning to acknowledge the
potential shift to sustainable materials to lower the
industry’s environmental footprint. Using natural
sawdust charcoal nanoparticles in preparing DF
formulations and evaluating the behaviour using
MD simulations, researchers have new areas
to develop excellent fluid systems that achieve
performance requirements and maintain the
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highest obligations to the environment.

In the present study, we examined the atomic
and rheological behaviour of the sample. In this
regard, we calculated and reported the following
physical quantities: mean square displacement
(MSD), amount of penetrating atoms, interaction
energy (IE) (yield point), shear stress, and V. The
work presented supported the optimisation of DFs
for promoting further enhanced performance of
these systems as better lubricant agents for drill bit
activity, as well as more efficient drilling formations.
The work also supported the development of
more environmentally friendly and biodegradable
fluids to help mitigate our environmental impact.
The future results can lead to the development
of new composite materials, increasing stability
throughout changing conditions, and contributing
to cost savings through opposed variances in
materials sourced more locally. As a whole,
the findings can support waste reduction and
ultimately improve techniques for oil recovery in
the oil and gas industry.

2-Simulation method

2-1- Simulation details

In the present study, the rheological properties
and filtration of B, potassium chloride (KCI), and
oil-based DFs in the presence of charcoal sawdust
were investigated using MD simulation-based
LAMMPS software. The basic atomic structures
in the current research, which include the atomic/
molecular compounds of B, potassium chloride,

oil-based mud, and charcoal dross, are modeled
using Avogadro software [31] and packed using
PACKMOL software [32]. This prototype had
4588 atoms modeled in a cubic simulation
box of 44x50x44 A (in X, Y, and Z directions,
respectively), and periodic boundary conditions.
Fig. 1 shows the initial atomic structure modeled.
The structure modeled included a porous surface
containing a quartz structure. This surface showed
the rock or formation with which DF interacted.
Quartz was a primary component of sandstone, a
common reservoir rock type in oil and gas drilling
operations.

Boundary  conditions  were  considered
periodically. To accurately represent the real
structure of the DF system, it is necessary to use
periodic boundary conditions in MD simulation.
Periodic boundary conditions created an iterative,
infinite system that mimics the larger-scale
environment and enabled the simulation to capture
the effects of the surrounding environment on
the fluid components and their interactions.
These boundary conditions effectively created
an infinite, repeating system that mimicked
the bulk environment of DFs. By doing so, the
simulation avoids edge effects and artifacts that
would otherwise arise in a finite system, allowing
the model to capture interactions and behavior
that were representative of macroscopic fluid
properties. Table 1 presents the MD simulation
settings adopted in this study. After modeling the
studied structure, the equilibration in the modeling
structure was checked. The equilibrium in the

Table 1. MD simulation settings in current computational research.

Computational Parameter

Parameter Ratio/Setting

MD Box Length
Boundary condition
Number of Atoms
Time Step
Initial T
Damping T
Ensemble
Force field
Equilibrium Time

Total MD Time

44x50x44 A
PPP
4588
0.1fs
300 K
10
NVE/NPT
Lennard-Jones/Coulomb
10 ns

20 ns
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Fig. 1 The initial atomic structure modeled: a) front, b) perspective, and c) close-up view after the geometric optimization process in
the present study.

simulated structures was expressed by investigating
physical quantities, including the total T of simulated
structures, the kinetic energy of simulated systems,
the potential energy of simulated systems, and the
total energy of simulated systems. At this stage, the
NPT ensemble was used. T and P in the simulation
were considered as ambient T and P using a
Berenson barostat and Nose-Hoover thermostat.
After ensuring the equilibration, the ensemble
change of NVE and the rheological and atomic
performance of the structure were calculated.
Moreover, an external force, such as a P gradient
and a body force, was applied to provide a more
realistic representation of the filtration process.

2-2- The equilibration processes

After the modeling process, the thermodynamic
behavior of the sample under the defined initial
conditions (T= 300 K) was investigated. For this
purpose, physical quantities, including T changes

Colloid Nanosci. J. 3(1) (2025) 547-562

over time, were calculated and reported. From a
numerical point of view, the value of T after 10 ns
was 300.88 K. It was converged since this process
occurred as a result of reducing the oscillation
range of atoms, and finally, the structural stability of
the target sample. The reduction in the oscillation
range of atoms suggested that the particles within
the fluid became more stable over time. In MD,
atoms oscillate around their equilibrium positions,
and a decrease in this oscillation indicates that the
system is losing energy and reaching a more stable
configuration. Fig. 2 exhibits T changes in the
initial atomic sample under the initial conditions.
After the model was established, the system’s
thermodynamic behavior was examined at a T of
300 K. Properties, such as energy, P, and volume,
were analyzed to understand the interactions and
changes of materials over time. It was observed that
the kinetic energy of the system reached a value of
45.67 kcal/mol after 10 ns, indicating stabilization
as the particles moved less erratically and settled
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Fig 2. T changes in the initial atomic sample in the initial conditions
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Fig 3. Kinetic energy changes in the initial atomic sample in the initial conditions

into a more stable configuration. The decrease in
the oscillation range of atoms suggested that a more
ordered and less chaotic state was being achieved,
reflecting structural stability resulting from the
interactions among the particles. Fig. 3 shows
kinetic energy changes in the initial atomic sample
under the initial conditions.

The potential energy outputs can be utilized to
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demonstrate the physical/structural stability of
the modeled sample. This parameter is exhibited
in Fig. 4. Numerically, the potential energy of the
designed system had converged to 45.66 kcal/mol
after 10 ns. This performance indicated the mean
attraction force created among the variety of atoms
inside the designed system. Thus, this performance
was caused by the amplitude of atomic oscillations

Colloid Nanosci. J. 3(1 ) (2025) 547-562
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Fig. 4 Potential energy changes in the initial atomic sample in the initial conditions
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Fig 5. The RDF related to the atomic structure after equilibration of the atomic sample at 300 K

converging to a constant value according to their
defined initial condition and structural unity
expected in their actual applications._The radial
distribution function (RDF), a key structural output
in the analysis of an atomic sample, describes the
relative arrangement of atoms in the system at a
specified set of conditions. The peaks in the RDF
indicated the average distances among atoms that
result in the material’s physical properties and
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organization (Fig. 5). In a more technical context,
RDF was also used to confirm the simulation
parameters used throughout the research. In a
more practical sense, the results of simulations
indicated that the atomic arrangements used in the
simulations may be useful in real-world situations.
Asaresult, the knowledge gained through collective
simulations could help further advance the fields of
materials science, nanotechnology, and chemical
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engineering to allow for the design of new materials
or help with the expanding breadth of applications
for improved materials.

3- Results

In the current research, the atomic and
rheological behaviors of the equilibrated sample
were investigated for 10 ns. For this objective, the
physical quantities, including MSD, the amount of
penetration of the target structure into the porous
material, the threshold IE between the target
structure and the porous area, shear stress, and V,
were calculated and reported.

The evolution of MSD is presented in Fig.
6. This quantity is one of the most important
computational tools for measuring the random
motion of a particle-rich sample, which was used
in analyzing the evolution of atomic structures. The
location of a particle in relation to a reference point,
together with its deviation and spatial oscillations
over time, are all represented by the mean square
displacement in MD simulations. Consequently,
MSD demonstrated how the intended atomic
structure behaved. The particles started to migrate
over time, which increased their displacement.
Thermal and random energy factors caused the
mean square displacement parameter to rise as the
particles moved. According to the model results,

3.0

the mean square displacement grew over time to
2.39 A2 This pattern showed that as time passed,
the atoms’ oscillation amplitude in the simulated
sample increased.

Fig. 7 shows the number of atoms absorbed into
the porous structure as a function of simulation
time (ST), for the initial atomic sample with
specified initial conditions. The results indicate
that the number of absorbed atoms was 28 (after
10 ns). While the plot did not contain quantitative
importance in the analysis of original data,
it is significant for understanding the spatial
and temporal nature of atomic motion and the
interaction of atomic interactions in the porous
material. As we observed the simulation unfold,
the infiltration process allowed one to gain an
overall sense of how it dissociated over time within
the context of the original atomic sample and its
interaction with the porous sample material. The
results show that initially there was a rapid increase
in the number of infiltrated atoms, indicating that
the atoms were effectively infiltrating the porous
structure. This behavior can be attributed to factors
such as diffusion mechanisms and the availability
of pathways in the porous matrix. As time passed,
it was evident that the influx started to slow down,
which would progress towards the probability of a
saturation point approaching where the accessible

2.5

2.0

1.5

MSD (Angstromz)

1.0

0.5

(=]

Time (ns)

Fig 6. The changes of MSD according to ST in the initial atomic sample in the defined initial conditions
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Fig 8. IE variations in terms of ST in the initial atomic sample in the defined initial conditions

sites in the porous material were occupied by
sample atoms. Overall, these changes not only
quantified atomic diffusion but also served as a
valuable tool for analyzing and predicting material
behavior at the atomic level, leading to improved
design strategies for future studies involving porous
structures.

In the continuation of this part, the changes in
shear stress in the sample of the final structure were
investigated. Considering the results presented in

Colloid Nanosci. J. 3(1 ) (2025) 547-562

Fig. 8, as ST increased, the shear stress applied to
the target atomic structure increased and reached
69.92 Pa. This process occurred as a result of the
presence of interatomic forces in the structure and
between the target and porous sample. On the other
hand, to investigate the penetration threshold of the
structure in the porous matrix, the IE between it
and the porous sample will be of great importance.
Previous studies reported that the shear stress of
KCl-based DFs in the sample of the final structure
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Fig 9. Shear stress changes according to ST in the initial atomic sample in the defined initial conditions

was in the range of 30-60 Pa [33-36].

Fig. 9 represents the change in IE during 10
ns. The results reveal that IE reached -14.85 kcal/
mol. The results indicate that as the simulation
progressed, DF not only became more effective at
penetrating the porous material due to favorable
IEs, but also showed increased resistance to flow as
indicated by rising shear stress. This information
is vital for optimizing DFs to ensure they perform
well under operational conditions, balancing
fluidity with effective penetration capabilities.
These findings showed the relationship between
shear stress and IE in DFs, providing insights into
their behavior in porous media and the factors that
affected their performance in practical applications.

Fig. 10 represents the change in the V during
10 ns. The results show V increased at 0.133
Pa.sec. Physically, this process was consistent with
the narrowing of empty structural space by the
increase in the fluctuations of atoms. It is important
to note that even though V increased and the
structural space narrowed for this process, there
was no unstable structure in the atomic sample.
Structurally stable atomic samples were important
to recognize because even though the fluid was
thicker and more difficult to efficiently flow, the
stability of the atomic arrangement remained stable.
In a previous study, Belayneh et al. [37] revealed
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that the apparent V of DFs increased with the
addition of nanoparticles and was in approximately
the same range as 100 cP (0.1 Pa.sec).

The study reported improved penetration,
evidenced by the absorption of 28 atoms and a
shear stress of 69.92 Pa, which were competitive
with or slightly above the ranges observed for
conventional additives like polymers or synthetic
nanoparticles. Prior research documented shear
stresses for KCl-based DFs in the final structure
in the range of 30 to 60 Pa when using polymer-
based additives [33-36]. Similarly, the V of 0.133
Pa-sec (133 cP) aligned with reported increases
in V due to nanoparticle additions in B-based
fluids, such as the study by Belayneh et al., where
viscosities around 100 cP were observed with
MoS, nanoparticles [37]. These values suggested
that sawdust charcoal nanoparticles are capable
of achieving rheological properties similar to or
somewhat enhanced compared to conventional
polymer or synthetic nanoparticle additives. In
terms of cost-effectiveness, sawdust charcoal offered
an environmentally friendly and potentially lower-
cost alternative to synthetic nanoparticles, which
often involved complex and costly manufacturing
processes along with variability in quality [38,
39]. Additionally, bio-waste-derived additives like
sawdust charcoal contributed to sustainability
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Fig 10. V variations of the target atomic structure based on ST in the initial atomic sample in the defined initial conditions

while maintaining effective rheological control.
Regarding operational challenges linked to
increased V, while higher V improved cuttings
transport and fluid stability, it can indeed affect
flow rates and pumping Ps. However, the reported
V was within manageable limits and can be
optimized through careful fluid formulation and
real-time monitoring during drilling. Many studies
showed that nanoparticle additives can increase
V, but also enhance DF performance by reducing
fluid loss and improving filter cake quality, leading
to overall improved operational efficiency [40].
Thus, the sawdust charcoal nanoparticles balance
enhanced performance metrics (such as improved
penetration and shear stress) with operational
feasibility and cost advantages, making them a
promising additive for oil-based DFs. Based on
the conclusions obtained from MD simulation
and from an economic perspective, it can be said
that using oil-based DFs augmented with sawdust
charcoal nanoparticles is generally more cost-
efficient than those with metallic nanoparticles
in the heat transfer process. Sawdust charcoal, a
bio-waste-derived material, was much cheaper
and more sustainable in comparison to more
expensive metallic nanoparticles like silicon oxide
or iron oxides, as these bio-based nanoparticles
provided sufficient enhancement in thermal
conductivity while decreasing the total additive

Colloid Nanosci. J. 3(1 ) (2025) 547-562

cost and environmental costs. The combination of
a lower material cost and sufficient enhancement
of DF properties (for example, V, filtration control,
and thermal stability) made sawdust charcoal
nanoparticles a cheaper option for enhancing
heat transfer efficiencies in drilling operations
than the typically more expensive metal-based
nanoparticles. The greatest challenge in utilizing
oil-based DFs with sawdust charcoal nanoparticles
in heat transfer systems was keeping stable
rheological and filtration properties under HPHT
conditions, since the organic nature of sawdust
charcoal may produce fluid behavior variability
and degradation. A way around addressing the
above challenge is likely to be in finding the
optimization of concentration and formulations
of nanoparticles for optimal dispersion and
diminished agglomeration; thus, stabilizing V and
filtration control. Furthermore, the conjunction of
sawdust charcoal with other useful and compatible
additives, which can include polymers or alternate
nanocomposites, can help improve thermal stability
and fluid performance.

4- Conclusion

The atomic and rheological behavior of DFs was
investigated in this study. The structural evolution
of samples was predicted using MD simulation-
based LAMMPS software. First, the atomic samples
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designed were balanced. The findings of this stage
showed the convergence of T and kinetic energy
at 300.88 K and 45.67 kcal/mol, respectively. The
data obtained at this stage showed the decline
of the atomic oscillation range over time inside
the simulation box, as well as predicting the
structural stability of the sample at the defined
initial conditions. Then the structural evolution of
samples was investigated using the NVE ensemble.

The most important results were as follows:

1) The MSD increased to 2.39 A over time; 2)
The process simulated resulted in 28 absorbed
atoms in porous sample after 10 ns, suggesting
higher penetration of DF over time; 3) The study
showed how shear stress and V changed over time,
indicating that shear stress reached 69.92 Pa and V
increased to 0.133 Pa/sec; 4) After IE converged to
-14.85 kcal/mol, the DF became more effective at
penetrating porous medium while also exhibiting
increased flow resistance. This emphasized the
importance of balancing fluidity and penetration
for optimizing DFs in practical applications.

Overall, the findings of this research can
contribute to cost-effective and efficient drilling
practices in the oil industry while addressing
challenges in fluid behavior at the nanoscale.

Nomenclature
Acronym Full Name
HPHT High Pressure High Temperature
MD molecular dynamics
MSD mean square displacement
DFs drilling fluids
DM drilling mud
P pressure
bentonite
\Y% viscosity
T temperature
IE interaction energy (yield point)
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Appendix

A. MD Simulation

Newton’s laws of motion form the foundation
for how MD simulation operates. Using these
laws to analyze the minuscule particles within a
system allows us to replicate the dynamics of their
movement over time. This approach allows us to
determine the force acting on a particle referred to
as “1” through the potential function outlined in
Eq. (a-1) [41].

F=-VU (a-1)

Essentially, Newton’s concepts about motion
explain that the movement of a spherical particle,
like a molecule or a small item, occurs because of
an external force, known as F, Newtons second
law illustrates the relationship between the applied
force and the resulting motion. Eq. (a-2) [41]
provides an explanation for this.

F =ma, (a-2)

m (mass unit) is the mass of a single particle,
which is considered to be constant regardless of
position, velocity, or time. Additionally, acceleration
can be derived from the following relationship [41]:

d’r,
4= (a-3)

Here, r,isadistance vector indicating the particle’s
position relative to a fixed reference frame, and by
integrating the above relationships, one can derive
a relationship that expresses the particles’ positions
through the potential function [41]:

dU d’r,
T M Y

The Velocity Algorithm is a highly accurate
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and efficient method for numerically integrating
Newton’s equations of motion, widely used in
various simulations, including sustainable energy
problems. This algorithm provides stable and
precise solutions, making it a preferred choice
for researchers to calculate the dynamic paths of
particles in simulated systems. In MD simulations,
particle displacements and velocities are computed
by incorporating statistical mechanics to analyze
the characteristics of the studied systems. The
algorithm is detailed in Eq. a-5 [42, 43].

2

r(t+ At)=2 };(t)—ri(t—At)+(ih§j(At)z (a-5)

In MD simulations, defining the potential
function and interparticle forces is crucial for
obtaining reliable results. The force field is
essential for modeling interatomic interactions
and calculating the potential energy of the particle
system. Accurately selecting the force field
enhances the simulation’s ability to predict and
replicate the actual physical processes. Potential
functions are typically categorized into bonded and
non-bonded interactions, and the total potential
energy of a system is determined by summing these
interactions [41].

E

total —

E

bonded

+F

nonbonded

(a-6)

Non-bonded potentials involve various types of
interaction potential energy, which will be derived
from the combined Lennard-Jones, Vashishta,
and Coulombic force potential functions in future
work. The Lennard-Jones potential, a fundamental
mathematical model, approximates the interactions
between neutral particles or molecules and is
commonly expressed in a specific equation format
[44].

12 6
o, o,
U, =4¢; (—” J —(—” J r<r, (a-7)
7 T

In Eq. (a-7), & (energy unit) represents the
depth of the potential well, representing the strength
of the attractive interaction among particles,
o, (length unit) is the finite distance where the
potential function becomes zero, indicating the
size of particles in the system, and 7; denotes
the cut-off radius, typically averaging 12 A in
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simulations. Interatomic interactions are vital in
MD, as refining their expressions enhances the
accuracy of predictions. However, this increased
precision can reduce computational velocity and
prolong simulation times. Additionally, the cut-
off radius varied based on specific applications of
MD in different systems and the physical concepts
being studied. Also, the values of r and each of
the interactions among the particles present in the
simulation box were calculated using Egs. (8-9)
[45]:

&, =\JEE; (a-8)
O; + O'j
oy == (a-9)

The 0; and &; for the present particles are

given in Table a-1.

The harmonic potential serves as a widely utilized
mathematical framework in MD simulations,
particularly in LAMMPS, to effectively model
covalent bond interactions among atoms. It is
based on the premise that the force acting on atoms

A. M. Soltani and M. Rahimi  [ROIStlaEIW:\gafel[3

is proportional to the displacement of the bond
length from its equilibrium position. Essentially,
the potential energy associated with a bond varies
quadratically with the extent of deviation from its
optimallength. This method is crucial for accurately
capturing the mechanical behavior of materials at
the atomic scale, enabling bonds to undergo both
elongation and compression. The potential energy
is expressed by the following formula [47]:

Vi =3 k(=1)° (@-10)

V,..a Fepresents the potential energy of the bond
depending on the interatomic distance, r, with
ro denoting the bond’s equilibrium length. The
parameter k indicates the bond stiffness, which
quantifies the resistance of the bond to changes
in length. This quadratic relationship effectively
modeled covalent bond behavior by illustrating
that bond energy increases proportionally to how
far the bond length deviates from its equilibrium
state.

Table a-1. Lennard-Jones potential function parameters for the present particles [45, 46].

Particle type ¢ (kcal/mol) c (A)
C 0.105 3.851
Si 0.402 4.295
e} 0.06 3.5
Al 0.505 4.499
H 0.274 4,035
K 0.035 3.812
Cl 0.2278 3.947

Table a-2. Typical equilibrium bond lengths for various bond types.

Bond Type Bonds (A) Bond Type Bonds (A)

Al-Cl 2.034 Cl-K 2.94
Al-K 2.99 Cl-O 1.647
Al-O 1.697 CI-Si 1.924
Al-Si 1.974 H-O 0.98
C-C 1.53 K-K 3.896
C-Cl 1.757 K-Si 2.88
C-H 1.09 O-Si 1.587
C-0 1.42 Si-Si 1.864
Cl-cl 1.984
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Table a-3 The equilibrium angles in angular bond interaction.

Angles Angles (0) Angles Angles (0) Angles Angles (0)
Al-Cl-Al 180 C-O-H 104.51 H-C-O 109.471
Al-Cl-Cl 180 Cl-Al-Cl 109.471 H-O-H 104.51
Al-Cl-K 180 Cl-Al-K 109.471 K-Al-K 109.471
Al-CI-O 180 Cl-Al-O 109.471 K-Al-O 109.471
Al-CI-Si 180 Cl-Al-Si 109.471 K-AI-Si 109.471
Al-K-Al 180 Cl-C-H 109.471 K-CI-K 180
Al-K-Cl 180 Cl-CI-Cl 180 K-Cl-O 180
Al-O-Al 104.51 Cl-Cl-K 180 K-CI-Si 180
Al-O-Cl 104.51 Cl-Cl-O 180 K-K-K 180
Al-O-H 104.51 Cl-CI-Si 180 K-K-Si 180
Al-O-Si 104.51 Cl-K-Cl 180 K-Si-K 109.471
Al-Si-Cl 109.471 Cl-K-K 180 K-Si-O 109.471
Al-Si-K 109.471 Cl-K-Si 180 0-Al-O 109.471
Al-Si-O 109.471 Cl-0-Cl 104.51 O-Al-Si 109.471
C-C-C 109.471 Cl-O-H 104.51 O0-C-O0 109.471
C-C-Cl 109.471 Cl-O-Si 104.51 0O-Cl-O 180
C-C-H 109.471 Cl-Si-Cl 109.471 O-Cl-Si 180
C-C-O0 109.471 Cl-Si-K 109.471 0-Si-O 109.471
C-Cl-C 180 Cl-Si-O 109.471 0O-Si-Si 109.471
C-0-C 104.51 H-C-H 109.471 Si-O-Si 104.51

Harmonic potentials were often used within
LAMMPS to describe the angles that were formed
by three atoms, more accurately representing the
molecular geometry. Angular potentials quantify
the energy cost or penalty for a bond angle to
deviate from its most preferred value. Generally
speaking, the angular harmonic potential is in
the form of a quadratic function, suggesting that
energy increases as the angular distance moves
away from the ideal position. This allows for
realistic modeling of molecular conformation by
placing angular constraints, while molecules can
appropriately react to different environmental
effects and forces. The angular potential can be
expressed by the following equation [48]:

Vi = 5Ko(0-0,)

angle

(a-11)
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V. denotes the potential energy linked to the
angle

angle 0 formed by three bonded atoms, where 0,
represents the equilibrium angle and k is the force
constant that reflects the angle’s stiffness. The
quadratic nature ensured that any variation from
0o leads to a rise in potential energy, allowing for
accurate simulation of molecular structures.

The style “real” was utilized during MD
simulations as the standard units. Therefore, the
following units were used in the MD simulations:

m (mass): gr/mole; r (distance): Angstrom;
t (time):
velocity: (Angstrom/femtosecond); force: (Kcal/
mole-Angstrom); temperature: (Kelvin); pressure:
(atmosphere).

femtosecond; energy (Kcal/mole);
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