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Effect of molecular elongation on the thermal conductivity
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The effect of molecular elongation on the thermal conductivity of diatomic liquids has been
analyzed using a nonequilibrium molecular dynami@§EMD) method. The two-center
Lennard-Jones model was used to express the intermolecular potential acting on liquid molecules.
The simulations were performed using the nondimensional form of the potential so that the
molecular elongationj/ o, was the only parameter varied in the simulation. The simulations were
performed for five values of this parameter. First, the equation of state of each liquid was obtained
using equilibrium molecular dynamics simulation, and the critical temperature, density, and pressure
of each liquid were determined. Then, NEMD simulations of heat conduction in the five liquids
were performed using values for temperature and density which were identical among the five
liquids when they were reduced by their respective critical temperature and densi6/{ T, and
p=2.24p.,). Obtained thermal conductivities were reduced by the critical temperature, density, and
molecular mass of each compound, and these values were compared with each other. It was found
that the reduced thermal conductivity increased as molecular elongation increased. Detailed analysis
of the molecular contribution to the thermal conductivity revealed thathe contribution of the

heat flux caused by energy transport and by translational energy transfer to the thermal conductivity
is independent of the molecular elongation, dbyl the contribution of the heat flux caused by
rotational energy transfer to the thermal conductivity increases with the increase in the molecular
elongation. ©2003 American Institute of Physic§DOI: 10.1063/1.1540089

I. INTRODUCTION that the basic method to calculate thermal conductivity by
MD simulations has been established.

Heat conduction is a basic mechanism which governs  However, most of these studies treat heat conduction in
thermal phenomena. One of the most important problems igimple Lennard-Jones fluitig-”81%nd there has been little
the field of molecular thermophysical engineering is to un-research on heat conduction of liquids composed of poly-
derstand the mechanism of heat conduction at the moleculatomic molecules that takes the rotational motion of mol-
level. Understanding this mechanism enables us not only tecules into consideration. In research to date, the thermal
predict macroscopic heat conduction characteristics but alsgonductivity of liquids such as CQRefs. 5 and Bhas been
to control the heat conduction in a microscopic system wherealculated considering molecular rotational motion, and the
the macroscopic thermodynamic properties cannot be deffect of the hydrogen-bond on thermal conductivity in
fined, such as in a nonequilibrium field or on a very smallwatef has been analyzed. However, there have been no re-
time scale such as in laser heating. ports in which the dependence of molecular shape on heat

Energy transfer between molecules due to molecular ineonduction was analyzed in detail. Such a study would en-
teraction is a dominant factor in heat conduction in liquids,able us not only to explore the microscale energy transfer of
while energy transported via molecular motion governs healiquids or the heat conduction of a liquid in a nonequilibrium
conduction in gases. A number of molecular dynantd®)  state, but would also make it possible to choose or design
studies on heat conduction in liquids have been repbrtéd liquids having the required thermal conductivity in a certain
in which the thermal conductivity of pure liquiid*="°°  condition.
and binary mixtureg®® was examined. These studies em-  In the present paper, the dependence of the thermal con-
ployed either equilibrium MO; 3 using the Green—Kubo for- ductivity of a diatomic liquid on molecular elongation was
mula, or a nonequilibrium MDINEMD) (Refs. 4—-10 ap-  analyzed by NEMD simulations. The two-center Lennard-
proach, in which a fictitious field was introduced to drive Jones(2CLJ) model was used to express the intermolecular
heat flu¢=° or a real temperature gradient was given to thepotential acting on liquid molecules. The simulations were
system by special boundary conditiohd® There was good performed using the nondimensional form of the potential so
agreement among these studies, and therefore it can be saitht the molecular elongation/o, was the only parameter
varied in the simulation. The NEMD simulations were per-
dElectronic mail: tokumasu@ifs.tohoku.ac.jp; Tel and Fap81-22-217- formed for five cases of the parameter, which yielded ther-
5239. mal conductivities of the five simulated liquids. The simula-
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TABLE I. The parameters for each of the five cas#fer, molecular elon-  wherep, N, and3 denote density, number of simulated mol-
gation; o, , parameters of Eq2); m, mass of a molecule. ecules, and KT, respectively. The coefficients, and 3,
Corresponding ~ Were introduced iq order to make the expansion coefficients
die o) &lk (K) m (kg) molecules in Eq. (3), Ay, dimensionless and were chosen to de
=m/o® and B,=1/e, respectively. Using\®, the excess in-

Case 1 0.22  3.2104 38.003 5310 % 0O,

Case2 039 3.2717 42.282  4%%50 % co ternal energyE,, is given by

Case3 059 37509 23226 11260 % CcS .

Case4 073 32618 201.31 1480 % cl, BE, | d [BA

Case5 098 3.2843 34547 2630 * Br, N "log ' )
while the pressurep, is given by

tion conditions, when reduced by their respective critical 5 | BA

values, were the same for all cases. In the next section, the @_1:p[_(ﬂ )] ) (5)

equation of statdEOS of each liquid is obtained by MD P dp\ N B

simulations and the critical density, temperature and pressure

are determined for each liquid. In Sec. IlI, the thermal con-These valuesp andE,, were obtained at many state points
ductivity of each liquid at the same temperature and density2ver wide ranges of temperature and density by MD simula-
reduced by their respective critical density and temperaturons and the expansion coefficients in E8), An,, were
obtained in Sec. I, is determined by NEMD simulations un-derived by a least-square fitting of the simulated excess in-
der a real temperature gradient, which agrees with eXperp‘.ernal energies and pressures. Details of the method are pre-

mental results. The results are discussed in Sec. IV. sented below. _ . . _
The cubic cell used in the simulations contained 864

Il. EQUATION OF STATE AND THE CRITICAL POINT molecules. The simulations were performed by changing
OF EACH LIQUID both temperatL_Jre and density; during each simulation, these
values were fixed. The length of the cell was setlLat
In the present paper, the two-center Lennard-Jones-(mN/p)*3, Periodic boundary conditions were applied in
(2CLJ potential* described below was used to express anall directions. At the initial condition, the molecules were

interaction potential between the molecules, placed in a fcc lattice structure and the velocity vector of
2 2 moleculei, v;, was given according to the Boltzmann dis-
YocL= 2 E Yio(iajp), (1)  tribution at temperatur@. Molecular rotational motion was
a=1b=1 '

described in the molecular coordinate system. In this system,

wherea andb denote nuclei which belong to moleculand  the positions of the two nuclei of a molecule were (0/8)
j, respectively, andr,;, denotes the distance betweenand (0.0-d/2), respectively. The rotational energy of mol-
nucleusa of moleculei and nucleus of moleculej. The eculei, e, was also given according to the Boltzmann dis-

symbol, s, 5(r), denotes the following Lennard-Jones poten-{ribution at temperaturg, and the angular velocity vector of
tial: moleculei was w;=(+/2€,;/1,0,0) in the molecular coordi-

1 5 nate system, wherke=0.25md? denotes the moment of in-
y (r):48{<2> _(E) 7 ertia of the molecule. The orientation of the molecule was
t r r) |- described by the Euler anglég,6,4).1* The initial Euler

P — — —1 —
The simulations were performed using the nondimensiona"fm_gle was given ag;=27R, §=cos "R, andwifZWR by
form of the potential so that only the molecular elongation,YS'"9 2@ random numbeR (0<R<1). Integration of the

d/ o, was varied during the simulation. The simulations wereSguation of motion was performed by the Verlet algorittf,

performed for five cases of the parameter as shown in Tabi@nd the dimensionless time step _rescaledqu was
.22 One-half of the mass of the molecule was assigned t&t* =0.0025. The molecular rotational motion was calcu-

each nucleus. The values in the table correspond to thod@ted using quaterniortS. The cutoff distance for the inter-
reported in Ref. 12 for @ CO, CS, Cl,, and Bp. The molecular force was.= 3.5 o and the contributions of mol-

simulation results for the liquid propertiggapor pressure ecules vyhich were beyond the cutoff distance lto pressure and
and second virial coefficientbased on these values are in €XCess internal cnergy were corrected by adding a long range
good agreement with experimental data in the temperaturg°""€ction terms. The MD simulations were performed with
range betweefT, and 0.9 ,%% whereT, is the triple point tempgrgture control of the systgm by velocity scal!r)g 'durlng
temperature and,, is the critical temperature. In TableK, the initial 2000 steps to establish a state of equilibrium at
denotes Bolizmann's constant temperaturel and without temperature control during the

The equations of state of the five liquids have been denext 18000 steps. The data of the initial 5000 steps were
termined by the method established by Katabkn this abandoned and those of the next 15000 steps were analyzed.
method, the excess Helmholtz free enefdy(after subtract- | N€ temperaturel, pressurepP, and excess internal energy,
ing the ideal gas terjnvas expressed as follows: E, were determined by

BAC 5 5

N :2 ElAmn

n=1 m=-—

"B\ 2 &1, 1
(ﬁ_o) ' 3 T—m; Emvi-i-iwi-I-wi , (6)

r
Po
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N N y T T T '
NkT 1 1,3-:<x xlxx>l<>< xlxx>l< x xlxx :1-
P:T—’_W . L rij":ij +Apa (7) R bx x x x X x x x X X X X X x x
i=1j>i r<rg &~ 12k x x x x x x x x X x X X X X
O'\ mal x X x x x x x x x x x x x x b
and E 11 x x x x x x x x x x x x X x
< X X X X X X X X X X xX x x X x
N N 53 10 x x x (e X X X X X x x x 4
E = E lff +AE (8) = X X N X X X %X x % >
p < & 2CLJ p» g 0.9 b x X X X X x 4
r<rg ; x .I X X x X %X 4
. . O 0.8 pxold X X X X
respectively. In the equationd, V, andr;; denote the num- 2 s X x x M
ber of molecules, the volume of the system, and the vectory 0.7 13 Spinodal Line XXX
from the center of mass of molecujéo that of moleculé, L 06 X . . X x oM
. . . R le Coexistence Line A
respectivelyZ denotes the tensor of inertia. The force vector J % g oox
from moleculej to moleculei, F;; , is expressed b 05 Mttt bl : L
J " P y 0.0 05 1.0 15 2.0 25 30
2 2
AP o(Tiajp) Reduced densi '
D DOR EA L LU ©) v, P
a=1b=-1 iajb

FIG. 1. Simulated state pointx, simulation points for equation of state.

The expression of the long range correction of presshipe The coexistence and spinodal lines of case 1 are also shown by the thick line
. S and thin line, respectively. Those of cas€?), case JO), case 4A), and

and that of the excess_ internal e”e@Ep’ Were obtained case 5(V) are also plotted. star, simulation point for thermal conductivity.

based on the assumption that the distribution of LJ centers

was uniform beyond the cutoff distantle,

647N>  _(2(0\® [o)|? satisfied. In the present work, the EOS was first obtained
Ap:W‘SU [§( ) _( ) ] 10 without excluding the data in the unstable region and the
spinodal line was obtained from the EOS by calculating the
327N [1(0\® 103 density where {p/dp)t=0 was satisfied at* >1.5. Next,
P~V ®%9lr.) 3l | (1D the state points in the unstable region enclosed by the spin-
, , » , .. odal line were excluded and the EOS was calculated using
Dimensionless state quantities described below are intrGyq rest of the data. The spinodal line obtained from the new
duced for the rest of this paper, EOS was different from the old one and this calculation must
p*=palm, T*=KkTle, P*=Po/e. (120  be an iterative process. The EOS was repeatedly calculated
) ) _ ) until the results converged.
At first, 160 state points were defined by selecting twenty Using the EOS, a coexistence line was obtained and the

values ofp* (p*=0.001, 0.01, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, ¢ritical temperature, density, and pressure were calculated
0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9ing the following relation’

and eight values of* (T*=1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,

le e

1 —
5.0. The selected state points, however, included those z(pitp,)=AT+B, (13
where the system was in a two phase state. It is necessary to T
exclude such state points from those to be examined. It has p|—pU=C( 1- T—) (14
cr

been reported that in MD simulations the temperature of a
system deviates greatly from the target temperature when thehereA, B, andC are constants.
state of the system is two-pha¥eTherefore the data ob- However, there were significant differences among the
tained at the state points for which the temperafaxeraged critical points obtained here for the five liquids and therefore
over the data acquisition stgpshanged more than 5% of the the 160 state points selected above did not necessarily cover
target temperature were regarded as those from two-phasiee temperature and density ranges required to determine the
cases, and were excluded from the data set utilized to deteEOS for these liquids. A second set of 160 state points were
mine the EOS. On the other hand, it is probable that theselected in the nondimensional space of densities and tem-
system is in a solid state in the high-density and low-peratures which were reduced by the critical density and
temperature regions. It was confirmed that in the low temtemperature of each liquid obtained above. Equilibrium MD
perature region the mean square displacement of the systesimulations were performed again and the new pressure and
during the simulation decreases rapidly fromy20 0 when internal energy at the points were obtained. Using these data,
the density exceeds a certain value. In this research, the datew EOSs and critical values were obtained in the same
with a mean square displacement during the simulation ofmanner. Figure 1 shows a map of the new state points. The
less than & were regarded to be a those from a solid statecritical temperatureT?,, density,p%, and pressure?y,, are
case, and were excluded from the determination of the EOShown in Table Il. The dimensional critical values and ex-
Moreover, it is not appropriate to use the MD data in theperimental results are also shown in Table Il. The critical
thermodynamically unstable region because the states in thislues obtained by the EOS of E@) are slightly different
region are two-phase. It is necessary to obtain the spinodélom those obtained by experiment. The reason is that the
line to define the unstable region. The spinodal line is gparameters of Table | are defined so that the liquid properties
envelope determined by the points whe@/(dp)+=0 is  are in good agreement with experimental results at the range
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TABLE Il. The dimensionless critical values of each liquid obtained by the

Tokumasu, Ohara, and Kamijo

z Temperature

EOS of Eq.(3). The left column for each parameter gives dimensionless y
values; values in the right column are dimensionalizedsby, andm in /_' L2 Control L2
, : ) ) x > <>
Table I.P,, is obtained by Eq(15). Values in the brackets show the experi- 7
mental datRef. 18. Sampling Domain | , //
Tgr Tcr (K) Pé’r Per (kg/m?’) Pzr Pcr (MPa) P(’:r % %
Case1l 4.24 161 0.282 452 0.403 6.39 0.337 T AT + A
(155 (436 (5.04 /
Case 2 3.24 137 0.240 318 0.257 4.28 0.331 4
(133 (300 (3.49 < »" L
Case 3 2.50 580 0.201 482 0.164 9.99 0.327 4],
(552 (440 (7.90
Case 4 2.18 437 0.181 613 0.128 10.23 0.326 FIG. 2. Domain for the simulation of thermal conductivity.
(417) (573 (7.70
Case5 1.81 626 0.157 1179 0.093 12.48 0.325 . ) )
(584 (1180 (10.34 from one end face in th& direction was kept aT — AT,

while that in the region withirl./2 from the other end face
was kept aff + AT as shown in Fig. 2. The temperature and
density of the liquids were chosen so that these quantities,
of temperature betweeT, and 0.8 ,. These results were when reduced by their critical values obtained in Sec. I,
reduced by their respective critical values and compared wityere the same. The temperature Was0.7 T, and the tem-
each other. The reduced densipy,, temperature,T" and  perature difference wadT=0.07T,. The length of the
pressureP’, were obtained by simulation cell,L, was determined so that the density of the
p'=plpy, T'=TITy, P'=Pl(p,kTg/m), (15 sampling d_omau@the region ofL/2<x<7/2L) was the satu-

_ N rated density at the temperature of the system. These values
respectively. The reduced critical pressurg,, are also  are shown in Table Iil. This state point is shown in Fig. 1. In
shown in Table II. As shown in this table, the reduced criticalthe simulations, the cutoff distance was=4c and long
pressure of all liquids agrees well. In the simulation it wasrange correction of pressure and excess internal energy were
found that the reduced equations of state for the liquids alsgot applied. The data from the initial 1000000 steps were
agree well. Reduced spinodal and coexistence lines of alihandoned and those of the next 2000000 steps were ana-
liquids obtained from the EOS are shown in Fig. 1. As shownyzed. During the simulation, temperature control was ap-
in this figure, the reduced spinodal and coexistence lines O;ﬁied to each temperature control region for 10 steps at every
each liquid agree well regardless of the molecular elongajggg steps.
tion. The heat flux of each liquid, taking into consideration
the rotational degree of freedom,, was obtained by the

. . 0
1. THERMAL CONDUCTIVITY OF EACH LIQUID following equation:

In order to analyze the effect of molecular elongation on N N
heat conduction, the thermal conductivity of each liquid was qXV=i21 Eivix+ ~
evaluated by nonequilibrium MD(NEMD) simulations. .
Most NEMD studies introduced a fictitious field to drive heat whereV=3L3, N;;, N, andf;;, denote the volume of sam-
flux by adding special terms to the equation of moleculampling domain, the torque vector from molecyléo molecule
motion. However, introduction of a fictitious field may not be i, the number of molecules in the sampling domain, and the
appropriate for the present study because its influence on thelength of the portion of the distance between moledule
interaction between the molecules is not fully understood. In

the present work, therefore, we introduced heat flux by de'_I'ABLE IIl. Dimensionless thermal conductivity obtained by MD simulation

f.mlr?g a temperature. gradlent in the system b}’ hea“”Q t_hgnd experimental datd., The length of the simulation domain. For each
liquid at one end region of the system and cooling the liquidyarameter, the left column gives the dimensionless values, while the right
at the other end region of the systéfn. column gives values dimensionalized by &, andm in Table .\’ is

The modeled system is shown in Fig. 2. A rectangularobtained by Eq(20). Values in the brackets show the experimental data
cell with a length of 4_ in thex direction, and_ in they and (Ref. 19

N| -

2, Tijx(vi-Fij+ oy Nj),
j#Fi

(16)

z directions contained 1728 molecules. The temperature gra- L* Lm 07T% 07T, (K) A\ A(MmWmk X\
dient was introduced in thg direction. Periodic boundary

conditions were applied in the andz directions. For each ¢3¢1 100 323 297 s 87 (120;16 9.88
end face of the cell in the direction, a Lennard-Jon€$2-6)  case2 106 347 227 96 8.03 116 116
potential was applied to all the molecules according to the (115

distance between the molecules and the end face in order ttase 3 112 422 175 406 6.44 101 11.9
prevent them from passing through the end f#cEhe tem- Case4 117 380 152 306 5.83 13 ])116 12.4
perature of the region at eaph end of thg cell inxhdirec- Case5 122 401 127 438 4.93 85 126
tion was controlled by scaling the velocity of all the mol- (90)

ecules in the region; the temperature in the region withih
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andj contained in the sampling domain, respectively. TheTABLE IV. Dimensionless thermal conductivity of each liquid. Values in

total energy of moleculé. E. . was obtained by the brackets are reduced thermal conductivity obtained by(Eg. The
Tl columns,dy, Gy, Grp, Gic » @ndd;, , show the contribution of the heat flux
1 , 1 1 N defined by Eqs(21)—(25).

E 2 moi 2 oL ot 2 Zl Ep'” ’ a7 Transport Interaction
whereE, ;; denotes the potential energy between molecule Total Gut Qur Gip it Glir
and j. The thermal conductivity of the liquidy, was ob-  caqe g 8.75 0.92 024 0.22 6.70 0.67
tained by the following equation usirig, in Eq. (16): (989 (104 (027 (029 (757 (0.7

T Case 2 8.03 0.69 0.33 0.18 5.26 1.58
dy=—\ ‘9_ (18) (1158 (100 (047 (026 (758  (2.27)
X Case 3 6.44 0.49 0.24 0.12 3.75 1.85
_ _ . i (1187 (089 (044 (023 (6.9) (3.4)
The simulation cell was divided into 50 slabs and the temcase 4 5.83 0.42 0.22 0.15 3.36 1.68
perature of each slab was calculated. The temperature gradi- (1238 (090 (047 (032 (713 (357
ent was obtained by approximating the temperature distribucase 5 4.93 0.31 0.18 0.09 2.87 1.47
tion of the simulation cell by a linear function. (1256 (080 (049 (029 (73) (@79

In the present simulation, energy, heat flux,g, and
thermal conductivity A were obtained in their nondimen-
sional forms, which are rescaled by &, m and reduced by

Ters pPor, Min the same manner as T, andP. The “dimen- 1 N 1
sionless” values are obtained by qtrzvzl (Ew‘ T wi)vix, (22)

E*=Ele, g*=q/(eVe/m/a®),

and
A =M (kye/m/o?), 19 .
N N

) . - 1 1

and “reduced” values are obtained by qtp:\_/z (‘E Ep,ij)vix- 23)

=E/KTe, ' =0/ (peKTer/kTe /m/m),
, 12 2 (20 The heat flux caused by molecular interaction consists of

N =Nk Tor m) ™ perl m) ). two contributions of translational and rotational energy trans-
The dimensionless thermal conductivity of each liquid fer, which correspond to the first and second terms in the
obtained by MD simulation is shown in Table Ill. The di- interaction term in Eq(16). The heat flux caused by trans-
mensional thermal conductivity and experimental results folational and rotational energy transfer was defined by
real liquids® are also shown except for the experimental re- N
sults of CS for which experimental results are not available. o= 1 E E
As shown in this table, the thermal conductivity of each lig- it = 2V <  Tijx (i Fij)
uid obtained by MD simulations agrees with the experimen-
tal result within =10%. The reduced thermal conductivity, and
\', is also shown in Table Ill. As shown in this table, the
reduced thermal conductivity increases with increased mo-
lecular elongationgd/o.

(29)

2 rljx(wi'Nij)a (25

I#]

<|"
Mz

respectively. In order to analyze the correlation between the
IV. DISCUSSION thermal conductivity of a liquid and molecular elongation,

the heat flux was decomposed into the above-mentioned con-

There are two different molecular mechanisms respontributions, and a partial thermal conductivity due to each

sible for heat flux in liquids, namely, energy transport due tomechanism was obtained by its respective heat flux. The di-
molecular motion and energy transfer due to molecular intermensionless and reduced partial thermal conductivities are
action. These mechanisms correspond to the first and secogown in Table IV and Fig. 3. In the table, the thermal con-
terms on the right-hand side of E(.6), respectively. In the  ductivity caused by energy transport is displayed in the
present paper, we call them the “transport term” and the*Transport” column and that caused by energy transfer is
“interaction term,” respectively. The heat flux caused by mo-displayed in the “Interaction” column. The values in the
lecular motion consists of three contributions of transla-prackets in Table IV show the reduced thermal conductivity
tional, rotational, and potential energy transport, which cor-\’ obtained by Eq(20). As shown in Table IV and Fig. 3,
respond to the first, second and third terms in ELj), while the contribution of energy transpotty, Gy, andd,,
respectively. The contributions to the heat flux due to transand of translational energy transfér, , to the reduced ther-
lational, rotational and potential energy transport are definednal conductivity are almost independent of the molecular

respectively, by elongation, only the contribution of rotational energy trans-
R fer, g;; , to the reduced thermal conductivity increases with
: _12 } 2| 21 the increase in the molecular elongation. Based on these
=17 Mo | Vix (22) - . o .
=1\2 findings, it was concluded that the contribution of rotational
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0.4 0.6 0.8 1.0

Molecular elongation, d/o

Reduced thermal conductivity, A’ [-]

0
0.0 0.2 1.2

Tokumasu, Ohara, and Kamijo

TABLE V. Dimensionless viria[the second term on the right-hand side of
Eq. (7)] of each liquid. The values in the brackets in Table V show the virial
reduced bypk T, /m.

Case 1 Case 2 Case 3 Case 4 Case 5
Virial -0.81 -0.53 -0.36 —-0.30 -0.23
(—0.68) (—0.69) (=0.73) (=0.77) (—-0.81)

and therefore the shape of the distribution function of re-
duced velocity for all the liquids is the same. Thus, it can be
understood that the heat flux in each liquid caused by mo-
lecular motion has the same value for all the liquids when
reduced byp,, Tg, andm.

The amount of heat flux caused by energy transfer due to
molecular interaction is determined by the intermolecular
force and torque, and so depends on the probability distribu-

FIG. 3. Contribution of each mechanism to reduced thermal conductivitytion of intermolecular force and torque. The probability dis-

The symbolsgy;, Gy, Gip, Uit , andq;, denote the contribution of partial
heat flux defined by Eq$21)—(25), respectively.

tribution of intermolecular force and torque in the equilib-
rium state in all the liquids were compared with each other.
The number of simulated molecules wds-6912. The state

energy transfer to the reduced thermal conductivity is thavas the same as the simulation of heat conduction in Sec. Il

main cause of the increase in reduced thermal conductivit

that is shown in Table IlI.

As mentioned above, liquid molecules transport energ
by molecular motion and transfer their energy to other mo
ecules by molecular interaction. The heat flux caused by m
lecular motion is expressed by

N N
1 1

= — “mp?

qt—vzl 2mv,+

1 1
Ewlzwl+§]21 Ep,ij Uix - (26)

(]

§,T=O.7 T andp=2.24p). A cubic cell was used and pe-
riodic boundary conditions were applied in all directions.
The temperature control and data sampling were performed

|in the same manner as described in Sec. Il. In this simula-

tion, the cutoff distance was.= 40 and long range correc-
tion of the pressure and excess internal energy were not ap-
plied.

The virial [the second term on the right-hand side of Eq.
(7)], W*, obtained for each liquid is shown in Table V. The
values in the brackets in Table V show the virial reduced by

Considering both the equipartition law of energy and the facp kT, /m. As shown in this table, the reduced virial de-

that the temperature of each liquidlis=0.7 T, the follow-
ing equations are obtained:

creases with the increase in the molecular elongation, but the
reduction is within a range of 20%. It has been reported that
the reduced density,’, temperaturd’, and pressure?’ of

N
24 LT o a liquid consisting of molecules with a very simple structure
= mo=1.9NkT=1.05\NkT, 2 . .
izl 2 Mvi N ONKTer, @ obey the same equation of state by the principle of corre-
Q sponding staté>?! These results show this tendency. The
1 . . virial of each liquid,W, is expressed by the following equa-
> - w-T-w;=NkT=0.7NKT,,. 28 tion:
“~ 2 on:
) ) N N N
Thus the averaged translational and rotational energy of a =i2 D r--~F--=iE rEa
molecule reduced bgT,, are 1.05 and 0.7, respectively and Ve & T 3VEL B WKy, e e
they are equal among the five liquids regardless of the mo- NN
lecular elongation. Since the reduced EOSs are equal among ZLE 2 T 31)
the five liquids as mentioned in Sec. Il, it follows that the ViEL £ oy, Heet el
excess internal energy reduced kY., is equal among the
o where
five liquids and therefore the total energy of molecules re-
duced bykT,, is equal among the five liquids. The probabil- fijap="ijaFijp (32
ity distribution function of the velocity of molecules in the  and
direction is given by 1 (r;.,>0)
ija '
2
m Moy 0 (riie=0)
= — Nii o= e ' 33
f(vy)doy 27TkTeX4 2kT) do,. (29 ija <o) (33
ija .

Considering thaff=0.7T., and the reduced velocity,, is
given byv,=v,/\kT/m, the probability distribution func-
tion of the reduced velocity is obtained by

’ ! 1 1 \2 !
fX(UX)dUX= mex —m(vx) dvx,
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The symbol f;; .z, denotes the contribution of intermolecu-
lar forces between molecule and j to the stress in the

B(X,y,z) direction acting on a surface normal to the
a(X,y,z) direction, and aix= g it expresses the amount of

30 . . o
(30 intermolecular force for which the positive value means re-
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probability distributions in the range 6f;,,>—2 agree well
with each other regardless of the molecular elongation. It can
be said that the heat flux is determined fify, in the range
of f{jxx>0 because both the absolute value and the probabil-
ity of intermolecular force in the range df,,<—2 are
smaller than those in the range iGf,,>0. As shown in Eq.
(34), the heat flux caused by the translational energy transfer
is determined by both the probability distribution of intermo-
lecular force and the probability distribution of molecular
velocities. As shown in Fig. 4, the probability distribution of
intermolecular force at the same reduced state agrees well in
the range off{;,,>0, which is the main contributor to the
) . heat flux, regardless of the molecular elongation. Moreover,
-10 0 10 20 30 the probability distributions of the reduced molecular veloc-
. ) ity for each liquid agree well with each other, as mentioned

Reduced intermolecular force, f ;.. above. For this reason, it is considered that the heat fluxes
caused by translational energy transfer in each liquid agree
well with each other.

The heat flux caused by rotational energy trangier,

was expressed by the following equation in the same man-
ner:
pulsive force. Usindfjj,z, the heat flux caused by transla-

»

log] OP(f ijxx)

FIG. 4. Probability distribution of reduced intermolecular for€f,.).
P(f{i«x) is defined by Eq(35).

N
tional energy transfer due to molecular interactigp,, is . _E P (e N
expressed by the following equation: dir=73 =S ijx(@i-Ni
1 " 1 N
qit:zizzljzgﬁi rin(Ui-Fij) :§i=lj2i a;yz|fijx|(wiaTina_wiaTjiXa), (37)
_2 2 E I# | f (34) where the torque acting from moleculeon moleculei was
= Fijnd (i aTija), estimated by
wherev;;, denotes the average velocity of moleculand j Tijap=NijoNijs- (38

in the a direction. As shown in Eq(34), g;; depends greatly
upon the probability distribution of intermolecular force,
fijxa - In this simulation the probability distribution of inter-
molecular forceP(fj},,), was examined. The reduced inter-
molecular force was obtained by fi',-xx=fijxx/ ijxx , ) ,
[kTel(per/m)M3]. P(f;,,) was determined by summing the between _molecules, Tij, Wwas obtained by Tij

- . e
occurrence of intermolecular force betweth, and f/;,, = Tijo/KTer. P(Tijo) Was defined in the same manner as

+dfi 4 as N(T{i )

e P(Ti"xx)dTi,'xx: - ’
N(fi’jXX) ! ! NtOt

, (39 :

Niot whereN(Tjj,,) denotes the integrated total number of torque
whereN(f/ ) denotes the integrated total number of inter-between molecules betwedi},, and T/, +dTj;,, . In Eq.

ijxx .
molecular forces betwee,, andf/,, +df/,, . IN Eq.(35) (39 Nt was obtained by

Although this value has no physical meaning, it is useful to
examineT;j, to studyq;, in the same manner ag; in Eq.

(34). The probability distribution of reduced torque between
moleculesP(T/,,,), was also examined. The reduced torque

(39

P( fi,jxx)d filjxx:

Nt Was obtained by o
- No= 2 N(Tiy). (40)
Niot= , E N(fi’jxx)- (36) Tiixx=—>
fipoc= = In this simulation the reduced(T;,, is 0.25. Figure 5 shows

In this simulationd f{j,, is 0.25. The probability distribution the log plot ofP(Tjj,,) of each liquid. This figure shows that
in Eg. (35 was obtained by counting the intermolecular the probability distribution of reduced torque between mol-
forces between molecules whose reduced distamge, ecules greatly depends upon the molecular elongation except
=rj I(m/pe) Y, is shorter than 2. This enables us to com—nearTi’jxxzo and that the probability of larger torque in-
pare the distributions among all the liquids. Figure 4 showsreases with the increase in the molecular elongation. The
the log plot of the probability distribution of intermolecular contribution of the torque between molecules nTé@,[XZO
force, P(fj,), for each liquid. It can be seen in the figure to the heat flux is small due to the small absolute value,
that the probability distribution of the reduced intermolecularalthough the probability is large. It is considered that the heat
force in each liquid in the range owi’jxx<—2 changes flux caused by rotational energy transfer is determined by the

greatly according to the molecular elongation, but that theorque between molecules having large absolute value. As
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TABLE VI. Contribution of energy component according to each direction
to heat flux(in the case of case)1These values are obtained by ,/4;; ,
qit,n/qit ' qir,p/Qir , and qir,n/qir ' respectively. The Values‘]it,p: qit,n ’
Qir,p» andq;, , are obtained by Eq$41)—(44), respectively, and;;; andq;,

are obtained by Eq$24) and(25), respectively.

"3

LR Parallel Normal
B

§ it 63.4% 36.6%
%'6 air 17.7% 82.3%

tional energy transfer is mainly contributed lay, ,. The
energy transfer in the other cases mentioned in Table | are of
the same magnitude. It is therefore predicted that the degree
of change of thermal conductivity due to molecular elonga-
tion differs under conditions in which the energy excitement
FIG. 5. Probability distribution of reduced torque between molecules,iN @ SPecific direction is constrained, for instance, as in case
P(Tix0)- P(Tjxo) is defined by Eq(39). of heat conduction near the wall.

Reduced torque between molecules, T’ ’,-jm

shown in Eq.(37), the heat flux caused by the rotational v coNCLUSION
energy transfer is determined by both the probability distri-
bution of the torque between molecules and the probability ~Heat conduction in liquids was studied by MD simula-
distribution of the angular velocity of the molecule. As tion and the effect of the molecular elongation on thermal
shown in Fig. 5, the probability distribution of the torque conductivity of liquids was analyzed. The two-center
between molecules in each liquid differs depending on thd-ennard-Jone$2CLJ) model was used to express the inter-
molecular elongation although the reduced state of each lignolecular potential acting on liquid molecules. The simula-
uid is the same. Moreover, the probability distribution of thetions were performed using the nondimensional form of the
angular velocity of the molecule in each liquid also differs potential so that only the molecular elongatidig, was the
according to the molecular elongation. For this reason, thesgimulation parameter. The simulations were performed for
two differences cause the heat flux due to rotational energfive cases of the parameter. Pressure and excess internal en-
transfer to depend on the molecular elongation. ergy of each liquid at many state points were first simulated,
The contribution of the transfer of energy componentand equation of staté€OS and the critical temperature, den-
according to each direction to the heat flux were analyzed isity, and pressure of each liquid were obtained. Next, thermal
detail. In the case of translational energy transfer, the contriconductivity of each liquid at the same temperature and den-
bution of energy component according to the direction “par-Sity reduced by these critical values was estimated by non-

allel” and “normal” to the heat flux were obtained by equilibrium MD (NEMD) simulations. The simulated results

N agree with the experimental data within 10%. The thermal

. :}2 S b vnF (41) conductivity reduced by critical density,, critical tem-

Gitp 2 & e e perature,T.,, and molecular massy, increased with the

and increase in the molecular elongatialio. To investigate the
cause of this tendency, the heat flux was decomposed into its
1 N component mechanisms, and the contributions of these
qit,nziizl 2 Pijx(ViyFijy T vizFijz), (42)  mechanisms to heat flux were compared. Consequently,

while the contributions to the thermal conductivity due to
respectively. In the case of rotational energy transfer, thegnergy transport and translational energy transfer were found

were obtained by to have the same value regardless of the molecular elonga-
1 N tion, the contribution to the thermal conductivity due to ro-
qir,p=52 2 Piix@iNijx » (43) tat|onallenergy transfer was fqund to increase with an in-
i=110#] crease in the molecular elongation. It was also found that the
and translational energy transfer is mainly contributed by the en-

N ergy component according to the direction parallel to the
1 S S heat flux, while the rotational energy transfer is mainly con-
Grn=24 & Fii(@iyNijy +@izNije), (49 tributed by those normal to the heat flux.

respectively. Table VI shows the rate of the contribution of

energy component according to each direction to the he"’)&CKNOWLEDGMENT

flux obtained by Eqs41)—(44). In Table VI only the values

of case 1 are shown. This table shows that the translational All simulations were performed on Origin2000 at the
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