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Molecular dynamics (MD) simulations were performed to investigate the structural features and transport
properties of G in liquid argon. The results reveal that an organized structure shell of liquid argon is formed
close to the surface of aggfullerene molecule, thereby changing the solid/liquid interfacial structure.
Furthermore, the simulation indicates that thg-Gquid argon fluid becomes structurally more stable as the

Cso molecule volume fraction and the temperature increase. The viscosity of the fluid increases significantly
as the Gy molecule loading is increased, particularly at a lower temperature. The thermal conductivity
enhancement of the fluid in the present simulations is anomalously an order of magnitude higher than the
theoretical predictions from either the Maxwell or the Lu and Liu models, and is found to vary approximately
linearly with the Go molecule volume fraction. The increased thermal conductivity is attributed to the nature
of heat conduction in § molecule suspensions and an organized structure at the solid/liquid interface.

Introduction conductivity of the nanoparticle suspension at higher temper-
The heating or cooling of fluids is of major importance in atures. Keblinski and Thonfiused MD simulations to analyze

many industrial fields, including those of transportation, energy the hydrodynamic field around a Brownian particle, which was
supply and production, electronics, and so forth. However, IN @n expllcn solve_nt. The r(_asult eIum_da_ted the valldlty of an
conventional heat transfer fluids such as water, oil, ethylene @SSumption used in theoretical descriptions of Brownian par-
glycol, and liquid argon have poor heat transfer properties ticles dynqmlgs in confined geometries and in c_oII0|ds. This
compared to those of most solids. Therefore, a requirement exists>tudy also indicated that molecules of normal liquids close to a
to develop heat transfer fluids with enhanced thermal conduc- solid surface organized into layered structures. Flnally, Putnam
tivities. Recently, a soligliquid mixture which consists of €t al® employed an optical beam deflection technique for
nanoparticles and a base liquid has emerged as a promising ne{neasurements of the ther_mal diffusivity of qu_|d mixtures and
class of heat transfer fluid. Hong etlathowed that the ther- ~ SuSpensions of nanoparticles. The result did not observe a
mal conductivity of ultrafine suspensions of iron in ethylene significant enhancement in t_he thermal con(_zluctlvny of fluids
glycol was enhanced by up to 18% for a particle volume fraction l0aded by small volume fractions of nanoparticles1 vol %).
of 0.55%. Similarly, Eastman et alreported that copper However, the higher loadings of nanoparticles1(vol %)
nanoparticles dispersed in ethylene glycol improved the thermal €@nnot exclude the possible enhancement for the thermal
conductivity by 40% for a particle volume fraction of 0.4%, conductivity of nanoparticle suspensions. A review of the
while the addition of cupric oxide nanoparticles enhanced the !|terature reveal; thaF the extent of the heat transfer enhancer_nent
thermal conductivity by 20% for a particle volume fraction of 1S dependent primarily on the temperature, the volume fraction
4%. Das et af.measured the thermal conductivities of alumina ©f the dispersed nanoparticles, the nanoparticle material, and
and cupric oxide in water at temperatures ranging from 293 to SO On.
323 K for different nanoparticle loading conditions. The authors ~ Even though many experiments have been conducted to
reported a linear increase in the thermal conductivity ratio measure the thermal conductivity of nanoparticle suspensions,
between nanoparticle suspension and base fluid with tem-the actual mechanism responsible for the heat transfer enhance-
perature and showed that the rate of increase was higher forment remains unclear. Identifying the precise nature of this
cupric oxide than for alumina for the same loading fraction. mechanism is difficult since the heat transfer between the base
For the transport model of the nanoparticle suspension, Evansfluid and the nanoparticles occurs while the particles are in
et al* employed a kinetic theory and molecular dynamics (MD) random Brownian motion. Furthermore, the exact dispersion
simulation to analyze the heat flow in the nanoparticle sus- State of the nanoparticles depends on the particular flow
pensions and demonstrated that the hydrodynamics effectsconditions and the chemical nature of the nanoparticles. In
associated with Brownian motion have only a minor effect on engineering systems involving fluid flow, the viscosity of the
the thermal conductivity of the nanoparticle suspension. Nev- fluid is of equal importance as the fluid’s thermal conductivity.
ertheless, their study did not consider the temperature effect onln such systems, the pumping power is proportional to the
the Brownian motion. This effect may infer the enhanced pressure drop, which in turn is related to the viscosity. Therefore,
: the effects of viscosity and thermal conductivity should be
m;lTnock"L‘J’Z%”J t\‘;lo”esmndence should be addressed. E-mail: weng@ considered simultaneously. Since the investigation of these two
t National Cheng Kung University. transport properties using direct experimental method is very
*Fo Guang University. difficult due to the very small scales involved, numerical
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methods are generally preferred. MD simulations provide c? c?
valuable insights into the physics of particles when attempting 9(0) =1+ —— 5
to clarify the size-dependent characteristics of their thermody- d® d*+ (h— cosfy)
namic behavior. The MD simulation method describes the ) o
atomic motions of the constituent particles of a system by _ The parameters used in the present study for the original
making the assumption that the particles satisfy the laws of Brenner potential model are summarized in Tablé 1.
classical mechanics at the atomic scalde power of the MD In the current simulations, the argeargon, argor-carbon,
approach becomes increasingly apparent as the characteristi@d van der Waals carbemarbon interactions are modeled
size of the system decreases. The results of MD simulation USing the Lennard-Jones potential, which has the form
enable the thermodynamic property data and phenomenological 1 6
mechanisms of a system to be determined. For example, in the V(?ij) = 46[(g) — (g) ] (7
previous study we had employed MD simulations to study the I Fij
structural features and thermal conductivity of silicon nanopar-
ticles8 Vogelsang et al.conducted MD simulations to inves-  The values of parametetsando for each of the current atom
tigate the thermal conductivity of liquid argon and showed that atom interactions are presented in Tabl& 2.
the computed thermal conductivities were consistent with the ~ Figure 1 presents a schematic illustration ab @llerene
experimental data. Tretiakov and Scandblssed MD simula- molecules in liquid argon in the present simulations. The argon
tions to study the thermal conductivity of solid argon. The atoms are initially arranged within a rectangular lattice with
computed results for the thermal conductivity were again shown spherical voids to accommodate theo@ullerene molecules.
to be in good agreement with the experimental data. In conjunction with the multiple time step meth&th* the
This study performs MD simulations to investigate the presentsimulations employ the Verlet algorithitfto calculate
structural features and transport properties of nanoparticle the trajectories of the atoms. A smaller time step of 1 fs is used
suspensions comprisingsé&fullerene molecules dispersed in when simulating the fast motions associated with the covalent
liquid argon. The structural characteristics and transport proper- bonding of the G fullerene molecules, while a larger time step
ties of nanoparticles suspensions are investigated at two differentof 5 fs is adopted for the simulation of the motions of argon

(6)

thermodynamic states for suspensions with differegtr@ol- atoms. In the simulation process, all of the systems were initially

ecule volume fractions. relaxed at a high temperaturé € 300 K) for 100 ps during
equilibrium and then annealed to the desired target temperatures

Molecular Dynamics Simulation (T = 87.45 or 150 K) for a period of 300 ps. This precaution

was taken to remove any time dependence effects for the system
structure in the equilibrium state. Periodic boundary conditions
are applied to the system in the three directions. To get reliable
results, we considered four cases for the computational boxes
to eliminate the size effect, which are 3525 x 25 A3 (for
example, 334 argon atoms in therm?&dynamic state 1 for the
- i o) pure liquid argon system), 50 50 x 50 A3 (for example, 2672
V= z . fc(rij){VR(rii) B biJVA(rij)} @) argon atoms in thermodynamic state 1 for the pure liquid argon
RIS system), 75x 75 x 75 A3 (for example, 9020 argon atoms in
thermodynamic state 1 for the pure liquid argon system) and
100 x 100 x 100 A3 (for example, 21 382 argon atoms in
thermodynamic state 1 for the pure liquid argon system),
respectively. These simulation results over the size of the
computational box of 56 50 x 50 A3 revealed no significant

In the present study, the original Brenner potential model is
used to describe the behavior of thgyQullerene molecule,
and this model has been widely applied in previous studies of
fullerene!! The potential energy of carbermarbon interactions
in the Gyo fullerene molecule is expressed as

where the summation is for every chemical boﬁ;’j,is the
vector pointing from atomto atomj, with rj = |r;|, andVg(r)
and Va(r) are the repulsive and attractive parts of the Morse-
type potential, respectively, and are given by

D
Vo(r) = f.(r € exol —Bv2Yr — 2 TABLE 1: Parameters Used in the Original Brenner
RN =) S—-1 A=AV = R} ) Potential Model
DS parameters ec
(S
Vi) =1 g7 M -BV2Sr R} (3) De (eV) 6325
Re (nm) 0.1315
Thg cutoff functionfc(r), ir_1 eqs 2 and 3 isa sim_ply decaying E(nmfl) 11.'529
function centered at = R with a half-width ofD, i.e., a 1.1304x 1072
n 1
1 (r—R—D) d 0.80469
1 1 7 c 19
f(r) = ———sin[—(r—R)/D] (R—D<r<R+D) d 25
¢ 2 2 2 h -1
0 (r>R+D) R (nm) 0.185
(4) D (nm) 0.015

Finally, b;].‘ in eq 1 expresses the modification of the TABLE 2: Lennard-Jones Parameters for Carbon—Carbon,
attractive forceva(r) depending o, the bond angle between ~ Carbon—Argon, and Argon Interactions

bondsi—j andj—k, i.e., atom—atom
interactions o (R) € (kJ/mol)
" by + b n - m =5 carbor-carbon 3.4 0.2328
bj = , by={1+af f(Ti9(050]' ) argon-argon 3.4 0.9977
2 k=) carborr-argon 34 0.4819
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TABLE 4: Thermodynamic States for Liquid Argon in the
Current Simulations

state point  p (g/cn) T (K) Pav (MPa) U (kJ/mol)

1 1.418 87.45 5.68 —5.77397
2 1.055 150.00 5.68 —4.03687

time to in an MD simulation. This generates aparticle
trajectory with the ensemble average replaced by average over
“time origins” equally spaced (in time) along the trajectory.
The shear viscosity coefficient of a fluid measures its
resistance to a shearing force and provides an indication of the
shear stress induced by an applied velocity. The stress correlation
function contains the nondiagonal elements of the stress tensor
and is a collective property of the entire flui#iThe GK formula
for the shear viscosityy, is given by

Moy = % [ P y(t)Poglty + KK ®)

where Py denotes the nondiagonal term of the stress tensor

/%i\ C atom and has the form
X v o 1 av(Ty)
Figure 1. Schematic representation of the simulation model. P = Q z MUi, ig + Z z Tiio' o 9)
| I =1
TABLE 3: Summary of Present Simulation Case3 : /
particle volume whereV andT denote the volume and temperature of the system,
case Nar Np state point  fraction (vol%) respectively, andg is the Boltzmann constant. Additionally,
1 9020 0 1 0 V(rj) denotes the pair interaction potential, and m denotes the
2 9007 1 1 0.04 mass of each particle. In a Cartesian coordinate system, the
3 8992 8 1 0.36 statistical precision of the shear viscosity computation is
4 8937 27 1 1.20 improved by averaging over all six componenjgg( o5 = Xy,
5 8768 64 1 2.84 Xz, yX Yz zx andzy) that result from the stress tensor. The
g’ gggg ﬁg i g:gg shear autocorrelation (SAC) function is composed of a kinetic
) 6711 0 2 0 term, which measures the correlation of the momentum transport
9 6701 1 2 0.04 caused by atomic motions, a potential term, which measures
10 6632 8 2 0.36 the correlation of the momentum transport caused by interatomic
11 6453 27 2 1.20 forces, and a cross term, which measures the coupling of the
12 6080 64 2 284 atomic motions and forces.
13 5500 125 2 5.55 . -
14 4536 216 2 9.59 In MD simulation approaches, two methods are commonly

employed to determine the thermal conductivity of the system
of interest. The first method is to subject the simulated system
to an explicit external perturbation (e.g., a temperature gradient)
and to calculate the steady-state response, while the second meth-
od is to use the GK relation to relate the thermal conductivity to
correlation functions involving fluxes of conserved quantities.
The present study adopts the latter approach to calculate the
thermal conductivities of the currengg&in-liquid-argon fluids.

The thermal conductivity coefficient provides an indication
of the heat transport in a system. The correlation function is
obtained from the heat current and is a collective property of
the particles in the system. The GK formula is given by

@ N, andNy denote the number of argon atoms and tbgf@lerene
molecules in the simulation system, respectively.

difference in the transport properties of the fluid and are in very
good agreement with the experimental results in the literdture.
The current study adopted the size of the computational box of
75 x 75 x 75 A3, which is big enough to capture all effects.
The size of the computational box is adjusted to match the target
bulk argon density. In order to avoid problems related to
unwanted noncanonical fluctuations of the instantaneous tem-
perature in simulation process, the simulations are performed
with constant particle number, constant volume, and constant
energy (NVE) conditions for a period of 5 ns after equilibrium 1
to ensure a reasonable statistical averaging result. The simulation = VT 2
cases considered in this study are summarized in Table 3. Since 0
the temperature effect is significant on the viscosity and thermal where

conductivity of the fluid, two thermodynamic states at different
temperatures with the same average pressure value are peryy —=

formed, as shown in Table 4. Since the scale of these simulations N

. . . N N 19 ~ 1 —
exceeds the computing capacity resources of a typical personal Z Z [5 Tﬁ,(,;ﬁp +Z (_rij + _rjk)'(Fijk'_l;i)
1=1 j=1j=i

“ [3(t)J(0) it (10)
Jo

computer, the present simulations are performed on a parallel- %)

computing environment consisting of 64 nodes. (11)
The Green-Kubo (GK) formulas can be applied to determine

the transport coefficients, which depends on evaluating a in which J(t) denotes the heat flux vector. In eqs 10 and\11,

microscopic current at a given tintesubsequent to an initial  and Ty denote the volume and the equilibrium temperature of

k=1k=i,
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r(a) Figure 3. Variation of Go—Cso Lennard-Jones interaction energy with
Figure 2. Radial distribution functions (RDF) between the center of the particle volume fraction at thermodynamic states 1 and 2.
mass of a G fullerene molecule and liquid argon atoms at thermo-

dynamic states 1 and 2 (corresponding to simulation cases 2 and 9).TABLE 5: Transport Properties Computed for the Bulk
Liquid Argon and a C ¢ Fullerene Molecule in Current

the system, respectivelyg is the Boltzmann constant, arfg Simulations

andFix are the two- and three-body forces, respectively. Note bulk liquid argon Go
that, in the present study, the statistical precision of the thermal
conductivity computation is improved by averaging over all

ree componen( . ) D omn ws pe

state point 7 (ug/cms) K (MW/Km) Kk (MW/K:m)

Results and Discussion It is observed that the thermal conductivity of the bulk liquid

To investigate the structural characterization of the current argon in state 2 is lower than that in state 1. This can be
Csorin-liquid-argon fluid, the radial distribution function (RDF)  attributed in part to the weaker potential energy of fluid in the
between the center of mass of gyQullerene molecule and  high temperature, as shown in Table 4. Since the potential
liquid argon atoms was calculated for thermodynamic states 1 energy transport part becomes very important and dominant over
and 2. The corresponding results for simulation cases 2 and 9the kinetic energy flux part in accounting for the thermal
(see Table 3) are presented in Figure 2. Each RDF shown inconductivity of liquids, the thermal conductivity of the bulk
Figure 2 has four distinct peaks. The first peak represents theliquid argon decreases as the temperature increases. However,
direct adsorption of liquid argon by the surface ofg fDllerene the thermal conductivity of a § molecule in state 2 is higher
molecule. It is observed that the interaction between the C than that in state 1. This result is in agreement with a previous
molecule and the argon atoms becomes weaker as the interexperimental study’
atomic distance increases. Furthermore, it can be seen that the Figure 3 shows the variation of ¢6-Csp Lennard-Jones
first three peaks are more pronounced than the fourth peak. Thisinteraction energy with the particle volume fraction at thermo-
implies that three organized liquid interfacial shell structures dynamic states 1 and 2. It is observed that the interaction energy
are formed in the proximity of the surface of a¢Gnolecule, of the Go—Cso becomes increasingly negative as the particle
as argued in a previous experimental stiftiyhis observation volume fraction increases. This implies that a larger particle
suggests that the liquid argon is distributed randomly after the volume fraction results in an improved structural stability.
first three peaks of the RDF. Accordingly, the region near the Furthermore, the interaction energies of th@-Cs become
third ravine can be considered as a transition zone between thancreasingly negative as system temperature increases. This
organized liquid layers and the random distribution region. It indicated that the suspension stability gh@ state 2 is greater
can be seen that the variation of the density distribution in the than that in state 1.
random distribution region differs from that observed in the  Figure 4, parts a and b, shows the stress autocorrelation (SAC)
organized liquid layers. A close inspection of Figure 2 revealed functions and heat flux autocorrelation (HFAC) functions for
that the distance between the surface ogariolecule and the  the bulk liquid argon and the ggin-liquid-argon fluid with a
third ravine of the RDF is approximately 14.2 A. This implied 2.84 vol % Gy fullerene molecules (§'s) addition (abbreviated
that the shell thickness of the shell-like region is approximately hereafter to 2.84 vol % §'s). Note that Figure 4, parts a and
14.2 A. When the magnitudes of the peaks in thermodynamic b, relates to thermodynamic states 1 and 2, respectively, and
states 1 and 2 are compared, it is seen that the reduced densitpresents the results for simulation cases 1, 5, 8, and 12,
in state 1 is greater than that in state 2. This result can berespectively. It can be seen that the SAC functions and HFAC
attributed to the stronger bonding energy betweegyar®lecule functions for the 2.84 vol % §g-liquid argon fluid decay more
and the argon atoms at a lower temperature. slowly than those of the bulk liquid argon (base fluid) at both

Table 5 shows the current simulation results for the transport thermodynamic states. Since the area under the SAC curve gives
properties of the bulk liquid argon and gJQullerene molecule. the dynamic viscosity and the area under the HFAC curve gives
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Figure 4. Stress autocorrelation (SAC) functions and heat flux giferent particle volume fractions at (a) thermodynamic state 1 and
autocorrelation (HFAC) functions for the bulk liquid argon (base fluid) () thermodynamic state 2.
and 2.84 vol % G-in-liquid-argon fluid at (a) thermodynamic state 1

and (b) thermodynamic state 2. states'® This observation is consistent with the finding that the

stability behavior in state 2 is greater than that in state 1, as
the thermal conductivity, the results show that the transport shown in Figure 3. The result may be attributed in part to the
properties of the gg-in-liquid-argon fluid are higher than those  oscillatory behavior of the § molecules in the liquid argon at
of the base fluid. Furthermore, the SAC function for the 2.84 a higher temperature, which is similar to the lattice vibration
vol % Cso—liquid argon fluid decays more slowly at state 1 of crystalline structures.
than at state 2. Therefore, it is apparent that the dynamic Finally, Figure 5, parts a and b, shows the normalized
viscosity of the fluid increases with a decreasing system viscosity data#¢/ns) and thermal conductivity datadxs) for
temperature. However, the HFAC function for the 2.84 vol % the current Ggin-liquid-argon fluid as a function of the &g
Cso—liquid argon fluid decays more rapidly at state 1 than at fullerene molecule volume fraction in thermodynamic states 1
state 2. Therefore, it can be inferred that the thermal conductivity and 2, respectively. Note that is the effective viscosity of
of the fluid increases with increasing temperature. Figure 4b the fluid, #; is the viscosity of the base fluidy is the effective
shows that the HFAC function for the 2.84 vol %liquid thermal conductivity of the fluid, and¢ is the thermal
argon fluid has a distinct oscillatory behavior in the initial period conductivity of the base fluid. In both panels, the solid line
of 1.0 ps. This oscillation indicates the presence of a dynamic indicates the best fit of the computed viscosity ratio to an
mode involving interaction among thed@nolecules at a higher  exponential function of the § molecule loading. It is observed
temperature. However, the exact nature of this mode remainsthat the dispersion of even a very small amount gf<0n the
unclear. If the Fourier transform of the heat flux correlation is base fluid leads to a significant increase in the viscosity. For
regarded as dynamic conductivity, the conventional thermal example in thermodynamic state 1, an addition of approximately
conductivity is the zero-frequency component or the static value. 5.5 vol % G molecules increases the viscosity ratio to a value
In this context, an oscillatory correlation function would signify  of 35. When parts a and b of Figure 5 are compared, it is evident
a resonant or collective process. Similar oscillations in the heat that the viscosity enhancement effect is more pronounced at a
flux correlation are known to occur in crystalline and amorphous lower temperature. This implies that the bonding energy between
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the Gso molecule and the liquid argon increases as the temper-volume fraction and the shape of particle, not on the interface
ature decreases. This finding is consistent with the results between the particles and the base fluid. Therefore, the current
presented in Figure 2 for the RDF of the liquid argon atoms finding appears to show the fundamental limits of conventional
from the center point of a & molecule. models and suggests that the thermal conductivity of the
To evaluate the thermal conductivity enhancement of the interface between the particles and the base fluid should be
current Ge-in-liquid-argon fluid, the current simulation results considered to modify such modes. The enhanced thermal
are compared with theoretical predictions for the thermal conductivity is most likely attributed to the nature of heat
conductivity of the fluid. In effective medium theory, Maxwill conduction in Go molecule suspensions and an organized
showed that the conductivity of statistically homogeneous, structure at the solid/liquid interface.
isotropic composite materials with randomly dispersed spherical

particles having a uniform particle size is given by Conclusion
k, 3o — 1 This study has employed MD simulations to investigate the
= (@ ) (12) structural features and transport properties of theiGliquid-
ks (a+2)— (o —1)¢p argon fluids. The numerical results have shown that an organized

structure shell of liquid argon forms at the surface oggfQller-
where o denotes the ratio of the thermal conductivity of the ene molecule, thereby changing the solid/liquid interfacial struc-
particle to that of the base fluid angl indicates the particle  ture. Furthermore, it has been shown that the structure of the
volume fraction. current fluid becomes more stable as the particle volume fraction
In a more recent study, Lu and Zfhconsidered spherical  and the temperature increase. Regarding the transport properties
and nonspherical particles and proposed the following model of the fluids, it has been shown that the viscosity ratio varies
as an exponential function with thes€Cmolecule loading.
Ke _ 5 Furthermore, a significant increase in the viscosity is observed
E =1+ap+bo (13) as the temperature is reduced. The simulation results have also
shown that the HFAC function of the currenégn-liquid-argon
fluid exhibits a distinct oscillatory behavior at a higher tem-
perature. However, the exact nature of this oscillatory mode
remains unclear. The enhanced thermal conductivity is attributed
to the nature of heat conduction irsddnolecule suspensions
and an organized structure at the solid/liquid interface.

where a and b are two medium-specific coefficients. For
spherical particlesa = 2.25 andb = 2.27.

In the calculation, the thermal conductivities of the bulk liquid
argon and G molecule are taken by MD simulation, as shown
in Table 5. These two conventional models are shown by the
two dash-dot lines in Figure 5, parts a and b. The values
calculated by the two models are almost identical at low volume
fractions. It can be seen that both models predict a linear : : .
relationship between the thermal conductivity enhancement andg%gg_'logflthe Republic of China under Grant No. NSC94-2212-
Cso molecules volume fraction. Similarly, the current simulation )
results (dashed line) also suggest a linear relationship betweeq?eference

7 - - s and Notes

the thermal conductivity ratio and the volume fraction. However,
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