
Computing Viscosities of Mixtures of Ester-Based Lubricants at
Different Temperatures
Davide Sarpa, Dimitrios Mathas, Vasilios Bakolas, Joanna Procelewska, Joerg Franke, Martin Busch,
Philipp Roedel, Christof Bohnert, Marcus Wolf, and Chris-Kriton Skylaris*

Cite This: J. Phys. Chem. B 2023, 127, 2587−2594 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Synthetic esters are used as lubricants for
applications at high temperatures, but their development can be
a trial and error process. In this context, molecular dynamics
simulations could be used as a tool to investigate the properties of
new lubricants, in particular viscosity. We employ nonequilibrium
molecular dynamics (NEMD) simulations to predict bulk
Newtonian viscosities of a set of mixtures of two esters, di(2-
ethylhexyl) sebacate (DEHS) and di(2-ethylhexyl) adipate
(DEHA) at 293 and 343 K as well as equilibrium molecular
dynamics (EMD) and NEMD at 393 K and compare these to
experimental measurements. The simulations predict mixture
densities within 5% of the experimental values, and we are able to retrieve between 99% and 75% of the experimental viscosities
for all ranges of temperature. Experimental viscosities show a linear trend which we are able to capture using NEMD at low
temperature and EMD at high temperature. Our work shows that, using EMD and NEMD simulations, and the workflows we
developed, we can obtain reliable estimates of the viscosities of mixtures of industrially relevant ester-based lubricants at different
temperatures.

1. INTRODUCTION
Lubricants are an essential tool to reduce machine degradation
and improve efficiency by reducing the friction between
surfaces.1 Lubricants can be divided into biological and
nonbiological, the first type is required where contamination
must be kept as low as possible as in the food or drug industry.
Nonbiological lubricants are divided into two main categories:
mineral oils and synthetic oils and are the most widespread
types of lubricants.2 Mineral oils are cheap and the most
common in many applications, but they are made from
petroleum which leads to very complex formulations made by
more than 30 different molecules. This makes it hard to
develop new lubricants or to improve their performances.1

Synthetic oils, on the other hand, are more expensive, and they
were developed mainly to work in extreme conditions such as
high temperatures or high pressures.3

Lubricant development is an important field of research in
tribology, but due to lubricant complexity, the process is
mostly trial and error based and not much is known about the
atomistic behavior.1 We need a better approach to predict
viscosity and understand the behavior at a microscopic scale.
In this setting, molecular dynamics (MD) simulations have
come forward as a tool to predict static and dynamic properties
such as density or viscosity for a range of lubricants providing
useful insights into the chemical and physical behavior of such
complex systems.

Viscosity is one of the most important properties to study
because it is directly connected to the friction reduction
behavior and lubrication regime. It is mainly affected by
lubricant composition, temperature, pressure, and shearing. In
the last 40 years, equilibrium (EMD) and nonequilibrium
(NEMD) molecular dynamics simulations have been carried
out by different researchers. Allen et al.4 showed how the
density is affected mainly by intermolecular interactions while
the torsional part of the force field and its coupling to the
translational degrees of freedom affect the viscosity. They show
that this coupling increases with the chain length and that the
time needed for the Green−Kubo viscosity integral to
convergence can be roughly estimated by the rotational
relaxation time, which increases with chain length. This finding
was also confirmed by other authors.5,6 The effects of
temperature, pressure, and other thermodynamic properties
on viscosity have been studied by various researchers.7−13

Molecular dynamics was employed on different systems
including glass, polyethers, ionic liquids, and biolubri-
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cants;14−18 force field impact was also studied.19,20 Lacks et al.
showed that, if the simulations sample a phase space local
minima, it may lead to having a lower or higher shear rate than
expected, and that would influence the value of the viscosity
and suggest the importance of averaging over multiple
trajectories. This provides a simple yet powerful methodology
to solve this problem.21 Lin and co-workers showed the
predictive power of nonequilibrium molecular dynamics for a
polyol system at different temperatures and pressures.22

Equilibrium and nonequilibrium should provide the same
results in the limit of zero shear, but the latter is the most
appropriate for longer, flexible molecules5,6 while the former
works best for low viscosity fluids, lower than 20 mPa s.23

Numerous detailed reviews are available on the use of
molecular dynamics in tribology simulations, and the reader
should refer to these for more information on the field.24−26

In our group, we have previously studied the effect of
pressure, temperature and force field on an 9,10-dimethylocta-
decane system which was studied as a model of PAO-2
lubricant as it is one of the main components.13 We then
decided to focus on more realistic yet simple systems as the
mixture of two synthetic esters, di-2-ethylhexyl sebacate
(DEHS) (Figure 1a) and di-2-ethylhexyl adipate (DEHA)

(Figure 1b). They are industrially relevant lubricants, and their
applications involve high temperatures and/or pressures.27−34

In addition, most molecular dynamics simulations of mixtures
consist of linear, branched alkanes or fatty acids.18,35,36 To the
best of our knowledge there are no molecular dynamics
simulations for ester mixtures in the literature. Our goal is to
provide a workflow for ester mixtures that allow a reliable and
accurate viscosity prediction that could lead to a better
understanding and design of future ester-based lubricants. We
evaluated densities and viscosities via experiments and NEMD
simulations at two different temperatures, 293 and 343 K, and
via experiments, NEMD, and equilibrium molecular dynamics
(EMD) at 393 K, on a set of mixtures: DEHS and DEHA
samples were blended in 10% steps from 100% DEHS up to
100% DEHA for a total of 11 different mixtures.
In section 2, methodology and computational and

experimental procedures are explained, in section 3, main
results and their discussion are presented, and in section 4,
conclusions are presented.

2. METHODOLOGY
2.1. Equilibrium Molecular Dynamics. Molecular

dynamics is a simulation technique used to solve Newton’s
equations of motion for a collection of interacting particles.

The interactions are modeled via an empirical force field for
which the general form is

= + + +V V V V Vtot bonds angles dihedrals nonbonded (1)

Many algorithms are available to solve the equations of
motion; in this work the velocity Verlet algorithm was used.37

In equilibrium molecular dynamics, it is possible to compute
transport properties by making use of the Green−Kubo
formulas that relate transport properties with correlation
functions of the system;38 for viscosity it is equal to

= V
k T

t P t Pd ( ) (0)
b 0 (2)

where kbT is the Boltzmann constant, T is the temperature, and
the integrand is the autocorrelation function of the off-diagonal
components of the pressure tensor.
The convergence of the integral depends on the simulation

time as well as the decay of the autocorrelation function.
2.2. Nonequilibrium Molecular Dynamics. Nonequili-

brium molecular dynamics is a simulation technique in which a
perturbation is applied to the system to closely represent real-
world applications. Nonequilibrium MD implements a new
algorithm called SLLOD39,40 which applies a streaming
velocity by introducing a fictitious external field in the
equations of motion:

= + ·

= ·

r
p
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where ∇v is the streaming velocity. In lubricant simulations, we
are mainly interested in planar shear flow for which the
streaming velocity is equal to
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where = v
y
x is the shear rate or the magnitude of the velocity

gradient.
These new equations have to be used with a set of proper

periodic boundary conditions (pbc) for a planar shear rate.
The appropriate pbc are the Lee−Edwards periodic boundary
condition or the Lagrangian−Rhomboid.40 The equations of
motion are further modified by introducing thermostats and/
or barostats. In particular, the Nose−́Hoover thermostat and
barostat were used in this study to maintain constant pressure
and temperature.41,42

In NEMD simulations, it is possible to directly calculate the
viscosity by

=t
P t

( )
( )xy

(5)

where ⟨Pxy(t)⟩ is the average of the off-diagonal term of the
pressure tensor and is the shear rate.
System size, long-range cutoff, time step, shear rate, and

simulation length were investigated via trial and error process.
2.3. Computational Details. 2.3.1. System Setting. A set

of 11 mixtures with different concentrations of DEHS and
DEHA were prepared using Packmol43 to generate starting
configurations which were then used by Moltemplate44 to

Figure 1. Structures of two esters, sebacate (top) and adipate
(bottom), studied in this work.
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generate the files necessary to run the simulations using the
molecular dynamics software LAMMPS.45

Each system consists of ≈12000 atoms (the numbers of
DEHS and DEHA molecules per mixture are available in Table
S1), and the force field employed throughout this work is the
L-OPLS-AA46 with a long-range cutoff of 12 Å. The reciprocal
space part is solved using the PPPM algorithm47 with a relative
error in forces of 1 × 10−4. All systems were run using 1 fs as
the time step.
2.3.2. Equilibration. Each system first underwent a

minimization step with energy and force thresholds of 1 ×
10−5 kcal/mol and 1 × 10−7 kcal/mol/Å, respectively, and then
went through a 5 ns NVT run with a temperature damping
parameter of 100 fs to reach the target temperature of 293,
343, or 393 K. A 20 ns NPT run was performed to allow the
system to relax its volume and reach the target pressure of 1
atm. Another 5 ns NPT simulation was also run, and the
average density was calculated. The system was then scaled to
match the average density as in ref 22; then the systems were
allowed to relax with another 5 ns NVT simulation. This was
the starting point for both EMD and NEMD following
different workflows.
2.3.3. EMD Simulations. For the EMD only the system at

393 K was studied and the system underwent a 5 ns NVT
simulation, at the end of which five configurations of positions
and velocities were saved 50 fs apart from each other. These 5
different data files were used to run the EMD production runs
which consisted of an 80 ns NVT run; the autocorrelation and
viscosity were calculated on the fly via fixes available in
LAMMPS as an average of 3 off-diagonal pressure tensor
values, Pxy, Pyz, Pxz. The viscosity reported in this study is the 5
trajectory average.
2.3.4. NEMD Simulations. The system was sheared for 10 ns

using a NVT/sllod run with a shear rate of 1 × 108 s−1, at the
end of which five configurations of positions and velocities
were saved 50 fs apart from each other. These data files will be
used as a starting point for the production run, generating in
total 5 different trajectories per mixture where the final
viscosity will be the average of trajectory viscosities (Figure
2a). The production run consists of 40 ns using a NVT/sllod
run with a shear rate of 1 × 108 s−1. The viscosity for each
trajectory was calculated using the last 35 ns. The velocity
profile was checked to be linear for all trajectories as expected
from bulk shear rate lubricant simulations.

2.4. Experimental Procedure. The dynamic viscosities
and the densities of DEHS and DEHA mixtures were

measured by using an Anton Paar Stabinger viscometer,
Stabinger SVM 3001, with autosampler XSample 530.
The Stabinger viscosity measurement principle is based on a

floating cylinder in test fluid which is centered by a rotating
force. This is tracked in terms of speed and torque as viscosity
indicators by a magnetic field and retarder, avoiding any
bearing friction. Density is captured by the principle of a
bending oscillator. The measurements could be done in an
effective range from 0.2 up to 30000 mm2/s. Based on dynamic
viscosity and density the kinematic viscosity, ν, could be
calculated as

=
(6)

where ν is the dynamic viscosity and ρ is the density.
The shear rate is part of the measurement principle and

depends on the measured viscosity; hence, it could not be
preselected. Shear rate value in experimental measurements is
at most in the range of 1000 s−1. This could be considered as
low shear compared to bearing applications, but the value is
comparable to measuring methods such as Ubbelohde. DEHS
and DEHA samples were blended in 10% steps from 100%
DEHS up to 100% DEHA. The measurements were done
under normal pressures and covered three temperatures (293,
343, and 393 K) for every mixture. The densities and
viscosities reported are an average of 2 and 3 different
measurements, respectively.

3. RESULTS AND DISCUSSION
3.1. Experimental Results. Table 1 reports the measured

densities in g cm−3 and measured viscosities in mPa s at 293,
343, and 393 K. All measurements were obtained at
atmospheric pressure.
The simulated and experimental densities for the mixtures

were plotted in Figure 2b, as a function of DEHS
concentration. The densities decrease as the temperature
increases, as expected.
Figure 3 plots the measured viscosities as a function of

DEHS concentration at 293 K (Figure 3a), 343 K (Figure 3b),
and 393 K (Figure 3c). We decided to fit the viscosity data to a
linear function:

= +y Ax B (7)

where x is the concentration by weight of DEHS in the
mixtures. The viscosities change linearly with mixture
composition at all temperatures. The B values correspond to
the viscosities of pure DEHA, and the A corresponds to the
slopes of the fit.
The standard deviations for the viscosity measurements are

reported as percentages of the mean and are on average 1.25%
for the systems at 293 K, 1.04% at 343 K, and 1.08% at 393 K.

3.2. Simulation Results. 3.2.1. NEMD. We performed
NEMD simulations on three different temperatures to be
compared to experimental results. Density values are reported
in Table 2 while viscosities are shown in Table 3.
The viscosities reported are trajectory averages (Figure 2a),

and the standard deviation reflects the spread of those
trajectories. The number of trajectories used to calculate the
average was selected by looking at the individual trajectories to
check if any of them was trapped in local minima, a region of
lower or higher viscosity than expected.21

In Figure 2, we plot (right) both the simulated and
experimental densities as a function of DEHS concentration.

Figure 2. Viscosity values from 5 different trajectories for the 10%
DEHS 90% DEHA mixture at 343 K (left), Experimental and
simulated densities (right) in g cm−3 as a function of DEHS
concentration (wt %) at 293, 343, and 393 K. Circles are experimental
data; diamonds are simulated data.
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The simulated densities show, for all temperatures, a
decreasing trend in values. At 293 K simulated densities are
on average lower than experimental ones by 2.13%, at 343 K by
3.11%, and at 393 K by 4.3%. L-OPLS-AA underestimates

densities for all temperatures. The simulations get less accurate
as the temperature increases, which is in agreement with
another similar study.22

Simulation viscosities were compared to the experimental
measurements, and all values are, on average, lower than their
respective experimental viscosities by 17.4% and no higher
than 25%, which is in agreement with values from a study on a
closely related polyol system at different pressures and
temperatures.22 We applied the same fitting function to the
simulated values, and the linear behavior is obtained only in
the simulation at 293 K with R2 = 0.95; the slope is comparable
to the experimental value, but the viscosities are on average
underpredicted by 2 mPa s. The situation gets worse for the
simulations at 343 K with R2 = 0.12 and at 393 K with R2 =
0.45. Increasing the temperature from 293 K (Figure 4a) to
343 K (Figure 4b) and 393 K (Figure 4b) decreases the
viscosity exponentially, but the spread between trajectories
does not decrease. This could lead to problems with the
detection of possible linear or nonlinear relations in viscosity
simulations at high temperatures, or more generally, this could
be the case for low viscosity lubricants.
The underprediction of viscosities could be linked to the

force field limitations or the use of a profile-biased thermostat
which assumes a velocity linear profile.40

To decrease the spread of the trajectories at 393 K, we
decided to run new EMD and NEMD simulations for up to
120 ns starting with three mixtures (100% DEHA, 100%
DEHS, and 50% DEHS 50% DEHA) due to being the end and
the middle point of the line plot and providing guidance
whether running for a longer time would decrease the spread.
Table 4 shows that increasing the simulation length

decreases the spread between trajectories for both NEMD
and EMD, and it shows that NEMD seems to be less precise
than EMD.
The error or spread for NEMD at 120 ns is higher than that

for EMD, and it is still higher or at least comparable to that for
EMD at 80 ns. We decided to run EMD on the rest of the
mixtures at 393 K for 80 ns as it appears to be a good trade-off
between computational cost and precision.
Figure 5 shows the line fit for the EMD simulations; the

linearity is more robust compared to the NEMD, with R2 =
0.88 for EMD against R2 = 0.45 for NEMD, which shows that
the spread of trajectories played a big role in the noisier
NEMD simulations and consequently in the linear fit. EMD
can predict the linear trend qualitatively, but the slope and
intercept are still off from the experiments.

Table 1. Experimental Densities, ρ, in g cm−3, and Dynamic Viscosities, η, in mPa s, at 293, 343, and 393 K for the 11 Mixtures
Studied

Mixture (wt %) Density (293 K) Density (343 K) Density (393 K) Viscosity (293 K) Viscosity (343 K) Viscosity (393 K)

100% DEHS 0% DEHA 0.9141 0.8779 0.8421 21.53 4.86 2.08
90% DEHS 10% DEHA 0.9141 0.8781 0.8418 21.14 4.82 2.07
80% DEHS 20% DEHA 0.9153 0.8791 0.8429 20.22 4.66 2.01
70% DEHS 30% DEHA 0.9166 0.8813 0.8446 19.35 4.33 1.91
60% DEHS 40% DEHA 0.9185 0.8813 0.8461 18.10 4.31 1.83
50% DEHS 50% DEHA 0.9186 0.8825 0.8471 17.70 4.12 1.76
40% DEHS 60% DEHA 0.92105 0.8838 0.8468 16.36 3.96 1.75
30% DEHS 70% DEHA 0.9226 0.8847 0.8474 15.46 3.82 1.70
20% DEHS 80% DEHA 0.9232 0.8857 0.8484 14.97 3.68 1.64
10% DEHS 90% DEHA 0.9241 0.8868 0.8492 14.41 3.54 1.59
0% DEHA 100% DEHA 0.9254 0.8877 0.8488 13.72 3.43 1.54

Figure 3. Experimental data and linear fit as a function of DEHS
concentration at 293 K (top left, blue), 343 K (top right, orange), and
393 K (bottom, green). The slope intercepts equation and R2 are
reported in the plot.

Table 2. Densities ρ, in g cm−3, Obtained from NEMD 40 ns
Simulations with a Shear Rate of 1 × 108 s−1 at 293, 343,
and 393 K for the 11 Mixtures Studied

Mixture 293 K 343 K 393 K

100% DEHS 0.8926 0.8472 0.8014
90% DEHS 10% DEHA 0.8936 0.8480 0.8029
80% DEHS 20% DEHA 0.8975 0.8511 0.8050
70% DEHS 30% DEHA 0.8957 0.8497 0.8052
60% DEHS 40% DEHA 0.8987 0.8511 0.8058
50% DEHS 50% DEHA 0.8989 0.8515 0.8058
40% DEHS 60% DEHA 0.8995 0.8535 0.8071
30% DEHS 70% DEHA 0.9011 0.8547 0.8085
20% DEHS 80% DEHA 0.9025 0.8510 0.8090
10% DEHS 90% DEHA 0.9032 0.8563 0.8098
100% DEHA 0.9023 0.8547 0.8089
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We have run NEMD and EMD simulations for 11 different
mixtures of esters at three different temperatures and
compared them against experiments. We were able to retrieve
between 99% and 75% of the experimental values, but the
general viscosity trend was retrieved only for the lowest
temperature due to the high spread between trajectories. We
then compared EMD and NEMD for three mixtures to reduce
the spread and EMD proved to be more precise, as it is able to
reproduce, at least qualitatively, the linear behavior at high
temperature. This could be related to the low viscosity values.
In our study, the difference in viscosity between mixtures with

a 10% increase of DEHS is, on average, 0.05 mPa s. This
difference would require the methods and force field to be able
to predict viscosities with a resolution of <0.05 mPa s to
provide a quantitative description via a linear fit. All the raw
viscosity and density data are provided in the Supporting
Information.

3.3. Radial Distribution Function. The observed linearity
in the viscosity plot (Figure 4) could be caused by the
molecules having a similar structure, giving the liquid the
properties of an ideal mixture. We can check this hypothesis by
plotting a radial distribution function (rdf) among DEHS−
DEHS, DEHA−DEHA, and DEHS−DEHA. If the mixture is
ideal, then we would expect the rdf plots to be similar. Figure 6
shows the nonequilibrium all-atom rdfs for the 50% DEHS
50% DEHA mixture at 393 K. As expected, we observe that the
DEHS−DEHS, DEHA−DEHA, and DEHS−DEHA rdfs are

Table 3. Viscosities η, in mPa s, Obtained from NEMD 40 ns Simulations with a Shear Rate of 1 × 108 s−1 at 293, 343, and 393
K for the 11 Mixtures Studieda

Mixture 293 K 343 K 393 K

100% DEHS 0% DEHA 19.35 ± 1.00 (5.2%) 3.78 ± 0.89 (23.5%) 2.07 ± 0.38 (18.4%)
90% DEHS 10% DEHA 17.30 ± 0.91 (5.3%) 3.94 ± 0.24 (6.0%) 1.40 ± 0.36 (26.7%)
80% DEHS 20% DEHA 16.86 ± 2.43 (14.4%) 3.57 ± 0.61 (17.1%) 1.48 ± 0.36 (24.3%)
70% DEHS 30% DEHA 15.38 ± 2.0 (13.0%) 2.74 ± 0.85 (31.0%) 1.51 ± 0.62 (41.0%)
60% DEHS 40% DEHA 15.18 ± 1.08 (7.1%) 2.71 ± 0.53 (19.6%) 1.55 ± 0.30 (19.3%)
50% DEHS 50% DEHA 14.53 ± 1.29 (8.87%) 2.80 ± 0.84 (30.0%) 1.44 ± 0.35 (24.3%)
40% DEHS 60% DEHA 13.71 ± 1.47 (10.7%) 3.72 ± 0.74 (19.9%) 1.67 ± 0.38 (22.7%)
30% DEHS 70% DEHA 13.33 ± 1.13 (8.48%) 3.68 ± 0.22 (6.0%) 1.14 ± 0.36 (31.6%)
20% DEHS 80% DEHA 12.89 ± 0.80 (6.2%) 2.79 ± 0.53 (18.9%) 1.37 ± 0.34 (24.8%)
10% DEHS 90% DEHA 12.11 ± 1.59 (13.1%) 3.11 ± 0.42 (13.5%) 1.25 ± 0.44 (35.2%)
0% DEHA 100% DEHA 11.90 ± 0.5 (4.2%) 3.24 ± 0.67 (20.8%) 1.26 ± 0.29 (23.0%)

aStandard deviations reflect the spread of the trajectories.

Figure 4. Simulation and experimental fit for three temperatures 293,
343, and 393 K. Dashed lines and circles refer to experimental fit and
values, and full lines and diamonds refer to simulated values. Error
bars reflect the spread of trajectories for simulated values.

Table 4. Experimental and EMD and NEMD Simulations for 3 Mixtures at 393 Ka

Mixture Exp EMD (80 ns) NEMD (80 ns) EMD (120 ns) NEMD (120 ns)

100% DEHS 2.05 1.41 ± 0.1 1.24 ± 0.34 1.46 ± 0.08 1.33 ± 0.13
50% DEHA 50% DEHS 1.79 1.23 ± 0.15 1.62 ± 0.45 1.24 ± 0.09 1.54 ± 0.24
100% DEHA 1.54 1.19 ± 0.08 1.11 ± 0.25 1.16 ± 0.11 1.14 ± 0.22

aSimulations are reported for two different simulation lengths: 80 and 120 ns. Viscosities reported are trajectory averages.

Figure 5. Equilibrium simulation and experimental fit for mixtures at
393 K. Dashed lines and circles refer to experimental fit and values;
full lines and diamonds refer to simulated values. Error bars are given
for simulated values.
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very similar. We can therefore conclude that linear viscosity
behavior is caused by the formation of an ideal mixture.
We have been underestimating the viscosity of this mixture.

A possible cause of this underprediction would be a high shear
rate that causes the fluid to transition to non-Newtonian
behavior, specifically the so-called shear-thinning behavior
where the viscosity decreases as the shear rate increases.
Bernardino and Ribeiro48 showed that, for 1-ethyl-3-methyl-
imidazolium based ionic liquid, a small change between the rdf
of the NEMD simulation compared to the EMD is shear
influenced and their fluid is in a shear-thinning region. Figure 7

shows the all-atom rdf for 50% DEHS 50% DEHA at 393 K for
both NEMD and EMD where we observe perfect agreement.
This allows us to assess the Newtonian regime of the NEMD
simulation.

4. CONCLUSIONS
We performed experiments and nonequilibrium molecular
dynamics (MD) 40 ns simulations on 11 different mixtures of
two synthetic diesters at 293 and 343 K with a shear rate of 1 ×
108 s−1 and equilibrium and nonequilibrium MD simulations at
393 K for up to 120 ns. We employed a 5 trajectory average to
avoid a skewed viscosity in case the system is stuck in local
minima. We showed that the experimental viscosities of
mixtures follow a linear trend for all temperatures, but only the

simulations at 293 K were able to show the same linear trend
via NEMD while simulations at 343 and 393 K did not show a
trend. To solve this issue, we ran NEMD and EMD
simulations at 393 K and the latter were able to achieve a
low enough spread which led to the prediction of the expected
linear trend, at a qualitative level. This is probably due to the
small differences in viscosity between the mixtures, as such
accuracy is beyond what can be obtained via MD and force
fields. Viscosity values were overall underpredicted but were
able to retrieve between 99% and 75% of the experimental
value, the underestimation of viscosity could be caused by
limitations of the force field or in the use of profile-biased
thermostats which assume a linear velocity profile. Possible
solutions both to underestimation and to the possibility of
reproducing experimental trends would be to include viscosity
during the force field parametrization and to employ
configurational thermostats, but these developments are not
available in commonly used simulation packages. In con-
clusion, NEMD simulations and EMD simulations using L-
OPLS-AA and employing a 5 trajectory average predicted
viscosity between 99% and 75% of experimental values. We
expect that this study will serve as a basis for future simulations
of mixtures of industrially relevant ester-based lubricants at
different temperatures.
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