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Equilibrium and nonequilibrium molecular dynamics �MD� simulations have been performed in
both isochoric-isothermal �NVT� and isobaric-isothermal �NPT� ensemble systems. Under steady
state shearing conditions, thermodynamic states and rheological properties of liquid n-hexadecane
molecules have been studied. Between equilibrium and nonequilibrium states, it is important to
understand how shear rates ��̇� affect the thermodynamic state variables of temperature, pressure,
and density. At lower shear rates of �̇�1�1011 s−1, the relationships between the thermodynamic
variables at nonequilibrium states closely approximate those at equilibrium states, namely, the liquid
is very near its Newtonian fluid regime. Conversely, at extreme shear rates of �̇�1�1011 s−1,
specific behavior of shear dilatancy is observed in the variations of nonequilibrium thermodynamic
states. Significantly, by analyzing the effects of changes in temperature, pressure, and density on
shear flow system, we report a variety of rheological properties including the shear thinning
relationship between viscosity and shear rate, zero-shear-rate viscosity, rotational relaxation time,
and critical shear rate. In addition, the flow activation energy and the pressure-viscosity coefficient
determined through Arrhenius and Barus equations acceptably agree with the related experimental
and MD simulation results. © 2008 American Institute of Physics. �DOI: 10.1063/1.2943314�

I. INTRODUCTION

An in-depth understanding of ultrathin films at the
atomic level is important in probing the behavior of fluids
with respect to variations of thermodynamics states and
rheological properties, especially for nanolubrication or nan-
otribological processes. Oftentimes, the surface force
apparatus1,2 �SFA�, which can directly measure thicknesses
and frictional forces, or van der Waals �vdW� forces between
two mica surfaces, has been widely used in lubrication unit
to study the thin film’s viscosity on atomic and molecular
scales. When using the SFA, the layer thickness of ultrathin
is at approximately 2.4 nm or about six molecule layers.3 In
such lubrication experiments, liquid n-hexadecane is one of
the more commonly used fluids.2–4

In recent years, molecular dynamics �MD� simulation
has explicitly become a standard tool in the prediction of
macroscopic properties and observed microscopic behaviors
for analytical computer experiments of fluid behaviors. MD
simulation can be classified into two major types, namely,
equilibrium molecular dynamics �EMD� and nonequilibrium
molecular dynamics �NEMD� simulations. EMD simulation,5

based on Newton’s laws of motion, describes various mo-
lecular motions of fluid at equilibrium state. In general, by

using the Green–Kubo �GK� relation5–8 in EMD simulation,
the zero-shear-rate viscosity of liquid molecules can be eas-
ily calculated. Specifically, in studies of fluids with long mo-
lecular chains, the time executed to reach equilibrium condi-
tion must be quite long. So far, the limitation on run length8

is over 1�10−8 time steps �about 13.1 ns� when utilizing the
GK relation for 100 n-hexadecane molecules.6 Thus, the
EMD simulation combining the GK relation becomes an
economically impractical method, since fluids with long mo-
lecular chain require many statistical samples and significant
computational resources to predict the zero-shear-rate
viscosity.

At present, NEMD simulations have been applied in the
practical lubrication process9 to estimate the fluid’s viscosity.
NEMD simulation, dominated by SLLOD equations10–12 of
motion, can realistically describe shear13,14 and
elongation15,16 flows. Until now, few NEMD studies have
been used to analyze rheological properties in the small-
amplitude oscillation shear flow17 and the stress growth upon
inception shear flow.18 Therefore, NEMD simulation is a
widely used numerical method for the prediction of rheologi-
cal properties of fluids. Basically, the extrapolated zero-
shear-rate viscosity8,14,19,20 is obtained at low shear rates by
NEMD simulation of the viscosity–shear rate relationship,
which contains the first Newtonian region and shear thinning
region. Early development of NEMD simulation14,21 for
simple gases of argon �Ar� calculated rheological properties
by Lennard–Jones �LJ� or Weeks–Chandler–Andersen
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�WCA� potentials. In NEMD studies,19,22–31 shear dilatancy
and shear thinning behaviors are often observed nonlinear
behaviors through the variations of thermodynamic states
and viscosities with shear rates, respectively. At high shear
rates, the dependence of pressure or density on shear rate is
known as shear dilatancy.22 In non-Newtonian fluids we
comprehend the phenomenon of shear thinning, which indi-
cates that the viscosity decreases with an increase in shear
rate. On a macroscopic scale, Ar fluid generally behaves like
a Newtonian fluid. Unexpectedly, on a microscopic scale, Ar
fluid also exhibits shear thinning behavior and nonzero nor-
mal stress differences.14 At extreme shear rates over 1
�1013 s−1, shear thickening,21 in which the viscosity in-
creases while shear rate abidingly increases, occurs abruptly.
It obviously shows that microscopic fluid behaviors can vary
significantly from our macroscopic knowledge of fluid
behaviors.

As will be further described in the ensuing NEMD
discussion10,23,28,31–39 via realistic molecular potentials for
many n-alkane molecules, the zero-shear-rate viscosities ana-
lyzed at various thermodynamic states36–39 were shown to
match closely when compared to experimental results. Sig-
nificantly, there was an important finding37 in which NEMD
simulation and experimental data were shown to follow the
same time-temperature superposition master curve.

In addition, some NEMD researches24,40,41 using the fi-
nite extensible nonlinear elastic �FENE� potential24,27,40–44

have described the segmental motion of chains to analyze the
relationship between the zero-shear-rate viscosity ��0� and
the molecular weight �M� for linear chain molecules. Conse-
quently, this �0−M relationship presents that the crossover
point24,40,41 from �0�M1 to �0�M3.0–3.5 corresponds to the
transition of polymer dynamic theory from the Rouse model
regime to the repatation model regime. These results are in
agreement with theoretical45,46 and experimental47–49 results.
In terms of linear and branch isomeric structures,31,35 the
influence of molecular structures on the rheological proper-
ties reveals that the degree of increase in the number of mo-
lecular branches corresponds to an increase in viscosity,
which is also consistent with experimental results.

The primary factors affecting viscosity are changes of
thermodynamic states, namely, temperature, pressure, and
density, as well as molecular structure and weight.47–49 In
practice, most rheological experiments48 are measured under
the conditions of constant temperature and pressure. In rheo-
logical computational technology, NEMD simulation algo-
rithms contain two analytical systems, constant volume/
isochoric-isothermal �NVT-NEMD� and constant pressure/
isobaric-isothermal �NPT-NEMD� systems. Most NEMD
simulation studies were performed in the constant volume
system to compare with previous related rheological experi-
mental studies. In contrast, there is little information on the
particular investigative topic of using constant pressure
NEMD �Refs. 25–27, 30, 43, and 50� simulation. Regretta-
bly, by using constitutive equations of fluid mechanics47–49

and kinetic theory45,46,51 of liquid polymers, the temperature,
pressure, and density effects cannot be directly understood.
Constitutive equations must cooperate with Arrhenius49 or
Williams–Landel–Ferry52 �WLF� equations to describe the

temperature effect and combine with Barus equation9,36 to
describe the pressure effect. Therefore, for the temperature
and pressure effects, the understanding of the changes in the
rheological properties can be indirectly analyzed. Addition-
ally, the variations in viscosities with respect to volume or
density are explained through Doolittle’s free volume
concept.52

As a review of the literatures above suggests that many
studies about rheological properties of n-hexadecane
molecules13,19,34,53,54 have been reported by using constant
volume NEMD simulation. Complete analyses of the tem-
perature and pressure effects on shear thinning and shear
dilatancy behaviors have not been discussed. Therefore it is
the objective of the present study to understand those behav-
iors using both NVT-NEMD and NPT-NEMD simulations
for various thermodynamic states, including pressure-
volume-temperature P-V-T data and shear dilatancy behav-
ior, and rheological properties, including the shear thinning
relationship between viscosity and shear rate, zero-shear-rate
viscosity, rotational relaxation time, and critical shear rate.

The rest of the paper is organized as follows. In Sec. II,
the details of molecular models and potentials, simulation
methods, and statistic properties are described. In Sec. III,
the simulation results comparing two different potential
models are exhibited, and the agreements of NPT-NEMD
simulation with NVT-NEMD simulation are verified. From a
thermodynamics perspective, we should understand how
thermodynamic state P-V-T data are influenced by shear
rates, as well as observe the variation of shear dilatancy at
high shear rates. From a rheological perspective, this study
explores how the variation of shear thinning in constant pres-
sure NEMD simulation is separately induced by the pressure
and temperature effects. Moreover, the flow activation en-
ergy of Arrhenius equation and the viscosity-pressure coeffi-
cient of Barus equation are calculated for liquid
n-hexadecane, respectively. The change in shear thinning
with various densities using constant volume NEMD simu-
lation is also investigated. Specifically, Doolittle’s free vol-
ume concept is adopted to explain the changes in viscosity
under various pressures, temperatures, and densities. In the
final section, we present main conclusions and make sugges-
tions for further studies.

II. SIMULATION DETAILS

To understand the changes in thermodynamic states and
rheological properties, NEMD simulations for liquid
n-hexadecane are presented. The simulation details can be
broken into three parts: �1� molecular modeling and potential
models of n-hexadecane molecular chains, �2� simulation al-
gorithms containing equations of motion and their numerical
methods, and �3� definition of statistical properties of tem-
perature, pressure, and viscosity.

A. Potential models

An n-hexadecane molecular chain is a linear chain of
molecules. The structure and characteristics of a linear mo-
lecular chain are shown graphically in Fig. 1 below. As
shown in the figure,55 the molecular chain is modeled using
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spherical interaction sites, regarded as CH2 groups. Con-
nected interaction sites will combine together to form mo-
lecular chains. This type of molecular chain model is known
as the united atom �UA�, which is widely used for the simu-
lation of alkane, hexadecane, and polyethylene molecular
chains. The flexibility of molecular chains is dominated by
the total potential Utot, which is comprised of bond stretching
Us, bond bending Ub, torsion Ut, and nonbonding �van der
Waals potential UvdW� interactions between CH2 groups,

Utot = UvdW + Us + Ub + Ut. �1�

Two commonly used molecular potential models are de-
scribed below as models A and B. First, Michopoulos and
co-workers have fitted optimal parameters of the van der
Waals potential19,20 in predicted rheological properties coop-
erated with the stretching and bending potentials of White
and Bovill56 and combined the torsion potential of Ryckaert
and Bellemans.57 This set of potentials20 has been denoted as
model A in this study. Model A has been applied in the shear
flow53 and contraction flow55 portions of MD simulation.
Second, Martin and Siepmann has developed the transferable
potential for phase equilibria �TraPPE� model,58 which is an
adaptation in calculating the vapor-liquid coexistence
curve59,60 and the surface tension61 of n-alkane phase dia-
grams. This potential model is referred to as model B. All
parameters for the two potential models are listed in Tables I
and II. Notably, the shifted Lennard–Jones potential, which
is equal to zero at a truncated point, can generally describe
the vdW interaction between molecules. Thus, physical
quantities are of course affected by the LJ potential trunca-
tion. Particularly for large intermolecular distances, when the
shifted LJ potential is used, long-range corrections62 must be
added to both internal energy and pressure during the MD
simulation procedure.

1. Model A

Model A only has one UA, namely, CH2 groups. The
vdW potential can occur in two different interactions be-
tween CH2 groups. First, the vdW potential influences two
CH2 groups in the same molecular chain when two CH2

groups are separated by at least three CH2 groups. Second,
the vdW potential affects two CH2 groups in two different
molecular chains. The vdW potential can be represented by
the 12-6 LJ potential19

ULJ = 4�ij���ij

rij
�12

− ��ij

rij
�6� , �2�

where rij is the distance between two CH2 groups, �ij and �ij

are the energy and length parameters of the LJ potential,
respectively, for the pair of groups i and j. To reduce com-
putational time of the LJ force, the LJ potential is usually
truncated at a cutoff distance rc so that ULJ�rc�=0.

The bond stretching potential56 connects two CH2

groups by Hooke’s harmonic potential

Us = 1
2kl�li − l0�2, �3�

where kl is the bond stretching energy constant, l0 is an equi-
librium bond length, and li is the bond length between groups
i−1 and i.

The bond bending potential56 is described by the Taylor
series’ cubic term expansion of bending angle deviation,

FIG. 1. The model of a linear molecular chain consists of CH2 groups,
which are considered spherical interaction sites. The basic features of the
bonding interaction can be described by stretching, bending, and torsion
motions. van der Waals interactions occur between CH2 groups of different
chains and also between CH2 groups in the same chain separated by more
than three CH2 groups.

TABLE I. Covalent bonding interaction parameters for both potential mod-
els A and B.

Model Aa Model Bb Units

Bond stretching kl 2650.98 3762.24 kJ mol−1 Å−2

l0 1.53 1.54 Å
Bond bending k	 0.1004 0.1582 kJ mol−1 deg−2

k	� 0.0096 ¯ deg−1

	0 109.47 114.0 deg
Torsion c0 9.278 ¯ kJ mol−1

c1 12.155 2.949 kJ mol−1

c2 −13.119 −0.566 kJ mol−1

c3 −3.060 6.573 kJ mol−1

c4 26.239 ¯ kJ mol−1

c5 −31.493 ¯ kJ mol−1

aEquilibrium bond length and bond angle �l0 and 	0� are taken from Ref. 20;
bond stretching and bond bending force constants �kl, k	, and k	�� are taken
from Ref. 56; and torsion potential parameters are taken from Ref. 57.
bTaken from Ref. 58.

TABLE II. Lennard–Jones interaction parameters for both potential models
A and B.

United atom � �Å� � �kJ mol−1� rc �Å�

Model Aa CH2 4.045 0.420 9.0
Model Bb CH2 3.950 0.382 11.5

CH3 3.750 0.814

aTaken from Ref. 19.
bTaken from Ref. 58.
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Ub = 1
2k	��	i − 	0�2 − k	��	i − 	0�3� , �4�

where kb is the bond bending energy constant, k	� is the bond
bending angle constant, 	0 is an equilibrium bond angle, and
	i is a bond angle among three adjacent CH2 groups i−1, i,
and i+1.

The torsion potential57 is expressed by a fifth-order co-
sine polynomial of a dihedral angle,

Ut = c0 + c1 cos 
i + c2 cos2 
i + c3 cos3 
i + c4 cos4 
i

+ c5 cos5 
i, �5�

where 	cn
 are the values of the set of torsion energy coeffi-
cients, and 
i is the dihedral angle formed by four consecu-
tive CH2 groups i−1, i, i+1, and i+2.

2. Model B

Model B contained two UA groups, a CH2 group and a
CH3 group. The functional forms of the LJ potential and
stretching potential of model B are the same as those of
model A, as shown in Eqs. �2� and �3�. The Lorentz–
Berthelot combining rules31,58 for the LJ potential, �ij = ��ii

+� j j� /2 and �ij = ��ii� j j�1/2, are used for assessing the energy
and length parameters of unlike UA interactions, such as an
interaction between a CH2 group and a CH3 group. Between
like UA �either CH3 group or CH2 group� interactions, the LJ
potential parameters are listed in Table II. Additionally, be-
tween models A and B the bending potential58 Ub is de-
scribed by the Taylor series’ quadratic term expansion of
bending angle deviation and the torsion potential58 Ut is ex-
pressed by a third-order cosine polynomial of a dihedral
angle using the optimized potential for liquid simulations
model63 of Jorgensen et al. as shown in Eqs. �6� and �7�,
respectively,

Ub = 1
2k	�	i − 	0�2, �6�

Ut = c1�1 + cos 
i� + c2�1 − cos 2
i� + c3�1 + cos 3
i� .

�7�

B. Simulation methods

NEMD simulation contains two simulation systems: �1�
constant volume NEMD or isochoric-isothermal NEMD
�NVT-NEMD� �Refs. 10–12� and �2� constant pressure
NEMD or isobaric-isothermal NEMD �NPT-NEMD� �Refs.
25–27, 30, 43, and 50� systems. The NEMD algorithm was
originally developed by combining SLLOD equations of
motion10 of Edberg et al. with Lees–Edwards sliding brick
periodic boundary condition.64

In general, the SLLOD algorithms involve two thermo-
statting schemes, namely, atomic and molecular center of
mass versions. It has been shown by Edberg et al.10 that the
steady state responses to atomic and molecular shear are
equivalent if the same �molecular� thermostat is used for
both. In the absence of a thermostat, atomic and molecular
shear only differ in that an initial delta function external
force is applied to the centers of mass of all molecules for
molecular shear, but applied to the individual atoms for
atomic shear. The differences between the responses to

atomic and molecular center of mass shear decay as the
steady state is approached.

The atomic stress tensor, including contributions from
intermolecular and intramolecular force, is rigorously sym-
metric at all times. The time averaged atomic and molecular
tensors should be identical; however, the molecular stress
tensor may not be symmetric instantaneously. Significantly,
for a system of rigid homonuclear diatomic molecules under-
going planar Couette flow, Travis et al.65 have demonstrated
that molecular stress tensor can contain a nonvanishing an-
tisymmetric component due to body torques unintentionally
applied by an atomic thermostat. In addition, enhanced mo-
lecular alignment is observed at high shear rates when an
uncorrected atomic thermostat is employed. These problems
can be corrected by applying an atomic thermostat so that the
molecular rotational degrees of freedom are also properly
thermostatted.

Further, the results of Travis et al.65 show shear thinning
for both the molecular and atomic thermostats, with a dra-
matic drop in viscosity for the atomic thermostatted fluid.
This dramatic drop is due to the production of a string phase,
i.e., an artificially induced, highly orientational ordered, low
viscosity state. Additionally, both can obviously form the
string phases in the shearing diatomic fluid if the velocity
profile used to obtain the thermal velocities in the thermostat
is assumed to remain linear at high shear rates. Eventually,
the only practical way to avoid all of these problems for
complex chain molecules is to keep the shear rate low
enough so that the results of all thermostats agree. In the
present study, we choose the atomic version including the
equations of motion of SLLOD, temperature, and stress ten-
sor to discuss liquid hexadecane molecules undergoing pla-
nar Couette flow.

This key algorithm is a particularly useful technique for
studying rheological properties. SLLOD equations of motion
can be implemented by the Leapfrog–Verlet scheme66 of
MacGowan and Heyes. For extremely high shear rates
��1012 s−1�, the magnitude of the time step was progres-
sively decreased from 1.0 to 0.1 fs in order to ensure nu-
merical stability. Equations of motion for both NVT-NEMD
and NVT-NEMD algorithms, respectively, are described as
follows.

1. NVT-NEMD algorithm

For a simulation system consisting of total number �N�
atoms, equations of motion for NVT-NEMD simulation10–12

are given by

q̇i =
pi

mi
+ �̇yiex, �8�

ṗi = fi − �̇pyiex − �pi, �9�

� =
�i=1

N �fi · qi − �̇pxipyi�
�i=1

N pi
2 , �10�

where qi is the position vector of the ith atom, pi is the
peculiar momentum of the ith atom, yi is a component of qi,
pxi and pyi are a component of pi, mi is the mass of the ith
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atom, fi is the interaction force on the ith atom, �̇ is the shear
rate, ex is a unit vector in the x direction, N equals the total
number of atoms, and � is the Gaussian thermostat
multiple.11 In the momentum equation of motion of Eq. �9�,
the � parameter is applied to maintain the system in an iso-
thermal state. The instantaneous system temperature is stabi-
lized to the set temperature Tset by the ad hoc velocity res-
caling method.5,11 Specifically, the equations of motion for
constant volume equilibrium molecular dynamics
�NVT-EMD� system are obtained by setting �̇=0 in the
equations above.

Furthermore, the various interaction forces on the ith
atom fi can be derived from the potential functions above by
Hamiltonian’s equation of motion5

fi = − �
j�i

N

�iU�rij� , �11�

where rij denotes the distance vector from atom j to atom i.
The derived results of LJ, stretching, bending, and
torsion forces were briefly described in the study67 of
Chynoweth et al.

2. NPT-NEMD algorithm

Equations of motion of NPT-NEMD
simulation25–27,30,43,50 are shown below

q̇i =
pi

mi
+ �̇yiex + qi�̇ , �12�

ṗi = fi − �̇pyiex − �� + �̇�pi, �13�

V̇ = 3V�̇ , �14�

�̈ =
�P − Pset�V

QpkBTset
, �15�

� =
�i=1

N �fi · qi − �̇pxipyi�
�i=1

N pi
2 − �̇ , �16�

where the system volume V and the Lagrange multiple � are
changed with the simulation time. In the momentum equa-
tion of motion of Eq. �13�, the � parameter can dominate the
simulation system research to an isobaric state. As seen in
Eq. �16�, the Gaussian thermostat multiple � is affected by
the Lagrange multiple.25 Tset and Pset are the set values of the
system temperature and pressure, respectively. Qp is a damp-
ing constant and kB is Boltzmann’s constant �1.381
�10−23 J /K�.

Naturally, NPT-NEMD simulation at �̇=0 corresponds
to NPT-EMD �constant pressure equilibrium molecular dy-
namics� simulation. Notably, Qp is a factor chosen by the
trial and error method25 to give a good damping of pressure
fluctuations. This factor indirectly affects the stability to pre-
dict volume, as seen in Eqs. �14� and �15�. In this study,
Qp=100 /kBTset.

To obtain an effective stable numerical solution of the
volume equation, the modified pressure method50 of Wang
and Fichthorn was used. The volume equation corresponded

to a three-dimensional variation of the system volume, where
the geometry of the system volume used in this study was a
rectangle. As the sizes of flow and gradient directions were
held constant during simulation, the variation of the system
volume is determined by the size of the periodic boundary
conditional direction. In Sec. III C, this conclusive test
method is simply explained and can be further applied in
NPT-NEMD system.

C. Statistical properties

Stress tensor is an important statistical property in the
area of MD simulation. In this study, thermodynamic states
including temperature and pressure and rheological proper-
ties of viscosity are the primary measured values used to
analyze the steady state simple shear flow system.

1. Temperature and pressure

The temperature5 of an atomic system at equilibrium is
related to the kinetic energy of the system’s atoms in which,

T =
1

3NkB
�
i=1

N
pi

2

mi
. �17�

For a homogenous atomic system at equilibrium, the
stress tensor is given by the Irving–Kirkwood equation5,31,68

�� = −
1

V
��

i=1

N
pi�pi�

mi
+ �

i=1

N

�
j�i

N

rij�f ij�� , �18�

where �� is a component of the stress tensor; subindices
� ,�=x ,y ,z; and f ij denotes the force exerted on the atom i
due to atom j. In the stress tensor equation, the first sum on
the right side of Eq. �18� describes the contribution of the
kinetic energy, and the second sum describes the contribution
of virial energy. The force term f ij consists of both LJ and
bonding interactions, which contain the bond stretching,
bond bending, and torsion potentials. The expressions of
these forces’ virial energy were briefly defined in the stress
tensor study69 of Carpenter.

Furthermore, the atomic hydrostatic pressure31 is given
by negative one-third of the trace of the stress tensor,

P = − 1
3 �xx + yy + zz� . �19�

Note that the bond bending and torsion interactions do not
contribute to the pressure.69

2. Viscosity

For a NEMD system, the viscosity31 in the simple shear
flow field is defined by

���̇� =
yx

�̇
, �20�

where yx is the yx component of the stress tensor, and ���̇�
indicates the shear rate dependence of shear thinning viscos-
ity. As the shear rate approaches zero, all fluids exhibit New-
tonian behavior, which allows the determination of the zero-
shear-rate viscosity �0, i.e., �0=lim�̇→0 ���̇�.
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III. RESULTS AND DISCUSSION

Liquid n-hexadecane fluid is analyzed in this study. First,
in Secs. III A and III B, we present the comparison results
between two different potential models on the fluids of ther-
modynamic and rheological properties. Then, in Sec. III C,
we verify the agreement of constant pressure nonequilibrium
molecular dynamics �NPT-NEMD� simulation with constant
volume nonequilibrium molecular dynamics �NVT-NEMD�
simulation. Next, in Sec. III D, we analyze how thermody-
namic states of P-V-T data are influenced by exerted shear
rates and the variation of shear dilatancy at high shear rates.
Lastly, from a rheological perspective, Sec. III E explores the
influence of pressure and temperature on shear thinning us-
ing NPT-NEMD simulation. Also, in NVT-NEMD simula-
tion we comprehend the change in shear thinning at various
densities.

A. Thermodynamic properties

Understanding thermodynamic properties, such as heat
of vaporization and liquid-vapor coexistence curve, of mate-
rials in the liquid state is important. In this section, calcu-
lated thermodynamic properties using two different potential
models are compared quantitatively with the related experi-
mental results.

1. Heat of vaporization

The heat, or enthalpy, of vaporization �Hv is the en-
thalpy change that occurs during the transition of a substance
from the liquid to the gas phase. Under the assumption that
the gas is ideal and that the kinetic energies in the gas and
liquid phases are identical at a constant temperature, �Hv
can be approximated as follows:70

�Hv�T� = Hgas − Hliquid � RT − �Uliquid�inter� + PVliquid� ,

�21�

where Hgas and Hliquid are the enthalpy of the gas and liquid
phases, respectively; R is the gas constant �8.314 J /mol K�;
and Uliquid�inter� is the intermolecular potential in the liquid
phase, namely, vdW interaction between different molecular
chains. The heat of vaporization equation of Eq. �21� was
derived70 by Horn et al., who predicted �Hv of water mol-
ecules by using NPT-EMD �constant pressure equilibrium
molecular dynamics� simulation, which approximated values
obtained experimentally. Therefore, we further utilized their
equation to calculate �Hv of n-hexadecane molecules.

The �Hv values were estimated via Eq. �21� for liquid
and gas n-hexadecane under the standard condition �T
=298 K and �=0.770 g /cm3� and at the boiling point �T
=560 K and �=0.572 g /cm3�, which will be referred to as
state points 1 and 2, respectively. A cubic box, with three-
dimensional periodic boundary conditions containing 144
n-hexadecane molecules was used in NVT-EMD �constant
volume equilibrium molecular dynamics� simulation. The
time step used to integrate the equations of motion was
2.0 fs, and the total simulation time was set 1000.0 ps. Po-
tential models A and B were used to estimate �Hv.

In the present study the variation of �Hv at two state
points rapidly converged to a stable condition for two differ-
ent potential models. The predicted �Hv using NVT-EMD
simulation from both previous predicted19 values and results
of the present study are shown together in Table III alongside
experimental data.19,71

In each case, values for �Hv using model B are higher
than model A. Looking at the same potential model A and
state points in Table III, our simulation results closely ap-
proached the predicted �Hv values19 of Chynoweth and Mi-
chopoulos. Furthermore, �Hv values using model A is
roughly close to their corresponding experimental values,19,71

with less than 4%–7% derivation. In contrast, the difference
between the �Hv value of model B and the experimental data
is slightly larger.

As seen in Eq. �21�, �Hv contains three parts: the system
temperature term TR, the pressure-volume term PV, and the
intermolecular potential Uliquid�inter�. In this study,
Uliquid�inter� was the main contributor to �Hv and made up
about 93% of the total value. As the LJ potential depends on
Uliquid�inter�, it is understood that the different LJ potential
parameters of Table II directly affect the predicted values of
�Hv. Therefore we have suggested that potential model A
possesses the ability to predict the heat of vaporization better
than potential model B.

2. Liquid-vapor coexistence curve

The phase of a substance is sensitive to changes in tem-
perature and density. Here, variations of the liquid-vapor co-
existence curve of n-hexadecane molecules were studied via
NVT-EMD simulation using potential models A and B.

The volume of the simulation box was V=Lx�Ly �Lz

with Lx=4.0 nm, Ly =4.0 nm, and Lz=12.5 nm, where Lx, Ly,
and Lz are x, y, and z directional sizes, respectively. The box
contained 240 n-hexadecane molecules with three-
dimensional periodic boundary conditions. The time step was

TABLE III. Comparison of heat of vaporization of n-hexadecane for both potential models A and B with the
previous predicted values of Chynoweth and Michopoulos and experimental data.

State points Heat of vaporization �Hv �kJ/mol�

T �K� � �g /cm3� Expt.a
Model A

�previous studyb�
Model A

�present study�
Model B

�present study�

298 0.770 81.17 76.99 77.91 87.44
560 0.572 51.04 52.72 53.61 59.23

aTaken from Refs. 19 and 71.
bTaken from Ref. 19.
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set at 2.0 fs. The simulation system reached equilibrium and
took the form of a fluid block during a total simulation time
of 1.0 ns. In the following simulation, the z-directional
length Lz of the box was extended to 25.0 nm, i.e., twice the
original z-directional size. Once the fluid expanded to fill the
larger system volume, the fluid block gradually converged to
a new equilibrium state during total NVT-EMD simulation
time of 1.0 ns, again. This extended system reached the
liquid-vapor phase at its equilibrium state. Thus, the
z-directional density profile showed two symmetric inter-
faces of the hyperbolic tangent function, which indicates the
existence fluid with both liquid and vapor densities.

The fluid’s z-directional density profile was predicted at
various temperatures using potential models A and B. The
results are shown in Figs. 2 and 3. Over the range of tem-
peratures in the simulation, two symmetric interfaces con-
taining liquid and vapor phases appeared in the density pro-
files, as shown below. The plateau and lowland regions
present the existence of liquid and vapor densities, respec-
tively. Over the temperature range of 350–400 K, the den-
sity profiles show complete liquid phases and contain no gas
molecules. As the temperature increased to 450 K, a few gas
molecules appear. Until temperatures over 500 K, the density
profiles started to clearly show the curve of both liquid and
vapor phases.

The liquid and vapor densities for models A and B can
be extracted in Figs. 2 and 3. As shown by the liquid-vapor
coexistence curves of Fig. 4, the liquid density of model B is
apparently higher than model A, and correspondingly the va-
por density of model B is lower than model A. When using
the same potential model B, our liquid-vapor coexistence
curve is in excellent agreement with the results of López-
Lemus et al.59 and is also near to the related experimental
curve;59,72 however, the difference between the liquid-vapor
density of model A and the experimental data is larger. More-
over, for model B, the critical point of n-hexadecane mol-
ecules can be found via the law of rectilinear diameters and

Ising’s scaling law73,74 by fitting the liquid-vapor coexistence
data to obtain the critical density and temperature as follows:

�l + �v

2
= �c + C1�T − Tc� , �22�

�l − �v = C2�T − Tc��, �23�

where �l and �v are the liquid and vapor densities, respec-
tively; �c and Tc are the critical density and temperature; � is
the Ising-type critical exponent73 of 0.32; and C1 and C2 are
the fitting parameters.

Finally, our estimated critical point of 720.9 K and
0.235 g /cm3 was in close agreement with experimental
data60,75 at 723.6 K and 0.219 g /cm3. Between different po-

FIG. 2. Z-directional density profiles of n-hexadecane at coexistence in a
temperature range of 350–600 K as obtained by NVT-EMD simulation us-
ing the potential model A.

FIG. 3. Z-directional density profiles of n-hexadecane at coexistence in a
temperature range of 350–650 K as obtained by NVT-EMD simulation us-
ing the potential model B.

FIG. 4. Liquid-vapor coexistence curves of n-hexadecane for both potential
models A and B compared with the previous predicted values of López-
Lemus et al. �Ref. 59� and experimental data �Refs. 59 and 72�.
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tential models A and B, the predictions of the liquid-vapor
coexistence curve fit well, qualitatively. Correspondingly, the
quantitative description of the liquid-vapor coexistence curve
via model B is in better agreement with experimental data
than via model A. So far, the above results firmly support the
validity of NVT-EMD simulations program in the present
study.

B. Rheological properties

When analyzing the rheology of fluids, the viscosity is
an important fluid property, because it represents a material’s
internal resistance to deform. For a non-Newtonian fluid the
viscosity–shear rate relationship ��-�̇� contains two compo-
nents, namely, the Newtonian fluid regime’s zero-shear-rate
viscosity and the non-Newtonian fluid regime’s shear thin-
ning behavior. Additionally, by using the inverse of the
Rouse model rotational relaxation time,13,25,46,76 the critical
shear rate indicates that the transition from Newtonian to
non-Newtonian behavior is observable.13,25

Here, we discuss the rheological properties in
NVT-NEMD simulation for different potential models. As
the simulation system shown in Fig. 5, a rectangular three-
dimensional box with Lx=3.0 nm, Ly =4.5 nm, Lz=4.5 nm
and containing 144 n-hexadecane molecules at a state point
of 477.6 K and 0.896 g /cm3 was used. The x, y, and z di-
rections of the system box correspond to flow, gradient, and
periodic boundary condition directions, respectively. The
simulation was run over a wide range of shear rates, 1
�108.5–1�1012.5 s−1. The analysis is divided into two parts
to discuss rheological properties for both different potential
models A and B below.

1. Shear thinning behavior and zero-shear-rate
viscosity

We plotted a conventional �-�̇ flow curve, namely, the
traditional log � versus log �̇ data. In Fig. 6, the observed
reduction in viscosity with increasing shear rate is known as
shear thinning behavior, which is a clear manifestation of the

non-Newtonian nature of the fluid. The linear behavior of the
log � versus log �̇ data in the shear rate region of 1
�1010.0–1�1012.0 s−1 presents a “power law”
relationship19,48 of shear rates,

���̇,Ak,k� = Ak�̇
k, 1 � 1010.0 s−1 � �̇ � � 1012.0 s−1,

�24�

where Ak is a constant of proportionality, and k is the power
law exponent. As seen in Fig. 6, a power law curve was fitted
to the data and is indicated by the dashed lines. In both
models A and B the exponents are −0.472 and −0.438, re-
spectively, which fall reasonably within the range of −0.4 to
−0.9 often reported47 for liquid polymers.

As found in the lower shear rate region of �̇�1
�109.0 s−1, the Newtonian plateau regime’s zero-shear-rate
viscosity follows the non-Newtonian fluid regime’s shear
thinning behavior. It was found that the extrapolated8,20 zero-
shear-rate viscosity �0, shown in Fig. 6, can be found via the
Cross model8,20,48 by fitting the log � versus log �̇ data,

���̇;�0;��;�,ns� = �� +
�0 − ��

1 + ���̇�ns
. �25�

The Cross model has four parameters: �0 is the very low
shear rate viscosity, or zero-shear-rate viscosity; �� is the
very high shear rate viscosity; � is the dimensions of time;
and ns is the dimensionless exponent, which controls the
slope in the shear thinning region. In Fig. 6, solid lines rep-
resent curves fit via the Cross model. In potential model A,
�0=5.39 mPa s, ��=0.18 mPa s, ns=0.79, and �=87.89 ps.
In potential model B, �0=3.55 mPa s, ��=0.16 mPa s, ns

=0.75, and �=61.64 ps.
Referring to the same state point �477.6 K and

0.896 g /cm3� in potential model A, our predicted �-�̇ flow
curve are in excellent agreement with the results20 of
Chynoweth et al. When comparing potential models A and
B, the �0 value of model A is higher than that of model B;

FIG. 5. Dimensions of simulation box for planar shear flow system of liquid
n-hexadecane between a moving upper plate and a stationary lower plate: �a�
Lx=3.0 nm in the flow direction �x axis� and �b� Ly =4.5 nm in the gradient
direction �y axis�.

FIG. 6. Shear rate �̇ dependence on viscosity � of n-hexadecane at a state
point of 477.6 K and 0.896 g /cm3 for both potential models A and B as
obtained from NVT-NEMD simulation compared with the predicted values
of Chynoweth et al. �Ref. 20�. Solid �dashed� lines correspond to curves
fitted to �-�̇ simulation data using the Cross model �power law�. Arrows
above indicate critical shear rates.
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however, both models agree closely with respect to ns and
��. Experimentally, at a state point of 477.6 K and
0.896 g /cm3, �0 is 8.34 mPa s. Model A’s �0 value of
5.39 mPa s is in close agreement with experimental
value20,71 better than model B’s �0 value of 3.55 mPa s. In
summary, when different potential models A and B are com-
pared, the predictions of the �-�̇ flow curve fit well qualita-
tively. In contrast, the quantitative prediction of �0 via model
A is in close agreement with experimental data than those of
model B. Consequently, in the present study, the results
above strongly support the validity of NVT-NEMD simula-
tion program for predicting the shear thinning relationship
between viscosity and shear rate.

2. Rotational relaxation time and critical shear rate

The rotational relaxation time is the characteristic time
of polymer chain relaxation. For a polymer chain,
n-hexadecane is considered a short molecular chain; there-
fore, the rotational relaxation time13,25,46,76 of n-hexadecane
can be determined by the Rouse model

R =
6�0M

�2�RT
, �26�

where R is the rotational relaxation time, M is the molecular
weight, and � is the equilibrium density.

The critical shear rate �c indicates the starting point of
shear thinning, or the transition from Newtonian to non-
Newtonian behavior. Berker et al.13 found that �c=R

−1,
which is in approximate agreement with the observed
NEMD simulation data.

As seen in Table IV, the rotational relaxation time and
critical shear rate are calculated by extrapolating the zero-
shear-rate viscosity �0 and the Rouse model of Eq. �26�. R

values of models A and B are 208.2 and 137.1 ps, respec-
tively. In addition, �c values of model A and B �4.8�109 and
7.3�109 s−1� are marked by arrows in the �-�̇ flow curve of
Fig. 6, respectively. Obviously, the critical shear rate is
shown to be the transition point from Newtonian to non-

Newtonian regimes. As a consequence, the values of �c for
models A and B are in close agreement with observed
NEMD simulation data.

As the analyses of Secs. III A and III B above demon-
strate, the qualitative description of n-hexadecane using MD
simulation nearly matches the actual physical behavior for
each potential model studied. Therefore, potential model A
has the ability to predict rheological properties of the zero-
shear-rate viscosity, while potential model B has the ability
to predict thermodynamic properties of the liquid-vapor co-
existence curve. In the following section, we further expand
our discussions with respect to rheological properties via po-
tential model A.

C. Agreement between NVT-NEMD
and NPT-NEMD simulations

Previously, under hypothesis of a constant density con-
dition, the configurative variation in the x, y, and z sizes of
the system box affecting the fluid’s statistical properties were
unknown. In the following section, we will examine simply
the aforementioned problem. Further, this undertaking has
the additional benefit of further demonstrating the agreement
between NPT-NEMD and NVT-NEMD simulations under
both constant temperature and shear rate conditions.

1. Adjusted density of NVT-NEMD simulation

In the next discussions in Secs. III D and III E, the den-
sity of the fluid is varied by adjusting the dimensions of the
system box. As the results show, the simulation provides re-
liable results regardless of the system box configuration. As
seen in Fig. 5, the system box was not cubic, with three
dimensions of 3.0�4.5�4.5 nm3. The system contained liq-
uid 144 n-hexadecane molecules with an initial density of
0.896 g /cm3. As the system density was abruptly reduced
from 0.896 to 0.842 g /cm3, the three directional sizes of the
system were varied in the directions of flow, gradient, and
periodic boundary condition. In each simulation, one of three
directional sizes was changed while the other two were held
constant. Three different configurative dimensions of the
simulation box are shown in Table V. The NVT-NEMD
simulations were performed at 477.6 K and 1�1012.0 s−1

during 1000.0 ps. By choosing a high shear rate of �̇=1
�1012.0 s−1 the statistical properties in the shear flow system
converged quickly due to rapid initial gains.

In the NVT-NEMD system at the same density of
0.842 g /cm3 for different configurations of simulation box’s
dimensions, the convergent data of pressure and viscosity
variation with simulation time are arranged in Table V. Ini-
tially, three respective cases of the system box configurations
in the variation of pressure and viscosity do not match pretty

TABLE IV. Various rheological properties of n-hexadecane for both poten-
tial models A and B at a state point of 477.6 K and 0.896 g /cm3. �Experi-
mental data taken from Refs. 20 and 71 of zero-shear-rate viscosity at
8.34 mPa s.�

Model A Model B

k −0.472 −0.438
�0 �mPa s� 5.392 3.551
 �ps� 208.2 137.1
�̇e �s−1� 4.8�109 7.3�109

TABLE V. Simulation box dimensions �Lx ,Ly ,Lz�, the convergent data of pressure P, and viscosity � as density
is changed from 0.896 �V=3.0�4.5�4.5 nm3� to 0.842 g /cm3 with 144 n-hexadecane molecules.

Lx �nm� Ly �nm� Lz �nm� P �MPa� � �MPa s�

Flow direction 2.8 4.5 4.5 848.4 0.2844
Gradient direction 3.0 4.2 4.5 848.2 0.2840
Periodic direction 3.0 4.5 4.2 848.1 0.2836
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well; however, the pressure and viscosity for all cases finally
converged to about 848 MPa and 0.284 mPa s as the simu-
lation progressed. The viscosity study20 of Chynoweth et al.,
performed using the same potential model A at the same
condition of 477.6 K, 0.842 g /cm3, and 1�1012.0 s−1, re-
sulted in a viscosity of 0.285�0.004 mPa s. As our calcu-
lated value reasonably falls within their results for the vis-
cosity, the simulation is shown to be reliable. Furthermore,
the results at the same density show that the variations in the
dimensions of the simulation box do not affect surely the
convergence of statistical properties.

2. Validity of NPT-NEMD simulation

As discussed above in Sec. II B 2, volume differential
equation in Eq. �14� corresponds to the variation of the three
directional dimensions of the simulation box. When the flow
and gradient directional sizes are held constant, the magni-
tude of the adjusted volume corresponds to the change in the
periodic boundary condition �PBC�. By selecting the PBC
size, the algorithm of the simulation program does not re-
quire substantive modifications. From the previous section,
we have known that adjusting the constituent dimensions of
the simulation box do not affect the convergence of the flu-
id’s statistical properties. Hence, adjusting the PBC size is an
optimum choice in this study.

Under both constant temperature and shear rate �400 K
and 1�1012.0 s−1� conditions, the agreement between
NPT-NEMD and NVT-NEMD simulations is proved for a
simulation system containing 144 n-hexadecane molecules.
The flow and gradient directional sizes of simulation box are
held constant at Lx=3.0 nm and Ly =4.5 nm, respectively. In
NPT-NEMD simulation, the temperature value was 400 K
and the pressure ranged from 50 to 1000 MPa. In
NVT-NEMD simulation, the temperature value was also
400 K and the density ranged from 0.566 to 0.886 g /cm3.
Figure 7 shows the density-pressure and viscosity-pressure
relationships. Expectably, the results show that density and

viscosity increase with pressure. This result is consistent
with the general physical understanding. Clearly, both
NPT-NEMD and NVT-NEMD curves overlay closely for
each data point, suggesting near agreement between
NPT-NEMD and NVT-NEMD simulations. Obviously, such
result supports the validity of NPT-NEMD simulation pro-
gram in this study.

D. Variations of shear dilatancy

As this study focuses on nonequilibrium thermodynamic
problems, we extend the space of thermodynamic variables,
which consists of pressure �P�, temperature �T�, density
���/volume �V�, and shear rate ��̇�, to understand how shear
rate affects P-�-T data. In addition, using P-�-T data and
Doolittle’s free volume concept is helpful in analyzing the
variations of viscosity as shown in the next section of
Sec. III E.

At high shear rates, shear dilatancy22 exhibits nonlinear
behavior in nonequilibrium thermodynamic states. As oc-
curred in NVT-NEMD �Refs. 22–24, 28, and 29� system,
shear dilatancy presents shear rate’s dependence on pressure.
Correspondingly, as occurred in NPT-NEMD �Refs. 19, 22,
25–27, and 30� system, shear dilatancy presents shear rate’s
dependence on density.

The geometry and dimensions of the simple shear flow
are illustrated in Fig. 5. The simulation box, containing 144
n-hexadecane molecules, is rectangular with flow and gradi-
ent directional sizes of Lx=3.0 nm and Ly =4.5 nm, respec-
tively. The periodic boundary condition is applied in the z
direction of the system. Over a wide shear rate range be-
tween 1�109.0 and 1�1012.5 s−1, the change in nonequilib-
rium thermodynamic states is observed. Shear dilatancy in
NPT-NEMD simulation is influenced by both temperature
and pressure effects. At different densities, the change in
shear dilatancy is also analyzed using NVT-NEMD
simulation.

1. Temperature effect

Using NPT-NEMD simulation of liquid n-hexadecane at
a constant pressure of 250 MPa in a temperature range be-
tween 300 and 500 K, it is understood that the density-
temperature ��-T� relationship is influenced by different
shear rates of 1�109.5–1�1012.5 s−1. In this study, the wide
shear rate range spans three orders of magnitude from higher
rate of 1�1012.5 s−1 to lower rate of 1�109.5 s−1. Figure 8
shows one equilibrium state curve and six nonequilibrium
state curves at different shear rates in the �-T relationship,
where the equilibrium state curve can be obtained from
NPT-NEMD simulation set at zero-shear rate, namely, �̇=0.
From the figure, a decrease in density with increasing tem-
perature is clearly seen. In a higher shear rate range of 1
�1011.5–1�1012.5 s−1, the density decreases with increasing
shear rate. However, as the shear rate decreases to 1
�1011 s−1 the nonequilibrium state curve closely approxi-
mates the equilibrium curve. Similarly, at the lowest shear
rates of 1�109.5 and 1�1010 s−1, both state curves closely
approach the equilibrium curve, although, the nonequilib-

FIG. 7. Pressure P dependence of density � and viscosity � for
n-hexadecane at 400 K and 1�1012 s−1 obtained from NVT-NEMD and
NPT-NEMD simulations.
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rium state curves are slightly higher than the equilibrium
curve due to thermonoise, which produces the statistical
errors.

As shown in Fig. 9, analysis of the density–shear rate
��-�̇� curves are at five different temperature of 300, 350,
400, 450, and 500 K. Specifically, at �̇�1�1011 s−1 the
density remains constant and is approximately equal to the
equilibrium density ����̇�����̇=0��. This result suggests
that the shear rate is independent of density for these values,
namely, the fluid behaves like the Newtonian fluid regime.
Conversely, at �̇�1�1011 s−1 the density rapidly decreases
with increasing shear rate. This �-�̇ relationship at high shear
rates is known as shear dilatancy. Comparably, the density
variation induced by shear rate in Fig. 9 is consistent with
the result in Fig. 8. To quantify shear dilatancy behavior in
constant pressure NEMD simulation, Xu et al.27 suggested
that shear dilatancy’s �-�̇ curve can be described by the
power law

���̇,Am,m� = Am�̇m, �̇ � 1 � 1011.0 s−1, �27�

where Am is a constant of proportionality, and m is the power
law’s exponent. In general, the exponent m is a negative
value for alkane molecules in many studies,19,22,25–27,30 which
is presented by a decrease in density with an increase in
shear rate. Specifically, in the results of Xu et al.,27 the den-
sity increased with an increase in shear rate for long molecu-
lar chains of 30 FENE beads. In addition, earlier research
using NPT-NEMD simulation for Ar gases, Hood et al.22

suggested that at a triple point the power law’s exponent of
shear dilatancy equals 3 /2, i.e., ���̇3/2.

Furthermore, the �-�̇ data at �̇�1�1011.0 s−1 in Fig. 9
were fitted by the power law to gain an exponent m. Figure
10 shows the temperature dependence of the absolute value
of the power law’s exponent m. The m value is relative to
the degree of shear dilatancy, given by the absolute slope of
the �-�̇ curve in constant pressure NEMD simulation under
�̇�1�1011.0 s−1 condition. As a result, the m variation il-
lustrated that the degree of shear dilatancy linearly increased
with temperature, as shown in Fig. 10, which highlights the
effects of the temperature on shear dilatancy.

2. Pressure effect

Using NPT-NEMD simulation of liquid n-hexadecane at
a constant temperature of 400 K over a wide pressure region
between 50 and 1000 MPa, the influence of varying shear
rates on the density-pressure ��− P� relationship can be un-
derstood. Figure 11 shows one equilibrium state curve and
six nonequilibrium state curves at different shear rates in the
�− P relationship. Setting �̇=0, we can obtain the equilib-
rium state curve. From the figure, the density increases with
an increase in pressure; however, at higher shear rates of
over 1�1011 s−1, the density decreased with an increase in
shear rate. Specifically, as the shear rate falls to 1
�1011 s−1 the slope of the nonequilibrium state’s curve ap-
proaches the slope of the equilibrium state’s curve. At lower
shear rates of 1�109.5 and 1�1010 s−1, both state’s curves
also match closely, although the nonequilibrium state curves

FIG. 8. Temperature T dependence of density � for n-hexadecane at
250 MPa and shear rates between 1�109.5 and 1�1012.5 s−1 obtained by
NPT-NEMD simulation and compared with equilibrium state data.

FIG. 9. Shear rate �̇ dependence of density � for n-hexadecane at 250 MPa
and various temperatures obtained by NPT-NEMD simulation.

FIG. 10. The absolute value of the power law’s exponent m vs temperature
T illustrates the dependence of density on shear rate for n-hexadecane at
250 MPa and shear rates of over 1�1011.0 s−1. The line is a linear curve fit
to the data.
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are somewhat higher than the equilibrium state’s curve.
Overall, the density variation induced by shear rate in Fig. 11
is also consistent with the results in Fig. 8.

As seen in Fig. 12, the density-shear rate ��-�̇� curves
are at six different pressures of 50, 100, 250, 500, 750, and
1000 MPa. Clearly, the figure indicates that the density in-
creases with increasing pressure. At �̇�1�1011 s−1, the
density closely remains constant indicating that the density is
independent of shear rate at these values. Also, these non-
equilibrium state densities are approximately equal to the
equilibrium density, namely, ���̇�����̇=0� signifies that the
liquid is very near its Newtonian fluid regime. In contrast, at
�̇�1�1011 s−1, shear dilatancy is seen as the density de-
creased with an increase in shear rate. In the lower pressure
region of 50 and 100 MPa, the density rapidly decreased
with increasing shear rate; however, in the higher pressure
region of 500, 750, and 1000 MPa, the density slowly de-
creased with increasing shear rate.

Again, the �-�̇ data at �̇�1�1011.0 s−1 in Fig. 12 is
fitted by the power law27 to gain the exponent m. Note that
m represents the degree of shear dilatancy. Figure 13 shows
the m versus P relationship on shear dilatancy using
NPT-NEMD simulation. As revealed in the figure, a turning
point exists between 100 and 250 MPa. The m value rapidly
decreased with increased pressure before reaching the turn-
ing point. Correspondingly, the slope change in m with in-
creasing pressure slowly decreased after reaching the turning
point. At high pressure regions of over 1000 MPa this slope
should continue to decrease and approach a nearly constant
value. In other words, the change in shear dilatancy is quite
sensitive at lower pressures; however, the change is gradual
at higher pressures.

Comparatively, we analyze that changes in pressure and
temperature have opposing influence on NPT-NEMD simu-
lation’s shear dilatancy. Referring back to the discussion pre-
sented in Figs. 10 and 13, the findings present an increase in
pressure reducing the degree of shear dilatancy and an in-
crease in temperature increasing the degree of shear
dilatancy.

3. Density effect

Using NVT-NEMD simulation of liquid n-hexadecane at
a constant temperature of 400 K in a shear range of 1
�109.5–1�1012.5 s−1, we understand that the pressure-shear
rate relationship �P-�̇� is influenced by different densities of
0.70, 0.75, 0.80, 0.85, and 0.90 g /cm3. As seen in Fig. 14,
P-�̇ indicates that the pressure increases with increasing den-
sity. At lower shear rates of �̇�1�1011 s−1 the pressure re-
mains relatively constant, indicating that shear rate is inde-
pendent of pressure at lower shear rates, namely, P��̇�
� P��̇=0� signifies that the pressures at nonequilibrium state
are approximate to the pressure at equilibrium state. Also, the
liquid is very near its Newtonian fluid regime. In contrast,
under the extreme shear rate condition of �̇�1�1011 s−1,
the pressure rapidly increased with shear rate, which presents
shear dilatancy22–24,28,29 in constant volume NEMD system.
Previous studies22–24,28,29 using NVT-NEMD simulations

FIG. 11. Pressure P dependence of density � for n-hexadecane at 400 K and
shear rates between 1�109.5 and 1�1012.5 s−1 obtained by NPT-NEMD
simulation and compared with equilibrium state data.

FIG. 12. Shear rate �̇ dependence of density � for n-hexadecane at 400 K
and varying pressures obtained by NPT-NEMD simulation.

FIG. 13. The absolute value of the power law’s exponent m vs pressure P
illustrates the dependence of density on shear rate for n-hexadecane at
400 K and shear rates of over 1�1011.0 s−1.
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have certainly observed nonlinear behavior of nonequilib-
rium thermodynamic states at high shear rates. In particular,
the shear dilatancy results of Kröger et al.24 showed that the
pressure decreased with increasing shear rate for long mo-
lecular chains consisting of 30–100 FENE beads. They also
presented that the pressure increased with increasing shear
rate for short chains of ten FENE beads. Therefore, the pres-
sure variation along shear rate increasing depends on the
chain length and molecular flexibility, which is a major dif-
ference between FENE or freely jointed chain and realistic
alkane fluids, especially for short chain molecules. For long
chains, this difference might be expected to disappear.

Many NVT-NEMD studies typically show that a pres-
sure drop appears between 1�1010.5 and 1�1011 s−1; how-
ever, there is no sign of this pressure drop for short molecu-
lar chains of C13H28 molecules in the study of Daivis et al.23

Also, in the present study for n-hexadecane molecules, no
sign of a pressure drop in the aforementioned shear rate re-
gion was found. While Moore et al.29 observed the pressure
drop in simulated long molecular chains of linear C100H202

molecules. In detail, Khare et al.28 and Jabbarzadeh et al.31

have presented that linear and branch molecular structures
affect the degree of the pressure drop. Their results reveal
that long linear chain molecules inevitably induced the pres-
sure drop; however, there was no clear sign of the pressure
drop in branch molecules and short linear chain molecules.
According to their suggestion, the pressure drop tends to
occur as the fluid’s molecules reached a minimum energy
state of LJ potential.

As seen in Fig. 15, the density-pressure ��− P� relation-
ship included one equilibrium state curve and some nonequi-
librium state points at 400 K. All nonequilibrium state points
were extracted from Figs. 12 and 14 under the condition of
�̇�1�1011 s−1. At pressures over 500 MPa, state points al-
most fall on the equilibrium state curve; correspondingly, at
pressures below 500 MPa, the densities in NPT-NEMD
simulation was slightly higher than those in the equilibrium
state curve due to statistical errors. As a whole, we suggest
that the nonequilibrium state points are close to the equilib-
rium state curve at �̇�1�1011 s−1.

Returning to Fig. 14, the shear dilatancy behavior at �̇
�1�1011.0 s−1 exhibits the pressure increases with shear
rate. To quantify the shear dilatancy behavior in constant
volume NEMD simulation, Bosko et al. had proposed42 that
the shear dilatancy’s P-�̇ curve can also be described by the
simple power law behavior

P��̇,An,n� = An�̇n, �̇ � 1 � 1011.0 s−1, �28�

where An is a constant of proportionality, and n is the power
law’s exponent on shear dilatancy of constant volume
NEMD simulation. In general, this exponent is a positive
value for alkane molecules, which is presented by an in-
crease in pressure with an increase in shear rate.

Figure 16 shows the density dependence of the exponent
n. Also, the n value is relative to the degree of shear dila-
tancy, given by the slope of the P-�̇ curve in constant vol-
ume NEMD simulation under �̇�1�1011.0 s−1 condition.

FIG. 14. Shear rate �̇ dependence of pressure P for n-hexadecane at 400 K
and varying densities obtained by NVT-NEMD simulation.

FIG. 15. Pressure P dependence of density � for n-hexadecane at 400 K and
shear rates of below 1�1011.0 s−1 obtained by NPT-NEMD and
NVT-NEMD simulations and compared with one equilibrium state curve.

FIG. 16. The power law’s exponent n vs density � illustrates the dependence
of pressure on shear rate for n-hexadecane at 400 K and shear rates of over
1�1011.0 s−1. Two lines are linear curves fit to the data.
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The n variation illustrates that the degree of shear dilatancy
decreases with increasing density. An intersection was found
near 0.80 g /cm3. Obviously, the change in shear dilatancy
before the intersection was larger than that after the intersec-
tion. This finding is similar to the change in shear dilatancy
due to the influence of pressure, which also showed a turning
point in constant pressure NEMD simulation described in the
last section of Sec. III D 2.

E. Variations of shear thinning

The viscosity of a fluid in the liquid phase can be sig-
nificantly affected by variation in its thermodynamic states
�P-�-T�. Here, we discuss the temperature, pressure, and
density induced variation of rheological properties in detail.
Key points in this section include analyzing the Newtonian
regime’s zero-shear-rate viscosity and non-Newtonian re-
gime’s shear thinning behavior, as well as using Doolittle’s
free-volume concept52 to explain how variation in the viscos-
ity can be affected by the density.

1. Temperature effect

For alkane molecules, the temperature dependence of
viscosity can be described via the Arrhenius equation, which
indicates that the viscosity decreases as temperature in-
creases,

�0�T� = �R exp� Ea

RT
� , �29�

where �R is the reference viscosity, Ea is the flow activation
energy, T is the absolute temperature, and R is the gas con-
stant �8.314 J /mol K�. In physical terms, the flow activation
energy can be thought as an energy barrier of the driven
fluid. Once the energy barrier is overcome, the fluid can start
to generate the flow behavior. From a molecular viewpoint,
the flow activation energy is related to the energy of an al-
kane molecular as it jumps from one position to another. The
intermolecular and intramolecular interaction energies are di-
rectly dependent on the flow activation one for alkane
molecular.

NPT-NEMD simulation of liquid n-hexadecane at a con-
stant pressure of 250 MPa was used to understand the varia-
tion of the viscosity–shear rate ��-�̇� flow curves at five
different temperatures of 300, 350, 400, 450, and 500 K.
Surprisingly, in view of Fig. 17, we found that at over 1
�1012.0 s−1 all �-�̇ curves almost overlay each other, which
demonstrates the temperature independence of viscosity at
the extreme shear rates. At �̇�1�1012.0 s−1, the �-�̇ curves
at different temperatures show gradual separation, and the
viscosity decreases with an increase in temperature.

In the study of Yang et al.,39 2,2,4,4,6,8,8-
heptamethylnonane molecules were analyzed using constant
pressure NEMD at 0.1 MPa and different temperatures of
298, 333, and 363 K. Their results show that past the critical
shear rate the three �-�̇ curves matched each other closely as
shear rate increased between 3.0�108.0 and 2.4�109.0 s−1,
which is narrow shear rate region of about one order of mag-
nitude. Similarly, in the present study with a wide shear rate
region of 1�109.0–1�1012.5 s−1, we observe that under ex-

treme conditions of �̇�1�1012.0 s−1 the viscosity is almost
independent of temperature. Incidentally, Aoyagi and Doi40

and Kröger and Hess41 discussed in detail the chain length
induced variation of viscosity. Their results indicated that at
extreme shear rates the viscosity is nearly independent on the
chain length.

Doolittle’s free volume concept52 is often useful to ex-
plain the variation of viscosity with the change in thermody-
namic state. This concept describes that the fluid’s viscosity
decreases with an increase in the free volume of molecules as
follows:

� = Af exp�CVm/Vf�, Vf = V − Vm, �30�

where Af and C are constants of proportionality, V is the
specific volume, Vm is the specific volume of molecules, and
Vf is the free volume of molecules.

As shown in Eq. �30�, an incremental increase in the free
volume induces a reduction in viscosity. Furthermore, an in-
cremental increase in temperature corresponded to a decrease
in density, as seen previously in Fig. 8. Since the density is
inversely proportional to volume �Vf =1 /��, the free volume
increases as the density decreases. From a molecular view-
point, the viscosity directly depends on the mobility or resis-
tance to molecular motion. Therefore, the effect of an in-
crease in the free volume is an increase in the molecular
chain’s mobility and a decrease in its resistance to motion.
Hence, the viscosity decreases as the free volume increases.

In a temperature region of 300–500 K the �-�̇ curves
contain the Newtonian fluid regime’s zero-shear-rate viscos-
ity and the non-Newtonian fluid’s shear thinning behavior.
First, the extrapolative zero-shear-rate viscosity is deter-
mined by the Cross model8,20,48 of Eq. �25� fitting �-�̇
curves. Next, the rotational relaxation time is calculated by
the Rouse model of Eq. �26� with the known extrapolative
zero-shear-rate viscosity, where equilibrium densities at dif-
ferent temperatures can be obtained from Fig. 8. The critical
shear rate is the inverse of the rotational relaxation time.
Lastly, the zero-shear-rate viscosity, equilibrium density, ro-

FIG. 17. Shear rate �̇ dependence of viscosity � for n-hexadecane at
250 MPa and varying temperatures obtained by NPT-NEMD simulation.
Solid lines are the corresponding Cross model curves fit to �-�̇ data. Arrows
above indicate critical shear rates.
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tational relaxation time, and critical shear rate are arranged in
Table VI. As the data shows, the zero-shear-rate viscosity
and rotational relaxation time of molecular chains decreased
with increasing temperature. This result is consistent with the
general physical understanding of polymers.

Returning to Fig. 17, critical shear rates are marked in
�-�̇ curves. As the temperature increases, it is seen that the
zero-shear-rate viscosity falls and the scope of the Newton-
ian regime widens. To quantify shear thinning behavior, the
�-�̇ curve in a shear rate region of 1�1010.0–1�1012.0 s−1

is described by the power law model19,48 of Eq. �24�. Also,
the power law’s exponent k for the viscosity is obtained to
arrange in Table VI. In addition, for shear thinning the k
value is a negative value, which means the viscosity de-
creases while the shear rate increases. Barbesta et al. consid-
ered the absolute value of the exponent k as the degree of
shear thinning.77 The k value is related to the degree of
shear thinning, given by the absolute slope of the �-�̇ curve
in the shear rate region of 1�1010.0–1�1012.0 s−1. Then, the
k−T relationship exhibits the effect of the temperature on
shear thinning in Fig. 18. As the temperature increases the
degree of the shear thinning linearly decreases, and the scope
of the Newtonian regime increases; therefore, viscosity is
sensitive to change of temperature.

Further, using the known data of the temperature and
zero-shear-rate viscosity in Table VI, the flow activation en-
ergy can be found by plotting the relation between log �0 and
1000 /T. The slope of 0.574 for the corresponding curve is
shown in Fig. 19. Specifically, we can directly estimate the

flow activation energy, namely, Ea=slope� ln 10�1000R
=10.99 kJ /mol via the Arrhenius equation. In this study, the
flow activation energy for n-hexadecane molecules was pre-
dicted at 10.99 kJ /mol. Experimentally, Richard et al.78

measured the flow activation energy for liquid n-hexadecane
to be 16.0 kJ /mol. In the study of Lee and Chang,79 who
calculated the viscosity and diffusion of alkane molecules by
using EMD simulation, the flow activation energy of C12H26

molecules was predicted to be 9.74 kJ /mol. Comparatively,
the predicted flow activation energy of n-hexadecane in this
study is an acceptable value.

Eventually, in Sec. III A 1, the heat of vaporization for
n-hexadecane, using potential model A, was 53.61 kJ /mol.
The heat of vaporization represents the activation energy re-
quired for a molecular chain to completely exit the liquid
phase. By comparing the heat of vaporization and the flow
activation energy for n-hexadecane, it can be significantly
determined that the flow activation energy is about one-fifth
the heat of vaporization.

2. Pressure effect

For alkane molecules, the pressure dependence of vis-
cosity is described by using Barus’s equation,9,36 which indi-
cates that the viscosity decreases with an increase in
pressure,

TABLE VI. The temperature dependence of rheological properties at 250 MPa in NPT-NEMD simulation.

T �K� 300 350 400 450 500

k −0.585 −0.541 −0.499 −0.457 −0.412
�0 �mPa s� 8.251 4.253 2.627 1.895 1.392
� �g /cm3� 0.836 0.818 0.801 0.785 0.770
 �ps� 543.6 245.5 135.5 88.6 59.7
�̇c �s−1� 1.8�109 4.1�109 7.4�109 1.1�1010 1.7�1010

FIG. 18. The absolute value of the power law’s exponent k vs temperature
T illustrates the dependence of viscosity on shear rate for n-hexadecane at
250 MPa in a shear rate range of 1�1010.0–1�1012.0 s−1. The line is a
linear curve fit to the data.

FIG. 19. Arrhenius’ semilog plot of zero-shear-rate viscosity �0 as a func-
tion of temperature T for n-hexadecane at 250 MPa. The line is a linear
curve fit to the data with a slope of 0.574.
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�0�T,P� = �atm exp���T�P� , �31�

where �atm is the viscosity at atmospheric pressure and ��T�
is the pressure-viscosity coefficient, which is dependent on
temperature.

First, using NPT-NEMD simulation of liquid
n-hexadecane at a constant temperature of 400 K, the varia-
tion of the �-�̇ flow curve at six different pressures of 50,
100, 250, 500, 750, and 1000 MPa was analyzed. As shown
in Fig. 20, the incremental change in viscosity with increas-
ing pressure agrees well with the relation of Barus’ equation.
Additionally, by using Doolittle’s free volume concept, the
density increase resulted in a decrease of the free volume
with increasing pressure as seen in Fig. 11. The increase in
viscosity with the corresponding increase in pressure is due
to the decline in mobility of the molecular chains.

Next, between 50 and 500 MPa, the �-�̇ flow curves
pass from the Newtonian regime to the non-Newtonian re-
gime. As the pressure increased, the Newtonian regime’s
scope decreased. Clearly, under extreme pressure conditions
of 750 and 1000 MPa, it is seen that there is almost no sign
of the Newtonian plateau in the fitted curves of Fig. 20. As
seen in last section of Sec. III E 1, by using the Cross model,
the power law model, and the Rouse model, the zero-shear-
rate viscosity, rotational relaxation time, critical shear rate, as
well as the power law’s exponent have been arranged in
Table VII. Also, at different pressures, equilibrium densities
can be obtained from Fig. 11. As shown in Table VII, the
zero-shear-rate viscosity and rotational relaxation time of

molecular chains increase with increasing pressure. This re-
sult and the understanding of polymer physics match pretty
well.

Returning to Fig. 20, arrows indicate the critical shear
rates on the �-�̇ curves, and signify the onset of shear thin-
ning. By reviewing the inflection points marked on the �-�̇
curves, we clearly observe that in a constant shear rate region
the Newtonian regime’s scope decreases and the shear thin-
ning behavior’s scope increases with an increase in pressure.

Moreover, Fig. 21 shows the pressure dependence of the
absolute value of the power law’s exponent �k− P� for the
viscosity. As pressure increases, the degree of shear thinning
k increases and the Newtonian regime’s scope decreases.
Additionally, an intersection was found near 320 MPa by
fitting two linear curves to the data. The change in the degree
of shear thinning before the intersection is larger than after
the intersection; consequently, the shear thinning behavior at
pressures below 320 MPa is stronger than at pressures over
320 MPa. In this study the observation of pressures affect on
the variation of the �-�̇ curves is clearly shown as the pres-
sure region is pretty wide. Over a narrow pressure region, the
variation of the �-�̇ curves would not be easily discernible.

Finally, using the known data of the pressure and the
zero-shear-rate viscosity shown in Table VII, the pressure-
viscosity coefficient � can be determined by plotting the re-
lation between log �0 and P. In Fig. 22, the slope of the
resulting curve equals 0.001 92 MPa−1 such that the
pressure-viscosity coefficient �=ln 10�slope=4.42 GPa−1.

FIG. 20. Shear rate �̇ dependence of viscosity � for n-hexadecane at 400 K
and varying pressures obtained by NPT-NEMD simulation. Solid lines are
the corresponding Cross model curves fit to �-�̇ data. Arrows above indicate
critical shear rates.

TABLE VII. The pressure dependence of rheological properties at 400 K in NPT-NEMD simulation.

P �MPa� 50 100 250 500 750 1000

k −0.449 −0.459 −0.499 −0.542 −0.578 −0.612
�0 �mPa s� 1.081 1.384 2.627 8.013 ¯ ¯

� �g /cm3� 0.699 0.737 0.801 0.866 ¯ ¯

 �ps� 63.9 77.6 135.5 382.2 ¯ ¯

�̇c �s−1� 1.6�1010 1.3�1010 7.4�109 2.6�109
¯ ¯

FIG. 21. The absolute value of the power law’s exponent k vs pressure P
illustrates the dependence of viscosity on shear rate for n-hexadecane at
400 K in a shear rate range of 1�1010.0–1�1012.0 s−1. The two lines are
linear curves fit to the data.
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As the pressure-viscosity coefficient must be measured at
extreme pressure states, the amount of experimental data for
the pressure-viscosity coefficient is limited in practice. In
general, the pressure-viscosity coefficient20 is about
1–30 GPa−1 in lubrication processes. The study of McCabe
et al.,36 which performed NVT-NEMD simulation on starlike
molecules of C25H52, shows that at 372.04 K the pressure-
viscosity coefficient is approximately 5.88 GPa−1. Although
the molecular structure and simulation temperature are dif-
ferent, our estimated value of the pressure-viscosity coeffi-
cient for n-hexadecane molecules is a reasonable value as
compared to their results.

3. Density effect

In the final section, by using NVT-NEMD simulation of
liquid n-hexadecane at a constant temperature of 400 K, we
observe the variation of the �-�̇ flow curves at five different
densities of 0.70, 0.75, 0.80, 0.85, and 0.90 g /cm3. As shown
in Fig. 23, there is an incremental increase in viscosity at
increased density. According to Doolittle’s free volume con-
cept, the density increase will result in a decrease in the free
volume of molecules. As expected, with a decline in the
mobility of molecular chains, the viscosity increased. As
seen in last section of Sec. III E 2, an increase in pressure
results in an increase in viscosity. Also, the density effect is
quite similar to the pressure effect.

Between 0.70 and 0.75 g /cm3, the �-�̇ flow curves
move along the Newtonian regime to the non-Newtonian re-
gime. As the density increased slightly, the Newtonian re-
gime’s scope decreased rapidly. As the density approached

0.80 g /cm3, the Newtonian regime’s scope almost vanished.
At higher densities of 0.85 and 0.90 g /cm3, there was no
sign of the Newtonian plateau in the �-�̇ flow curves. Refer-
ring back to the discussion presented in Sec. III E 1, both
Cross and power law models can be used to fit the �-�̇ flow
curves to the data. In addition, the rotational relaxation time
is calculated by the Rouse model of Eq. �26� with the zero-
shear-rate viscosity. At different densities, the zero-shear-rate
viscosity, rotational relaxation time, critical shear rate, as
well as the power law’s exponent are arranged in Table VIII.
Consequently, the zero-shear-rate viscosity and rotational re-
laxation time of the molecular chains increased with density.
This result is qualitatively consistent with the physical per-
spective of polymers.

In Fig. 23, arrows are marked on the �-�̇ curves to re-
veal the critical shear rate, and subsequently the starting
point of shear thinning. A review of the location of the arrow
on the curves indicated that in a constant shear rate region
the Newtonian regime’s scope decreases and the shear thin-
ning behavior’s scope increases with increase in density.

Eventually, Fig. 24 shows the density dependence of the
absolute value of the power law’s exponent on the viscosity
�k−��. As the density increased from 0.70 to 0.90 g /cm3,
the degree of shear thinning k linearly increased from 0.280
to 0.506, and the Newtonian regime’s scope strongly de-
creased. Obviously, the change in viscosity is sensitive to the
small change in density as compared to the effects of
changes in the pressure and temperature.

FIG. 23. Shear rate �̇ dependence of viscosity � for n-hexadecane at 400 K
and varying densities obtained by NVT-NEMD simulation. Solid lines are
the corresponding Cross model curves fit to �-�̇ data. Arrows above indicate
critical shear rates.

FIG. 22. Barus’ semilog plot of zero-shear-rate viscosity �0 as a function of
pressure P for n-hexadecane at 400 K. The line is a linear curve fit to the
data with a slope of 0.001 92.

TABLE VIII. The density dependence of rheological properties at 400 K in NVT-NEMD simulation.

� �g /cm3� 0.70 0.75 0.80 0.85 0.90

k −0.278 −0.332 −0.392 −0.449 −0.505
�0 �mPa s� 0.992 1.423 ¯ ¯ ¯

 �ps� 58.5 78.4 ¯ ¯ ¯

�̇e �s−1� 1.7�1010 1.3�1010
¯ ¯ ¯
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IV. CONCLUSIONS

We have reported a series of results for thermodynamic
states and rheological properties of liquid n-hexadecane mol-
ecules through equilibrium and nonequilibrium molecular
dynamics �EMD and NEMD� simulations, including constant
volume NEMD �NVT-NEMD� and constant pressure NEMD
�NPT-NEMD� systems. By using two different potential
models, the qualitative descriptions of the properties are
similar in nature to the observed physical behaviors. In ad-
dition, the comparison between quantitative predictions and
experimental data depend on the potential models utilized.

At present, we have confirmed that shear rate directly
affects thermodynamic state, pressure-density-temperature
P-�-T data. A transition point affecting P-�-T data occurs at
a shear rate �̇�1�1011.0 s−1. Further, at �̇�1�1011.0 s−1

we observed that nonequilibrium thermodynamic states are
close to equilibrium ones, which indicate that the fluid is
nearly into its Newtonian fluid regime. In contrast, at higher
shear rates of over 1�1011.0 s−1 the thermodynamic state
curves show the important nonlinear behavior of shear dila-
tancy. At �̇�1�1011.0 s−1 the shear dilatancy behaviors
were presented with increases in shear rate as shown by de-
creased density and increased pressure through NPT-NEMD
and NVT-NEMD simulations, respectively. In NPT-NEMD
simulation we suggested that the degree of shear dilatancy
increased linearly as temperatures increased, and decreased
as pressure increased. In particular, after a turning point oc-
curred between 100 and 250 MPa, the slope change in shear
dilatancy with increasing pressure slowly decreases and
nearly approaches a constant value at over 1000 MPa. Addi-
tionally, through NVT-NEMD simulation it has been shown
that the degree of the shear dilatancy falls as the density
rises.

From a rheological viewpoint, the viscosity–shear rate
��-�̇� flow curve consists of the zero-shear-rate viscosity in
the fluid’s Newtonian regime and shear thinning behavior in
the non-Newtonian regime. By both Cross and power law
models fitting to the �-�̇ flow curve, we can gain the ex-

trapolated zero-shear-rate viscosity in the Newtonian regime
and the power law’s exponent in the shear thinning regime,
respectively. The rotational relaxation time of n-hexadecane
was calculated by using Rouse model with the zero-shear
viscosity, and the critical shear rate, which is the inverse of
the rotational relaxation time, indicated the transition point
from Newtonian to non-Newtonian behavior. The critical
shear rate marked on the �-�̇ flow curve is in approximate
agreement with the observed NEMD simulation data. Ex-
pectably, the zero-shear-rate viscosity and rotational relax-
ation time decrease with increasing temperature. As the pres-
sure or density increases, the zero-shear-rate viscosity and
rotational relaxation time increase. This result is qualitatively
consistent with our understanding of polymer physics.

As focused in a constant shear rate region of
NPT-NEMD simulation, the scope of the Newtonian region
increases and the scope of the shear thinning region de-
creases with increase in temperature. Especially, at extreme
shear rates over 1�1012.0 s−1 the viscosity is almost inde-
pendent of temperature. Conversely, at shear rates below 1
�1012.0 s−1, the viscosity decreases with increasing tempera-
ture. The temperature dependence of the zero-shear-rate vis-
cosity is described by the Arrhenius equation. We measured
the flow activation energy of 10.99 kJ /mol, which is in rea-
sonable agreement with the predicted value of MD simula-
tion and related experimental data. Also, the flow activation
energy is about one-fifth the heat of vaporization.

Furthermore, as the pressure increases the scope of the
Newtonian region decreases and the scope of the shear thin-
ning region increases. When the pressure reaches extreme
values of 750 and 1000 MPa, the Newtonian region vanishes
completely. This shows explicitly that the non-Newtonian
behavior of shear thinning occurs strongly at high pressure.
The pressure dependence of the zero-shear-rate viscosity is
described by the Barus equation. It is a reasonable prediction
that the pressure-viscosity coefficient of n-hexadecane at
400 K gained 4.22 GPa−1 in the analysis of the present study.

Moreover, from the results of NVT-NEMD simulation,
the Newtonian region’s scope decreases and the shear thin-
ning region’s scope increases with increasing density. As the
density is over 0.80 g /cm3, the Newtonian region was not
observed. Thus, the viscosity was sensitive to slightly varied
density. Surely, our simulation is able to explain the change
in viscosity with variations of thermodynamic state and is in
good agreement with Doolittle’s free volume concept.

As this study has shown, it is useful to understand shear
rate’s effect on the fluid’s thermodynamic state, as well as
the influence of the temperature, pressure, and density on the
�-�̇ relationship. As a whole, the qualitative predications are
in close agreement with rheological perspective. In the limi-
tation of this study, convergence of the viscosity required
significant central processing unit �CPU� time at very lower
shear rates due to the occurrence of thermonoise resulting to
statistical errors. However, this issue has been solved by
Evans and Morriss, who proposed a method using the tran-
sient time correlation function8,11,80 �TTCF�. Recently, a low-
est shear rate of 1�105.0 s−1 in NEMD simulation has been
reached by applying the TTCF method.8,80 Before long, we
will further utilize this method to gain a confirmable value of

FIG. 24. The absolute value of the power law’s exponent k vs density �
illustrates the dependence of viscosity on shear rate for n-hexadecane at
400 K in a shear rate range of 1�1010.0–1�1012.0 s−1. The line is a linear
curve fit to the data.
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the zero-shear-rate viscosity in a wide Newtonian plateau.
Also, the affect of molecular chain’s length on shear thinning
will be discussed by adopting this method, which requires
significant CPU time for long molecular chains to converge.

In conclusion, the MD simulation technologies devel-
oped in the present study show significant correlation to
qualitative, experimental, and other MD studies, which make
them an excellent valuable tool in the fundamental thermo-
dynamic and rheological researches. In future studies, from
molecular perspective we will further extend our simulation
systems to analyze molecular chain’s structure characteristics
of the end-to-end distance, gyration radius, and orientation
order of molecular chains to broaden the understanding of
the thermodynamic state variation’s effect on shear dilatancy
and shear thinning.
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