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Heat flow studies for large temperature gradients by molecular dynamics simulation
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We derived a molecular dynamics algorithm capable of simulating heat flow in fluids beyond the linear
regime. Unlike the synthetic Evans method, our algorithm establishes real temperature differences between two
regions of the model system by pumping heat continuously into the high-temperature region and taking it away
from the low-temperature region. Since there is no solid phase present, the generated density variation is small.
The heat flow can be calculated from the energy input and output of the thermostat or can be measured by the
method of planes. We performed extensive calculations to study the performance of the algorithm and com-
pared the determined heat conductivity coefficients to results obtained by the synthetic method. For the studied
simple fluid model the conductivity was found practically independent of the size of the temperature gradient.
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I. INTRODUCTION two trajectories apart in phase space and gradually destroys
the excellent noise cancellation.

Thermal conductivity has proven to be one of the most The synthetic algorithm has been extended to rigid-body
difficult transport coefficients to calculafedl]. Unlike the  molecules by Evans and Murafl], and subsequently gener-
case of self-diffusion, the heat flux vector is a collectivealized to molecules with arbitrary internal degrees of free-
property of the particlef2], which makes the Green-Kubo— dom by Daivis and Evan§9]. All versions of the Evans
type equilibrium calculations much more expensf2¢ In  algorithm use synthetic thermostats, i.e., a feedback mecha-
realistic nonequilibrium molecular dynami@dEMD) simu-  nism which removes the generated dissipative heat instanta-
lations the symmetry of the process does not fit as conveaeously in order to maintain a steady state. The presence of
niently into the usual periodic boundary conditions as that othe thermostat does not influence the results in the zero field
shear flow. Thus, it was a breakthrough when EM@isind,  limit [1]. The calculated heat conductivity coefficients, how-
independently, Gillan and Dixofb] derived a nonequilib- ever, have no justification beyond the linear regime. Ob-
rium molecular dynamics algorithm capable of calculatingserved details of the behavior of the model at finite external
heat conductivity coefficients. In the Evans algorithm a synields have only questionable relevance to the behavior of
thetic external field generated the heat flow. The equations akal fluids.
motion are momentum preserving, homogeneous, and com- If we want to devise an algorithm which is capable of
patible with the usual periodic boundary conditions.calculating heat conductivity coefficients beyond the linear
“Warmer” particles are driven with the field, “colder” par- regime we must return to a more realistic picture of heat
ticles are driven against the field. Linear response theory wafow. There are two early works published in the literature
used to prove that this heat flux is trivially related to thethat attempted to calculate heat conductivities in this way.
magnitude of the heat flux induced by a real temperaturéshurst{10] placed the fluid between two “fluid walls” kept
gradient[4]. The zero field limit value of the heat conduc- at different temperatures at opposite boundaries of the mo-
tivity can be determined by extrapolating several coefficientdecular dynamics box. In the second calculation, performed
obtained at finite external fields. by Tenebaunet al. [11], two stochastic walls were devised

This extrapolation can be replaced by the subtractiorwhich reflected back the particles with random velocities
technique 6], which applies external fields several orders ofcorresponding to the required temperatures. An obvious dis-
magnitude smaller than those used in NEMD simulations. Iradvantage of the second approach is that solid walls intro-
the subtraction method the response induced by the perturlduce large inhomogeneities into the fluid. The structure of
ing field is computed as the difference between the energshe fluid close to the wall is markedly different from that in
current measured along two trajectories starting from thehe bulk.
same point in phase space. The first trajectory is followed by In the following we devise an algorithm which is a ver-
the system under the impact of the small external field whilesion of the fluid wall approach. The fluid wall is formed from
the second trajectory represents an equilibrium state of théhe very same particles as the rest of the system. There is no
system. For a short time the noise along the two trajectoriesonstraint on the diffusive motion of particles; they can at-
will be highly correlated7]. Unfortunately, the length of this tend every region of the entire system. This conceptually
time is often not sufficient to reach a well-defined plateau ofsimple algorithm is completely deterministic. The presented
the generated current because Lyapunov instability drives thenodel calculations refer to a simple fluid but extension of the

method to molecular fluids is straightforward. In Sec. Il we
describe the basic ideas of our method and present the equa-

“Present address: Laboratory of Theoretical Chemistitydso tions of motion. In Sec. Il we give technical details of our
University, H-1518 Budapest 112, Pf.32., Hungary. calculations. In Sec. IV we present the results and compare

1063-651X/96/566)/6911(7)/$10.00 54 6911 © 1996 The American Physical Society



6912 ANDRAS BARANYAI 54

simulation box. The system has translational periodicity in
every direction. The hot and the cold regions which are un-
der the impact of synthetic thermostats are represented by
white squares. In the dark areas only Newton's equations
govern the motion of the particles. To maintain periodicity
there are two connecting regions between the heated and
cooled parts. Thus, we obtain averages of two independent
measurements.

Our system is continuous; particles can wander in and out
of each part of the elongated simulation box. We do not
interfere with this motion but keep track of each particle at
every instant because the positions of particles determine
whether they belong to a reservoir or to the Newtonian
(thermostat-freeregion. At the boundaries of the reservoirs
this diffusive motion can cause discontinuity. The form of
the equations of motion for a particle changes if this particle
crosses one of these four possible, imaginary boundaries. To
handle this problem we introduced a weight functify)

(see Fig. L This function is zero everywhere in the simula-
tion box except in the thermostatted regions. The shape of
the function is arbitrary within the following requirements:
f(y) must(i) be zero at the thermostatted region boundaries,
\ (i) be symmetric with respect to the halving plane of the
thermostatted region(jii) have continuous first derivatives
everywhere, andiv) be as simple as possible. We can use

FIG. 1. Two-dimensional projection of our simulation box. this function to define the equations of motions for the sys-
Horizontal lines represent the planes through which the heat flodem as follows:
was measured. The white regions are the reservoirs. The schematic
pictures of thef,(y) andf,(y) weight functions are shown on the qi =p;/m,
right-hand side. The direction of the heat flow is shown on the (1)
left-hand side.

(A4

flow of heat

(A2

o _ Pi=Fi—fa(yi)[ kgl + appil,
the calculated heat conductivities and other system properties
to results obtained by the synthetic method. In Sec. V wey;, p;, andF; are the position, the momentum, and the inter-
discuss and conclude this study. particle force of particle, andm is the particle mass. The
unit vector of they axis, j, is parallel with the direction of
the temperature gradient. Subscript 1,2 distinguishes be-
IIl. THE MOLECULAR DYNAMICS ALGORITHM tween the hot and the cold parts of the system. The two

To generate a steady heat flow we need a cold reservoffnctionsfs(y) andf,(y) have identical shapes but the first
and a hot reservoir incorporated into our system with differ-S different from zero only in the hot reservoir region while
ent but constant temperatures. The best way of achieving thi§® second has nonzero values only in the cold reservoir
is to use a synthetic thermostatting scheme. Synthetic thef€gion(see Fig. 1. The thermostatting multiplies is mul-
mostats ensure that the equations of motion will remain reliPlied with the f5(y) function. Since outside the reservoir
versible, the heating or cooling will be instantaneous, and th&€9ions this function is zero the rest of the particles are not
heat transfer will be measurable. effected by the thermostat. _

The first systematic approach to perform molecular dy- We also use th(_e weight function to define the temperature
namics calculations at controlled temperature rather than efside the reservoirs.
ergy was done independently by Hoovetal. [12] and N 2
Evans[13]. These authors devised a differential feedback _ Ziz1fp(yDPp; 2
scheme which kept the total kinetic energy of the system B 3km2i’\':1fﬁ(yi)’
constant. Now this procedure is referred to as Gaussian ther-
mostat because the form of the equations of motion can beherek is Boltzmann's constant.
derived from Gauss's principle of least constrajrit4]. The role off (y) is clear from Eq(2). Let the value of this
Shortly after the Gaussian scheme Ndsamulated a ther- function vary between unity and zero. If it is unity the par-
mostat[15] which is formally an integral feedbadi6], and ticle belongs completely to the reservoir regiah this in-
for ergodic, equilibrium systems the states are selected froratant If it is zero the particle is not influenced directly by the
the canonical distribution. For our present purpose thdeedback scheme at this time. For intermediate cases the par-
Gaussian scheme is better than the Ndsever method be- ticle is part of the transitional wall region which separates the
cause for small systems the fluctuations of the random kireservoir from the Newtonian regime. This construction of
netic energy are very large. the wall ensures that the temperature of the reservoir changes

In Fig. 1 we show a two-dimensional projection of our continuously when a particle enters or leaves the region.
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We introduced another multipliez into the momentum N . _ N p?
equation of(1). This is necessary in order to fix themo- E:E [(aH/aq;)q;+ (dH/ap;)pi]= _0‘2 —f(y;).
menta of the reservoir regions because @ .does not pre- =1 =1 m
serve the total momentum of the system. Although the dis- ©®)

crepancy per time step is negligible without continuousg,,., £q (6) we omitted the contribution ok because in

correction it might accumulate considerably. We experienceqteady states it was by several orders of magnitude smaller
that after a short initial period the whole system started t h

flow i direction. This flow i desirable for t %han the contribution ofr.
Ow In one direction. 1S Tlow 1S undesirable 1or two réa- — ager some initial period the evolution of the system gov-
sons. First, it destroys the symmetry of the system. The tw

th tatf ; o | b alent. S rned by Egs(1) and (4) will reach a steady state. The
ermostat-iree regions will no longer be equivalent. SECoNG, oy, 0t of random kinetic energy taken away by the cooler
the collective shift of particles out of the reservoir regions

distorts th d heat inout-outout. The t Y v¥iII be equal with the energy provided by the heater. Since
IStorts the measured heat input-output. the temperaturé gl paye tyo connecting regions, we may expect the amount
the cold reservoir appears to be warmer because the who

e . . . h ing through zar f our box in the New-
region is shifted away relative to the coordinate frame ofthe[0 eat passing through the-z area of our bo the Ne

imulation box. Similarlv. the t i f the hot nian part to be the average of these two energy terms.
simuiation box. simiiarly, the temperature of thé ho reser'Unfortunately, this is true only approximately because there
voir appears to be cooler. To prevent this, we defined th

llecti for both . ol ) fs a nonzero heat flux in the reservoir regions as well. The
collectivey momentum for both reservoirs as follows: behavior of the whole system will be effected by our choice
sN F(Y0)pyi of f(y). The shape and width of(y) will influence the
i= i/ Myi
=—— . 3 results.
v Ziz1fplyi) To understand the role d{y) we are using another, com-
pletely independent method which measures the heat flux
i L ~ directly. This method was developed quite recently by Todd
'?if ﬁre]?stexmgﬁ;afr$o||?0\|/5vcs(2)thZhﬁsﬁem:gig?ﬁég thls:erg:#l et al.[17,18, as a simple and general statistical mechanical
P . i P _ : ~ technique for calculating the heat flux vector and the pres-
Tz=0 andP, ;=0 using Eq.(1) the solution for the multi-  gyre tensor of atomistic, nonequilibrium fluids. The method,
pliers is as follows: termed the method of pland&OP), is devised for fluids
F(C+D—E)—A(H+J—1) being inhomogeneoudn one direction. The corresponding
= expressions of the Irving-Kirkwood procedure are only ap-

This definition is completely analogous to the definition

o 3
BF—2A° proximations for such systems. The planes can be located
(4)  anywhere in the system but their normals must be parallel
with the direction of the inhomogeneity, in our case, the
— +D-E)+ +J— ; : . . :
= 2A(C+D-E)+B(H+J~1) axis. The horizontal black lines of Fig. 1 represent our choice

2 ’ . . .
BF—2A of planes. This work can also serve as the first independent
where the capital letters represent the following sums: check of the MOP technique.
Ill. TECHNICAL DETAILS OF THE CALCULATION

Our model system containedx@56=2048 WCA par-
ticles. The WCA interaction is a spherically symmetric pair-
CZZZ Fipif(yi), potential given by the following equation:

A=22 p,if2(y)), B=22 p*iy),

4e[(alr)P—(alr)]+e, r<2Yes

0, r=21;,

o(r)= 7)

D=2 p?f(y), E=3TX f(y),

Reduced units are used throughout the paper, for which
F=> f4y), H=> Fyif (vi), |:py2 f(yp, €,0 and the atomic mass are unity. The overall reduced
densityp was 0.8. An advantage of the WCA interaction is
that at these parameters the distance between two adjacent
J=E pyi'f(yi)_ planes(1.71) is larger than the interaction range of the pair-
potential. This can be utilized during the calculations for
time saving purposes.
Our choice of f(y) was uniform plateau[ f(y)=1]
smoothly connected to zero by the following cubic polyno-
mial:

There are two multiplier sets for the two identiddly)
functions but for the sake of simplicity th@ subscripts are
omitted from Eq.(4). All sums run from 1 toN. Further-
more,

_ f(y)=a(y—yo)®+b(y—yo)+0.5, ®
- P ©)
i dy y=y, m’ wherea and b are constants determined from the required

properties off (y) and the actual value of,.

The energy input-output is the time derivative of the It is well known that methods using differential feedback
Hamiltonian. From Eq(1) it is simply accumulate numerical errors gradually drifting the value of



6914 ANDRAS BARANYAI 54

WCA fluid (T_, =0.70,T, =1.10) WCA fluid (T_ =0.70,T,_=1.10)
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FIG. 2. The measured heat fluxes for thE=0.40 system. FIG. 4. The density and temperature variation in the fluid as

functions of they distance ¢T=0.40). The solid line is the tem-

. . . erature; the dotted line is the number density.
the fixed variable. There are two ways to correct it. TheIO Y

constrained variable can be rescaled after every few hundred IV. RESULTS OF THE CALCULATION

time steps or one can supplement the integrator with a pro- . .
portional feedback which corrects the numerical errors con: We present twa sets of figures to show the most important

inuous[19], I he s of e esenvoir temperatures weSS41eS f e Sulted system, fhe st set efers o e
used proportional feedback while rescaling proved to be b

more suitable for correcting the constrained momenta of thgO!r's was the Iarges.6T=O.40.. In the seco_nq case the res-
reservoirs. ervoir temperature difference #ir =0.10. This is the second

We performed calculations with five different reserVoirsmalles;t temperature difference in these calculations. Figures

temperature pairs. In each case the median temperature W%Sand 3 show the heat flow vectors calculated by the MOP

chosen to be 0.9. The results are averages of steady state r SthOd' In steady states, out§|d_e the reservoir regions t.he
of 600 000 time steps. The reduced time step was 0.002, ha] at flux must be constant. This is repr_od_uced quite well in
of the usual value and a fifth-order Gear algorithm integrate e case of the large tgmperature gfa.d(‘ﬁ.‘g.- 2. .The Im-

the equations of motion. This accuracy was necessary to r act of the_random noise, however, is visible in the small
duce the role of “numerical dissipation.” The contribution |eId_ case(Fig. 3). e

of the proportional feedback and momentum rescaling to the Figures 4 and 5 show the distribution of the number den-

energy transfer of the thermostats was negligible, several oﬁ'ty and tgmperature in the §|mulat|0n qu in terms of the
ders of magnitude smaller than that coming fram The reduced distance along tlyeaxis. The density and tempera-

remaining averagg momenta of the fluid slab§articles tL:;enevsalT?,eostharcﬁea)c/eer;ageerztt?:esfr?ds t?]?aﬁgiﬂsay 2’:’3 Sgé?;;?t
between two adjacent planewere very small, a random {i)near 6utside the reseroirs although in theycase of smaIIy
distribution of values of 10*-10"°. With respect to the ' 9

MOP technique we provide no details, the reader is referre}]emperature gradients, the relative fluctuations can be signifi-
to Refs.[17] and[18]. cant,

WCA fluid (T =0.85,T, =0.95)

WCA fluid (T, =0.85,T =0.95) 0.810 ——— T 0.96
cold hot i ]
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number of plane FIG. 5. The density and temperature variation in the fluid as
functions of they distance ¢T=0.40). The solid line is the tem-
FIG. 3. The measured heat fluxes for tie=0.10 system. perature; the dotted line is the number density.
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WCA fluid (Tcol d=0.7O,Thm=1 .10) WCA fluid (Tcol d=O.85,Thm=0.95)
1-20 _I TT T[Ty T | T T | TTTT | TT T | TTTT | TTT l_ 0.96 [ T T T T T T T T | T T T T T T
110 fo ] 0.94 | o ]
- > o ] . C %5 ]
) - ® © ] ) L °
= 1.00 F © 3 5 092 [ % ]
© g ° % ] I - P ]
2 0.90 - ©0o, 3 2 0.90 [ o -
£ L ®© p £ C OO ]
2 o080 [ 0o ] 2 o088 [ 0o ]
F @© © ] r [eXe) ]
r b C Qo
@D -
0.70 :— O; 0.86 C o o
[ i N @]
0‘60_III||||IIIIIIIIIIIIIIIIII\IIII!\II‘III{‘ 084 PRI S Y (N SR S WU NS SO N SR A N U N
0.76 0.77 0.78 0.79 0.80 0.81 0.82 0.83 0.84 0.790 0.795 0.800 0.805 0.810
number density number density
FIG. 6. Temperature in terms of the densiyT(= 0.40). Reser- FIG. 7. Temperature in terms of the densifyT(=0.10). Reser-
voir data are also shown. voir data are also shown.

. . flow in these regions togsee Figs. 2 and)3In order to

In Figs. 6 gnd 7 we show the temperature in terms qf .th emove this dist%rting elgfject frogm our calculations we ex-
number density. After the previous figures it is not surprising ., o|ated our results to the hypothetical reservoir of zero
that these fgnctlons are also_lmear. Within the accuracy ofijin along the y axis. For three systems
our calculatl'ons there is no dlffere'nce between these CUIVESST = 0.40,0.30,0.20) we performed the same calculations
in the studied temperature gradient range. Thef(p)  ith rescaledf(y) functions. The functions had the same
curves fit onto the same linear line. The only difference isshape as before but their width was only half of the previous
that they occupy shorter or longer lengths of this line accordyalue. The heat transfer and the calculated heat conductivity
ing to their temperature and density ranges. coefficients decreased substantially. Using these two heat

We also studied the directional distribution of the randomconductivity values for extrapolation we could determine the
kinetic energy. We found that for these temperature gradienté&zero-width” coefficients. The extrapolated coefficients
there is no difference between the kinetic temperatures of th&ere in agreement with the values calculated with the help of
X, ¥, andz directions in the model. the MOP method.

The heat conductivities calculated from the MOP heat The idea of the infinitely thin reservoir layer is conceptu-
flux averages are shown in Table I. Since, within the errorsally identical with the stochastic wall of Tenebauet al.
of the calculations, the temperature gradients and the he@t1]. However, in our case there is no solid wall with its
flux vectors in the thermostat-free regions were constant, winduced extra inhomogeneity and no need for complicated
simply took the average of the heat flux vectors measured &inetic recipes. Certainly, the extrapolation means more cal-
planes outside the reservoirs, and divided it by the averageulations but the simplicity of the method is attractive. The
temperature gradient of the same region. The use of the adescribed method with extrapolation can be used for any
tual temperature values produced slightly differéf/AT molecular model(At present the MOP technique exists only
ratios. Not surprisingly, uncertainties in the heat conductivityfor atomic particle§17,18.)
coefficients were much larger at smaller temperature gradi- Performing calculations with different system sizes and
ents. time steps we studied the accuracy of the heat transfer mea-

In Table Il we show the amount of heat per unit time surement. There are several factors to be optimally chosen to
provided or removed by the thermosfaee Eq.(6)]. If we  obtain the best results by the extrapolation scheme.
use these data the calculated heat conductivity coefficients If the temperature gradient is very small < 0.005) the
will be much larger than the values of Table I. The cause oluncertainty in the heat transfer calculation becomes signifi-
this discrepancy is that certain amount of the heat is dissieant. For very large gradientA{>0.025) the amount of
pated in the reservoir itself. There is an unpreventable hedieat going through the fluid is so high that we have to de-

TABLE I. Heat conductivity results calculated as the ratio of the MOP heat flux avépagepotential
contribution; kin, kinetic contributionand the temperature gradient average in the thermostat-free region.
The numbers in parentheses indicate the uncertainty in units of the last decimal digiB) Grigans

6.10+0.08.

oT 0.40 0.30 0.20 0.10 0.05
AT 0.0250 0.0186 0.0127 0.062 0.0035
Jay (pOY 0.085 0.062 0.042 0.019 0.011
Jgy (kin) 0.068 0.051 0.036 0.018 0.010

A 6.108) 6.07110) 6.1314) 6.04(30) 5.9440)
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TABLE I1l. Heat conductivity results calculated from the energy input-output of the thermostat.
[A=(dQ/dt)(1/AR) whereAR=46.78 is the cross section area of our box d@dt is the average of the
heat input and output; the subscript refers to calculations with the half-sized reservaigg;is the extrapo-
lated value] Uncertainty in\ o is *+0.40.

5T 0.40 0.30 0.20 0.10 0.05
dQ/dt (in) 9.38 6.78 474 2.04 1.10
dQ/dt (out) 9.20 6.81 4.66 2.17 1.14
Y 7.93 7.81 7.93
dQ/dt (i), 8.18 6.15 4.24
dQ/dt (out), 8.50 6.05 4.30
A 7.05 7.00 7.09
Next 6.17 6.19 6.25

crease the time step to prevent intolerable inaccuracy. In advigh. If we convert the reduced units by identifying our
dition to the time-step reduction, the inhomogeneity will alsosimple spherically symmetric particles with liquid argon the
be undesirably high, which may render the slab averagemeported temperature gradients correspond fe-10° K/cm.
meaningless(In such cases the intervention of the feedbackThen it is not surprising that we can observe density varia-
term in the dynamics of the reservoir particles will also betions within our simulation box. These variations are absent
unnecessarily strong, although we want their behavior afrom the synthetic method, although the fields typically used
close to the Newtonian dynamics as possjble. in such calculations are larger by an order of magnitude than

The size of the thermostat region has also an optimum. Iburs. If one is interested only in heat conductivity coeffi-
the ratio of the reservoir/Newtonian particles is very smallcients in the linear regime the homogeneity of the synthetic
we face the previous problentsme-step reduction, efcof = method is an advantage because it permits the use of much
large temperature gradients. Nevertheless, we should nemaller systems. However, the synthetic method creates an
have big reservoirs because we want to extrapolate to thartificial system which has no relevance to real fluids beyond
zero width of this region. There is no need to employ toothe linear regime. Details of the system dynamics, the struc-
many reservoir particles from the point of view of the ture of the nonequilibrium liquid cannot be studied by using
economy of the calculations either, because their role ishe synthetic method. For instance, in our calculations the
merely to facilitate the heat transfer. distribution of the random kinetic energy in tley, andz

In Fig. 8 we show the extrapolation of heat conductivity directions is absolutely uniform despite the inhomogeneities
coefficients calculated by the Evans methodlat0.9 and of the density. This not true for the synthetic method at its
p=0.8 for 500 WCA particles. Each point is the average oftypical external fields. AtF=0.3 the kinetic temperature in
half a million time steps £t=0.004). These state variables the flow direction is 0.942 while in the perpendicular direc-
characterize the middle layer in our inhomogeneous systentions it is only 0.879. Details of the thermostatting scheme
The accuracy of the Evans method is very good in its usugblay an important role in the synthetic methdqdo obtain
range of external fields{=0.1—-0.4). However, these fields the results of Fig. 8 we applied the standard Gaussian ther-
are an order of magnitude larger than the corresponding temmostat with the usuat ap term) A further noticeable dif-
perature gradients in our calculatiofig. Actually, the error  ference is that in our method the kinetic contribution to the
bars of the two low-field calculations by the synthetic heat flux calculated by the MOP method is 40-50 % of the
method are much bigger than the uncertainties inXke  total. This is considerably smaller in the synthetic method,
calculated by our method. Our largest temperature gradients4—16 %.
(AT=0.025-0.0186) are close to the smallest
(TF=0.018) external field valuésee Table)l [The errors in 7.0
the results(transformed always inta values were calcu- i
lated by dividing each simulation run into 10 blocks. The

error bars correspond to one standard deviation of the block 6.5 .
averageg. A I

The extrapolated zero field value of Fig. 8 is 5.82e i
omitted the two low field\ -s from the extrapolation because 6.0 ¢ 7
of their large uncertainti¢s The value of 5.92 permits a i
slight field dependence of the heat conductivity coefficient, 5.5 ]
although this is within the range of the uncertainties. The i E
possible increase of the conductivity with increasing tem- -
perature gradients does not contradict to the qualitative pic- 50 Lo b
ture of the Evans method. The minimal overlap in the typical 0.00  0.10 0.20 0.30 0.40

range of external fields studied by the two methods, how-

ever, prevents us from drawing a definite conclusion in this FIG. 8. Heat conductivity coefficients as determined by the syn-

respect. thetic method at different external fieldN€500, T=0.9, and
The temperature gradients of our calculations are very=0.8).
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V. CONCLUSIONS tion box. However, variations of system properties can be

We devised a method to determine the thermal conductivmomtored' Temperature, temperature gradient, and pressure

ity coefficients of fluids beyond the linear regime. The can be calculated along the long axis of the simulation box.

method is simole and easilv applicable to an molecularln this way we can measure the thermal conductivity coeffi-
P . Y appiice ) y cients for a range of state points of the fluid in a single
model used at present in computer simulations.

i ; . simulation. This compensates us for the more time-
For the model of atomistic particles we had two dlfferentConsuming calculations in our bigger system. A further ad-

ways of calculating the coefficients. First we used the re- antage of our algorithm is that the properties of our system,

cently develc.>ped MOP te.chnlque, which has an excel.lenl contrast to the synthetic method, are not influenced by the
performance; its accuracy is comparable to that of the Irving-

Kirkwood expressions of homodeneous svstems. The MOIShOice of the synthetic thermostats because only Newton’s
P 9 YS! ' . equations of motion govern the dynamics of the particles.
results served as cross checks for the trivial extrapolatio

method when the heat flow is measured with the amount o he only reasonable requirement of our method is to limit
heat pumped into and out of the svstem by the thermostatthe energy input or output per particle in order to keep the

pump * SY y : namics of the reservoir region close to that of the Newton-
Although the latter method requires more runs with severa

different reservoir widths, it needs no direct heat flux calcu-o region.
. S ’ . . As an example we studied the heat conductivity of simple
lations. This simplicity makes it very attractive for complex

molecular svstems soft spherical particles. In the case of this model system we
If one is i)rllterest.ed onlv in values of thermal conductivit experienced no substantial dependence of the coefficient on
- ; yin Ve : Ythe size of the temperature gradient. Even the temperature
coefficients of simple, equilibrium fluids the homogeneous

and synthetic method of Evans serves better because mu\F/ﬁmatlons In terms of the number density were practically

smaller system size can be used with reasonable accuradinear in the range studied. These results can serve as a ref-
o e . rence for more complex molecular systems.
However, it is also clear that the artificial homogeneity of the
synthetic method tells us nothing about the structural details
of the s_te_ady state system and the. behawo_r of the thermal ACKNOWLEDGMENTS
conductivity coefficient beyond the linear regime.
The results of the Evans method refer to a well-defined The author gratefully acknowledges support through a
state point of the fluid. In our case there is a continuousNSF Grant No. CTS-9101326 to Professor Peter T. Cum-
variation of temperature and number density in the simulamings.
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