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a b s t r a c t

Shear viscosity is one of the key subjects of molecular modeling studies since this quality is used in the
development of lubricants. In this paper, we use molecular dynamics methods to predict viscosity
dependence on pressure up to 1000 MPa for 2,2,4-trimethylhexane. The COMPASS class II force field is
used to determine atomic interactions in the model. The shear viscosity is calculated using Green-Kubo
and Müller-Plathe methods. To achieve the convergence of the Green-Kubo integral, the time decom-
position method is used. The approach is validated by 2,2,4-trimethylpentane for which experimental
data are available. The calculated 2,2,4-trimethylhexane viscosity coefficient dependence is fit by Tait-
like equation and does not show super-Arrhenius behavior. The Tait fit matches the experiment pro-
duced by Scott Bair for the pressures up to 500 MPa within the accuracy of the methods.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Modern industry is strongly interested in studying the proper-
ties of liquid hydrocarbons since they are components of the lu-
bricants, insulation and fuel liquids. The properties that play a
major role in the process of elasto-hydrodynamic lubrication (EHL)
are the shear viscosity dependence on pressure and the pressure
viscosity coefficient [1]. The classical film thickness formulas
require the latter property, but it is not always clear how to define it
[2]. The viscosity dependence on pressure determines the shape of
friction curve (friction coefficient vs. sliding speed) of oil films [3].
However, such dependencies are often not measured experimen-
tally in the EHL analysis, and the demand for such kind of data is
growing in recent years.

The molecular dynamics (MD) techniques proved useful for the
estimation of such properties [4,5]. There are two approaches for
the calculation of the shear viscosity coefficient in the MD simu-
lations. The first one is a Green-Kubo (G-K) relation [6] in which
viscosity can be found as a time integral of shear stress autocor-
relation function (SACF). SACF is calculated from equilibrium MD
simulation. The second family of methods are non-equilibrium MD
cs and Technology (National
rudny, 141701, Russia.
ondratyuk).
(NEMD) simulations inwhich viscosity coefficient is found from the
ratio of the shear stress to the velocity gradient [7e9]. There are
various works on systems where G-K integral converges without
problems [10e13]. Maginn and coauthours in 2015 proposed a
technique to circumvent the convergence problems in the G-K
method for highly viscous liquids [14]. It is called time decompo-
sition method and has been successfully applied for ionic liquids
[15] and hydrocarbons [16]. The accurate error estimation of the G-
K method for Lennard-Jones liquid has been done by Kim and co-
authors in 2018 [17].

The problems with convergence in G-K for the systems of
complex molecules can be avoided by using NEMD methods
instead for viscosity calculations. The comparison of those methods
is done by Hess for the cases of Lennard-Jones liquid andwater [18].
NEMDmethods have been used for lubricants viscosity calculations
[19]. However, the shear viscosity of the high viscous systems
depend on the shear rate and should be extrapolated to the zero
shear rate. Evans and Cummings make such extrapolations for
liquid rubidium, sodium and water in Ref. [20]. Moore and Cum-
mings calculate zero shear rate viscosity of the n-alkane liquids in
Ref. [21]. Several works demonstrate that the Newtonian regime is
achievable without any extrapolation even in the complex cases for
the hydrocarbons [22e27]. The recent work made by Jadhao in
2017 [28] shows a technique how to extrapolate the NEMD results
on viscosity calculations of squalane to the equilibrium Newtonian
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viscosity that is measured in the experiment.
There are series of works on MD simulations of viscous prop-

erties of hydrocarbons in the past two decades. Allen in 1997 [29]
made an attempt to predict the 2,2,4-trimethylpentane shear vis-
cosity at 0.1 MPa from MD simulations with OPLS-AA [30] and
OPLS-UA [31] force-fields using NEMD. The OPLS-AA potential
value lies very close to the experimental data at 0.1MPa. Lahtela
and coauthors have studied how branching influences the viscous
properties of eicosane isomers using NEMD [32], and they show
that a branch at carbon 2 in chain significantly increases viscosity.
The calculations of kinematic viscosity of three C30H62 isomers
which are lubricant basestocks are done in Ref. [21]. The depen-
dence of the viscosity coefficient on pressure is studied using NEMD
for the branched hydrocarbons at pressures up to 400 MPa in
Ref. [22], for 9-octylheptadecane at pressures up to 1 GPa in
Ref. [24] and for squalane at 0.3 GPa in Ref. [25]. The temperature
dependence of viscosity for 9-octylheptadecane is calculated in
Ref. [23]. The detailed comparison of the classical force fields is
made in Ref. [19] in terms of prediction of lubricants viscosity. The
pressure dependence of viscosity for squalane is predicted in the
work by Jadhao and Robbins [28] which references the extensive
experimental work [33]. However, there are no simulations in the
region of the super-Arrhenius pressure dependence of viscosity
which is important to friction [3].

The aim of the current work is a prediction of viscous properties
for 2,2,4-trimethylhexane for which no experimental data is
available during the Industrial Fluid Properties Simulation Chal-
lenge. This compound is a candidate that has the super-Arrhenius
viscosity dependence. We find a homologous molecule 2,2,4-
trimethylpentane for which a lot of experimental studies are
done. Its chain is only one carbon atom shorter, so we expect it to
have a similar hðPÞ dependence. The dependence of 2,2,4-
trimethylpentane viscosity on pressure is studied experimentally
by Dymond in 1985 [34] (for pressures up to 500MPa) and Padua in
1996 [35] (for pressures up to 100 MPa). The viscosity as a function
of pressure is fitted by a Tait-like equation [36] in Dymond's paper
[34]. This fitting function requires the value of h at 0.1 MPa.

Here, we use molecular dynamics methods to compute the
shear viscosity coefficients for 2,2,4-trimethylpentane and 2,2,4-
trimethylhexane liquids. The rest of the paper is arranged as fol-
lows. In Section 2, details about force field, molecular simulation
technique and system equilibration are presented. Section 3 con-
tains the information about the methods used for the shear vis-
cosity calculations. The calculated viscosity dependencies on
pressure for 2,2,4-trimethylpentane and 2,2,4-trimethylhexane and
their comparison with the experimental data in the case of 2,2,4-
trimethylpentane are discussed in Section 4.
2. Modeling and simulation techniques

2.1. Force field

The choice of the force field determines the properties that can
be obtained from simulations. For the theoretical studies, authors
usually use simple models such as point particle models [37e41],
coarse-grained [42] and united atom models [43] that give quali-
tative results to verify or expand theory. If ones need accurate
estimation of properties, more complex models should be used
[44e52].

In the previous work [53], we studied how different class I force
fields reproduce the equation of state and diffusivity of non-
branched n-triacontane C30H62. The potential energy of the mo-
lecular liquid can be modeled as follows:
E¼ Ebond þ Eangle þ Edihedral þ Eimproper þ EVdW þ ECoul; (1)

where bond, angle, dihedral and improper are intramolecular
atomic interactions, Van der Waals and Coulomb forces act be-
tween atoms inside one molecule and between atoms of different
molecules.

Allen and Rowley in 1997 compare OPLS-AA and OPLS-UA in
terms of the viscosity prediction of different hydrocarbons at 0.1
MPa. The value of h for 2,2,4-trimethylpentane lies very close to the
experimental data, but the pressure dependence is not considered.
In the recent study [19], Ewen compares different united- and all-
atom force fields for MD simulations of lubricants (n-hex-
adecane), 3 pressures up to 200 MPa are considered.

The hydrocarbons equations of state are strongly influenced by
the intermolecular interactions (see, e.g., Ref. [54]). O'Connor shows
that Lennard-Jones 6e12 form for nonbonded interactions fails to
reproduce properties of carbon systems under extreme conditions.
The problems are caused by the strong repulsion term presented by
1 =r12. We think that the force fields described above would fail to
reproduce the viscosity at high pressures relying on the O'Connor's
[55] work.

Therefore, we decide to try COMPASS (condensed-phase opti-
mizedmolecular potentials for atomistic simulation studies) class II
force field [56] for the prediction of viscosity coefficient as a func-
tion of pressure. In the class II force fields, the bonds and angles are
described by the non-harmonic functions, and all the intra-
molecular interactions exchange energy via cross terms. The Van
der Waals nonbonded interactions in COMPASS are presented via
6e9 form which, we expect, gives more trustworthy results at the
pressures of the order of 1 GPa. All the interaction parameters [56]
are given on the LAMMPS user forum [57]. The molecular topology
and force field parameters are given in Supporting Information.

2.2. Details of molecular dynamics simulations

All the calculations are performed for the equilibrated systems
of the 1000 molecules. Since the viscosity does not depend on the
size effects [16,58] that take place in the diffusivity case
[16,53,59,60], only this box size is considered. Non-bonded 1e4
interactions are not scaled. The cut off radius for non-bonded forces
is 12 Å, long-range Coulomb interactions are calculated using the
particle-particle particle-mesh method [61] with the desired rela-
tive error in forces 10�5. The tail corrections for the pressure are
also applied. The equations of motion are integrated using rRESPA
algorithm [62] with a timestep of 1 fs for Lennard-Jones and
Coulomb interactions. The bonds and angles are treated with 0.125
fs, the dihedrals and impropers with 0.5 fs timestep. The simula-
tions are performed in periodic boundary conditions (PBC) using
the LAMMPS package [63] with the use of GPU package [64e66].
Such simulations require a lot of computational resources, so the
optimization of the hardware is considered [67e70].

2.3. System equilibration

The equilibration procedure is done in the following way. The
molecular topology and force field data are generated using
msi2lmp tool in LAMMPS. The initial configuration is 1000
randomly orientedmolecules at the density 0.7 g/cm3. The viscosity
is insensitive to the system size [16,17], unlike the self-diffusion
coefficient which requires size corrections to be calculated pre-
cisely [59]. At the first stage, the energy minimization is performed.
After that, the atoms gain random velocities with the average cor-
responding to the temperature 293 K, and the system relaxes in
Langevin thermostat for 50 ps. After this step, the thermostat is
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switched off and equations of motion are integrated using nve/limit
command in LAMMPS, which restricts the maximal displacements
of atoms in one timestep, preventing ejection of atoms due to
possible overlapping of molecules during relaxation. The third
stage is the relaxation in the isothermal-isobaric ensemble (NPT)
for 2 ns with the required pressure. The average density during this
stage is chosen as the equilibrium density for the given pressure.
The fourth stage is compression to the equilibrium density for 200
ps. The last stage is relaxation in the canonical ensemble (NVT) for 2
ns. The total linear momentum of the system is zeroed at the end of
the relaxation process because any drift of the center of mass (that
can be created during the relaxation process) impairs the accuracy
of viscosity calculation. The example of unit cell is presented on
Fig. 1.

The viscosity calculations for 2,2,4-trimethylpentane and 2,2,4-
trimethylhexane are performed in the microcanonical ensemble
(NVE) for the obtained densities that are shown on Fig. 2a and b.
The 2,2,4-trimethylpentane liquid is used for the verification of the
used model. Fig. 2a shows density data from the experimental
works [34,35] (filled blue and black circles correspondingly). One
can see that both experimental P � r curves are in close agreement.
The reported experimental errors are less than the size of the
points. The rðPÞ dependence can be fitted by the Tait-like equation
[36] which is shown to give accurate approximations for gases,
liquids and solids:

ðr� r0Þ = r ¼ C,log10½ðBþ PÞ=ðBþ P0Þ�; (2)

where r0 is a density at P0, r is a current density at pressure P, C and
B are the fitting constants. The usual choice of P0 is 1 bar¼ 0.1 MPa.

The fits represent the results with a good accuracy. The calcu-
lated densities from the NPT simulations (red open circles) are
slightly overestimated, with the deviation from the experimental
data (blue filled circles) [34] growing with the increase of pressure
and reaching 2% (Fig. 2a) at 500MPa. This effect has an influence on
the viscosity prediction and is discussed in Section 4.

The fitting constants for 2,2,4-trimethylpentane and 2,2,4-
trimethylhexane are presented in Table 1. The applicability of Eq.
(2) to both experimental and MD data reflects the fact that the MD
model predicts the compression of the liquid qualitatively, but the
values of the density can be overestimated. Therefore, the
Fig. 1. The snapshot of the simulation cell of 2,2,4-trimethylhexane at T ¼ 293 K and
P ¼ 0:1 MPa. The number of molecules is 1000. The hydrogen atoms are not shown.
The carbon atoms are colored by the value of charge.
correction for the viscosity should be applied based on the esti-
mations for 2,2,4-trimethylpentane.

3. Shear viscosity calculations

3.1. Müller-Plathe method

The viscosities of liquids and fluids can be calculated by the
reverse non-equilibrium molecular dynamics (RNEMD) approach
[9]. This approach imposes momentum transfer in the simulation
cell. As a response, a velocity gradient is established. The ratio of the
momentum flux to the velocity gradient gives the shear viscosity:

h ¼ jzðpxÞ
vvx=vz

(3)

where jzðpxÞ is the flux of the x-component of momentum in the z
direction.

The flow in the liquid is created via the fix viscosity command in
LAMMPS. The cell is divided into 50 bins in Z direction, and the
average velocity of group of atoms in each layer is calculated. The
MD trajectory lengths that are used to produce the velocity profiles
are 3 ns. The first 50 ps are neglected due to the flow establishment.
For the example, the velocity profiles in 2,2,4-trimethylhexane at
150, 250, 400 and 500 MPa are shown on Fig. 3a. The x-axis cor-
responds to the current location in the z-direction divided by the
box length. The viscosity can be found by dividing the momentum
flux by the velocity gradient. The results are presented on Fig. 3b.
The filled circles of the same color show the values of viscosity at
the various shear rates. The color reflects the pressure. The more
red points correspond to the higher pressures. Dotted lines are
connecting the data points to guide the eye.

The problem of this method is that the shear viscosity coeffi-
cient depends on the shear rate _g ¼ vvx=vz (Fig. 3b). We expect that
the experiment is made for _g below 105 s�1 where liquid is New-
tonian. The problem is that such shear rates are too low for direct
MD simulations. Therefore, we operate with high shear rates above
107 s�1. There are two different types of liquids which are deter-
mined by their behavior at the high shear rates. The first one, called
shear thickening liquids, have the viscosity starts growing with the
strain rate after the Newtonian region at low _g where h is almost
constant. The second one, called shear thinning liquids, have the
decreasing viscosity dependence on the shear rate. Carreau pro-
posed a generalized equation on how it should depend on the _g:

hð _gÞ ¼ hinf þ
�
h0 � hinf

�
ð1þ ððl _gÞ2

�ðn�1Þ=2
; (4)

where h0 and hinf are viscosities at zero and infinite shear rate,
respectively, h is a viscosity at shear rate _g, l is a relaxation time and
n is a power that depends on the type of the liquid.

The solution is to calculate the shear viscosity as a function of
the shear rate and approximate this data to the zero shear rate.
However, in highly viscous liquids, it becomes difficult to establish
weak flows, and very long MD trajectories required. The available
shear rates for such systems produce the values of viscosity that are
beyond the Newtonian regime. The extrapolation technique is
proposed by Jadhao and Robins in 2017 [28] with the help of Eyring
model to extrapolate NEMD viscosity to the Newtonian region for
the glass-former squalene C30H62.

In the case of 2,2,4-trimethylhexane, the same problems appear
with the increase of pressure. At the higher pressures (Fig. 3b), the
Newtonian regime becomes unattainable by RNEMD. The extrap-
olation technique [28] requires the same amount of computational
resources as equilibrium Green-Kubo calculations described in the



Fig. 2. The densities dependencies on pressure for 2,2,4-trimethylpentane (a) and 2,2,4-trimethylhexane (b) liquids. Red open circles are NPT simulations results. Blue and black
filled circles are the experimental data [35,36].

Table 1
The fit parameters C and B for Eq. (2) for the experimental and simulation data for
2,2,4-trimethylpentane and 2,2,4-trimethylhexane.

Compound Method C B [MPa]

2,2,4-trimethylpentane Exp. 0.2 56
MD 0.2 55

2,2,4-trimethylhexane MD 0.2 67
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next section. Thus, we decide to use Green-Kubo relation instead of
RNEMD because it allows to calculate the viscosity coefficient at the
zero shear stress directly. The comparison of the values obtained by
Fig. 3. The averaged velocity profiles in liquid 2,2,4-trimethylhexane at different pressures (
The errors for NEMD values are calculated during the fitting procedure (described in Supp
two different methods makes the results self-consistent.

3.2. Green-Kubo method

The GreeneKubo formula for the shear viscosity hab in ab-plane
is [6]:

hab ¼ lim
t0/∞

V
kBT

ðt0

0

CsðtÞdt; (5)
a) and the shear viscosities h at the different pressures as functions of shear rate _g (b).
orting Information).
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CsðtÞ¼ hsabð0ÞsabðtÞi; (6)

where CsðtÞ is an autocorrelation function, sab are off-diagonal
components of the stress tensor, V and T are system volume and
temperature, and kB is Boltzmann's constant. In practice, the inte-
gral in (5) is typically calculated up to some time t

0
when Cs decays

to zero to the accuracy of numerical simulation. 〈…〉 in (6) is an
average over the canonical ensemble. The shear viscosity h is found
as an average of the hxy, hxz and hyz.

The stress tensor sab is calculated from the following equation:

sabV ¼
XN
i¼1

miviavib þ
XN
i¼1

ria fib ; (7)

where N is a number of atoms, ria and via are a-components of
coordinate and velocity of the i-th atom, and fia is a-component of
the force that acts on the i-th atom.

G-K integral converges without any problems in the cases of
atomic or simple molecular liquids [10e13]. In liquids with high
viscosities, it becomes a challenge to achieve convergence of the G-
K integral (5) because of high correlation times of CsðtÞ. Zhang and
Maginn proposed the time decomposition method (TDM) [14]
which allows to take G-K integral accurately in the case of ionic
liquids and successfully applied it for hydrocarbons [16]. Here, we
also use TDM for the viscosity calculation of 2,2,4-trimethylpentane
and 2,2,4-trimethylhexane.

For the low pressures (0.1e200 MPa), it is enough to determine
CsðtÞ up to 100 ps. At higher pressures, CsðtÞ is calculated up to 300
ps. The averages for CsðtÞ are produced from 30MD trajectories that
are 1 ns long for low pressures and 2 ns long in the cases of high
pressures. In the TDM method, the G-K integral is fitted by the
double exponential function

hðtÞ¼A,a,t1,ð1�expð�t=t1ÞÞþA,ð1�aÞ,t2,ð1�expð�t=t2ÞÞ;
(8)

where A, a, t1 and t2 are the fitting parameters. Fig. 4a depicts
several TDM fits for the different pressures. The CsðtÞ long time
numerical errors are taken into account with 1 =s0:5 weight in the
fitting procedure. We see that the times t1 and t2 grow with the
increase of pressure which can correspond to the more correlated
molecular motion at higher pressures. In our recent work, we ob-
tained that these times are connectedwith the decay times of CsðtÞ.

The results of the TDM method are shown by arrows on Fig. 4b.
We decide to plot them on the dependence of the viscosity on the
shear rate as the zero shear rate approximations. It can be seen that
the RNEMD points come close to the G-K data with the decrease of
shear rate. This fact verifies both techniques converge to the same
Newtonian limit and makes us confident that the results are cor-
rect. In the following data we use G-K values for the prediction of
the shear viscosity of studied hydrocarbons.

4. Viscosity dependence on pressure

4.1. COMPASS verification according to experimental data

The experimental results [34,35] for the viscosity dependence
on pressure can be fitted by a function similar to Eq. (2) for density
(Fig. 5). Kashiwagi and Makita [71] tried Tait equation as a fit
function for the viscosity coefficient but found that the modifica-
tion of the left part works better for n-dodecane whose viscosity
shows strong dependence on pressure:
lnðhðPÞ=h0Þ¼ E,ln½ðDþ PÞ=ðDþ P0Þ�; (9)

where h0 is a shear viscosity at the pressure P0, E and D are fitting
constants. The usual choice of P0 is 1 bar¼ 0.1 MPa. The fitting
parameters for the experimental data are shown in Table 2. These
experimental data do not show super-Arrhenius behavior in the
pressure range observed in the experiments.

The calculated values of h are in good agreement with the
experimental values at low pressures up to 100 MPa. The discrep-
ancy grows with the increase of pressure due to overestimated
densities fromMD (Fig. 2a). The uncertainties for the fitted viscosity
values are estimated by the procedure described in Supporting
Information. The constants E and D for the fit function and their
standard uncertainties are shown in Table 2.

We decide to calculate conventional pressure viscosity coeffi-
cient [2] a0 which is determined as

a0 ¼
�
dðlnhÞ
dP

�����
P¼0

: (10)

It is convenient to use Tait-like fit (9) to find the needed deriv-
ative because it already contains lnðh=h0Þ. Thus, aðPÞ can be found
as E =ðDþ PÞ. The value of a0 ¼ E=D for 2,2,4-trimethylpentane
from the experiment is 10:5±0:4 GPa�1, from the MD calculations
a0 ¼ 10:8±0:6 GPa�1. The simulation results give a very accurate
value of the pressure viscosity coefficient.

Taking into account the overestimation at the high pressures, we
decided that COMPASS can be used for the prediction of hðPÞ and
pressure viscosity coefficient taking into account the density
overestimation.
4.2. Prediction for 2,2,4-trimethylhexane

The obtained shear viscosity coefficient hðPÞ dependence on
pressure for 2,2,4-trimethylhexane is presented in Fig. 6. The hðPÞ
data repeats the trend that is expected from the 2,2,4-
trimethylpentane results described above. The data are fitted by
Eq. (9) as well. The power E of the exponent is 6.1 which is 1.25
times greater than for 2,2,4-trimethylpentane. It gives faster
growth of the viscosity coefficient with the increase of pressure.
The pressure viscosity coefficient a0 is found to be 10:5±0:6 GPa�1

which is very close to the 2,2,4-trimethylpentane value. It can be
explained by the similarities between the molecules. The bench-
mark data is also fitted by the Tait-like equation in the pressure
range 0.1e500 MPa (black curve on Fig. 6). The benchmark value of
a0 is 9:5±0:6 GPa�1.

The Tait fit of MD data matches the viscosity measurements
produced by Scott Bair for the pressures up to 500 MPa within the
accuracy of the methods (black open circles on Fig. 6). At the higher
pressures, the real pressure viscosity dependence shows super-
Arrhenius behavior which is not detected in the current simula-
tion. There are several possible reasons for this discrepancy. First of
all, the COMPASS force field may not reproduce the changes in
liquid state under these conditions where the super-Arrhenius
regime should appear. If COMPASS reproduces the correct state,
the problemmay lie in a lack of statistics due to the huge relaxation
times of SACF at pressures above 500 MPa. The pressure viscosity
coefficient a0 seems to be correct. The predicted density and shear
viscosity data at different pressures is shown in Table 3.

Also, we calculated the reciprocal asymptotic isoviscous pres-
sure coefficient a� which is defined as [2]:



Fig. 4. (a) The dependencies of the Green-Kubo integral on the upper integration limit t
0
(filled circles) and the double exponential fits obtained using the time decomposition

method (8) (solid lines) for 2,2,4-trimethylhexane. (b) The dependence of viscosity on shear rate from NEMD method (filled symbols) and Green-Kubo method (solid lines) as zero
shear rate approximation. Same colors denote the same pressures in (a) and (b).

Fig. 5. The shear viscosity dependence on pressure for 2,2,4-trimethylpentane liquid.
Red open circles are the simulation results obtained by Green-Kubo, blue and black
filled circles are the experimental data [34,35]. The dashed lines are the Tait-like fitting
curves from Eq. (9). Red and blue filled areas display the standard deviations for the
Tait-like fits.

Table 2
The fit parameters E and D for Eq. (9) and errors of the mean for the experimental
and simulation data for 2,2,4-trimethylpentane and 2,2,4-trimethylhexane. The last
column contains values of pressure viscosity coefficient a0.

Compound Method E D [MPa] a0 [GPa�1]

2,2,4-trimethylpentane Exp. 3.87± 0.35 367± 46 10.5± 0.4
MD 4.92± 0.76 457± 94 10.8± 0.6

2,2,4-trimethylhexane Exp. 8.8± 1.5 930± 190 9.5± 0.6
MD 6.11± 0.77 583± 106 10.5± 0.6
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a� ¼
� ð∞

0

h0dp
hðPÞ

��1

z

�
h0

aNhN
þ
XN
i¼1

h0
ai

hi � hi�1
hihi�1

�
; (11)

where ai ¼ lnðhi=hi�1Þ=ðPi � Pi�1Þ. The obtained value is 8.73 GPa�1

which is close to the experimental value of 8.85 GPa�1 presented by
Scott Bair.
5. Conclusions

The molecular dynamics calculations of pressure-dependent
shear viscosity coefficient and pressure viscosity coefficient are
carried out for 2,2,4-trimethylpentane and 2,2,4-trimethylhexane
liquids at 293 K. Two computational methods for the shear vis-
cosity are used: reverse non-equilibrium molecular dynamics
method (RNEMD) by Müller-Plathe and Green-Kubo integration.
The simulations are performed in LAMMPS package using the
COMPASS class II force field.

� The RNEMD method can be used for accurate viscosity pre-
dictions at low pressures up to 100MPa. At higher pressures,
RNEMD does not allow to obtain the Newtonian viscosity due to
the strong dependence of viscosity on shear rate under those
conditions. The shear rates created by RNEMD are too high to
probe the Newtonian regime. Special techniques must be used
for the extrapolation of viscosity values to the zero shear rate.
The need to calculate viscosities at multiple shear rates and
extrapolate to zero at high pressures brings the computational
cost of RNEMD method towards the Green-Kubo method.
Therefore, we apply the Green-Kubo method for the viscosity
calculations to obtain viscosity at zero shear rate.

� The Green-Kubo (G-K) method has problems with the conver-
gence of the integral of stress autocorrelation functions (SACF)
in the highly viscous systems. We use the time-decomposition
method developed by Zhang and Maginn in 2015 to estimate



Fig. 6. The shear viscosity dependence on pressure for 2,2,4-trimethylhexane liquid.
Red open circles are the simulation results obtained by Green-Kubo integration. The
dashed line is Tait-like fit from Eq. (9). Red-filled area displays the standard deviation
for the fit. Black open circles are the experimental data obtained by Scott Bair [72].
Black curve is the Tait-like fit of the experimental data from 0.1 to 500 MPa.

Table 3
The computation results for 2,2,4-trimethylhexane liquid at 293 K. The densities r

are obtained from the NPT simulations. The shear viscosities h are the result of Tait-
like fit (9).

P [MPa] r [g/cm3] h [mPa,s] P [MPa] r [g/cm3] h [mPa,s]

0.1 0.721 0.663 500 0.890 29.1± 1.5
25 0.741 0.856± 0.012 600 0.906 49.9± 2.3
50 0.757 1.09± 0.03 700 0.920 82± 4
100 0.784 1.74± 0.07 800 0.933 130± 7
150 0.804 2.68± 0.14 900 0.945 199± 14
250 0.836 5.86± 0.37 1000 0.955 296± 26
400 0.871 16.1± 1.0
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the value of the G-K integrals. The low-pressure viscosities ob-
tained fromRNEMD and G-Kmethods agreewith each other. For
example, at 25 MPa RNEMD gives 0.78 mPa,s (at the shear rate
about 107 s�1) and G-K gives 0.88 mPa,s. As the pressure grows,
the correlation times of SACF become longer which can be a
result of more correlated molecular motion. The uncertainty of
the computations also grows at the high pressures because one
needs to resolve SACF at the long times. The G-K results lie above
the RNEMD results because the studied hydrocarbons are shear
thinning liquids. We claim that the RNEMD extrapolations to the
zero shear rate at each pressure should reach the G-K values.

� The simulation technique is verified by the experimental data
for 2,2,4-trimethylpentane at 298 K and pressure range from 0.1
MPa up to 500 MPa. COMPASS overestimates the 2,2,4-
trimethylpentane density by 1.5e2% near 500 MPa which
leads to the larger values of viscosity. At the low pressures, MD
results lie close to the experimental data. The viscosity depen-
dence on pressure can be accurately fitted by a Tait-like equa-
tion. The MD and experimental fits overlap within the
accuracies of the fitting procedures. The pressure viscosity co-
efficient is obtained by finding the derivative of the Tait fit. The
calculated coefficient 10:8±0:6 GPa�1 is close to the experi-
mental value 10:5±0:4 GPa�1.

� The 2,2,4-trimethylhexane density dependence on pressure at
293 K follows the Tait-like equation. It means that the force field
reproduces the compressibility of liquid at high pressures. The
values of density can be overestimated in comparison with
experimental data like in the 2,2,4-trimethylpentane case. The
viscosity dependence on pressure is fitted by Tait-like equation
for viscosity. The Tait fit of MD data matches the experiment
produced by Scott Bair for the pressures up to 500 MPa within
the accuracy of the methods. At the higher pressures, the
benchmark pressure viscosity dependence shows super-
Arrhenius behavior which is not detected in the current simu-
lation. The pressure viscosity coefficient a0 values are almost the
same as for 2,2,4-trimethylpentane which can be explained by
the similarities between the molecules. The calculated recip-
rocal asymptotic isoviscous pressure coefficient a� value is 8.73
GPa�1 and almost matches the experimental value of 8.85
GPa�1. All the data are presented in Table 3.
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