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Abstract: Currently, it is crucial for the lubricant formulation industry to explore
cost-effective and environmentally friendly methodologies for analyzing the tribological
properties of engine aviation lubricants under high-temperature and high-pressure
operating conditions. This study demonstrates the feasibility of employing molecular
dynamic simulations to gain essential insights into the evolution of the tribological
properties of lubricants during operation. A three-layer molecular model was devised,
comprising nickel aluminide molecules in the top and bottom layers, and polyol
ester in the core. The impact of sliding velocities ranging from 20 km/h to
100 km/h was investigated under varying temperature and pressure conditions.
Concentration, temperature and velocity profiles, radial distribution function, mean
square displacement, and friction coefficient were calculated and analyzed in detail.
Notably, the highest friction coefficients - ranging from 2.5 to 0.75 - were observed
at the lowest temperature and pressure conditions tested. Conversely, other sections
of the gas turbine exhibited substantially lower friction coefficients - ranging from
0 to 0.01.Simulations demonstrate that increasing pressure and temperature reduce
polymer chain mobility, leading to stronger internal interactions within the lubricant.
Consequently, lubricant adsorption onto metal surfaces decreases. Furthermore, the
lubricant performs exceptionally well when its molecules encounter higher velocities
and temperatures. Based on the results obtained, the research demonstrates that the
presented technique provides both quantitative and qualitative tribological information
essential for understanding a system molecular behavior, serving as a guiding framework
for researchers in the field.

Key words: Lubricant, tribology, trimethylolpropane, aviation engine, dynamic molecular,
materials studio.

The progress of aircraft propulsion is significant, making it essential for aviation as a mode of human
locomotion (El-Sayed 2017). Nowadays, gas turbines are the most efficient engines for generating
thrust in aircraft (Petrescu et al. 2017). Simply put, these turbines operate by capturing, compressing,
and reacting air with fuel. This process releases energy to turn turbines, providing the thrust necessary
for aircraft propulsion. The entire operation subjects the engines to extreme conditions - high
temperature and pressures in oxidative and catalytic environments (El-Sayed 2017, Meetham 1981,

Wu et al. 2017).
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Alongside the progress in aircraft propulsion, the development of advanced lubricants has
become intricately linked with the evolution of materials used in engine construction. Advanced
lubricants are formulated to complement the properties of modern materials, such as carbon
composites, ceramic matrix composites, and hightemperature alloys, which are increasingly employed
in engine components (Basheer 2020). These materials demand lubricants that can withstand extreme
temperatures, pressures, and mechanical stresses while providing effective lubrication and protection
against wear and corrosion (Dekoulis 2019, Siouris & Wilson 2010, Sun & Du 2019, Wakiru et al.
2019). Moreover, the integration of nanomaterials into lubricant formulations has enabled tailored
lubrication solutions that optimize the performance and longevity of advanced engine materials (Ali
et al. 2019). By synergizing with these advanced materials, lubricants play a crucial role in enhancing
the efficiency, reliability, and environmental sustainability of aircraft propulsion systems. The ongoing
advancement of both lubricant and material technologies promises further innovations in aviation,
driving towards more efficient and environmentally friendly aircraft operations.

Currently, the most commonly used classes of lubricants in aviation are polyolefins, diesters
and polyol esters due to their chemical structure being more resistant to thermal degradation
(Nagendramma & Kaul 2012). Among these options, polyol esters stands out due to their superior
thermo-oxidative stability, and consequently, better performance (Raof et al. 2019). Additionally, it is
important to emphasize that any lubricant will change its physical and chemical properties during
use due to the harsh operational environment (Siouris et al. 2013). Thus, it is evident that lubricant
quality directly influences turbine operation (Srivastava et al. 2021). This underscores the importance
of investing in the field of lubricant formulation - both in creating new lubricants and optimizing
existing ones (Sun & Du 2019, Wakiru et al. 2019).

A central issue in lubricants research and development is understanding its behavior under
real-use conditions. Essentially, the technology used for analyzing this aspect comprises practical
tests. The main tests used are static test bed, engine oil under in-service conditions and
laboratory-based short-duration oxidation testing (Siouris et al. 2013). The static test bed involves
removing oil during engine development or certification activities. Its disadvantages include
subjecting the oil to higher stress than in real conditions and the high cost involved. The engine
under inservice conditions test is the most accurate way to determine lubricant behavior but is rarely
performed due to resistance from operators who see it as an interruption of revenue-generating
operations. Consequently, laboratory-based short-duration oxidation testing has been extensively
utilized, although it subjects lubricants to more extreme conditions, distorting the data obtained from
real-life scenarios (Siouris et al. 2013).

Usually, the main properties evaluated in a lubricant are viscosity and density, as they directly
influence the lubricant’s hydrodynamics (Lin & Kedzierski 2020). Additionally, the friction process
presents important parameters in the tribology study, known as wear rate and friction coefficient.
Other relevant information includes interface friction, as it influences shear deformation (Cui et al.
2021). In the literature, these aspects are frequently obtained by molecular dynamics (MD). Pan
et al. (2021) used MD to study the boundary lubrication behaviors of squalene during shearing at
different pressures and temperatures. It indicated that the nanostructure surface has a significant
effect on the thickness and delamination of the lubricating film but little effect on its velocity
distribution. Additionally, the film helps to reduce the coefficient of friction of the system. Guo
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et al. (2021) investigated the friction in rubber-tire pavement systems under different velocities and
temperatures using MD. The results showed that different system combinations present different
friction performances. However, it was unanimous that the changes in longitudinal stress during
the attrition process influence the coefficient of friction. Cui et al. (2021) analyzed the mechanical
and tribological effects of different reinforcements added to elastomers using molecular dynamics.
They found that amide-functionalized CNTs presented the best reinforcement efficiency. They also
studied interfacial regions through temperature and relative concentration. Li et al. (2016) investigated
changes in the tribological properties of a nitrile-butadiene rubber reinforced with carbon nanotubes.
It showed that reinforcement affects the friction interface and improves the elastomer’s tribological
properties. In this case, the interface exhibited a decrease in the concentration of atoms, the
temperature peak, the speed of atom movement, and the average cohesive energy. Zojaji et al. (2021)
presented the influence of shear rate and temperature on fluids using nonequilibrium molecular
dynamics simulations. The authors used radial distribution function (RDF) to show the relationship
between the atomic phase transition and the shear thickening phenomena observed. Finally, the
rheological results showed that the DREIDING and Universal force fields can simulate fluids and
estimate their rheological behavior. Hu et al. (2021) investigated the mobility and activity of phenolic
antioxidants in oil of trimethylolpropane trioleate (TMPTO), as well as the oxygen permeability in this
compound. The results of minimal squared distance (MSD) were important to evaluate the mobility
of antioxidants.Experimental data showed that antioxidant molecules with higher molecular weights
and longer phenolic hydroxyl groups have better oxidative resistance, consistent with the simulations
performed.

In this context, this report presents a low cost and reliable simulation methodology to
analyze the behavior of lubricants under turbine aircrafts conditions. Computer simulation is an
environmentally friendly option because it reduces experimental cost and avoids wasting laboratory
resources (Srivastava et al. 2021). This research proposes the use of molecular dynamics (MD), an
underexplored method for this purpose. MD simulation acts as a bridge between microscopic and
time scales, allowing testing theories without necessarily performing laboratory experiments (Haile
1992, Srivastava et al. 2021). Molecular dynamics is suitable for tribological studies, as time-dependent
processes and transport coefficients are more easily obtained through this means (Ewen et al. 2018).
A commercial software that stands out for its effectiveness in conducting molecular dynamics studies
is Materials Studio. Its user-friendly interface simplifies and makes simulations more accessible. Most
studies in the field of tribology using Materials Studio examine the tribological behavior of materials
(Huang 2012), changes in material properties when adding reinforcement or additives (Chawla &
Sharma 2018, Hu et al. 2021, Li et al. 2016, Liu et al. 2021, Cui et al. 2021, Yin et al. 2022), or how different
treatments on these reinforcements impact these properties (Qi et al. 2023, Talapatra & Datta 2023).
Some studies evaluate the effects of speed, pressure, and temperature on the friction process (Guo
et al. 2021, Zeng & Chen 2018, Zojaji et al. 2021) and the performance of lubricants on different surfaces
(Ta et al. 2015). However, no studies were found evaluating lubricants under extreme conditions of
temperature and pressure simultaneously.
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METHODOLOGY

All molecular dynamics (MD) simulations were conducted using Materials Studio (MS) 7.0
software from Accelyrs, USA. The simulation cells comprised nickel aluminide (NIA[3) and
Trimethylolpropanetriheptanoate ester (C27H5006). Nickel aluminide was selected due to its
widespread use in aircraft turbines, while the lubricant was chosen for its remarkable performance
under extreme conditions, maintaining its tribological properties despite mechanical strain in
high-pressure and high-temperature environments (Bakan et al. 2020, El-Magly et al. 2018). The
simulations utilized the Universal force field, an all-atom type, with parameterization for all atoms
with atomic numbers lower than 103 (Jaillet et al. 2017). The broad inclusiveness of this force field
made it ideal for the diverse atoms in our system. The Universal force field can be described by
Equation (1) (Rappe et al. 1992):

1 m m m
E total) = 5KU(r — 1) + K Z C, cos (nf) + Kij Z C,y €OS (Njiky) + Kijer Z Co + C, cos+
n=0 n=0 n=0 (1)

wije + C; COS wjjpy + D,-j—z(ﬁ)6 + (ﬁ)12 + 332, 0637(%).
X X €R;;
where Kij is a force constant with units of (kcal/mol)/A2, rij is the standard or natural bond length in
A and © is the bond angle.

The pure NiAl3 atoms layer was modeled using triclinic crystal with dimensions of 13.00 x 14.70 x
9.60 A. The lubricant cell was constructed with 113 molecules in a 44.95 x 44.95 x 44.95 A amorphous cell.
To investigate the tribological properties of the NiAly and (C27H5006) system, a three-layer model with
dimensions of 45.00 X 45.00 x 84.20 A was created. In this model, the lubricant is confined between
two metal surfaces, with a 20 A vacuum layer above the upper wall to avoid interaction through mirror
image in the z direction. Figure 1 shows the three-dimensional model of the system.

Four simulation steps were performed on the three-dimensional model using the Forcite module.
Van der Waals forces and electrostatic interactions were calculated using the atom-based summation
method with a cutoff distance of 22.5 A - this cutoff distance allows capturing significant interactions
within the system without including undesired interactions due to the periodicity of the box. The
atom-based summation method was selected due to its computational efficiency and ability to handle
moderately sized molecular systems. This approach allows the calculation of interactions among all
pairs of atoms in the system, ensuring an accurate representation of intermolecular interactions
without incurring prohibitive computational costs. Initially, the lowest energy conformation was
obtained through geometry optimization using the conjugate gradient algorithm - due to its
computational efficiency, numerical stability, and adaptation to complex molecular systems - with an
energy convergence tolerance of 0.01 kcal/mol and a force convergence tolerance of 0.5 kcal/mol/A.
The upper and lower NiAl; layers were kept fixed during this optimization.

Subsequent simulations used this optimized conformation. A five-cycle annealing process was
conducted from 300 K to 500 K over 50 ps in an NVT ensemble, with a 1 fs timestep. Temperature
control was achieved using a Berendsen thermostat due to its efficiency, simplicity, and adaptation
to systems containing polymers and metal. Its numerical stability and validation in previous studies
also contributed to its selection. After each annealing cycle, the structure was re-optimized. Next, the
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Figure 1. Three-dimensional
model of the system.

models were dynamically equilibrated in an NPT ensemble at 298 K using the Berendsen thermostat
and 1 atm using the Andersen barostat. This type of barostat was chosen due to its efficiency in
pressure control, simple implementation, and adaptation to different experimental conditions. The
timestep was set to 1 fs with a 200 ps relaxation period per cycle, continuing until total energy and
temperature convergence.

Finally, shear velocity was applied to both walls of the model. It was applied using confined shear
- it refers to the deformation experienced by a material when subjected to shear forces within a
constrained environment. To simulate confined shear, it is allowed the walls of the cell to move in
response to the applied shear forces. This movement of the walls effectively constrained the material,
leading to the observed confined shear behavior and how the material responded to these to shear
forces over time forces. The process was achieved by moving it at varying velocity rates (0.06, 0.11, 017,
0.22, 0.28 A/ps) over 400 ps with a 1 fs timestep under NPT conditions. Temperatures and pressure
parameters were based on a singlespoon type tubojet engine model (El-Sayed 2017).

Three regions of the engine were chosen: intake duct (Temperature = 276.3 K; Pressure = 0.61 atm),
combustion chamber (Temperature = 1200 K; Pressure = 4.69 atm) and the outlet nozzle (Temperature =
848.2 K; Pressure = 1.03 atm). Lubricant was also simulated at environmental conditions (Temperature
= 29815 K; Pressure =1 atm) for comparison purposes. The trajectory of atoms and forces generated in
the sliding direction were recorded for calculating tribological properties, — including the coefficient
of friction and viscosity, as well as the interfacial region of metal and lubricant as velocity profile,
concentration profile, temperature profile, mean square displacement (MSD), and radial distribution
function (RDF). The MSD for all molecular dynamics runs was calculated every 200 timesteps using the
centroid form. In statistical mechanics, the radial distribution function (RDF) of a molecular system
depicts how density changes with distance from a reference point (Su et al. 2020). In this study, the
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RDF is calculated for the centroids of all lubricant molecules, providing a measure of the probability
of locating a molecule at a distance r from the specified reference pointThe selected molecules for
both MSD and RDF calculations were the lubricant C,;He, O, i.e. the liquid layer of the system (for this
calculation, the software has computed the radial distribution function for all pairs of atoms in the
fluid set). Figure 2 provides a flowchart visualizing the steps of the methodology used.

NiAI3 C27H5006
Triclinic Crystal Cubic Crystal
13.00 x 14.70 x 9.60 A 44.95 x 44.95 x 44.95

Cell
) Amorphous Cell
Construction Module

3-Layers Module
45.00 x 45.00 x 84.20
A

i

Forcite Module
Geometry Conjugate Gradient Algorithm

o = Energy Convergence Tolerance: 0.01 kcal/mol
Optimization Force Convergence Tolerance: 0.5 kcal/mol/A

l

Forcite Module
300 K to 500 K

NVT 5-cycle
Time: 50 ps
ensemble Pace: 1fs

Berendsen Thermostat

|

Forcite Module

NPT 298 K and 1 atm
1-ciclo
ensemble Time: 200 ps
Pace: 1fs

Berendsen Thermostat
Andersen Barostat

Results

Temperature= 298.15 K « Coefficient of Friction

Pressure = 1.0 atm « Viscosity
Forcite Module Temperature = 276.3 K + Concentration Profile
Velocity: 0.06, 0.11, 0.17, 0.22 and 0.28 A/ps Pressure = 0.61 atm J
Time: 400 ps « Temperature Profile
Pace: 1fs Temperature = 848.2K 4 Velocity Profile

Pressure =1.03 atm
+ Average Quadratic Deviation
Temperature = 1200 K

Pressure =1.03 atm —— * Radial Distribution Function

Figure 2. Flowchart of the methodology used in the article.

RESULTS AND DISCUSSION

For this study, we investigated the variability of lubricant under different shear sliding velocities. The
velocities chosen were 20 km/h, 40 km/h, 60 km/h, 80 km/h and 100 km/h, which corresponded
at the atomistic level to 0.06 A/ps, 011 A/ps, 017 A/ps, 0.22 A/ps and 0.28 A/ps, respectively. These
velocities were applied to the top and bottom wall layers during the confined shear process. In all
results, curves (A), (C), and (D) of Fig. 2 pertain to the lubricant in different areas of a turbine, while
curve (B) represents the lubricant at ambient temperature and pressure.
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Relative Concentration

Figure 3 presents the relative concentration (RC) profile of the lubricant under different velocities in
various turbine regions. RC represents the density of particles in a specific region of the system. This
information is important for analyzing the distribution of lubricant density and assessing whether the
lubricant is functioning efficiently. The value of RC can be obtained using Equation 2 (Cui et al. 2021).
Additionally, it's worth noting that relative concentration is dimensionless, meaning an RC value of 2
indicates that there are twice as many molecules in a particular region, assuming all molecules were
uniformly distributed throughout the system.

R
RC = —wer (2)
Rsystem

Where: Rlayer represents the ratio of the number of atoms in the layer to the volume of the layer;
Rsystem represents the ratio of the total number of atoms in the system to the volume of the system.
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Figure 3. Curves illustrating the relative concentration profile of the lubricant under varying shear velocities in
different settings: (a) Intake, (b) Ambient Conditions, (c) Outlet Nozzle, and (d) Combustion Chamber.

All the graphs consistently show peaks at 15 A and 60 A, indicating the highest values. In the
innermost region of the system, between these peaks, the curve is nearly linear with some oscillations
in the regions near the interfacial area. This curve shape suggests a higher atomic concentration of
lubricant in the interfacial region, attributed to the adsorption between the lubricant and the metal
(Zhang et al. 2020). Tipically, a strong affinity between the lubricant and the metal results in higher
adsorption, which can be detrimental as it retains many lubricant molecules in this region, leaving
fewer molecules available to participate in the shearing/sliding process performed by the lubricant,
which reduces friction.
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Furthermore, diminished mobility of molecules with high molecular mass can negatively affect
their tribological effectiveness in several ways. Firstly, it impairs the formation of a protective
lubricating film due to limitations in their ability to migrate and rearrange. Secondly, it diminishes
load-carrying capacity by potentially resulting in inadequate viscosity enhancement, leading to a
thinner lubricating film, increased friction, and wear. Lastly, it hampers the redistribution of lubricant
on surfaces by inhibiting efficient flow and spreading, which can result in localized lubricant depletion
and heightened metal-to-metal contact, thereby accelerating wear and compromising overall efficacy.
Therefore, ensuring adequate mobility of these molecules is essential to maintain optimal lubricant
performance and protect components from excessive friction and wear. Thus, it's desirable for a
lubricant to have a curve with more intensity in the interface region. The differences between the
curves in different environments is subtle, with a higher presence of lubricant observed inside the
cell at high temperatures and pressures compared to the interface with the metal. This indicates that
the environment influences the lubricant’s concentration gradient in use, likely due to the restricted
movement in locations with lower temperature and pressure.

Temperature

Figure 4 shows the temperature in the longitudinal profile of the lubricant during the friction process
under the influence of different velocities in various regions of a turbine. As depicted in Figure 4, the
temperatures at the frictional interfaces reach their maximum levels at 10 A and 60 A, due to the shear
deformation and adhesive friction generated during the frictional process (Cui et al. 2021). Any of the
plots shows that the internal temperature of the lubricant remained relatively stable for every shear
rate, with minimal temperature fluctuations. In all the graphs, it is evident that both the lubricant's
temperature at the boundaries and its temperature within the system are higher than that of the
environment condition, indicating that, in addition to reaching thermal equilibrium with the engine
region, the lubricant absorbs heat from the frictional process, contributing to cooling the system.
Furthermore, upon analyzing each graph individually, it becomes apparent that varying the applied
shear rate leads to a modification in the lubricant’s temperature profile during friction. In this case,
higher shear rates (017, 0.22, 0.28 A/ps) result in higher values in the interface region. This behavior is
expected as higher velocities in this region lead to increased shear deformation and adhesive friction.

Velocity

Figure 5 presents the velocity profile of the lubricant during the friction process under different
velocities in various turbine regions. It is evident in all the curves that there are peaks of velocity
within the friction areas, specifically at distances of 10 A and 60 A. This velocity pertains to the
relative motion of the lubricant with respect to the substrate (Xu et al. 2021). Both negative and
positive velocity values are observed due to the adopted reference, as the lubricant moves in opposite
directions relative to the substrates. It should be noted that the higher the peak of velocity, the
greater the lubricant’s velocity in the contact region with the metal, resulting in better tribological
performance. It is noticeable that, as the temperature and pressure of the environment increase, the
lubricant’s velocity also increases. This is due to the ambient temperature generating an increase in
the internal energy of the material, which enhances its performance under these conditions (Yin et al.
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Figure 4. Curves illustrating the temperature profile of the lubricant under varying shear velocities in different
settings: (a) Intake, (b) Ambient Conditions, (c) Outlet Nozzle, and (d) Combustion Chamber.
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Figure 5. Curves illustrating velocity profile of the lubricant under varying shear velocities in different settings: (a)
Intake, (b) Ambient Conditions, (c) Outlet Nozzle, and (d) Combustion Chamber.
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2022). Additionally, the applied shear velocity affects the behavior of the lubricant’s relative motion,
but without a specific pattern, indicating that a high shear velocity does not necessarily result in an
increase in the lubricant’'s motion velocity. 3.4 Radial Distribution Functions.

The radial distribution function (RDF) is exclusively applicable to valid trajectories derived from
molecular dynamics simulations. Its primary purpose is to characterize molecular structures. RDF
serves as a probability function for determining the likelihood of encountering a pair of atoms at a
given distance (r) relative to another atom within a randomly distributed atomic system.

In Figure 6, which depicts different shear velocities in various regions of a turbine, is observed
that the curves for different shear velocities overlap. This indicates that change in shear velocity do
not alter the bonds formed within the lubricant. Thus, it is evident that different mechanical demands
on the lubricant do not impact it within the analyzed time of 400 ps.
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Figure 6. Curves illustrating radial distribution function under varying shear velocities in different settings: (a)
Intake, (b) Ambient Conditions, (c) Outlet Nozzle, and (d) Combustion Chamber.

However, it should be noted that changes in the environment, particularly in pressure and
temperature, impact the chemical structure of the lubricant. This is evident from the changes in
the intensity of the presented peaks, which decrease with increasing pressure and temperature. This
decrease indicates that in the turbine inlet region, the metal is surrounded by a greater amount of
lubricant than in the combustion chamber and the turbine outlet region. In other words, at high
pressures and temperatures, the outer layers of the lubricant start to interact more with the inner
layers, providing fewer molecules to interact with the metal. It is likely that the high ambient pressure
causes the molecules to become closer, leading to new Van der Waals interactions between the
molecules. This behavior is reinforced by the friction coefficient results discussed earlier (Zhang et al.
2020, Li et al. 2016).
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Mean Square Displacement

The Mean Square Displacement (MSD) technique is a highly effective method for describing the velocity
and displacement of individual atoms within molecular chains in a model. In Figure 7, it is observed
that all the curves show increases over time. Additionally, a pattern emerges where higher applied
shear velocities correspond to higher MSD values, indicating greater the mobility of the lubricant
molecules. The results presented in curves (A) and (B) are nearly identical because the pressure and
temperature conditions are very similar. In the more extreme cases of temperature and pressure,
represented by curves (C) and (D), there is a noticeable decrease in mobility compared to ambient
conditions. This likely occurs because the pressure outweighs the kinetic energy gained from the
ambienttemperature, causing molecules to have lower mobility due to the applied force and increased
chemical interaction within the lubricant itself, as indicated by the RDF results.
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Figure 7. Curves illustrating mean square displacement under varying shear velocities in different settings: (a)
Intake, (b) Ambient Conditions, (c) Outlet Nozzle, and (d) Combustion Chamber.

Friction Coefficient

After the shear process, the friction coefficient between nickel aluminide and
Trimethylolpropanetriheptanoate ester was calculated using Equation (3).
FN
[=—.

T 3)
where | is defined as friction coefficient; and FN and FT are the normal force and friction force,
respectively (Chawla & Sharma 2018). The results are shown in Figure 8. The curve illustrates the
relationship between the friction coefficient and the shear velocity under the four distinct temperature
and pressure conditions examined.
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The sliding velocity in a lubrication system significantly affects its tribological behavior and the
resulting coefficient of friction, typically illustrated using a a Stribeck curve (Figure 9) (Zhao et al. 2021).
This curve can be segmented into four distinct lubrication regions, as described below:

m Mixed lubrication state (b): as the velocity increases, the lubricating oil generates fluid dynamic
pressure. This pressure formation occurs within the fluid reduces direct contact between the two
surfaces;

m Elastohydrodynamic lubrication state (c): friction is minimized when the surfaces are no longer
in direct contact;

m Hydrodynamic lubrication zone (d): friction is predominantly influenced by the viscous resistance
of the lubricant during rapid sliding. In this zone, the overall friction of the system increases due
to the heightened internal friction of the lubricant.

The shear rate is a crucial factor in the tribological behavior of lubricants. Generally, an increase
in shear rate can result in a reduction in the friction coefficient, facilitating the formation of a more
effective lubricant layer between contacting surfaces. However, for non-Newtonian lubricants, such as
viscoelastic or pseudoplastic ones, the behavior may be more complex. In these cases, the lubricant
viscosity may decrease with increasing shear rate, potentially increasing friction and wear. Thus, shear
rate directly influences the friction, wear, and lubricating capacity of lubricants on contacting surfaces.

In this study, it is observed that the rheological behavior of the lubricant changes with shear
rate depending on the environment. At room temperature and pressure, the lubricant operates in the
hydrodynamic zone; thus, an increase in shear rate leads to an increase in the internal friction of the
lubricant, and consequently, an increase in the Coefficient of Friction (COF). When the pressure and
temperature decrease, an increase in shear rate generates dynamic fluid pressure, reducing contact
between surfaces and facilitating sliding in the system. Conversely, higher temperatures and pressures
have little effect on the system'’s response to an increase in shear rate. However, a slight increase in
COF is observed, indicating that the lubricant behaves as if it were in the hydrodynamic zone.

These observations highlight the lubricant’'s ability to alter its rheological behavior depending
on environmental conditions. Specifically, it behaves as a Newtonian fluid under low temperatures
and pressures (276.3 K - 0.61atm) and as a non-Newtonian fluid under ambient conditions and at high
temperatures. Therefore, under more extreme engine conditions, with high temperature and pressure,
the lubricant will perform better under less intense mechanical demands, whereas the opposite is true
under low temperature and pressure.

The highest friction coefficient (2.5 - 0.75) were observed at the lowest temperature and pressure
evaluated, specifically 276.3 K and 61.95 kPa. In other parts of the turbine, the friction coefficient
exhibited lower values (0 to 0.01), even smaller than under ambient conditions. This change in
behavior is likely attributed to the combined effect of temperature and pressure on the internal
configuration of the lubricant’s chains. Typically, reduced adsorption at high temperatures and
pressures compromises wear protection by diminishing boundary lubrication, thinning the lubricant
film, promoting oxidation and degradation, and enhancing boundary friction. These factors underscore
the importance of selecting suitable lubricants and designing systems to endure extreme operating
conditions while ensuring optimal wear protection and equipment reliability. In such cases, the
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lubricant may undergo chemical reactions or structural changes, resulting in a more robust protective
film on the contacting surfaces. This enhanced film formation could lead to lower friction coefficients
despite the reduction in adsorption of lubricant molecules. Additionally, under certain extreme
conditions, the lubricant may exhibit non-Newtonian behavior, where its viscosity and flow properties
change significantly. This altered behavior could potentially enhance lubricant performance and
reduce friction under specific operating conditions.

Viscosity

To validate our viscosity calculations, we analyze the Self-Auto Correlation Function (SACF). This
equilibrium molecular dynamics (EMD) technique examines the temporal fluctuations in stress
tensors, relating them to viscosity via the Green-Kubo formula or Einstein relation (Lin & Kedzierski
2020). In this research, we used the Green-Kubo formula (equation 4). Initially, the SACF displays
higher oscillations, gradually diminishing in amplitude, indicating the system’s progression towards
equilibrium from a non-equilibrium state. Furthermore, we examined the viscosity of the lubricant
under environment condition (29815 K - 0.000101325 GPa) and compared our simulation results
with experimental data (Ross & Yaakov 1982). Remarkably, our MD simulation closely matched the
experimental findings, validating the accuracy of our approach. The viscosity value obtained from the
simulation was 4.85 x 104 cP, which is close to the experimental value of 0.2450 x 104 cP. To better
visualize the difference between the values, the mean squared error was calculated, yielding a value
of 21.23, an acceptable value for the simulation conducted. The slight discrepancy is likely due to
the high viscosity of the lubricant, which requires extended simulation times that may exceed the
relaxation time of the molecules (Lin & Kedzierski 2020).

"= /OO<Paﬁ(t).PaB(O)>dt. (4
0

Where: 5 is the thermal conductivity of the system; V is the volume of the system; k is the Boltzmann
constant; T is the absolute temperature of the system; (Paj3) is the heat current density at time; ()
denotes ensemble average.

CONCLUSION

Upon analyzing the obtained results, it is evident that employing molecular dynamics simulations,
facilitated by the commercial software Materials Studio, has proven effective for the intended
objective. Specifically, this approach has been instrumental in assessing lubricant performance
under the rigorous conditions of aircraft turbine operations, characterized by high temperatures
and pressures. Hence, it emerges as a valuable tool for supporting professionals in the realm
of aeronautical lubricants. To validate our simulation, we compared the viscosity results with
experimental data. The values obtained from the simulation were consistent with the experimental
data, with only a slight difference. Although we observed an acceptable mean squared error, it
is important to note that the high viscosity of the lubricant may have limited the accuracy of
the simulation due to the required simulation time, which may exceed the relaxation time of the
molecules.
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The lubricant exhibits improved efficiency and performance as the temperature and pressure
to which it is subjected increase, as indicated by the results. The findings demonstrated that as
pressure and temperature increased, there was reduced mobility of the polymer chains and increased
interaction within the lubricant. This resulted in a lower amount of lubricant adsorbed on the metal,
as evidenced by the relative concentration results. Consequently, the tribological performance of the
material was enhanced, with the molecules in contact with the metal experiencing higher velocity and
temperature, reflected in the lower coefficients of friction under these extreme usage conditions.

Additionally, the shear velocity demonstrated an influence on the tribological behavior of the
lubricant, as evidenced by the friction coefficient results. This impact is due to the temperature and
the velocity that the molecules at the interface with the metal acquire as a result of the applied shear
velocity.

Thus, it is evident that both the environment and the mechanical demand on the lubricant are
factors that impact its tribological performance. However, the mechanisms of each factor are distinct.
While the environment exerts chemical influence, altering the chemical interactions of the lubricant,
shear velocity physically affects the lubricant, aiding friction reduction through the increase in velocity
and temperature within the system.

Therefore, the results elucidated in this article offer promising insights into the effectiveness
of this methodology in fostering the development of new initiatives. Consequently, for forthcoming
research endeavors aimed at expanding upon the current study, there are intentions to investigate
the impact of oxidation on the tribological properties of the lubricant, alongside evaluating any
performance modifications arising from the incorporation of additives into its formulation.
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