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The thermal conductivity of molten sodium chloride and potassium chloride has been computed
through equilibrium molecular dynamics Green—Kubo simulations in the microcanonical ensemble
(N,V,E). In order to access the temperature dependence of the thermal conductivity coefficient of
these materials, the simulations were performed at five different state points. The form of the
microscopic energy flux for ionic systems whose Coulombic interactions are calculated through the
Ewald method is discussed in detail and an efficient formula is used by analogy with the methods
used to evaluate the stress tensor in Coulombic systems. The results show that the Born—Mayer—
Huggins—Tosi—Fumi potential predicts a weak negative temperature dependence for the thermal
conductivity of NaCl and KCI. The simulation results are in agreement with part of the experimental
data available in the literature with simulation values generally overpredicting the thermal
conductivity by 10%-20%. €2004 American Institute of Physic§DOI: 10.1063/1.1691735

I. INTRODUCTION Kubo method in the canonical ensembié ¥, T) of the ther-

The experimental measurement of the thermal Conducr_’nal conductivity of solid NaCl and KCI, but only one state

tivity of high-temperature molten salts is very difficult be- point was reported for the I|qU|q Stat?' Fuchiwaki and
L . . - Nagasakareported EMD {\,V,E) simulations of the ther-
cause of their high melting temperatures and chemical activ- s ) -
al conductivity for different molten alkali halides. The re-

ity. It is not surprising, therefore, that there are substantial" its of th imulati d dict the th | d
disparities in the reported experimental results for these ma > O dose simuia |on|s underpre g eh ermal conduc-
terials. These disparities are normally attributed to convectVIty and were inconclusive regarding the temperature

tive and radiative effects in some experimental methods. Fofi€Pendence of the thermal conductivity. In particular, the

the particular case of molten alkali halides, part of the ex.values reported from those simulations show positive and

perimental data available in the literature show an increase dfegative changes for the thermal conductlvny?of NaCl and
thermal conductivity with temperatufea behavior consid- KCI as the temperature is increased. Takesel.” reported
ered to be anntrinsic characteristic of molten salt¢ The ~ €xtensive EMD N,V,E) calculations for the thermal con-
experiments of Nagasale al2 on the thermal diffusivity of ~ductivity of a number of molten alkali halides. Their results
molten alkali halides, however, show a weak negative temoverpredict the thermal conductivity and again for almost
perature dependence for the thermal conductivity. Furthe€Vvery substance, including NaCl and KCI, an alternating
their values for the thermal conductivity are significantly Positive and negative temperature dependence of the thermal
lower than those obtained by Smirnevall conductivity is observed within 100 K temperature intervals.
Molecular dynamicgMD) simulations avoid the experi- Because of the abnormal behavior reported in these
mental problems referred to previously and provide an altersimulations, we investigate here the temperature dependence
native to obtain the thermal conductivity of molten salts. Theof the thermal conductivity for molten sodium and potassium
objective of this work is to investigate the temperature dechloride. We note that Takaset al.” have used an Ewald-
pendence of the thermal conductivity of the Born—Mayer—energy flux expression derived by Bernu and Vieillef8sse
Huggins—Tosi—Fum{BMHTF) potentiaf for molten alkali ~ for the particular case of the one-component plasma model.
halides using Green—Kubo equilibrium molecular dynamicdn this work we give an expression for the energy flux of a
(EMD) simulations. binary ionic system by analogy with the expression for the
The thermal conductivity of molten alkali halides has stress tensor elements derived by Nose and Rl Heyes
been simulated by EMD before, but the results were incon{NKH).1° This formula is very efficient, eliminating the
clusive as to whether the temperature dependence predicteiduble sum over particles inside the Fourier space vectors
by the BMHTF potential is positive or negative. Sindzingre sum in analogy with the case of the potential energy and
and Gillar® performed EMD simulations using the Green— forces
Nonequilibrium molecular dynamicéNEMD) simula-
dAuthor to whom all correspondence should be addressed. Electronic mait.jons for the thermal conductivity and cross coefficients have
jely@mines.edu also been reported for ionic systeMs*but not for molten
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alkali halides. We note that even though NEMD has beenthe  J,=—L,,X,— LzoXo,

preferred method in the most recent studies of thermal trans- (1)

port coefficients, neither it nor EMD have been explored to  Jo=—LozTXz—LgoXg:

any great extent for the case of ionic fluids.
This paper is organized as follows: First the expression%/here Jz and Jo are the charge flux _and the_ heat flux,

used in the calculation of the thermal conductivity through ap(@,f=2,Q) are the phenome_nologlcal coe_fﬁments,_and

EMD with the Green—Kubo method are given. Special atten-xZ andXq are the thermodynamic forces, which are given

tion is given to the form of the microscopic energy flux for

ionic systems for which the Coulombic interactions are cal-  x —vy (,),

culated through the Ewald method. The nonpairwise nature )

of the reciprocal space forces in this method forces the dy-  X,=VT.

adic product between force and distance to be computed as a - .

whole in the Fourier space in analogy with the potential termin EQ- (2) pz=(n1—u3)/ (21— 22) WhEYZeMk is the electro-

of the stress tensor of an ionic system. This expression igheémical potential of componert = +2zc¢p (com-

given here by analogy with the case of the stress tensor el®0Sed by a chemical payt, and the electric potentiap; z,

ments and it is suitable for the MD simulation of the thermalS the charge per unit of mass of componknand the gra-

conductivity of ionic and dipolar fluids modeled with partial dient is to be taken at isothermal conditions.

charges. The details of the simulations are then discussed and From the Onsager reciprocal relatiéhor the cross co-

the results are compared with available experimental dat§fficients,Lzo=Lqz, and therefore only three independent

and previous simulation results. Finally the conclusions ofcoefficients are involved in Eq1). Elimination ofXz in the
this study are given. equation forJy and usingXqo=VT, permits one to rewrite

the heat flux relation in the following forfh:
JQ:TLQszlLZZ_)\VT, (3)

where\ is the thermal conductivity corresponding ip=0

II. THERMAL CONDUCTIVITY RELATIONS o
and is given by

Since the electroneutrality condition for a Coulombic N=Loo— LézT/Lzz- (4)
system implies a constant composition, the Gibbs phase rule
says that pure molten salts are one-component sydi@mhs  Notice that forJ,=0, Eq.(3) becomes the well-known Fou-
one chemically independent spegidsrom this definition of  rier law of heat conduction. Furthdr,, can be identified as
a molten salt no thermal diffusion is expected to occur for abeing the electrical conductivity, defined as the ratio of the
pure molten salt in analogy with the case of a one-electric current density],, and the negative gradient of the
component neutral system. Consistency with this definitiorelectrochemical potential at constant temperatuNotice
was reported by Bresmet al!® where the thermal diffusion that if the chemical potential is constant then Ohm’s law,
of a binary system was calculated through NEMD as a funcd,= oE, is obtained by separating the electrochemical po-
tion of the charge strength of the species, and the range @éntial into its chemical and electrical parts.
the ionic potential using Coulombic and Yukawa long-range  For simulation purposes it is preferred to define the ther-
tails, in the limits of a two-component mixtufeero charged mal conductivity in terms of the energy flux rather than the
speciegand a one-component systémit charged specigés heat flux, because the latter is more difficult to calculate as
The results of this investigation showed thermal diffusion todiscussed in the following. The two are related by
decrease with increasing charge strength from a positive
value to a negative, close to zero val(eithin statistical
uncertainty, for a Coulombic long-range tail. For pure mol-
ten salts, however, coupled thermo-electric effects occur. The
coupling of heat and charge currents in a molten salt lead to — (hi—hy) Jo=Je—hoJ (5)
a treatment of these systems analogous to that followed for E ZovE s

(21— 25)
real mixtures and in this work molten NaCl and KCI were . . e
treated as binary ionic mixtures. whereh, is the partial specific enthalpy of compondantl,

Thus, the relations discussed in the following are given> trr:e ﬂtr‘]x of ions of species 1f|n the cerger c(;f r:asfs fraﬂge,
for a binary system for which no viscous forces, external' tN€ charge per unit mass of compongrind the fact that

magnetic fields, or electronic current occurs and no chemicdP" zal5b|na}ry mixture J, = =J, and J;=J(2,-2,) were
reactions take place between its components. used.” Using this we can re-derive the phenomenological

laws in terms of the fluxes of charge and enerfjfhe new
expressions are given by

2
JQ:JE_ kgl hJk=Jg—(h1—hy)J;

A. Phenomenological relations 3=~ L77X3— LzeXq,
: : . (6)
The linear phenomenological {e'latlorls. that express the  j_— —Le XS~ LeeXo
transport of heat and charge in a “binary” ionic system can
be given by®!® in which Xq has not been changed b is now given by
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Mz N
X§=TV(?>. (7) i,=> Zev(t),
i=1

This transformation leaves all physical results unchanged al- N (12)
though a different form for the entropy production is : 222 r(E;—h)

obtained!® For a binary mixture this transformation, E&), Q7 dt

excludes the enthalpy flux contribution associated with the

interdiffusion of one species through the other from the enwith

ergy current® The following thermodynamic relation was

used: (E—h)= 1mI Vit = Eu”(r,,) (13)

Mz

hz
7" Vimz VT (8

TV| —

wherey; is the velocity of particlé, u(r;;) the pair potential
between particles andj, r; the position vector of particlg
ndh is the enthalpy per particf€.

Taking the time derivative of Eq13) gives the follow-
ing result for the heat flux:

and the relations between the two sets of coefficients arg
given by

LZZ
Loo=Lege—2Lgshz+ —=h3
QQ EE EZ''Z T Z N 1 N N N
(9) JQZEI V|E|+§2I ; r”(F”‘V|)—EI Vih. (14)

I—ZZ
Loz=Lez—hz— T

_ _ _ If the total linear momentum in a single component system is
Notice that the form of the phenomenological laws is un-zero, the last term of this expression is also zero. For a binary

changed under the transformation and the following expresmixture the expression must be extended as folltfvs:
sion can be obtained for the thermal conductivity:

N=Lge—LZ,T/Lss. (10)

Alternatively this expression can be obtained simply by sub-
stitution of Eq.(9) into Eq. (4). For the simulation of the 1 a

thermal conductivity of solid alkali halides it has been + 2 E EI j#(za:ﬁ) Fiaig(FiajgVia), (19
showr? that this transformation causes a problem in that the

autocorrelation function of the energy current shows an oswhereh,, is the partial enthalpy per particle of speciesThe
cillatory behavior arising from the fluctuations of the electric enthalpy term cannot be dropped for a binary mixture be-
current at the transverse optic frequency. This problem diseause of the different masses of the two species. The fluxes
appears in the liquid state and the thermal conductivity caf, andjq have been written for a zef¢barycentric”) center

be calculated from E¢(10). of mass velocityu, given by®
Finally the transport coefficients involved in ELO) ) N
can be computed through EMD in conjunction with the J
Green—Kubo method. The Green—Kubo formulas that ex- - Z 2 i ) aEl IZ Mia - (16
press these three transport coefficients as time integrals of
the correlation functions of microscopic fluxes are Because of the difficulty of calculating the partial enthal-
pies in MD simulations the energy flux is used instétiis
L,,= 1 foc<jz(t)-jz(0)>dt, is possible under the transformation previously performed on
3VKT the phenomenological laws and also possible for the micro-

scopic currents which is given by Eq(15) except for the

L f (ie(t)2(0))dt, (11) enthalpy term. Notice further that for the case of pure molten
EZ7 SVKT2 Je(V)z salts partial thermodynamic quantities cannot be defined in
the same way they are defined for neutral binary mixtures
because of the fixed composition imposed by the electroneu-

Lee= 3VkT2f (Je(t)-je(0))dt, trality condition.

For the case of a molten alkali halide it is preferred to
wherel (= o) is the electrical conductivityl. g, is a cross use the energy flux in the following form:
thermoelectric coefficient, anldzg would correspond to the N
thermal conductivity of a neutral one-component fluid. . Ez
2<

N
w2+ 2> u(ry)
J#I

Vit 5 ZEU.JFU . (17)

|1J¢|

The mixture notation has been dropped for sake of simplicity
with the understanding that the sums are to be performed for
The microscopic fluxes of charge and heajg can be  two different species with different masses. In Etj7) the

given by termr;;F;; is a dyad given by

B. Microscopic fluxes
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XX XY XZ 7.0
Sll Sll j
s=| s s S (18)
TSy sy :
with g
R — <T>=1091K
SHE 2 Fii(rij—nL)(rf—ngL), 19 2 ---- <P>=1217K
""""" <T>=1339K
whereL is the length of the side of the MD box amds the wF <T>=1413K
periodic boundary conditions translational vector=0,+1, 00 ‘ o <TE1A95K
*+2,..). The sum over the lattice vectanshas been explicitly 00 02 04 06 08 10 12 14
included in Eqg.(19) to point to the fact that for an ionic tps

system treated with the Ewald sum, the separation of the
force in a real space part and a reciprocal space part, requiregiqe
the sum[Z, F (r,J—nL)(r nﬁL)] to be treated as a
whole in the Founer spacd:t: is the @ component of the
reciprocal space force between particland j and all its
images considered within the chosen truncation scheme for The motivation for writing the \energy flux in the form
the Fourier latticg If the forces were calculated isolated in given by Eq.(17) is that the sunE}%;r;;F;; is equal to the

the Fourier space and then multiplied by the distances besum that arises in the definition of the stress tensor and the
tween particles in the MD box, these would not correspondNKH expression to evaluate this product can be used in the
to the interactions accounted for in the reciprocal space lathermal conductivity calculations. The final expression for
tice. This problem was first encountered by Bernu andhe microscopic energy flux of an ionic system treated with
Vieillefosse!® who have shown that even though the Green-the Ewald sum is then

Kubo relations for the transport properties of nonionic fluids N

could also be applied to case of _a_one-component plasma, i :12 {mi V_2+2 u(r;)
some care had to be taken in defining the microscopic cur- 2= )
rents to avoid divergences. Their derivation was given ex-
plicitly for the case of the one-component plasma using the

2. LZZ coefficient for the different state points simulated for sodium

Vi

N N 1NN
2, 2 (it 5 2 2 v (20

1
Ewald method given by Nijboeur and De WetfeThe prob- 24 =i
lem was later considered for the case of viscdsityand an
efficient expression proposed for the product of the dlstance‘é’I th
with the reciprocal space part of the force for monatomic and .
polyatomic systems, for the particular case of the stress ten- 3“5 _32 Wb —k2/4azzizj cogker;)) (22)
sor. These same expressions are to be used in the simulation k#0 k

of the viscosity of any dipolar fluid for which partial charges
are added and the interactions computed through the Ewal
method(e.g., liquid methandh). Recently the authors have 2|Kallkgl  [kallkgl
given a detailed discussion on this calculation for the case of B.g= 0.5~ T >
the stress tensor elements for an ionic system for which the K| 2
Ewald sum is used to calculate the Coulombic long-range

forces?

ﬁ‘fd for thea8 component of the tensd(k),'°

: (22)

-0.10
0.9 -0.15
0.8 -0.20
0.7 y 0.5
v 0.6 g
Eo0s | < 030 [
i g -
20.4 ~ 035 F L ——<T>=1091K
=) — H
= 0.3 — <T>=1091K | - <T>=1217K
- <T>=1217K -0.40 L <T>=1339K
0.2 ~ <T>=1339K P _
o1 1413k .0.45 - : <T>=1413K
g e <T>=1495K --= <T>=1495K
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FIG. 1. Lgg coefficient for the different state points simulated for sodium FIG. 3. Lg, coefficient for the different state points simulated for sodium
chloride. chloride.
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TABLE I. Results for the Green—Kubo coefficients of NaCl. The correlation TABLE Ill. Comparison of the simulated electrical conductiviy) and
functions were evaluated from 5 ns production run (®° time origing thermal conductivity\) of NaCl with experimental data.
and a time window of 5 ps.

<T> O'MD/ O_expy )\MD )\expt
T(K) (T)(K) p@cm?® Leg(WimK+o) L2T/L,; (W/mK) K) p(@em® (Qcm)t (Qcem)yt! WmK)  (W/mK)
1100 1091 1.5420 0.7980.009 0.189 1091 1.5420 3.50 3.63 0.609 0.516
1200 1217 1.4878 0.770.01 0.19 1217 1.4878 3.95 3.93 0.58 0.493
1300 1339 1.4335 0.780.01 0.18 1339 1.4335 421 417 0.55 0.471
1400 1413 1.3793 0.6860.005 0.181 1413 1.3793 4.25 431 0.505 0.458
1500 1495 1.3250 0.6860.009 0.187 1495 1.3250 4.23 4.44 0.493 0.443

wherea is the convergence parameter of the Ewald sum, andquadrupole dispersion energies, with parameters obtained by
84p is the Kronecker delta. In Eq20) ! represents the Mayer The Ewald-sum method was used to calculate the
short-range forces and the real part of the Ewald—CoulomiEoulombic potential energy and forcEs:* with the value
forces, both computed in the real space. a=5.61L for the convergence parametr is the length of
This formula is suitable for simulation of both binary the side of the MD box The real-space part of the Ewald—
“mixtures” of positive and negative ionic particles and dipo- Coulomb potential and the short-range interactions were
lar systems modeled with partial charges. For the case dfuncated forr,=L/2 and the Fourier part of the force and
dipolar molecules or polyatomic ions an additional termpotential energy was summed up to the vedtuf,,—27,
should be taken into account, which handles the product oith thek-space vector given by=2=h/L. The positions at
the distances and the intramolecular forces. Notice furthetime zero were defined as those corresponding to the face-
that the Fourier part of this expression, H49), can be centered cubic lattice of solid NaCl with the cations occupy-
transformed into a much more efficient forfmot given ing octahedral holes, and the zero time velocities were ran-

hera, in the same way as the potential enefbwhich elimi-  domly assigned and scaled to ensure a zero total linear
nates the double loop over particles inside khgpace triple  momentum. The Verlet “leap-frog” algorithm has been used
sum. to solve Newton’s equations of motitfhwith a time step of

We note that the expressions used in this work are conl fs. The system was equilibrated around the desired tem-
sistent with the expressions used by Breshall® for the  perature through scaling of the velocities, during the equili-

productFj;r; in the real and reciprocal space but not with bration part of the simulation, 150 ps. The production stage
the formula used by Motoyamet all* for the computation was run for 5 ns for every point and the values of the charge
of the thermal conductivity of UQ and energy flux accumulated every time step. The correlation

functions were built and integrated to give the values of the
IIl. SIMULATIONS three transport coefficients given by HGl).

The simulations reported here have been performed for 8, resuLTs
cubic sample of 216 ion€l08 cations and 108 anionis the
microcanonical ensemble using periodic boundary conditions ~ Figures 1-3 show the coefficientse, Lzz, andLgz
and the minimum image convention. The rigid ion Born— obtained from the integration of the energy and charge auto-
Mayer—Huggins—Tosi—Fumi potential model has been used:orrelation functions and energy and charge cross correlation

The model has the following form: function for the different state points simulated for the case
of sodium chloride. The variation of the coefficients with
e? Cij Dj time is given only for the first 1.5 ps but the average values

$ij(N)=ZiZj— +Ajj exdB(oi+o;—r)]— PO (23 have been computed up to 5 ps. The cross correlation func-

tion between the energy and charge currents was found to be
where the first term represents the Coulomb interaction, thehe most difficult to accurately calculate because in spite of
second the Born—Huggins exponential repulsion, with paits fast convergence to zero, large fluctuations persist for
rameters obtained by Tosi and Fufand the third and some state points for the entire five million time origins used
fourth terms correspond to the dipole—dipole and dipole-in the computation of the coefficients.

TABLE II. Results for the Green—Kubo coefficients of KCI. The correlation TABLE IV. Comparison of the simulated electrical conductivity) and
functions were evaluated from 5 ns production run (®° time origing thermal conductivity\) of KCI with experimental data.
and a time window of 5 ps.

<-|-> D'MD/ O_expt/ )\MD )\expt
T(K) (TV(K) plgcm® Leg(WmKxe) L2T/Ly, (WMK) K) plgemd (Qem)y* (Qem)yt'  (WmK)  (W/mK)
1050 1053 1.5236 0.4600.006 0.015 1053 1.5236 2.40 2.19 0.445 0.387
1100 1133 1.4945 0.4420.003 0.0063 1133 1.4945 2.61 2.38 0.438 0.374
1200 1219 1.4362 0.4420.004 0.010 1219 1.4362 2.80 2.56 0.432 0.359
1250 1231 1.4070 0.4260.007 0.0088 1231 1.4070 2.80 2.59 0.417 0.357
1300 1357 1.3779 0.3900.005 0.011 1357 1.3779 3.03 2.84 0.379 0.336
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Tables | and Il give the values of the two terms of Eq. difference between the different sets of experimental data is
(10) involved in the calculation of the thermal conductivity rather large and an opposite temperature dependence is pre-
of sodium and potassium chloride. It can be seen that thdicted.
term in Eqg.(10) involving the electrical conductivity and the The simulation results obtained in this work clearly
cross term are much higher for NaCl for which the masses o$how that the BMHTF potential overpredicts the thermal
the two ions are relatively different, than for KCI for which conductivity of NaCl and KCI and a well-defined negative
the masses of Kand CI are very similar. This results from temperature dependence is predicted.
the fact that for KCI the cross term involving the charge and
energy currents is much lower than for NaCl. Notice that the
electrical conductivity, which is ip the denominatgr, is lower\, coONCLUSIONS
for KCI than for NaCl and that is correctly predicted from
the simulation results. Tables Il and IV compare the values  Equilibrium MD simulations in the microcanonical en-
of the electrical conductivity and thermal conductivity with semble have been performed to investigate the temperature
experimental data. The experimental results for the electricalependence of the thermal conductivity of molten NaCl and
conductivity are from Jarf2 and the thermal conductivity KCI. Aweak negative temperature dependence was found for
values are from Nagasala al3 The electrical conductivity the thermal conductivity of molten NaCl and KCI in agree-
for NaCl is in very good agreement with the experimentalment with the experimental results of Nagasakal®
data. For KCI the results are still satisfactory. The thermalThe results obtained are in satisfactory agreement with the
conductivity is shown to agree relatively well with the ex- available experimental data, generally overpredicted within
perimental data in general within 10%—-20%. The predictedl0%—20%.
temperature dependence is weakly negative in agreement A discussion on the form of the reciprocal space part of
with the results of Nagasaket al® Figures 4 and 5 give a the potential part of the energy flux for ionic systems for
general comparison of the simulation results of this workwhich the Ewald sum is used to handle the long-range forces
with different sets of experimental data and with the simula-has been given. The expression used is relatively efficient
tion results of Sindzingre and Gillahit can be seen that the thus permitting one to run relatively long simulations—a

08 |
o
&
E o©
% 0.6 e}
£
S
-E . o * *, FIG. 5. Comparison of the simulated thermal conduc-
g 04 ] o . oo * tivity at different state points with experimental and
= - L4 simulation data for potassium chloride.
E @ EMD (N, V,E) - this work
2z O EMD (N,V,T) - Sindzingre and Gillan, 1990
= o © Exp - McDonald et al, 1971 (1093,1143K)
O Exp - Smirnov et al.,, 1987 (1050-1160K)
® Exp - Nagasaka et al,, 1992 (1056-1335K)
L L L
0.0
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