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Abstract

Using non-equilibrium molecular dynamics simulations in which a temperature gradient is imposed, we study how

the ordering of the liquid at the liquid–solid interface affects the interfacial thermal resistance. Our simulations of a

simple monoatomic liquid show no effect on the thermal transport either normal to the surface or parallel to the surface.

Even for of a liquid that is highly confined between two solids, we find no effect on thermal conductivity. This contrasts

with well-known significant effect of confinement on the viscoelastic response. Our findings suggest that the experi-

mentally observed large enhancement of thermal conductivity in suspensions of solid nanosized particles (nanofluids)

can not be explained by altered thermal transport properties of the layered liquid.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

A liquid in contact with a solid interface is signifi-

cantly more ordered than a bulk liquid. In the direction

normal to the liquid–solid interface, liquid density pro-

files exhibit oscillatory behavior on the molecular scale

due to interactions between the atoms in the liquid and

the solid [1,2]. The magnitude of the layering increases

with increasing solid–liquid bonding strength, and the

layering extends into the liquid over several atomic

or molecular distances. In addition, with increasing

strength of the liquid–solid bonding, crystal-like order

develops in the liquid in the lateral directions. These

structural changes have pronounced effects on a number

of properties, including the liquid–solid phase transition
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[3–5], flow and tribological properties [6–9]. The nature

of the solid–liquid molecular interactions and the sur-

face topology also play a critical role in determining the

mechanical properties of confined liquid films. In par-

ticular, the degree by which the viscosity is increased due

to confinement and solidification is still a topic of in-

tense discussion [10]. Liquid layering also leads to

oscillatory forces between macroscopic bodies separated

by a liquid layer of several atomic distances [11].

Given that ordering of the liquid at the solid–liquid

interface has a major effect on mechanical properties, it

is important to address the issue of the effects of liquid

ordering on thermal transport properties. One indica-

tion that such ordering could be important comes from

the elementary observation that the thermal conductiv-

ity of completely ordered crystalline materials is typi-

cally much larger than that of disordered amorphous

materials. The efficient thermal transport in solids arises

from lattice vibrations (phonons) that are able to move

ballistically over relatively large distances (the phonon
ed.
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mean free path) before being scattered either from other

lattice excitations or from structural defects in the

crystal. By contrast the absence of order in liquids (and

amorphous materials) eliminates this effective heat

transport mechanism, resulting in an effective mean free

path being only of the order of an atom size. If the

ordering in the liquid is capable of increasing the dis-

tance over which the heat wave moves in a ballistic

manner, it should have a significant effect on the thermal

transport properties in the interface region.

By contrast to a possible enhancement of the con-

ductivity of the interfacial liquid, the mismatch between

properties of liquid and solid generally leads to a ther-

mal resistance, known since the pioneering work on the

metal–liquid helium interface by Kapitza [12]. Due to

the relatively good contact between liquid and solid, this

interfacial resistance, also known as the Kapitza resis-

tance, is rather low. From the macroscopic point of view

the net interfacial resistance will express the balance

between discontinuity-related resistance and possible

thermal conductivity enhancement due to liquid order-

ing.

The current theoretical understanding of the thermal

resistance of solid–liquid interfaces is primarily based on

the ‘‘acoustic mismatch model’’ (AMM) in which one

considers the transmission and reflection of classical

heat waves at the interface [13]. However, the AMM,

derived from the requirements of continuity at the

interfaces, includes only the bulk properties of the two

materials, with no account being taken of the nature of

the bonding between liquid and solid atoms at the

interface, or of the ordering of the liquid structure at the

interface. In fact, the results of our recent molecular

dynamics (MD) simulations revealed that the strength of

the bonding between liquid and solid atoms plays a key

role in determining the temperature drop at the solid–

liquid interface [14]. Similar conclusions were obtained

by Maruyama and Kimura [15], and Barrat and Chia-

ruttini [16], who drawn an analogy between the Kapitza

resistance and hydrodynamic slip length.

In addition to its intrinsic scientific interest, under-

standing the solid–liquid interface thermal resistance is

now becoming a technological imperative also, driven by

the measured significant enhancements in the thermal-

transport properties of nanofluids, i.e., suspensions of

solid nanoparticles in liquids [17]. For example, experi-

ments have shown that for Cu–water nanofluids, a mere

0.3 vol% of �10 nm Cu nanoparticles leads to an up to

40% increase of thermal conductivity, more than an

order of magnitude above the increase predicted by

macroscopic theory [18]. Because interfaces are expected

to provide resistance to the heat flow [19], their preva-

lence in nanofluids should actually be detrimental to

the overall thermal conductivity. Indeed, our previous

molecular dynamics simulations [14] demonstrated that

even in the case of the strongly wetting solid there is a
temperature drop at the solid–liquid interface, associ-

ated with the Kapitza resistance. The Kapitza resistance

becomes even more pronounced for weakly or non-

wetting interfaces [14–16]. Ordering of the liquid layers

is one possible mechanism to counterbalance this resis-

tance. Despite the fact that the ordered liquid is only

several atomic distances thick, a substantial volume

fraction of the liquid is within a few atomic distances

from the solid, and thus the properties of the ordered

liquid layers could have a significant impact on thermal

transport in nanofluids.

Based on the assumption that the layered liquid has

significantly larger thermal conductivity than a non-

layered liquid, it has been demonstrated that a contin-

uum-level model is capable of predicting the thermal

conductivity enhancement in Al2O3 nanoparticle/water

and carbon nanotube/oil nanofluids [20]. However, for

the model to agree with experiment, it was necessary to

assume both that the conductivity of the structured li-

quid is several times larger than that of the bulk liquid,

and that liquid layer is of the order of 3 nm thick. While

the first assumption is questionable, the second

assumption is known to be incorrect for simple liquids:

both experiment and simulation show significant

ordering extends only to a few atomic distances, i.e., �1

nm. It is, however, possible that more complex liquids

have ordering effects extending over longer distances

from the interfaces. For example, if nanoparticles are

charged, an associated electric field might induce longer

range ordering in polar liquids.

The objective of this paper is to use MD simulations

to identify the relationship between the liquid structure

at the solid interface and its thermal transport charac-

teristics. Due to the detailed information on atomic level

structure and dynamics that it can provide, molecular

dynamics (MD) simulation is ideally suited for this task,

and in recent years has increasingly been used to study

various thermal transport problems, including interfa-

cial related problems [21]. In this first study of its kind

we will limit ourselves to simulations of simple liquids

comprise of monoatomic ‘‘molecules’’. For this model

system we find that, in contrast to the significant effects

on mechanical properties discussed above, the liquid

layering actually has a surprisingly small effect on the

thermal transport characteristics. Indeed, both in the

directions normal and parallel to the solid–liquid inter-

face, we find that the thermal conductivity of the layered

liquid is indistinguishable from that of the bulk liquid,

both for solid–liquid interaction parameters corre-

sponding to wetting and non-wetting situations. By

contrast, the Kapitza resistance is a strong function of

wetting properties [14–16]. For a wetting liquid, the

strong bonding between solid and liquid atoms, means

that energy transport is quite efficient at the boundary;

i.e., the Kapitza resistance is low. Similarly, the weak

solid–liquid bonding for a non-wetting liquid results in
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poor energy transport across the interface, and a high

Kaptiza resistance. We discuss the origin of the sur-

prisingly small effects of liquid ordering and potential

implications for our understanding of heat flow at solid–

liquid interfaces.
2. Simulation model and method

Because our work represent the first detailed analysis

of the role of liquid ordering on thermal transport, ra-

ther than modeling specific materials, we use a simple

atomic liquid with interactions described by the Len-

nard-Jones (LJ) interatomic potential, whose properties

[22], including thermal-transport properties [23], have

been thoroughly characterized in numerous simulations.

As in our recent simulations of the thermal resistance at

a solid–liquid interface [14], and for simplicity, the

interactions between solid atoms, liquid atoms, and so-

lid–liquid atoms are all described by the LJ potential.

Within such a model the pair interaction potential is

given by

UabðrijÞ ¼ eab
rab

rij

� �12
"

� rab

rij

� �6
#
; ð1Þ

where rij is the interatomic spacing between atoms i
and j, a and b refer to liquid (l) or solid (s) species and e
and r are parameters describing the bonding energy and

bonding distance respectively. In our model we will use

the liquid parameters to set up the length scale, rll � r
and the energy scale, ell � e. We will follow the custom

of reporting results for simulations of LJ materials in so-

called reduced units, which allow simulations with dif-

ferent values of r and e to be compared directly. All

simulations are performed at the reduced temperature of

T � ¼ kBT=e ¼ 0:70, and the liquid reduced density,

q� ¼ q=r3 ¼ 0:84. This temperature and density are

close to the triple point of the LJ potential; such or

similar conditions are typically used in molecular simu-

lations of thermal transport [23,15,24] and represent a

generic liquid near its triple point.

Because the melting point for the LJ potential is

proportional to e, the value of ess must be significantly

larger than ell; we have made the somewhat arbitrary

choice ess ¼ 10ell. This mimics a ‘‘generic’’ solid with a

face centered cubic (fcc) crystalline structure, which is

well bellow its melting point. Due to stability of such

defined solid, we do not need to introduce any addi-

tional spring holding the solid atoms at the crystalline

sites [15,24] thus we naturally capture the dynamics of

the phonons in the solid phase [14].

For simplicity, and in the spirit of this being a sim-

ulation of a generic system, the mass of the solid atoms

is taken to be the same as the mass of the liquid atoms

and all rab are taken to have the same value (i.e., the
solid and liquid atoms have the same size). This leads to

the density of the solid being just 20% larger than the

density of the liquid due to better packing; for real

materials the density of the solid is typically several

times larger than that of the liquid. Interestingly the very

small number density mismatch can be expected to en-

hance the effect of ordering in the liquid on the thermal

conductivity relative to that of real solid–liquid systems;

thus from this perspective we would expect our simula-

tions to tend to overestimate any enhancement. Never-

theless, from the point of view of interfacial thermal

resistance, the relevant macroscopic parameter is the

mismatch between the acoustic impedances of the two

media, Z ¼ qc, where q is the density and c is the speed

of sound [13]. Considering that the speed of sound is

proportional to
ffiffiffiffiffiffiffiffiffi
E=q

p
, where E is elastic modulus, and

that E is proportional to the energy bonding parameter

(e), one gets the ratio of Zsolid=Zliquid �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
essqs=ellql

p
� 4

for our model. Thus our model captures the acoustic

mismatch characteristic of solid–liquid interfaces.

In our previous studies we determined the Kapitza

resistance of a similar model system as a function of the

solid–liquid interactions strength [14]. In particular we

observed two different regimes of the Kapitza resistance

dependence on els, with a dividing value els � e. For this
study we select two values of the solid–liquid bonding

energy parameter, els. The first choice, els ¼
ffiffiffiffiffi
10

p
e � 3:3e

corresponds to a wetting liquid [25], for which the bonds

between solid and liquid atoms are stronger than those

among liquid atoms; this also corresponds to the tradi-

tional form for the interaction potentials of els ¼
ffiffiffiffiffiffiffiffiffi
essell

p

[22]. For the simulations of a non-wetting liquid, in

which the bonds among the liquid atoms are stronger

than those between solid and liquid, we chose els ¼ 0:2e.
These two choices will allow us to expose differences

between two main classes of the solid–liquid interfaces

and the effects of the degree of liquid structuring which,

due to the strong solid–liquid interactions, is much more

pronounced for wetting liquids.

The total force acting on each atom is computed as

the sum of the pair-wise forces originating from the LJ

potential (Eq. (1)). For computational efficiency, we use

a cutoff for the interatomic potential of 2:3r, which is in

a typical range used in simulations of LJ systems, and

has been demonstrated to be sufficiently large for ther-

mal transport calculations [23]; to avoid discontinuities

in the integration of the numerical equations of motion,

we follow the customary procedure of shifting the forces

and energies such that they are zero at the cutoff. The

Newton’s equation of motion, F ¼ ma, where m is the

mass of an atom, F is the net force acting on an atom

and a is acceleration are solved using fifth order pre-

dictor–corrector integrator [22]. We use an MD time

step of 0.001s�, where s� ¼ ½e=mr2�1=2, which conserves

energy in microcanonical–ensemble simulations to four

significant figures over one million MD steps [26]. This
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ensures very good energy conservation over the entire

length of the simulation run.

The geometry of the simulation cell is depicted in Fig.

1. Initially, it consists of a square cylinder of [1 0 0]-

oriented perfect fcc crystal of length 80a0 in the z-
direction and width 7a0 in the x- and y-directions, where
a0 ¼ 1:56r is the cubic lattice parameter. The simulation

cell thus contains a total of 80 · 7 · 7 · 4¼ 15,680 atoms.

To mimic a system of infinite extent without any sur-

faces, periodic boundary conditions are applied in all

three directions. We divide the simulation cell along the

z-direction into eight slabs of alternating solid and li-

quid. All of the solid slabs are 10a0 wide; for reasons

discussed below, in most of our simulations two of the

liquid-atom designated slabs are initially 18a0 wide while
the other two are 2a0 wide. This structure is first heated
at constant volume and the reduced temperature

T � ¼ 1:40 which leads to melting of the liquid slabs; it

then is equilibrated at the T � ¼ 0:70. During this equil-

ibration the size of the simulation cell is allow to change

according to the constant pressure algorithm [22], such

that pressure is the same as for the bulk liquid at

T � ¼ 0:70 and q� ¼ 0:84, i.e., close to the triple point of

the LJ potential [23]. By ensuring equal hydrostatic

pressures in the liquid slabs in the two cases, we can

make a meaningful comparison of the results between

wetting and non-wetting cases.

Following equilibration, we apply a heat source and

a heat sink in the middle of two narrow liquid regions, as

shown in Fig. 1, by rescaling velocities such that the heat
T
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Fig. 1. Top panel: schematic of the model system containing

four solid slabs separated by four liquid slabs; the regions where

heat is added and removed from the system are indicated by

arrows. Bottom panel: a typical temperature profile showing a

smooth temperature decrease through the liquid, an essentially

constant temperature in the solid.
is added at the source at constant rate dQ=dt and re-

moved at the same rate at the sink; the energy of the

system is thus conserved. This velocity rescaling pro-

cedure is augmented with a correction ensuring

momentum conservation [27]. With the above choice of

simulation-cell geometry, the system contains eight li-

quid–solid interfaces, four of them well separated from

the heat source and sink and adjacent to wide liquid

slabs. This allows us to minimize possible spurious ef-

fects associated with the heat sources, and to compare

the properties of the structured liquid at the interface

with bulk liquid sufficiently away from the interface.

Prior to taking averages we simulate for 500,000 MD

steps such that the system reaches a steady state, with a

constant flux of dQ=dt=A, where A is the cross-sectional

area. To monitor the temperature the simulation cell is

divided into 160 virtual slices along the thermal flux ðzÞ-
direction and the temperature profiles (separate for li-

quid and solid) are then obtained by time averaging the

temperature of each slice over 2,000,000 MD simulation

steps. We verified that after initial 500,000 MD steps, the

temperature profiles obtained by time averaging over

subsequent 500,000 MD steps time windows are identi-

cal (within the expected thermodynamic fluctuations);

this is a signature of a steady state. During simulations

we also collect data on the atomic configurations and the

density profiles of both liquid and solid.
3. Results

The bottom panel in Fig. 1 shows the temperature

profiles obtained for the wetting case using the simula-

tion procedure described above. Due to the periodic

boundary conditions, the temperature vs. position curve

is symmetric about both the heat source and heat sink.

As clearly seen in Fig. 1, there are large temperature

gradients in all of the liquid regions and almost flat

temperature profiles in the solid regions; these corre-

spond to low thermal conductivity and very high ther-

mal conductivity respectively. In fact, the almost flat

temperature profiles in the solid slabs are also associated

with the fact that the solid slab thickness is smaller than

the phonon mean free path, leading to ballistic thermal

energy transport across the solid regions [17]. In the case

of the wetting liquid depicted in Fig. 1, the actual tem-

perature drop at the solid–liquid interface is relatively

small and thus not visible on the scale of the figure;

however, examination of the data itself shows that,

consistent with our earlier study [14], there is indeed

such a drop.

To explicitly show the layering of the liquid at the

solid–liquid interface, we plot the x–z projection of

the atomic configuration at a solid–liquid interface for

the wetting (top) and non-wetting (bottom) cases in Fig.

2. From Fig. 2 we can see that for the wetting liquid,
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Fig. 2. Atomic configuration (x–z plane projection) at a solid

liquid interface for the wetting and non-wetting liquids. The

interface is at z ¼ 0 and the liquid is at the right side.
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Fig. 4. Structure factor profiles at the vicinity of the solid–

liquid interface for the wetting and non-wetting liquids. The
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because of the strong interaction between the liquid and

solid atoms, the liquid exhibits strong ordering over a

distance of several atomic sizes (up to �4r). By contrast

for the non-wetting case the layering is very weak, and is

essentially limited to a single layer of liquid atoms.

Fig. 3 shows the cross sectional configuration (x–y
projection) of the first liquid layer near the wetting

solid–liquid interface. We can clearly see that the liquid

atoms are in a perfect (1 0 0) fcc plane configuration

patterned after the fcc structure of the neighboring solid.

To quantify the degree and the extent of crystallinity in

the plane we monitor the square of the planar structure

factor, SðkÞ, which we denote by S2ðkÞ [28]:

jSðkÞj2 ¼ S2ðkÞ

¼ 1

N

XN
i¼1

ðcos k � riÞ
" #2

þ 1

N
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i¼1
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ð2Þ
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Fig. 3. Cross sectional atomic configuration (x–y plane pro-

jection) of the first liquid layer near the solid–liquid interface

for the wetting liquid.
where ri is the position of atom i in a given plane ðxi; yiÞ
and N is the number of atoms in this plane. At T ¼ 0 K

in the perfect crystal structure, S2ðkÞ is then unity for

any wave vector k that is a reciprocal lattice vector of the
plane. By contrast, in the liquid or amorphous states,

S2ðkÞ fluctuates near zero due to the absence of long

range order. Thus S2ðkÞ provides us a measure of the

degree of crystallinity of every lattice plane.

The structure factor profiles at the vicinity of the

solid–liquid interface for wetting and non-wetting liquid

are shown in Fig. 4. For the non-wetting case, the

structure factor drops quickly from nearly unity to zero

at the solid–liquid interface. But for the strong wetting

case, the structure factor drops more slowly, over a

distance of several atomic sizes. We thus conclude that

the wetting liquid exhibits strong ordering in both nor-

mal and parallel directions over a distance of several

atomic sizes, whereas for the non-wetting liquid, the

ordering is weak.

To analyze the effect of this layering on the thermal

transport properties, in Fig. 5 we present the averaged
interface is at z ¼ 0 and the liquid is at the right side.
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Fig. 5. Temperature profiles for the sandwiched liquid region

with part of its neighboring solid regions for the wetting and

non-wetting liquids.
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temperature profiles over the two wide liquid regions

that are far away from the heat source and heat sink (see

Fig. 1). The data show a strong dependence of the

temperature drop at the interface on the strength of the

solid – liquid interactions, as discussed in detail in Ref.

[14], with a relatively small drop for the wetting liquid

and a very large drop for the non-wetting liquid. How-

ever, the slopes of the temperature vs. position plots for

the two cases are nearly the same all the way from the

interface, where the liquid is structured, to the middle of

the liquid region, where the molecular structure of the

liquid is indistinguishable from the bulk liquid. These

data indicate that the layering and ordering in the

interfacial liquid has little or no effect on its thermal

transport properties.

In order to show this more clearly, in Fig. 6 we also

plot the density profiles along with the temperature

profiles at the vicinity of the solid–liquid interface for

wetting and non-wetting liquids. Consistent with the

data presented in Figs. 2 and 4, for the wetting case (Fig.

6(a)) the liquid density profile exhibits oscillations due to

liquid layering that persist over several atomic distances

from the solid surface. By contrast, for the non-wetting

case (Fig. 6(b)), there is essentially no signature of lay-
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Fig. 6. (a) Distributions of number density of atoms (solid line)

and average temperatures of the atomic layers (dots) at the li-

quid–solid interface for the wetting liquid. (b) Same as in (a) but

for the non-wetting liquid. In both figures the interface is at

z ¼ 0.
ering in the liquid. However, the slopes in the temper-

ature profiles are the same for both cases, despite very

different degrees of ordering. This reinforces our main

conclusion that the liquid ordering has negligible effect

on its thermal transport characteristics.

To further assess the role of structuring, we consid-

ered a wetting liquid, in which the width of the liquid

layer is reduced to 3:6r. Although for the 3:6r width

layer, the liquid is highly confined and ordered and in-

volves only 4 layers of liquid atoms, Fig. 7 shows that

there is no difference between the temperature gradients

in the two systems. This shows that even when the whole

liquid region is ordered, there is still no significant effect

on the thermal transport properties.

Finally we address the effect of liquid ordering on

lateral thermal transport. In this case we prepare a

structure with initial dimensions of 9a0 � 7a0 � 40a0
containing one solid slab elongated in the z-direction
with dimensions of 2a0 � 7a0 � 40a0, adjacent to a slab

of liquid with initial dimensions of 7a0 � 7a0 � 40a0. In
this simulation we keep the solid atoms at their fixed

perfect crystal positions, as to study only heat flow along

the liquid region (see Fig. 8, top panel). We first equil-

ibrate the wetting liquid in the presence of solid at

kBT=ell ¼ 0:70 and adjust the size of the simulation cell,

such that the pressure in the liquid is the same as in our

previous simulations. Then we apply the heat source and

heat sink to the liquid atoms in the manner described in

Sect. II. The rate of heat addition and removal is such

that the thermal flux, dQ=dt=A, is the same as the sim-

ulations with the previous geometry.

The bottom panel in Fig. 8 shows the temperature

profiles in a liquid layer sandwiched between two solid

interfaces with the heat flux direction parallel and nor-

mal to the solid–liquid interface. We see that the tem-

perature profiles are essentially the same as in the case of

the heat flux normal to the interface, indicating that, as

in the case of out-of-plane layering, the in-plane struc-
32.6 σ
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Fig. 7. Temperature profiles for the liquid region with part of

its neighboring solid regions for the liquid layer thickness

equals to 32:6r and 3:6r, respectively.
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Fig. 8. Top panel: atomic structure of the liquid (open symbols)

sandwiched between two solid interfaces with a frozen crystal

structure. The arrow indicates the direction of the heat flux.

Bottom panel: temperature profiles in liquids sandwiched be-

tween two solid interfaces with the heat flux direction parallel

(top panel) and normal (Fig. 1) to the solid–liquid interfaces.
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tural ordering in the liquid has no effect on the in-plane

thermal transport.
4. Summary and discussion

In summary, using molecular dynamics simulations

and simple liquid–solid interfaces we have demonstrated

that the layering of the liquid atoms at the liquid–solid

interface does not have any significant effect on thermal

transport properties. These results show that one of the

proposed mechanisms for the observed enhancement in

the thermal transport of nanofluids is not viable. How-

ever, we cannot exclude the possibility that more com-

plex liquids, such as those involving larger, chain-like

molecules might show different relationship between the

ordering and thermal transport properties.

We can speculate on the origin of the lack of any

effect of structural ordering on thermal transport prop-

erties in a simple liquid. One possible explanation is that

despite the large degree of ordering these liquid layers

are still more disordered than the crystal; furthermore,

the width of the significantly ordered region is at most

several atomic distances. In such a case it is known that

even for crystalline structures, finite size effects greatly

reduce thermal conductivity. Moreover, the solid surface

might act as a scattering site for collective motion of

atoms that might otherwise developed in an ordered li-

quid. However, the fact that the simulations demon-

strate, within the statistical accuracy, no ordering effects
on thermal transport is quite intriguing, particularly in

the view of other properties, most notably, liquid

mobility and viscosity, being strongly altered.

We need to emphasize that our results are obtained

for the specific model system involving a simple (mono-

atomic) liquid. More complex liquids, such as water or

liquids of molecular chains, might behave differently. It is

interesting to note that many metals (in the molten state

they can be considered as simple liquids) exhibit no vis-

ible discontinuity in the thermal transport coefficient

upon melting [29]. Thus it appears that in such systems

the crystalline order at the melting point is insufficient to

affect thermal conductivity; however, a significant con-

tribution to the heat transport in crystalline and molten

metals is due to electrons and not phonons. By contrast

the thermal conductivity of liquid water is �4 times

smaller than that of ice at the melting point [30]. In future

studies we will address the role of the ordering on ther-

mal transport of more complex liquids.
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