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Computational predictions of the high-pressure viscosity of hydrocarbon mixtures could accelerate the development of
fuels and lubricants with improved performance. In this study, we use molecular dynamics simulations to study the
viscosity and density of methylcyclohexane, 1-methylnaphthalene, and their binary mixtures at 323 K and pressures of
up to 500 MPa. The simulation results are in excellent agreement with previous experiments available up to 100 MPa
for both pure compounds (200 MPa for 1-methylnaphthalene) as well as the binary mixtures. For 1-methylnaphthalene,
the viscosity initially increases slower-than-exponential with pressure before it reaches an inflection point and then
increases faster-than-exponential. The inflection point (300 MPa) occurs at a pressure slightly below the one at which
1-methylnaphthalene is expected to enter the supercooled phase (400 MPa). For methylcyclohexane, the increase in
viscosity with pressure is slower-than-exponential over the entire pressure range studied. The binary mixtures show
intermediate pressure-viscosity responses between the two pure cases. The applicability of equations commonly used
to describe the pressure dependence of viscosity, as well as the viscosity of binary mixtures, is evaluated against the
computational predictions.

I. INTRODUCTION

Accurate predictions of the shear viscosity of liquid hy-
drocarbons are crucial in the oil and gas industry.1 In the
downstream sector, hydrocarbon mixtures such as fuels2 and
lubricants3 are routinely exposed to very high pressures. For
example, pressures inside inside common rail diesel engines
can reach 300 MPa,2 while those inside gears, cams, and
rolling bearings often exceed 1 GPa.4 Accurate high-pressure
viscosity measurements are required to understand fuel in-
jection behaviour2 and make reliable elastohydrodynamic lu-
brication film thickness and friction predictions.5 Most pre-
vious high-pressure viscosity measurements have been con-
ducted using either well-defined, single-component fluids or
multi-component commercial fuels and lubricants, whose ex-
act molecular composition is rarely known. Only a handful of
studies have investigated the high-pressure viscosity of well-
defined molecular binary mixtures.

Some of the first experimental measurements of the high-
pressure viscosity of hydrocarbon binary mixtures were con-
ducted in 1935 by Dow6 using a falling-body viscometer.
They found that, for n-alkane mixtures (e.g. n-hexane/n-
decane), the empirical Arrhenius equation7 for the viscosity
of binary mixtures was obeyed up to pressures of 400 MPa.6

This observation suggested that the viscosities of the n-alkane
blends were close those expected for ideal mixtures,8 even at
very high pressure. During the 1980s, Dymond et al.9,10 stud-
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ied the viscosity of binary mixtures of normal paraffins using
a falling-body viscometer up to pressures of 500 MPa. They
found that the viscosity of binary mixtures of n-hexane + n-
hexadecane9 and n-octane + n-dodecane10 deviated from that
expected for ideal mixtures at high pressure. The viscosity of
these mixtures was accurately described using the empirical
mixing rules developed by Grunberg and Nissan11 for non-
ideal mixtures.

Only a small fraction (< 5%) of the volume of a typical
lubricant is made up of normal paraffins,12 which mostly
consists of iso-paraffins, naphthenics, and aromatics.13 Sev-
eral research groups have studied the high-pressure viscosity
of binary mixtures containing these components, which are
more relevant than n-alkanes for mineral oil-derived products.
For example, Griest et al.14 measured the high-pressure
viscosity of binary blends of paraffinic, naphthenic, and
aromatic hydrobarbons with 25-26 carbon atoms up to
350 MPa using a rolling-ball viscometer. They found that
the viscosity of the binary mixtures was within 5 % of the
pure compounds equivalent to them in molecular weight and
average molecular structure. From this observation, they sug-
gested that the viscosity of these compounds was an additive
function of their constituent functional groups.14 Dymond
et al. studied the viscosity of iso-octane + n-octane15 and
toluene + n-hexane16 blends using a falling-body viscometer
up to 500 MPa. Tanaka et al.17 measured the viscosity of
n-octane + cyclohexane, n-dodecane + cyclohexane, and
n-hexadecane + cyclohexane binary mixtures up to 150 MPa
using a torsionally-vibrating crystal viscometer. The viscosity
of all of the binary mixtures studied by Dymond et al.15,16

and Tanaka et al.17 could be described using the Grunberg-
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Nissan11 mixing rules. Boned and co-workers have studied
the high-pressure (≤ 100 MPa) viscosity of a wide range
of binary mixtures using a falling-body viscometer.18–25

These mixtures have included; n-heptane + nonylbenzene,18

toluene + 2,6,10,14-tetramethylpentadecane,19 toluene +
1-methylnaphthalene,19 toluene + heptamethylnonane,19

n-heptane + methylcyclohexane,20 n-heptane +
1-methylnaphthalene,20 methylcyclohexane + 1-
methyhnaphthalene,20 2,2,4,4,6,8,8-heptamethylnonane
+ tridecane,21 2,2,4,4,6,8,8-heptamethylnonane + 1-
methylnaphthalene,22 2,2,4,4,6,8,8-heptamethylnonane +
methylcyclohexane,23 2,2,4,4,6,8,8-heptamethylnonane
+ cis-decalin,24 and methylcyclohexane + cis-decalin.25

Recently, Bair and Flores-Torres26 have studied the high-
pressure viscosity of binary blends of different viscosity
grades (containing different average molecular weights) of
the synthetic base oil poly-alpha-olefin (PAO). They found
that the Grunberg-Nissan11 mixing rules successfully predicts
the viscosity of the blends, even at very high pressure (≤
1.4 GPa).26 However, the applicability of these mixing rules
has not been tested for well-defined molecular fluids with
different types of intramolecular interactions at high pressure.

In addition to experiments, molecular dynamics (MD) sim-
ulations are now frequently employed to study high-pressure
viscosity of hydrocarbon fluids.27 This has been facilitated
through recent advances in force field accuracy28 as well as
MD simulation software capable of exploiting hybrid super-
computer architectures.29–32 For example, the 10th and 11th

Industrial Fluid Properties Simulation Challenges showcased
the ability of molecular simulations to predict the experimen-
tal viscosity of iso-paraffinic (2,2,4-trimethylhexane33) and
aromatic (1,1-diphenylethane) molecules up to 1 GPa. Several
entries34–36 achieved viscosity values in good agreement with
those obtained experimentally, even at very high pressure. A
common theme in the successful entries was the use of an all-
atom force field, which has been shown previously to be im-
portant for accurate viscosity predictions of long-chain hydro-
carbons.28 Several other studies have used MD simulations to
investigate the viscosity of hydrocarbon mixtures;37–46 how-
ever, only a few of these have calculated viscosities at ele-
vated pressure. In a recent study, Verma et al.42 studied the
viscosity of n-octane + n-dodecane and n-hexadecane + n-
decylbenzene binary mixtures up to 200 MPa using the Green-
Kubo method.47,48 They found that the Grunberg-Nissan11

mixing rules accurately described the mixture viscosities in
the pressure range studied.42 More recently, Pisarev and
Kondratyuk44 investigated the viscosity of liquid n-methane
+ n-butane + n-pentane ternary mixtures up to 70 MPa using
the reverse nonequilibrium molecular dynamics (RNEMD)
method.49 Prentice et al.46 studied the viscosity of a model
PAO consisting of hydrogenated 1-decene trimers (80 %) and
tetramers (20 %) up to 1 GPa using nonequilibrium molecular
dynamics (NEMD) simulations with the SLLOD method.50

In this study, we use MD simulations and the Green-Kubo
method47,48 to study the high-pressure viscosity of an aro-
matic molecule, a cycloaliphatic molecule and several of their
binary mixtures. This method is a more direct route to the
low-shear (Newtonian) viscosity compared to NEMD and

FIG. 1. Molecular structures of the studied hydrocarbons: 1-
methylnaphthalene (C11H10) and methylcyclohexane (C7H14).

RNEMD.27 We selected the methylcyclohexane (C7H14) + 1-
methylnaphthalene (C11H10) binary mixture, for which den-
sity and viscosity data is available up to 100 MPa.20 The ex-
perimental measurements were made at low shear rates, ensur-
ing that Newtonian viscosities were measured. After verifying
the selected all-atom force field up to the pressures available
experimentally, we studied the viscosity of the binary mixture
up to the pressures (500 MPa) commonly reached inside non-
conformal lubricated contacts. We confirm the applicability of
expressions commonly used to describe the pressure-viscosity
response of lubricants. We also show that the Grunberg-
Nissan11 mixing rules can describe the mixture viscosity of
the mixtures over the entire pressure range studied.

II. METHODOLOGY

The molecular structures of C7H14 and C11H10 are shown
in Fig. 1. They are representative of the low-molecular-weight
naphthenic (C7H14) and aromatic (C11H10) components of
diesel fuels (C6-C21

51), and lubricant base oils (C10-C40
12).

Baylaucq et al.20 have measured the density and viscosity of
C7H14, C11H10, and several binary mixtures up to 100 MPa
(T = 303-343 K) using a resonance densiometer and a falling-
body viscometer. Data was obtained for mole fractions of
C7H14, xa = 0.000, 0.125, 0.250, 0.375, 0.500, 0.625, 0.7500,
0.875, and 1.000.20 The viscosities of the individual compo-
nents have also been reported up to higher pressures. For ex-
ample, Caudwell et al.52 measured the density and viscosity
of C11H10 up to 200 MPa (T = 298-473 K) using a vibrating-
wire viscometer. C7H14 was one of the fluids selected by
Bridgman53 in his seminal studies on high-pressure viscos-
ity; he measured its viscosity up to pressures exceeding 1 GPa
(T = 303-348 K) using a falling-body viscometer. Jonas et
al.54 also measured the density and viscosity of C7H14 up to
500 MPa (T = 203-298 K) using a rolling-ball viscometer.

The pressures inside common rail diesel engines can reach
300 MPa,2 while those inside many lubricated engineering
components often exceed 1 GPa.4 The viscosity becomes
more difficult to resolve at higher pressures in MD simu-
lations due to the longer rotational relaxation times of the
molecules.55 In the Green-Kubo method,47,48 this increases
the integration time required, which is undesirable due to
noise accumulation.56 As a result, this approach is most
suited to calculating systems with viscosities up to approxi-



J. Chem. Phys. 3

FIG. 2. A snapshot of the simulation cell containing an equimolar
mixture of C7H14 (blue) + C11H10 (red) during an NVT simulation
at 323 K and 0.1 MPa. Hydrogen atoms and double bonds not shown.
Visualized with VMD.60

mately 50 mPa·s.57 For systems with higher viscosities, less
direct methods, such as NEMD27 have been successfully
employed.34,46,58 As a reasonable compromise, we studied
the viscosity of the pure systems and binary mixtures up to
500 MPa in the current MD simulations. We selected an inter-
mediate temperature (T = 323 K) from the experiments con-
ducted by Baylaucq et al.20 This is within the range of operat-
ing temperatures for fuels2 and lubricants.59

MD simulations were performed using the Large-
Scale Atomic/Molecular Massively Parallel simulator
(LAMMPS) software29 with graphic processing unit (GPU)-
acceleration.30,31 The MD simulations required significant
computational resources and were performed on state-of-art
hybrid supercomputers.32 The condensed-phase optimised
molecular potentials for atomistic simulation studies (COM-
PASS) force field,61 with parameters obtained from ab-initio
data, was used throughout. COMPASS is a Class II force
field, the bonds and angles are described by the non-harmonic
functions, and all of the intramolecular interactions exchange
energy via cross terms.61 In the COMPASS force field,
the van der Waals interactions are represented by a 9-6
potential, rather than the conventional 12-6 Lennard-Jones
form.61 The unphysically divergent power-law repulsion
causes the 12-6 form to fail at high pressure.62 It has recently
been demonstrated that COMPASS accurately predicts the
high-pressure viscosity (p < 1 GPa) of small iso-paraffinic
(2,2,4-trimethylpentane and 2,2,4-trimethylhexane)35,63

and aromatic (1,1-diphenylethane)63 hydrocarbons. The
COMPASS force field, and its derivatives (such as the TEAM
force field36) have also been used in recent high-throughput
MD simulations to screen the viscosity of alkanes64 and

other organic molecules.65 In this study, the cutoff radius for
the 9-6 interactions was 12 Å, while long-range Coulomb
interactions were calculated using the particle-particle,
particle-mesh (PPPM) algorithm66 with a relative error in the
forces of 10−4. The reversible REference System Propagator
Algorithm (rRESPA) was used with a time step of 2 fs for
the 9-6 and Coulomb interactions, 0.25 fs for the bonds and
angles, and 1 fs for the dihedrals and impropers.67

The initial configurations were prepared as .car and .mdf
files and then transferred to LAMMPS using the msi2lmp tool.
The initial system for each simulation is a gas (density ≈ 0.1
g cm−3) of approximately 500 randomly orientated molecules
in an orthogonal simulation cell. Periodic boundary condi-
tions were used in all three Cartesian directions. Systems
with mole fractions of C7H14 in C11H10, xa = 0.00, 0.25, 0.50,
0.750, and 1.00, were constructed. Since the shear viscosity is
not system-size dependent (above a characteristic size68) we
use a similar number of molecules for all of the systems.

First, the systems were energy minimised using the con-
jugate gradient method. Next, volume of the systems was
decreased over 1 ns to densities that are close to the experi-
mental values20 at the target temperature (323 K) and ambient
pressure (0.1 MPa).58 After the compression simulations, the
systems were equilibrated in the canonical ensemble (NVT)
for 1 ns. A snapshot of an equilibrated system containing an
equimolar mixture (xa = 0.5) of C7H14+C11H10 at 323 K and
0.1 MPa is shown in Figure 2. Each subsequent density point
was obtained via compression for 100 ps and equilibration for
a further 1 ns in the NVT ensemble at 323 K. The pressures in
the NVT simulations at ambient densities are within the 0.1-1
MPa range, while the pressures at higher density have stan-
dard errors of about 3 MPa. The temperature was controlled
using the Nosé-Hoover thermostat69,70 with a damping coeffi-
cient of 1 ps. The total linear momentum was zeroed and tail
corrections were applied to the energy and pressure during the
simulations.61

We then used the Green-Kubo method47,48 to calculate the
shear viscosity, η , of the pure components and binary mix-
tures at zero shear rate:

ηαβ = lim
t ′→∞

V
kBT

∫ t ′

0
Cσ (t)dt, (1)

where t ′ is the integration time, V is the volume, kB is the
Boltzmann constant, T is temperature, and Cσ (t) is the shear
stress, σαβ , autocorrelation function (SACF):

Cσ (t) = 〈σαβ (0)σαβ (t)〉, (2)

where the angle bracket indicates the ensemble average. In
high-viscosity systems, achieving convergence of the SACF
integrals can be challenging.57 To improve convergence, we
used the time decomposition method (TDM) proposed by
Zhang et al.56 Here, the Green-Kubo relation47,48 is applied to
multiple independent, short MD trajectories and the averaged
running integral is used to calculate the viscosity.56 The stan-
dard deviation in the individual running integrals is calculated
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and fitted to a power-law function, which is used as a weight-
ing function for the fitting of a double-exponential function to
the averaged running integral.56 The standard deviation is also
used to determine the time range over which the running inte-
gral should be fitted.56 For pressures below 200 MPa, SACFs
were obtained by averaging over 20 independent 2 ns trajecto-
ries in the canonical (NVT) ensemble. At higher pressures, up
to 70 NVT trajectories of at least 4 ns were required to obtain
converged values of the shear viscosity.

The melting point of C11H10 is 242 K at atmospheric
pressure and its predicted freezing pressure is expected to
be approximately 400 MPa at 323 K. This estimation was
made using the Simon equation71 with parameters derived
from experiments between 293-363 K and pressures up to
284 MPa.72 Nucleation is a rare event and complex molecules
do not often crystallize spontaneously on MD simulation time
scales.46 Therefore, at the highest pressures studied here (P≥
400 MPa), C11H10 is expected to be in the supercooled phase,
which occurs when the liquid is cooled or pressurized rapidly
enough to avoid crystallization below its melting point.73 The
melting point of C7H14 is 147 K at atmospheric pressure74 and
experiments by Bridgman53 suggested that its freezing pres-
sure is approximately 900 MPa at 303 K. Thus, C7H14 is ex-
pected to remain in the liquid phase under all of the conditions
studied here. Most of the mixtures are expected to remain in
the liquid phase, although those containing a high mole frac-
tion C11H10 could enter the supercooled phase at the highest
pressures studied.

III. RESULTS AND DISCUSSION

The pressure-dependence of the density for C11H10, C7H14,
and the three C11H10 + C7H14 binary mixtures is shown in
Figure 3. For pure C11H10 (xa = 0.0), the density is the same as
that measured experimentally20 within the uncertainty of the
methods for all of the pressures considered. For pure C7H14
(xa = 1.0), the density from the MD simulations is slightly un-
derestimated (by≤ 2 %) compared to experiment.20 A similar
density under-prediction (≈ 1 %) has previously been reported
for cyclohexane under ambient conditions using the COM-
PASS force field.61 The density under-prediction of C7H14 is
of a similar magnitude at all of the pressures investigated here,
indicating that the pressure-dependence of the density is accu-
rately represented. For the binary mixtures, the density under-
prediction compared to experiment20 increases (from 0-2 %)
with increasing mole fraction of C7H14 in C11H10.

The pressure-density response of hydrocarbons is com-
monly described using the Tait equation:75

ρ−ρ0

ρ
= Alog

(
B+P
B+P0

)
, (3)

where A and B are tunable parameters, ρ is the density at pres-
sure P, ρ0 is density at pressure P0, which is close to ambient.
The parameters used for the fits to the Tait equation75 in Fig-
ure 3 are given in Table I. For all of the systems and conditions
studied, the Tait equation provides an excellent estimation of

xa=0.00 Exp.
xa=0.00 Exp.
xa=0.25 Exp.
xa=0.50 Exp.
xa=0.75 Exp.
xa=1.00 Exp.

xa=0.00 MD
xa=0.25 MD
xa=0.50 MD
xa=0.75 MD
xa=1.00 MD

D
en

si
ty

 [g
/c

m
3 ]

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

1.10

Pressure [MPa]
0 100 200 300 400 500

FIG. 3. The dependence of density on pressure for the pure com-
pounds and binary mixtures at T = 323 K. Experimental data from
Baylaucq et al.20 and Caudwell et al.52 (black). The solid lines are
fits to the MD data using Equation 3 (Tait75). The error bars are
smaller than the symbol size.

xa ρ0 / g·cm−3 A B / MPa AAD
0.00 0.995 0.0952 166.7 0.03%
0.25 0.932 0.0869 112.5 0.26%
0.50 0.864 0.0908 92.5 0.77%
0.75 0.793 0.0862 61.2 1.43%
1.00 0.724 0.0946 56.9 1.76%

TABLE I. Parameters with the relative standard errors used in the fits
to Equation 3 (Tait75) for the MD data in Figure 3 for different mole
fractions of C7H14, xa, in C11H10. The average absolute deviations
(AADs) are between the experiment and the Tait approximations of
MD data.

the density from the MD simulations, as demonstrated by the
small average absolute deviations (AADs).

In the MD simulations, the viscosity was calculated from
the Green-Kubo47,48 integrals. Figure 4 shows some repre-
sentative examples of the convergence of the viscosity using
different integration times in Equation 2. Each colored line
corresponds to a mean value obtained from 20-70 indepen-
dent MD trajectories of at least 1 ns. The black dotted lines
are approximations from the TDM.56

High-viscosity systems require longer integration times,
which leads to increased uncertainty due to the accumula-
tion of noise.56 Figure 4 shows that, for systems with low
viscosity (e.g. xa = 0.00 at 100 MPa), the Green-Kubo47,48

integrals converge without using the TDM. For systems with
higher viscosity (e.g. xa = 0.25 at 456 MPa), the TDM56 is
required in order to obtain converged viscosity values. It is
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FIG. 4. Representative examples of the convergence of the viscosity,
η , from the Green-Kubo47,48 integrals using different integration up-
per time limits, t ′ (Equation 2). Black dotted lines are estimates from
the TDM.56 Error bars represent one standard deviation between the
independent trajectories.

noteworthy that the highest viscosity values obtained in Fig-
ure 4 are above those usually deemed practical with the Green-
Kubo47,48 method (≤ 50 mPa·s).57

Figure 5 shows the pressure dependence of viscosity for
C11H10, C7H14, and the three C11H10 + C7H14 binary mix-
tures. For all of the studied systems, there is excellent agree-
ment between the experimental viscosity data from Baylaucq
et al.20 (P ≤ 100 MPa) and the current MD simulations. For
C11H10, there is also quantitative agreement between the MD
simulations and the experimental data by Caudwell et al.52 (P
≤ 200 MPa) within the uncertainty of the methods. Below
100 MPa, the viscosity increases approximately exponentially
with increasing pressure for both the pure fluids and the bi-
nary mixtures. Comparing the two pure fluids at low pressure,
C7H14 has a lower viscosity (η0 in Table 5) than C11H10, but
a slightly higher pressure-viscosity coefficient (α0 in Table 5).
The higher viscosity of C11H10 compared to C7H14 can be ex-
plained by the larger size of the molecule (leading to more
van der Waals interactions) and the presence of aromatic-
aromatic interactions in C11H10.14,76 Previous experiments
have shown that naphthenic base oils (C7H14) generally have
higher pressure-viscosity coefficients compared to aromatic
base oils (C11H10).77 The strong pressure-dependency of vis-
cosity in naphthenic base oils is generally attributed to the
large steric bulk of cycloaliphatic groups, which begin to in-
terlock at moderate pressure.78

When P > 100 MPa, the pressure-viscosity response of
C7H14 becomes slower-than exponential, as is commonly

observed for relatively low-viscosity lubricants at moder-
ate pressure.79 This type of pressure-viscosity response is
commonly represented using the Roelands80 or McEwen81

equations.79 In the McEwen equation:81

η = η0

(
1+

α0P
q−1

)q

, (4)

where η0 is the low-shear viscosity at zero pressure, α0 is the
pressure-viscosity coefficient, and q is the McEwen exponent.
This is equivalent to the Tait pressure–viscosity equation75 for
low (ambient) reference pressures.79 The blue line in Figure 5
shows a fit to the McEwen81 equation for C7H14, the fitting
parameters are provided in Table II.

When P < 300 MPa, the viscosity of C11H10 increases
slower-than exponentially with pressure. At higher pressure,
the viscosity reaches an inflection point (triangles in Fig. 5),
manifesting the transition to faster-than-exponential growth
of viscosity with pressure. The pressure at the inflection
point (P ≈ 300 MPa) is slightly below to the freezing pres-
sure (P ≈ 400 MPa) predicted using the Simon equation71

for C11H10 at 323 K.72 We observe a pronounced faster-
than-exponential viscosity growth above the freezing pres-
sure, where C11H10 is expected to be in the supercooled liq-
uid phase in the MD simulations.46 This observation sug-
gests that a pressure-induced glass transition58 will occur for
C11H10 at higher pressures. The McEwen equation81 can-
not reproduce the faster-than-exponential viscosity increase
observed in the high-pressure region for C11H10;79 however,
this can be described using the Paluch equation.82 The Paluch
equation82 suggests the existence of a finite pressure, p∞, at
which relaxation times diverge at a given temperature. It is
analogous to the temperature where the viscosity diverges,
T0, in the Vogel-Fulcher-Tammann (VFT) equation.73 How-
ever, the Paluch equation82 cannot describe the slower-than-
exponential viscosity increase with pressure that is observed
in the low-pressure region.5

The type of pressure-viscosity response observed for
C11H10 in Figure 5 (containing an inflection point) was first
observed in 1925 by Bridgman for a wide range of fluids.83

This response has since been reported for many relatively
high-viscosity lubricants at elevated pressure.5,26,84 Recently,
Bair85 developed a hybrid model to describe this type of
pressure-viscosity response by combining the McEwen81 and
Paluch82 equations:

η = η0

(
1+

α0P
q−1

)q

exp
(

CF P
P∞−P

)
, (5)

where CF is the fragility parameter, and P∞ is the diver-
gence pressure proposed by Paluch.82 The hybrid model has
been used to describe the high-pressure viscosity of lubri-
cants from both experiments5,26,84 and MD simulations.34 The
red line in Figure 5 shows a fit to the hybrid model85 for
C11H10, with parameters given in Table II. These results
shows that the COMPASS force field61 is capable of reproduc-
ing the faster-than-exponential viscosity increase with pres-
sure for aromatic molecules (C11H10). Although COMPASS
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accurately represented the experimental viscosity of an iso-
paraffin (2,2,4-trimethylhexane33) up to 500 MPa, it was not
able to reproduce the inflection point at higher pressure.35

In Figure 5, no inflection point is observed in the pressure-
viscosity response of C7H14 at 323 K and pressures of up to
500 MPa. This observation is consistent with previous ex-
periments that have measured the high-pressure viscosity of
C7H14 by Bridgman53 (P ≤ 1 GPa, T = 303 K) and Jonas et
al.54 (P ≤ 500 MPa, T = 203-298 K).

For the binary mixture containing a higher mole frac-
tion of C7H14 (xa = 0.75), the pressure-viscosity response
is very similar to pure C7H14, so the data is fit with Equa-
tion 4 (McEwen81). For the equimolar mixture (xa = 0.50)
and the mixture containing a higher mole fraction of C11H10
(xa = 0.25), the viscosity shows an inflection point and in-
creases faster-than-exponentially with pressure. The pressure-
viscosity response of these systems is therefore fit with Equa-
tion 5 (hybrid85). The open triangles in Figure 5 show that
the inflection point moves to higher pressure with increasing
mole fraction of C7H14. The parameters used for the pressure-
viscosity fits in Figure 5 are shown in Table II. As noted in
previous studies,34 there are substantial uncertainties in the fit
values due to the large number of correlated parameters. The
AADs are of a similar magnitude to those obtained from fits
of the hybrid model to experimental high-pressure viscosity
data for other fluids.5

xa=0.00 Exp.
xa=0.00 Exp.
xa=0.25 Exp.
xa=0.50 Exp.
xa=0.75 Exp.
xa=1.00 Exp.

xa=0.00 MD
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xa=0.75 MD
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FIG. 5. The dependence of viscosity on pressure for the pure com-
pounds and binary mixtures at T = 323 K. Experimental data from
Baylaucq et al.20 and Caudwell et al.52 (black). The solid lines are
fits to the MD data using Equation 4 (xa = 0.75-1.00) or Equation 5
(xa = 0.00-0.50). Error bars from the TDM method56 are smaller
than the symbol size. The inflection points of logη(p) dependencies
according to fit (5) are shown via open triangles (xa = 0.00-0.50) with
the corresponding pressure values.

xa η0 / mPa.s α0 / GPa−1 q CF p∞ / GPa AAD
0.00 1.85 7.38 7.11 7.08 0.50 4.2%
0.25 1.09 7.24 3.44 17.9 0.56 3.2%
0.50 0.74 7.00 2.41 18.0 0.65 6.1%
0.75 0.60 7.66 4.19 - - 3.8%
1.00 0.48 7.82 5.44 - - 8.0%

TABLE II. Parameters used in the fits to Equation 4 (xa = 0.75-1.00)
Equation 5 (xa = 0.00-0.50) for the MD data in Figure 5 for different
mole fractions, xa, of C7H14 in C11H10. AADs are between the fits
and the MD data.

We also studied the change in viscosity with mole fraction
of C7H14, xa, at different pressures. The results are fitted with
two viscosity mixing rules. Arrhenius7 proposed the follow-
ing expression to describe the viscosity of ideal binary mix-
tures, ηab:

log(ηab) = xalog(ηa)+ xblog(ηb), (6)

where xa and ηa are the are the mole fraction and the viscosity
of component a (C7H14), and xb and ηb are the are the mole
fraction and the viscosity of component b (C11H10). Grunberg
and Nissan11 proposed a minor modification to account for
non-ideality:

log(ηab) = xalog(ηa)+ xblog(ηb)+ xaxbG, (7)

where G is a characteristic constant of the system. The
Grunberg-Nissan equation successfully describes the high-
pressure viscosity of many liquid hydrocarbon mixtures rang-
ing from short n-alkanes9,10 to commercial PAO base oils.26 In
these previous studies, the G parameter was found to be com-
position and pressure dependent, but was practically temper-
ature independent for n-alkane9,16 and other hydrocarbon15,16

binary mixtures.
Figure 6 shows the change in logartithmic viscosity with

mole fraction of C7H14, xa, in C11H10 at different pressures.
The pressures in the NVT MD simulations are not at exactly
the same as those used in the experiments. Therefore, we ob-
tained the viscosity values in Figure 6 from Figure 5 using
the intercept of the pressure-viscosity fits with vertical lines at
each target pressure.34

It is clear from Figure 6 that the viscosity of the mix-
tures is lower than the Arrhenius7 predictions (Equation 6)
for an ideal mixture. Negative deviations from ideality have
previously been reported for the viscosity of a similar bi-
nary mixture (benzene + cyclohexane);40 they are indicative
of weak intermolecular interactions between the C7H14 and
C11H10 molecules. The viscosity of the equimolar mixtures is
closer to the low-viscosity component (C7H14) than the high-
viscosity component (C11H10), suggesting that the presence of
C7H14 molecules disrupts the aromatic-aromatic interactions
between the C11H10 molecules.76

The Grunberg-Nissan11 mixing rules (Equation 7) accu-
rately describe the viscosity of the mixtures over the entire
pressure range studied. The G parameter in the Grunberg-
Nissan11 mixing rules gives an indication as to the deviation
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FIG. 6. The change in logarithmic viscosity with mole fraction of
C7H14, xa, in C11H10 at different pressures (T = 323 K). Experimen-
tal data from Baylaucq et al.20 and Caudwell et al.52 (black). The
dotted lines are fits to MD η values for xa = 0 and xa = 1 using
Equation 6 (Arrhenius7). The solid lines are fits to the MD data at
all values of xa using Equation 7 (Grunberg-Nissan11). Error bars
represent the AADs from the fits in Table II.

P / MPa ηa / mPa·s ηb / mPa·s G AAD
0.1 1.85 0.48 -0.81 4.4%
100 4.23 1.16 -0.96 2.0%
200 9.03 2.48 -2.20 1.3%
300 18.53 4.82 -6.27 1.3%
450 76.05 11.48 -36.9 4.3%

TABLE III. Parameters used in the fits to Equation 6 and Equation 7
to the MD data in Figure 6. AADs are between the fits to Equation 7
and the MD data.

from ideality for the mixtures. Note that, as in previous stud-
ies of PAO mixtures,26 a single G value was found to be suffi-
cient to describe the viscosity of all of the mixtures at a given
pressure. Compared to the MD simulations, the Grunberg-
Nissan11 mixing rule slightly overestimates the viscosity of
mixtures with higher mole fraction of C11H10, and underesti-
mates the viscosity of mixtures with higher mole fraction of
C7H14. For the fits of Equation 7 to the MD data in Figure 6,
the G parameter decreases roughly exponentially with pres-
sure, as shown in Table III. A linear decrease in G with in-
creasing pressure has been observed in previous experiments
using n-octane + iso-octane binary mixtures.15 The more rapid
decrease in G with increasing pressure observed here can be
explained by the fact that, at high pressure, the viscosity in-
creases faster-than-exponential with pressure for one of the
mixture components (C11H10), and slower-than-exponential
for the other (C7H14).

IV. CONCLUSIONS

In this study, we use GPU-accelerated MD simulations to
study the viscosity and density of the C7H14 + C11H10 bi-
nary mixture at 323 K and pressures of up to 500 MPa. For
the pure compounds and binary mixtures, the MD simulation
results are in excellent agreement with previous experiments
available up to 100 MPa. For C11H10, the simulation results
are also in quantitative agreement with experimental viscosity
and density data available up to 200 MPa. Over the experi-
mental pressure range, the viscosity increases approximately
exponentially with pressure for both the pure fluids and the
mixtures. Comparing the low-pressure behaviour of the two
fluids, C7H14 has a lower viscosity than C11H10, but a slightly
higher pressure-viscosity coefficient. For C7H14, the increase
in viscosity with pressure becomes slower-than-exponential
above 100 MPa. This type of pressure-viscosity response
is accurately reproduced using the McEwen equation.81 The
pressure-viscosity response of C11H10 reaches an inflection
point at around 300 MPa and then shows a faster-than-
exponential increase. This type of pressure-viscosity response
is described accurately using the hybrid model recently de-
veloped by Bair.85 The onset of the faster-than-exponential
increase in viscosity is slightly below the pressure at which
C11H10 is expected to enter the supercooled phase at the stud-
ied temperature (400 MPa). The mixtures show intermedi-
ate pressure-viscosity responses between the two pure com-
ponents. In the pressure range considered, the viscosity of
the mixture with a higher mole fraction of C11H10 and the
equimolar mixture show an inflection point, while the vis-
cosity of the mixture with a higher mole fraction of C7H14
does not. The viscosity of the mixtures can be accurately
described over the whole pressure range using the Grunberg-
Nissan mixing rules.11 The Grunberg-Nissan G parameter is
negative and the value decreases exponentially with increas-
ing pressure, suggesting that the mixtures become much more
non-ideal.
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