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The shear viscosity of molten NaCl and KCl was calculated through equilibriumsEMDd and
nonequilibrium molecular-dynamicssNEMDd simulations in the canonicalsN,V,Td ensemble. Two
rigid-ion potentials were investigated, namely, the Born–Mayer–Huggins–Tosi–Fumi potential and
the Michielsen–Woerlee–Graaf–Ketelaar potential with the parameters proposed by Ladd. The
NEMD simulations were performed using the SLLOD equations of motionfD. J. Evans and G. P.
Morriss, Phys. Rev. A30, 1528 s1984dg with a Gaussian isokinetic thermostat and the results
are compared with those obtained from Green–Kubo EMDsN,V,Td simulations and experimental
shear viscosity data. The NEMD zero strain rate shear viscosity,hs0d, was obtained by fitting a
simplified Carreau-type equation and by application of mode-coupling theory, i.e., a
h-g1/2 linear relationship. The values obtained from the first method are found to be significantly
lower than those predicted by the second. The agreement between the EMD and NEMD results with
experimental data is satisfactory for the two potentials investigated. The ion-ion radial distribution
functions obtained with the two rigid-ion potentials for both molten salts are discussed in terms of
the differences between the two models. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1924706g

I. INTRODUCTION

Difficulties related to high-temperature molten salt ex-
periments have long motivated the use of theoretical and
simulation approaches to access their properties. The experi-
mental data available for properties such as the shear viscos-
ity and thermal conductivity of these materials are especially
scarce even though these are of both scientific and industrial
interest. The latter relates to the use of molten carbonates
sNa2CO3,K2CO3, and Li2CO3d as electrolytes in high-
temperature fuel cells, which is of special interest to the au-
thors. Furthermore, even though simple molten salts have
been the subject of simulation studies for many years, the
number of simulations reported for the thermal transport co-
efficients of these materials is very small as compared to
those reported for simple nonionic fluids.

Recently, the authors investigated the shear viscosity1

and thermal conductivity2 of molten NaCl and KCl at
different thermodynamic state points using Green–
Kubo equilibrium molecular-dynamicssEMDd simula-
tions in the microcanonicalsN,V,Ed ensemble. The
results of those simulations showed that the
Born–Mayer–Huggins–Tosi–Fumi3–8 sBMHTFd interionic
potential overpredicts the two transport coefficients generally
to within 10%–15% for the shear viscosity and 10%–20% for
the thermal conductivity.

Molten alkali halides are relatively simple systems being

composed by univalent monatomic ions, and occupy, in the
simulation of ionic liquids, the place of rare gases in the
simulation of nonionic liquids. Most of the molecular simu-
lations reported in literature for molten alkali halides use the
BMHTF interionic potential.9–16 Generally, a reasonable de-
scription of the thermodynamics, microscopic structure, and
transport coefficients is found with this potential in spite of
its neglect of ion-induced dipolespolarizationd interactions.
These effects can be taken into account in molecular-
dynamics simulations through the use of shell-model poten-
tials, several of which have been investigated in the study of
both solid and fused salts.17–21 Even though shell-model po-
tentials are more rigorous, they significantly increase the
time of computation and the differences in the simulated
properties are not always significant as compared to those
obtained from rigid-ion potentials.20,21 We also note that the
accuracy of the BMHTF rigid-ion potential is not equal for
all the alkali halides. The omission of polarization effects,
especially for large ions, is believed to play a decisive role in
these discrepancies but other reasons have been pointed to in
the past.22

With the goal of correcting for part of these deficiencies
Michielsenet al.23 proposed a different form for the repul-
sion term and derived a new set of potential parameters from
solid-state data for the 17 alkali halides that have the crystal
structure of NaCl. The authors discussed the possibility of
this new repulsion term partially taking into account the po-
larization effects omitted in rigid-ion potentials. Further, the
parameters proposed by Ladd24 for the van der Waals inter-
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actions were used instead of the values developed by Mayer5

for the BMHTF potential. The use of Ladd’s parameters and
the proposed modification of the repulsion term were based
on the lattice dynamics and cell model studies22 that sug-
gested that the repulsion for alkali halides should be harder
and the dispersion energy should be larger than those of the
BMHTF potential. This potential is referred to hereinafter as
the Michielsen–Woerlee–Graaf–Ketelaar–LaddsMWGKL d
potential.

The repulsion term in the MWGKL potential is signifi-
cantly harder than that of the BMHTF potential. We note that
a different effective pair potential had been previously pro-
posed by Woodcock25 based on spectroscopic data of ion
pairs in the gas phase. Woodcock also found a repulsion term
harder than that of the BMHTF potential. The potentials pro-
posed by Michielsenet al. are harder than the BMHTF po-
tentials but softer than those obtained by Woodcock. The
dispersion energies predicted by Ladd’s parameters are also
larger than those obtained by Mayer. Furthermore the rela-
tion between the magnitudes of the dipole-dipole and dipole-
quadrupole dispersion energies for the three types of interac-
tions, ++ , +−, and −−, predicted by Ladd’s parameters, is
not consistent with those of Mayer. Ladd’s parameters were
calculated using polarizabilities based on the static dielectric
constant, which are significantly larger than those based on
the high-frequency dielectric constant. Sangster and Dixon26

discussed the lack of physical meaning in Ladd’s approach,
pointing out that the origin of the van der Waals interactions
lies in a second-order coupling to higher electronic states
which invalidates the use of the polarizabilities related to the
static dielectric constant. However, the repulsion term pro-
posed by Michielsenet al. implies, in terms of a rigid-ion
potential, a dispersion energy larger than that predicted by
the parameters of Mayer. Hence, even though Ladd’s param-
eters may be in error they have to be used to balance the
harder repulsion of the MWGKL potential. We also note that
other sets of parameters for the van der Waals dispersion
forces have been proposed in the past.26 Here, however, we
limit our study to the BMHTF and the MWGKL potentials
with their original parameters for the specific cases of NaCl
and KCl.

In this work we investigate the temperature dependence
of the shear viscosity of molten NaCl and KCl through non-
equilibrium molecular-dynamicssNEMDd simulations in the
canonical ensemble using two rigid-ion potentials and com-
pare it with that obtained through Green–Kubo EMD
sN,V,Td simulations. The objective of this study is twofold:
s1d to study the effect of a harder repulsion and stronger van
der Waals interactions in the shear viscosity of molten alkali
halides ands2d to investigate the accuracy with which the
equilibrium szero sheard shear viscosity of molten alkali ha-
lides can be computed through NEMD simulations. The
shear viscosity is an appropriate property for this purpose
because of its strong dependence on the short-range interi-
onic forces. We have also calculated the ion-ion radial distri-
bution functions at a single state point near their melting
points using the two rigid-ion potentials for both molten
NaCl and KCl.

The shear viscosity is calculated through EMD and

NEMD simulations. The SLLOD equations of motion27,28

with a Gaussian thermostat were used in conjunction with
the Lees–Edwards29 periodic boundary conditions. The
Ewald sum was used to calculate the Coulombic forces and
potential energy with the modification proposed by Wheeler
et al.30 for NEMD simulations of the shear viscosity using
the Lees–Edwards boundary conditions. We also compare
two methods to obtain the zero strain ratesNewtoniand vis-
cosity from NEMD simulation data. In particular, we have
obtainedhs0d from an application of Carreau’s model31,32

and by utilizing mode-coupling theory predictions.
This paper is organized as follows: Sec. II presents a

description of the EMD and NEMD methods for the calcu-
lation of the shear viscosity using, respectively, the Green–
Kubo approach and the SLLOD equations of motion. The
two rigid-ion potential models together with the simulations
parameters used in this work are discussed in Sec. III. The
results of this study are discussed in Sec. IV and the conclu-
sions are presented in Sec. V.

II. SIMULATION METHODS

A. Green–Kubo EMD simulations

The shear viscosity can be calculated from EMD simu-
lations through integration of the stress autocorrelation func-
tion. The Green–Kubo formula for the shear viscosity is
given by33

h =
1
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where the stress tensor element,Jxy, is
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and the time average in Eq.s1d involves the sum over the
three different off-diagonal elements of the stress tensor,
Jab=Jba. For a Coulombic system for which the Ewald
method is used, Eq.s2d is only used for the real-space part of
the force. For the reciprocal space part of the stress tensor’s
potential term, the productyijFijx must be calculated as a
whole in the Fourier space because the Fourier forces are not
pairwise additive.34,35 For monatomic ionic systems the
stress tensor elements can be calculated by35
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where
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Ashd =

expS−
p2uhu2

a2L2 D
uhu2

, s4d

and for thexy component of the tensorBshd,

Bxy = dxy −
2uhxuuhyu

uhu2
− S2p

L
D2uhxuuhyu

2a2 . s5d

In Eq. s3d FR includes the short-range forces and the real part
of the Ewald–Coulomb forces, both computed in the real
space.

B. NEMD simulations

For a system undergoing planar Couette flow with strain
rate,g=]ux/]y, the thermostatted SLLOD equations of mo-
tion are given by27,28

ṙ i =
pi

mi
+ igyi, ṗi = Fi − igPy,i − zpi , s6d

where ṙ i is the velocity andpi the linear momentum of par-
ticle i ,Fi is the force on particlei resulting from the interac-
tion with all the particles of the system,i is thex-unit vector,
andz is the Gaussian thermostat28 multiplier given by

z =

o
i=1

N

sFi ·pi − gpxipyid/mi

o
i−1

N

spi ·p jd/mi

. s7d

The shear viscosity can be calculated from theJxy element of
the stress tensor using the following relation:

h = −
kJxyl
gV

, s8d

where V is the volume,Jxy is given by Eq.s3d, and the
brackets indicate a steady-state average value.

The Lees–Edwards “sliding-brick” boundary
conditions29 were used with Wheeler’s30 modification for the
reciprocal space lattice. This modification ensures that the
calculation of the interaction between particlei and j and all
of its images in the reciprocal space lattice of the Ewald sum
accounts for the same amount of shear offset that is imposed
on the particles’ interactions in the real-space latticesusing
the minimum image convention and spherical truncationd by
the Lees–Edwards boundary conditions. The NEMD method
with the use of Lees–Edwards boundary conditions requires
the use of a sheared lattice from which the positions of the
particles in the normal cubic reciprocal space lattice are re-
assigned to occupy the positions on a lattice no longer com-
posed of cubic cells.30 Thus geometrically this transforma-
tion reassigns the particles’ positions from a cubic cell
sL1=L2=L3=L and u12=u13=u23=p /2d to a parallelepiped
simulation cell fL1=L3=L ,L28=L2s1+x2d1/2 and u13=u283

=p /2 ,u128=p /2-arcsin fx / s1+x2d1/2gg, where Lk is the
length of the k side of the box andx=gt is the strain
sg=]ux/]y is the constant shear rate at which the simulation
is performed andt the elapsed timed. During a simulationL28

andu128, oscillate, respectively, betweenL2øL28øL2
Î2 and

p /4øu128øp /2, which corresponds to 0øxø1. This in-
terval for the strain was used here for both the real- and
reciprocal space calculations. Hence, using this method, the
reciprocal space part of the Ewald–Coulomb force on par-
ticle i se.g.,x componentd is calculated by

Fx,i =
2Zi

L2 o
h

AshdhxHsinS2p

L
h · r iDo

j−1

N

Zj cosS2p

L
h · r jD

− cosS2p

L
h · r iDo

j=1

N

Zj sinS2p

L
h · r jDJ , s9d

with the internal producth ·r i sandh ·r jd given by

h · r i = fhxsxi − xyid + hyyi + hzzig, s10d

where the particle coordinates are the same as those used in
the real-space calculations. Further, Eq.s10d is used in the
calculation of the stress tensor elements given by Eq.s3d.
This transformation is simply a consequence of the equiva-
lence between Lees–Edwards sliding-brick and deforming
box periodic boundary conditions; alternatively one can use
deforming box boundary conditions for both the real- and
reciprocal space lattices.36

III. INTERIONIC POTENTIALS AND SIMULATION
PARAMETERS

The BMHTF interionic potential has the following form:

uijsrd =
ZiZje

2

r
+ Aij expfBssi j − rdg −

Cij

r6 −
Dij

r8 , s11d

where the first term is the Coulomb interaction, the second
the Born–Huggins exponential repulsion, and the third and
fourth terms correspond to the dipole-dipole and dipole-
quadrupole dispersion energies. The MWGKL pair potential
is given by

uijsrd =
ZiZje

2

r
+

b

rnexpfkijssi j
m − rmdg −

Cij

r6 −
Dij

r8 , s12d

where the parametersb andk are common for the three in-
teractions for every molten salt and are given by the authors
for the 17 alkali halides with the structure of sodium chlo-
ride. The values ofb andk were given form=1 andn=0, 4,
5, and 6. Following Michielsenet al. s1975d we investigate
the potential withm=1 andn=4 that was used in their simu-
lations.

In spite of the differences between the two potentials in
the repulsion and the van der Waals dispersion energy, the
minimum of the potentials for the cation-anion interactions
in NaCl and KCl are not very different. The inter-ion sepa-
ration distance at the minimum is smaller for the BMHTF
potential but the energy depth is similar for the two poten-
tials. Comparing the like ion interactions, the overall
MWGKL potential is harder than the BMHTF potential for
the sNa+,Na+d pair but not forsCl−,Cl−d in NaCl. For the
case of KCl the MWGKL potential is harder forsCl−,Cl−d
but not for thesK+,K+d pair.
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For the simulations reported here, the value of the con-
vergence parametera in the Ewald sum was set equal to
5.6/L with a truncation of the real part of the Ewald–
Coulomb potential atrc=L /2 and the Fourier part of the
force and potential energy was summed up to the vector
uhumax

2 =27, with thek-space vector given byk =2ph /L. The
simulations have been performed in the canonical ensemble
for a cubic sample composed ofN=216 ions using periodic
boundary conditionsspbcd and the minimum image conven-
tion. The positions at time zero were defined as those corre-
sponding to the face-centered-cubic lattice of solid NaCl and
the zero time velocities were defined randomly and scaled to
ensure a zero total linear momentum. A fifth-order Gear al-
gorithm for first-order differential equations was used to
solve the equations of motion37 with a time step of 1.0 fs.
The NEMD shear viscosity,hsgd, was calculated from
simple block averages of 10 000 time steps each from 1.5
3106 time steps1.5 nsd production runs after 1.53105 time
steps0.15 nsd runs. The stress autocorrelation functions used
to obtain the Green–Kubo EMD shear viscosity were calcu-
lated from 3.53106 time stepss3.5 nsd production runs for
most of the state points after 1.53105 time stepss0.15 nsd
equilibration runs.

The shear viscosity was calculated at five different tem-
peratures, the volume at each temperature being calculated
from experimental liquid density data correlations.38 For the
case of the MWGKL potential model of NaCl and KCl,
NEMD simulations were performed at a single state point
but Green–Kubo EMD simulations were performed for the
five different state points to allow the study of the tempera-
ture dependence of the shear viscosity predicted by this po-
tential. For the BMHTF potential both EMD and NEMD
simulations were made for the five different state points for
each of the molten salts.

IV. RESULTS AND COMPARISONS

A. Structure

Figures 1 and 2 display the three partial radial distribu-
tion functions, respectively, for NaCl and KCl obtained with
the BMHTF and the MWGKL interionic potentials at the
state points:T=1100 K andr=1.5420 g cm−3 for NaCl and
T=1050 K andr=1.5236 g cm−3 for KCl. It can be seen that
the only significant difference between the radial distribution

functions is the height of the first peak for g+−srd and to a
lesser extent for g++srd ffirst peak height: g++

MWGKLsrd
>g++

BMHTFsrd for NaCl and g++
MWGKLsrd,g++

BMHTFsrd for KClg
and g−−srd ffirst peak height: g−−

MWGKLsrd,g−−
BMHTFsrd for

NaCl and g−−
MWGKLsrd.g−−

BMHTFsrd for KClg. Furthermore the
difference between g+−srd is more pronounced for the case of
NaCl. The positionsinterionic distanced of the first and sec-
ond coordination shells for the three partial radial distribu-
tion functions predicted by the two potentials is almost the
same for the two molten salts. In general we expect a stiffer
repulsion to cause the distance ofsat leastd the first coordi-
nation shell of the three partial radial distribution functions
to increase, i.e., the average distance of the nearest neighbors
sof unlike charged and the second nearest neighborssof like
charged to each ion to increase. On the other hand we expect
stronger van der Waals forces to cause the opposite effect.

B. Shear viscosity

If the shear viscosity could be simulated for arbitrarily
low and high shear rates using NEMD methods, then the
complete rheology of the fluid could be studied from experi-
mentally inaccessible to arbitrarily close to zero shear rates.
The results of those simulations could then be easily com-
pared to the zero shear rate viscosity obtained from Green–
Kubo EMD simulations. However, because the signal-to-
noise ratio is very small for SLLOD-NEMD simulations at
low shear rates the Newtonian regionsi.e., the region where
the shear viscosity is shear rate independentd is difficult to
identify. Hence, if we only havehsgd data at relatively high
shear rates, the value ofhs0d obtained from NEMD simula-
tions depends on the assumed relationship between the shear
viscosity and the strain rate.

The crossover strain rate point below which the Newton-
ian regime occurs and above which shear thinning is ex-
pected to occur for simple fluids is related to the inverse of
the longest relaxation time of the fluid in equilibriumsi.e., in
the absence of sheard. For simple monatomic fluids this is the
translational relaxation time.39 It turns out that this crossover
point is at a strain rate that is too high to be accessed by
experiments and already too low to be accessed by high pre-
cision NEMD simulations. Several methods have been inves-
tigated in the NEMD studies reported in literature to obtain
hs0d from hsgd NEMD data.16,39–41 Here we consider two

FIG. 1. Ion-ion radial distribution functionssrdfd for NaCl obtained with the
BMHTF and the MWGKL interionic potentials.

FIG. 2. Ion-ion rdf for KCl obtained with the BMHTF and the MWGKL
interionic potentials.
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distinct approaches to predicths0d: s1d linear extrapolation
with respect togb and s2d fitting with a simplified Carreau
equation.31,32 In the first method a relation of the form

h = hs0d − Agb s13d

is used, typically with the value ofb being 0.5 which is the
value predicted from the mode-coupling theory for three-
dimensional fluids in the limit of zero shear rate42

lim
g→0

hsgd = hs0d − Ag1/2. s14d

For molten alkali halides this relation was found to describe
the shear viscosity for the specific case of NaClsRef. 16d and
was also used in this study for KCl and NaCl. It turns out
that if a large enough range of shear rates is simulated, the
shear viscosity is better described by two distinct lines lin-
early related tog1/2, that intersect at a particular value of
g.16,39,40 One cannot identify any of these lines with that
predicted by mode-coupling theory which is valid in the limit
of zero shear that is inaccessible by NEMD simulations. Sev-
eral recent studies have been performed to try to resolve the
problem of low shear rate NEMD including that of Borzsák
et al.39 who have studied the shear viscosity of the Weeks–
Chandler–Andersen fluid using the transient time correlation
function sTTCFd formalism over a wide range of shear rates.
The results of the TTCF simulations allow one to calculate
the shear viscosity at much lower shear rates with precision
similar to that of the Green–Kubo. Consistency between the
data obtained at lower strain rates from TTCF simulations
and those at higher strain rates calculated from SLLOD-
NEMD sRef. 43d was observed for large systems. Further-
more they concluded that their low and high strain rate TTCF

shear viscosity data plotted against the square root of the
strain rate are better described by two different straight lines
intersecting at approximately the same value of shear rate
found by Traviset al.40 There are, however, significant dif-
ferences in the slopes of the two least-squares-fitted lines
obtained with the TTCF formalism39 and SLLOD-NEMD.40

The slope of the line corresponding to lower strain rates ob-
tained by Borzsáket al. is actually positive though close to
zero which leads to the prediction of a lower value of the
zero shear rate viscosity.

In this work we have not used the TTCF method and
therefore the results given here do not allow one to make
conclusions concerning mode-coupling theory predictions
for the case of molten alkali halides. Thus, we assume here
that if Eq. s13d describessin a statistically significant sensed
the shear viscosity for a specific strain rate region, it can be
used to estimatehs0d, keeping in mind, however, that this
may not be the same as that predicted by Eq.s14d.

In addition to Eq.s13d a simplified Carreau equation31,32

of the form

h

h0
= f1 + slgd2gsn−1d/2 s15d

was fitted to obtain the zero shear rate viscosity,h0. In this
equationl is a time constant. Another common approach
snot used hered involves the use of an empirical equation
se.g., the four-parameter Cross equationd16,39,40 to describe
the complete set of shear viscosity data at different shear
rates. Like the Carreau equation, this model also allows one
to describe the complete set of data through a single curve
giving a smooth transition between shear thinning and New-

TABLE II. Newtonian viscosities for the BMHTF and MWGKL models of KCl calculated from GK-EMD and
NEMD simulations. MC denotes a value calculated with Eq.s14d. The experimental results are from the NIST
databasessee Ref. 38d.

BMHTF MWGKL Expt.

T r hCarreau hMC hGK hCarreau hMC hGK h

sKd sg cm−3d smPa sd smPa sd smPa sd smPa sd smPa sd smPa sd smPa sd

1050 1.5236 1.170 1.36 1.156 1.213 1.29 1.177 1.086
1100 1.4945 1.029 1.20 1.084 ¯ ¯ 1.058 0.954
1200 1.4362 0.806 0.941 0.838 ¯ ¯ 0.927 0.759
1250 1.4070 0.730 0.847 0.811 ¯ ¯ 0.784 0.687
1300 1.3779 0.683 0.774 0.687 ¯ ¯ 0.708 0.555

TABLE I. Newtonian viscosities for the BMHTF and MWGKL models of NaCl calculated from GK-EMD and
NEMD simulations. MC denotes a value calculated from Eq.s14d. The experimental results are from the NIST
databasessee Ref. 38d.

BMHTF MWGKL Expt.

T r hCarreau hMC hGK hCarreau hMC hGK h

sKd sg cm−3d smPa sd smPa sd smPa sd smPa sd smPa sd smPa sd smPa sd

1100 1.5420 1.129 1.289 1.193 1.154 1.358 1.228 1.00
1200 1.4878 0.906 1.055 0.916 ¯ ¯ 0.978 0.834
1300 1.4335 0.747 0.852 0.833 ¯ ¯ 0.859 0.713
1400 1.3793 0.636 0.710 0.702 ¯ ¯ 0.710 0.624
1500 1.3250 0.547 0.605 0.590 ¯ ¯ 0.603 0.555
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tonian rheology from which it is possible to obtain the zero
shear viscosity. Tables I and II summarize the shear viscosity
data obtained in this work through both Green–Kubo EMD
and NEMD simulations for the BMHTF and MWGKL po-
tential models of NaCl and KCl, respectively.

The two approaches described above for finding the
Newtonian viscosity are illustrated in Figs. 3–6 for NaCl and
KCl at a single state near their melting points. Figure 3 gives
the shear viscosity versus the square root of the strain rate at
T=1100 K andr=1.5420 g cm−3 obtained for the BMHTF
and the MWGKL interionic potential models of NaCl. The
standard deviation of the points at higher shear rates is lower
than the size of the symbols and is not visible in Fig. 3.
Figure 4 displays the Carreau analysis at the same conditions
of temperature and density of Fig. 3 for the two potentials.
From this plot a crossover point can be observed at a shear
rate around 0.2 ps−1. In both figures the NEMD data are
compared with the Green–Kubo EMDsN,V,Td data ob-
tained in this work and experimental shear viscosity. From
Figs. 3 and 4 it can be seen that the two potentials predict
similar swithin mutual uncertaintyd values for the shear vis-
cosity,hsgd, for the specific state point simulated. Figures 5
and 6 give the corresponding plots for the case of the BM-

HTF and the MWGKL interionic potential models of KCl at
T=1050 K andr=1.5236 g cm−3. As for the case of NaCl
one can see that the shear viscosities obtained through both
Green–Kubo EMD and SLLOD-NEMD are similar for the
two potentials. These results indicate that the stronger repul-
sion and dispersion forces of the MWGKL potential have
opposite but similar effects in the shear viscosity of the
model fluids and therefore no significant difference is ob-
served with relation to the BMHTF potential.

Figures 7 and 8 display the shear viscosity against the
square root of the strain rate and the logarithm of the shear
viscosity against the logarithm of the strain rate, respectively,
at five different temperatures for the BMHTF model of NaCl.
Figures 9 and 10 give the corresponding results for the case
of the BMHTF model of KCl. From Figs. 7 and 9 the diffi-
culties in using Eq.s14d to calculatehs0d according to mode-
coupling predictions are clear. The values obtained this way
are therefore more correctly identified with those obtained
from Eq. s13d since one cannot assure that the limitg→0
coincides with the least-squares fits obtained from the
NEMD shear viscosity at relatively high shear rates. We have
neglected the data points at lower shear rates whenever these
lead to a poor statistics of the least-squares fits. At higher
temperaturessand lower densitiesd some of the lower strain
rate shear viscosity data points fall out any statistically sig-
nificant linear fit and therefore have not been taken into ac-
count in the extrapolation ofhs0d. Following the discussion
above, due to the large uncertainties coupled to these values
of the shear viscosity and the lack of information concerning
the strain rate interval for asymptotic behavior to be ob-
served one cannot conclude that mode-coupling theory fails
to describe the shear viscosity of molten alkali halides.

Figures 8sad and 10sad on the other hand show a rela-
tively well-defined change in rheology andhs0d can be eas-
ily calculated assuming that the apparent Newtonian plateau
observed is that of the model fluid. It can be seen that at
higher temperatures and lower densities the strain rate “size”
of this Newtonian plateau increases. Hence Eq.s15d predicts
a decrease of the translational relaxation time of the fluid in
equilibrium at higher temperatures and lower densities. In

FIG. 3. NEMD shear viscosity vs the square root of the strain rate for NaCl.
The data are compared with the GK-EMD shear viscosity obtained in this
work and experimental data. The full and dashed lines correspond to the two
least-squares fits in different strain rate regions for the BMHTF and the
MWGKL potentials, respectively.

FIG. 4. Logarithm of the NEMD shear viscosity against
the logarithm of strain rate for NaCl. The data are com-
pared with the GK-EMD shear viscosity obtained in
this work and experimental data. The full and dashed
lines correspond to the Carreau function fits for the
BMHTF and the MWGKL potentials, respectively.
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Figs. 8sbd and 10sbd we have also performed temperature-
time scaling32,44 to produce master equations for the shear-
dependent viscosity of NaCl and KCl. In these scalings the
reference conditions were chosen to be the 1100-K simula-
tion for NaCl and the 1050-K simulation for KCl. The scal-
ing factors are defined by

ah =
h0sT,rd

h0sTref,rrefd
andaT = ah

Trefrref

Tr
, s16d

and scaled viscosity in terms of the Carreau equation is given
by

hssgsd =
hsaTgd

ah

= h0sTref,rrefdf1 + slaTgd2gsn−1d/2. s17d

In these equations the subscript “0” denotes the Newtonian
viscosity and gs=aTg. For NaCl the parameters are
h0sTrefrrefd=1.126 mPa s,l=2.27310−12 s, and n=0.593
while for KCl we found h0sTrefrrefd=1.168 mPa s,l=3.82
310−12 s, andn=0.641.

Figure 11 gives an overall comparison of the shear vis-
cosity data obtained in this work for the two potentials used

with experimental correlations for shear viscosity from the
NIST database for molten salts.38 The experimental correla-
tion data for the case of sodium chloride are slightly over-
predicted, the error increasing with the temperature. For the
case of potassium chloride the correlation from which the
viscosity has been calculated is only valid for the tempera-
ture interval of1111–1142 K and extrapolated data have been
used for the comparisons given in this work. The lower val-
ues obtained through the analysis of the NEMD simulations
with Eq. s15d are in closer agreement with the experimental
data. Perhaps a more relevant comparison is the deviation of
the NEMD hs0d data from the Green–Kubo EMD values.
Generally these are similars,15%d for the two approaches,
although of opposite sign. Hence, though relatively different,
overall the values obtained from the two methods are in sat-
isfactory agreement with that obtained from the Green–Kubo
EMD method and the shear viscosity is overpredicted rela-
tive to the experimental value in both methods.

V. CONCLUSIONS

The shear viscosity of molten NaCl and KCl was com-
puted through both equilibrium and nonequilibrium
molecular-dynamics methods. Two rigid-ion potentials were
investigated with the purpose of studying the combined ef-
fect of a harder repulsion and stronger dispersion forces in
the shear viscosity of molten alkali halides. Further, the tem-
perature dependence of the shear viscosity of these materials
was investigated through both simulation methods for the
case of the BMHTF potential and two distinct approaches
were used to obtain the Newtonianszero shear rated viscosity
from NEMD viscosity data at high shear rates. Although the
zero shear rate viscosity obtained through the two methods is
considerably different, a reasonable agreement was found
with the Green–KubosGKd EMD results. The results show
that the Newtonian viscosity relative to the GK results are
generally underpredicted by the Carreau analysis and over-
predicted by mode-coupling theory. Newtonian viscosities
obtained via the Carreau equation are, however, typically in
better agreement with the GK results. The shear viscosity
obtained with the MWGKL potential and that calculated us-
ing the BMHTF potential was found to be in close agree-
ment. The effects of the stronger repulsion and van der Waals
forces of the MWGKL potential partially cancel out and this

FIG. 5. NEMD shear viscosity vs the square root of the strain rate for KCl.
The data are compared with the GK-EMD shear viscosity obtained in this
work and experimental data. The full and dashed lines correspond to the
least-squares fit for the BMHTF and the MWGKL potentials, respectively, at
the lower strain region simulated.

FIG. 6. Logarithm of the NEMD shear viscosity against the logarithm of
strain rate for KCl. The data are compared with the GK-EMD shear viscos-
ity obtained in this work and experimental data. The full and dashed lines
correspond to the Carreau function fits for the BMHTF and the MWGKL
potentials, respectively.

FIG. 7. NEMD shear viscosity vs the square root of the strain rate at dif-
ferent temperatures for the BMHTF model of NaCl. The data are compared
with the GK-EMD shear viscosity obtained in this work.
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fact explains the agreement between both the ion-ion radial
distribution functions and the shear viscosity obtained with
the two potentials.

Even though a number of problems arise in using shell-
model potentials as discussed previously, we consider the
extension of this study to the case of shell-model potentials
for molten alkali halides to be of special interest since it may
allow one to identify the weaknesses of both type of models.
We also note that the effect of three-body potentials on the
transport properties of molten alkali halides is unknown and
should be considered in future studies as well.

Regarding the calculation methodologies for the shear
viscosity, we also believe that the application of the TTCF
algorithm is of special significance since it may enable one

FIG. 8. sad Logarithm of the NEMD shear viscosity against the logarithm of
the strain rate at different temperatures for the BMHTF model of NaCl. The
data are compared with the GK-EMD shear viscosity obtained in this work.
sbd The temperature-time-scaled master equation for the shear-dependent
viscosity of NaCl as given in Eq.s17d.

FIG. 9. NEMD shear viscosity against the square root of the strain rate at
different temperatures for the BMHTF model of KCl. The data are com-
pared with the GK-EMD shear viscosity obtained in this work.

FIG. 10. sad Logarithm of the NEMD shear viscosity against the logarithm
of the strain rate at different temperatures for the BMHTF model of KCl.
The data are compared with the GK-EMD shear viscosity obtained in this
work. sbd The temperature-time-scaled master equation for the shear-
dependent viscosity of KCl as given in Eq.s17d.

FIG. 11. Comparison between the simulation and experimental shear vis-
cosity for sad NaCl andsbd KCl. Solid line: JanzsRef. 38d; h GK-EMD-
BMHTF; s NEMD-BMHTF-MC; L NEMD-BMHTF: Carreau;n GK-
EMD-MWGKL; m NEMD-MWGKL-MC.
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to understand to what extent the Newtonian plateau of the
BMHTF model of NaCl and KCl is, in fact, that predicted by
Eq. s15d.
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