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Thermal conductivity of molecular fluids from molecular dynamics
simulations: Application of a new imposed-flux method
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We have applied a new nonequilibrium molecular dynanit&MD) method[F. Muller-Plathe, J.
Chem. Phys.106, 6082 (1997] previously applied to monatomic Lennard-Jones fluids in the
determination of the thermal conductivity of molecular fluids. The method was modified in order to
be applicable to systems with holonomic constraints. Because the method involves imposing a
known heat flux it is particularly attractive for systems involving long-range and many-body
interactions where calculation of the microscopic heat flux is difficult. The predicted thermal
conductivities of liquidn-butane and water using the imposed-flux NEMD method were found to be

in a good agreement with previous simulations and experiment20@ American Institute of
Physics[S0021-960680)50841-1

INTRODUCTION tion on the system in thedirection,{dT/dz) is the resultant
temperature gradient in this directioA,is the surface area
perpendicular to the-axis, andt is the total simulation time.
The heat flux is created by exchanging velocities of particles
in “cold” and “hot” slabs located in the middle of the
simulation box and adjacent to one of the simulation box
boundaries. The cold slab donates its “hottest” particles

methods(e.g., Ref. 2 allows one to circumvent the latter (particles with the highest kinetic enejgip the hot slab in

problem, these methods still suffer from the former. This isexchange fo_r th_e latter's “coolegt” particle(qaarticles Wi.th .
particularly true for molecular fluids, which often involve the lowest quetlc energy_Performlng this exchange per|od.|-
long-range interactionge.g., Coulomb and/or many-body cally results in the heating up of the hot slab and cooling

interactionge.g., mutual induction effegtsWhile the micro- dtowr(} Oft t?etc:)nld fl"f[‘bé Thr's diprr?tC(ia:SmZ\i/remtlijar:Iy q yleltds a
scopic definitions of mass flugself-diffusion and momen- steady-state temperature gradie ection due 1o

tum flux (viscosity) involve only self-particle or self- and tt;ekr)ma_lrﬁon:iuctlon tthrough Zl_abf sepat;atmg t_?e cold and dh(gt
interparticle static correlations, respectively, the heat flux in-sa} Si i € tﬁm:oeral l:re gra ;en can ie?stl)yTrEea_sure dy
volves interparticle dynamic correlations requiring evalua-cacuiating the local temperature in €ach slab. The Impose

tion of pair velocities:® Long-range static correlations can heat flux is given exactly by the relationship

be effectively treated using Ewald and related methods; how-

ever, no equivalent method exists for handling long-range <Jz(t)>:tra%fer32

dynamic correlations. Therefore, in determining thermal con-

ductivity in systems with long-range interactions, one carWherev, and vy, are the velocities of the identical mass

either ignore these effects by truncating the range of interadearticles that participate in the exchange procedure from the

tions used in calculating the heat flux, include interactions orfold and hot slabs, respectively.

a sufficient length scale such that correlations vanish, or, The imposed-flux NEMD method is compatible with pe-

preferably, devise a method that does not involve calculatiofiodic boundary conditions, it satisfies the energy and linear

of the microscopic heat flux. momentum conservation, it is trivial to implement and inter-
Recently Muler-Plathe suggested an NEMD method for Pret the results, and it has been shown to yield satisfactory

calculation of thermal conductiviyThe idea of the method results for a monatomic Lennard-Jones filiidere we dis-

is to impose an exactly known heat flux on the system an@uss modifications to the method that allow it to be applied

then determine the resulting steady-state temperature gradP molecular systems with holonomic constraints. We then

ent in the direction parallel to the heat flux. The thermalinvestigate the performance of the method in prediction of

Calculation of thermal conductivity from molecular dy-
namics(MD) simulations using equilibrium methods suffers
significant difficulties due to complications in determining
the microscopic heat flud(t) and the slow convergence of
the time integral of the heat flux autocorrelation functton.
While use of nonequilibrium molecular dynami@dEMD)

2 02-vd), @

conductivity\ is given by the expression the thermal conductivity of real molecular liquids, namely
n-butane, which does not involve long-range interactions and
_ (1)) (1) water, which does.
2tA(dT/dz)’

where(J,(t)) is total heat flux imposed during the simula- METHODOLOGY

The imposed-flux NEMD method can be used only in
dAuthor to whom correspondence should be addressed. combination with the velocity Verlet algoritthin which the
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velocities of atoms are among the variables used in the inte:
gration of the equation of motion. In order to impose geo-
metric constraints one can use the well-known schemes
RATTLE® or SHAKE. These methods iteratively satisfy
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bond constraints and additionally remove the component of?:
the relative velocity of the two particles participating in a &
constraint along the bond connecting them. By exchanging%
" .. . . . . A N
the velocities of atoms participating in different constraints &
this latter condition is compromised. After velocities are ex- "
changed a call of RATTLE or SHAKE removes any relative
velocity along the constrained bonds with irreversible loss of
kinetic energy; the total energy of the system is not con-
served and the imposed heat flux cannot be measured e>
actly. In order to overcome this problem we suggest ex-
changing the translational velocities of two molecules rather
than exchanging the velocities of two atoms. By exchanging
the molecule center-of-mass velocities for two molecules
while keeping the velocities of their atoms unchanged rela-
tive to their respective center-of-mass, the velocity constraint
condition remains satisfied. It is simple to show that the total _
kinetic energy and linear momentum are conserved when thex
center-of-mass velocities of the molecules are exchange(¥
(see Appendix A
In the originally proposed methodoloyhe imposed
heat-flux NEMD was applied in conjunction with constant
simulations using weak coupling schéhwath a single heat
bath. Recently a methodology involving multiple thermostats
has been propos&dnd applied for various systenfslt was
found that thermostating of each degree of freedom can sig-
nificantly improve equilibration and statistics convergette.
Since the patrticles velocities define the “force” for extended
degrees of freedom, the direct coupling of imposed heat-flu
NEMD with constantT simulations, where each molecule
(particle has its own thermostat, would result in the step

function change in the “force” acting on the thermostats sities were taken from the simulations of Dystéteal in

assigned to the _particles participating _in the velocity X order to facilitate comparison of thermal conductivity with
change. Such an instantaneous change in the thermostat fo&ﬁ%ir predictions. The orthorhombic simulation box, ex-
would mtlro_ducr(]a gddltlonal perturbations in thel slysterg aN%ended in the direction, was subdivided into 10 equal slabs
can result in the improper temperature control. In order tQ ¢ i 6 683 A and 400 A (for 150 K) or 450.3 R (for
avoid these complications variables of the thermostats can bg, K) cross-sectional area each. Equilibration runs of 5 ns

gxchanged along with particles velocities. In.Appendix B itwith a time step of 4 fs in a constant density and temperature
is shown 'that' such exchange procedure will conserve thﬁ\lVT) ensemble using a Noseloover thermostat and ex-
total Hamiltonian and the thermostats forces. plicit reversible integrator described elsewHéraere per-
formed. A nonbonded truncation of 9 A was employed. The
production rungin the NVT ensemblewere longer than 20
n-Butane Liquid n-butane systems have been widely in- ns. For both temperatures simulations with three different
vestigated by MD simulations;*®including calculation of  frequenciegW) of velocity exchange were conducted.
thermal conductivity via equilibrium MB:}* Some experi- During the simulations the instantaneous temperature in
mental data for thermal conductivifyas well as data ob- every slab was calculated each time step and an accumulated
tained from fundamental equation of statEOS' for  average temperature for each slab was determined as a func-
n-butane are available. In this study the united atihsw) tion of the length of the run. The temperature profile in zhe
OPLS (optimized potentials for liquid simulationforce  direction was approximated by a linear function based upon
field'* was used for representation ofbutane molecules. the current(accumulateflaverage temperature of the slabs,
The interaction between GHsites was described by a which allowed us to monitor the evolution 68 T/dz). The
Lennard-Jones potential. The distance between bonded siteemperature gradieftd T/dz) as a function of the number of
and the bend angles between bonds were constrained, whiletegration steps is shown in Fig(dl for n-butane at 150 K
the dihedral angle was subjected to a torsional potential. Sy§er W=0.002, 0.001, and 0.0005 fs The final average
tems with 200 molecules were set up at 150 and 290 K witltemperature distributions in thedirection together with lin-
densitiesp=720.36 and 640.0 kg/inrespectively. The den- ear fits are shown in Fig. 2. All distributions are symmetric
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FIG. 1. Average temperature gradient as a function of simulation length for
a) n-butane at 150 K an¢b) water at 318 K from accumulative statistics.

RESULTS AND DISCUSSIONS
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170 I : : : : TABLE I. Thermal conductivity ofn-butane and water.
165 - @ W=0.0005 fs! 4 N (W/mK)
O w=0.001 fs!
160 - A #=0.002fs" . This Previous
T(K) W(fs™) (dT/dz) (K/A) work simulations Experiment
—_ 153 n-butane
\% 150 - - 150 0.0005 0.23 0.228 0.188 0.192
= 0.001 0.55 0.187
145 - - 0.002 1.01 0.198
290 0.0005 0.66 0.138 0.123 0.137?
140 - g 0.001 1.19 0.149
135 L | 0.002 2.26 0.147
TIP4P water
130 ‘ ‘0 ‘ ' ' ' ' 318 0.002 0.74 0.781 0.64
5 1 15 20 25 30 35 40 0.004 1.66 0.725
z(A)
SPC/E water
318 0.002 0.73 0.784 0.64
FIG. 2. Final temperature gradient in thelirection forn-butane at 150 K. 0.004 1.55 0.730

“Reference 14.

b,
and the desired average temperature of 150 K is maintainegﬁgfz::;'gz ;g
It is important to understand the influence of the ex- '
change frequencW on the calculated thermal conductivity.

Figure 3 shows the calculated thermal conductivibased W before the simulati based hort prelimi .
upon accumulated temperature gradient and flux stafisifcs petore the simuiation or based on short prefiminary simu-
lations. In the meantime, an empirical approach can be taken

n-butane as a function of the length of the simulation for the, der to determine th it locit h f
three exchange frequencies investigated. It is clear that 0 order to getermine the appropriate velocily exchange Ire-

larger value ofW results in a faster convergence of the ther-duency. In this approach the most important criteria should

mal conductivity; a larger exchange frequency yields a Iarge|Qeinthe d;?r;sitefr;cy ofnt?e p\r/\?f?ilcfge\?v thliin?/a:i dcotndtjhctiv;t;]es
temperature gradient and flux, and hence better statistics foPnd ere equencies, ch would validate that the

a given length of trajectory. Too large a gradient, howevers'mUIit'onz Vr‘]”tciwr frgmr tr)‘(e cr?onsenvﬁggte ;OIIOV‘\’IV tar“nﬁgr
will result in a non-linear response of the system, thereb)}eSpO S€ behavior. Lur expenence utane, water a

; ; 18
setting a maximum for the exchange frequency. As can pgctahydro—1,3,5,7-tetranitro—1,3,5,7-tetrazocinéHMX)
seen in Fig. 3, we have chosen a ranga\bfor which the reveals that when an empirically determined optimal value of

predicted thermal conductivity does not depend on theW IS estabhshe_d for one thermodynamlp state,_ the same
choice of W beyond its influence on the trajectory length value can be reliably used for other states in the wide domain

required to obtain good statistics. We believe that an exte of temperature and pressure. - .
Thermal conductivities obtained from the imposed-flux

sive investigation of correlation oV parameter with other NEMD method are compared with equilibrium molecular
simulation parametere.g., simulation box geometry, inte- . . X o
P .9 g y dynamics simulatiort8 and fundamental EG% predictions

ration time step, temperature, eétand influence of those . . ) .
g P b ¢ n Table I. At 290 K we compare our simulation results with

correlations on the staistics convergence should be pef{ﬁe thermal conductivity predicted by EOS at 600 atm, which

formed in order to derive the recipe for the optimal choice ofiS the vapor pressure gfbutane at this temperature. Simu-
lation at 150 K using the lowest frequen@y/=0.0005 was

not run long enough to provide the converged value of ther-
o W=0.0005 & mal conductivity(see Fig. 3 and, therefore, has the largest
035 - @ —— w0001 57 | deviation from the EOS prediction. The thermal conductivity
—O— W=0002 £ of n-butane as well as its temperature dependence predicted
by the imposed-flux NEMD method is consistent with EOS
values and previous equilibrium MD simulations.

Water We chose pure water as a model system to test
the ability of the imposed-flux NEMD method to yield accu-
rate thermal conductivities for systems with long-range inter-
actions. Despite extensive MD simulation studies of water, it
appears that its thermal conductivity has not been calculated.
We have performed simulations of pure water employing the
widely used TIP4P and SPC/E° potentials. A nonbonded
truncation of 9 A was employed. Ewald summatfiosith

steps (4 fs each) 152 reciprocal-space vectors and a real-space exponent of
FIG. 3. Thermal conductivity of-butane at 150 K as a function of simu- 6/L (L=20 A) was employed to handle long-range electro-
lation length from accumulative temperature gradients and heat fluxes. ~ Static interactions. The initial systems of 240 molecules were

A(Wm'K"

0 let6 2e+6 3e+6 4e+6 Set6
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equilibrated over 1 ns followed by constant pressure andrires and Explosion§C-SAFBE), funded by the Department
temperaturgNPT) simulations of 1 ns at atmospheric pres- of Energy, Lawrence Livermore National Laboratory, under
sure and 318 K in order to determine the equilibrium densisubcontract B341493.
ties. The predicted densitie®92.0 and 985.1 kg/fnfor
TIP4P and SPC/E water, respectivelyere found to be in
good agreement with experimef®90.17 kg/mi). Tempera- APPENDIX A
ture gradients were then established during 0.5 ns NVT runs,  The velocity vector of any atom in the system can be
followed by 2.5 ns production runs in the NVT ensembleexpressed as
using a 2 fsintegration time step. For both models the simu- em . x
lations were conductedl with exchange frequencids Vi=Ug TUL (A1)
- <1 s ;
=0.002 f$ and 0.004 fs. The evo[utlon of the tempera- wherev ™ is the center-of-mass velocity of moleculgto
ture gradient for the water systems is shown in Fidp) for which aC{omi belong3 and v* Is the velocity of atomi
W=0.002fs 1. Despite the fact that the TIP4P and SPC/E i 9 Ve Y )
models provide noticeably different descriptions of some'€latively to the center of mass of molecuie Consider the
thermophysical propertiege.g., the self-diffusion coeffi- total kinetic energy(K) of two moleculesa and 3) consist-
cient of pure water! the steady-state temperature gradientdn9 of N atoms and participating in the exchange procedure:
are similar, resulting in similar values of thermal conductiv- N N
ity. The imposed-flux NEMD simulations withV=0.004 2K=2>, m, (vS™+0v* )2+ >, mB_(v;’m'+v§_)2
have less statistical uncertainty and therefore are believed to ! ' ' J : :
provide the most accurate values of the thermal conductivity N N N
of water (\ =0.73+0.05W/mK) at 318 K which is in good =& m, +205™ m, ot + > m,u*?
agreement with experimefit. e I
N N N

+v%‘m'22 mﬁj+2vz'm'z mBJUEJA—Z mﬁjvzjz.
CONCLUSIONS J ] ]

We have demonstrated that with minor modifications the (A2)
imposed-flux NEMD method proposed by Mar-Plathé for ~ The second and fifth terms in the last expression are equal to
calculating thermal conductivity can be used for molecularzero and therefore
systems with holonomic constraints. In contrast to equilib- N N
rium and other non-equilibrium methods the imposed-flux 2K =p%™3\  + > mava.ZJrv%'m'zMngz mB_U;;?,
NEMD method does not involve calculations of the heat flux [ P ] b
vector J(t) using the microscopic definition, which is com- (A3)
plex and can markedly slow down computations particularlywhereM,, andM 4 are the total masses of moleculesand
when long-range and/or many-body interactions are in, respectively. The second and fourth terms of the rhs of
volved. Instead, an exactly known heat flux is imposed oreq. (A3) will not be changed after the velocity exchange
the system and the established temperature gradient is mgaocedure since these are the contributions of the molecules’
sured during the simulation. The rare velocity exchange berotational motion which we suggest to keep unchanged. If
tween two molecules required to establish the temperatur®, and M, are equal then exchangind,™ andv ™ does
gradient causes only small instantaneous perturbations to tht changek and since all positional degrees of freedom in
system. We have shown that this method can be applied tthe system are unaffected by the exchange, the total energy
simulations where multiple thermostats are employed for thef the system will be conserved after the velocity exchange
temperature control. These advantages as well as simplicifyrocedure. Similarly it can be shown that the total linear
in implementation and interpretation make the method verynomentum of the system is also conserved.
attractive for practical application in molecular systems. The
method was tested on liquich-butane and water. For
n-butane, simulation resuli®=0.193 W/mK at 150 K and APPENDIX B

A=0.145 W/mK at 290 K were in good agreement with For illustrative purposes let us consider that each particle

EOS and previous equilibrium simulation predictions over 3has its own temperature controlléhermostat If each of

wide temperature range. For water, this work appears to bfﬁese thermostats are simple Nes®over type, then equa-
the first prediction of thermal conductivity from MD simula- tions of motion can be written as

tions and yields valueg\=0.73 W/mK at 318 K in good

agreement with experiment, demonstrating the applicabilty ~ p; . Py
of the method to systems with long-range interactions. ri:ﬁiv pi=Fi— api ’
. p77| _ pl2
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