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Role of Brownian motion hydrodynamics on nanofluid thermal conductivity
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We use a kinetic theory based analysis of heat flow in fluid suspensions of solid nanoparticles
�nanofluids� to demonstrate that the hydrodynamics effects associated with Brownian motion have
only a minor effect on the thermal conductivity of the nanofluid. This analysis is supported by the
results of molecular dynamics simulations of heat flow in a model nanofluid with well-dispersed
particles. Our findings are consistent with the predictions of the effective medium theory as well as
with recent experimental results on well-dispersed metal nanoparticle suspensions. © 2006
American Institute of Physics. �DOI: 10.1063/1.2179118�
Over the last decade a significant research effort has
been committed to exploring the thermal transport properties
of colloidal suspensions of nanosized solid particles
�nanofluids�.1 In particular, a diverse body of experimental
work has demonstrated that the increases in the thermal con-
ductivity with increasing volume fraction of nanoparticles
can be significantly larger than predicted by the effective
medium theory of a composite material comprised of well-
dispersed particles.2–4

A number of possible origins for this behavior have been
proposed,5–8 with a consensus yet to emerge.9 In particular,
several authors6–8 have argued that the large thermal conduc-
tivity increases are due to the hydrodynamic effects of
Brownian motion of nanoparticles. These authors argued that
each Brownian particle generates a long velocity field in the
surrounding fluid, akin to that present around a particle mov-
ing with a constant velocity, that decays approximately as the
inverse of the distance from the particle center. The ability of
large volumes of fluid dragged by the nanoparticles to carry
substantial amount of heat was credited for large thermal
conductivity increases of nanofluids.

In this letter we discuss a kinetic theory based argument
suggesting that the Brownian motion contribution to the ther-
mal conductivity of the nanofluid is very small and cannot be
responsible for the extraordinary thermal transport properties
of nanofluids. We support our argument with the results of
molecular dynamics simulations of a model nanofluid. These
results are in good agreement with the predictions of the
effective medium theory, as well as with the result of recent
thermal transport measurements on nanofluids with well-
dispersed metal nanoparticles.10

In our considerations we will limit ourselves to station-
ary fluids. To provide an estimate for the contribution of the
Brownian motion induced nanoscale fluid flow to thermal
conductivity we assume that the entire volume of the fluid
diffuses together with the nanoparticles, and that the velocity
of the fluid is the same as the velocity of the particles. With
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these assumptions, which clearly overestimate the actual
magnitude of the fluid velocity field, a well-known kinetic
theory formula11 gives Brownian motion induced contribu-
tion to the thermal conductivity, �B, as

�B = DBcp, �1�

where cp is the heat capacity of the fluid per unit volume at
constant pressure, and DB is the diffusivity of the nanopar-
ticles. We note that due to the much higher volume of the
fluid at low particle volume fraction, the particles themselves
carry much less heat than the fluid moving together with
particles. Therefore we neglect the direct contribution of par-
ticle Brownian motion to thermal transport.

The thermal conductivity of the base fluid, �F, can be
also written in the form of Eq. �1� as

�F = DTcp, �2�

where DT is the thermal diffusivity of the fluid defined as
DT=�F /cp.

The ratio of �B to �F can be evaluated by combining
Eqs. �1� and �2�,

�B/�F = DB/DT, �3�

i.e., the ratio of the Brownian motion contribution to the
thermal conductivity to the thermal conductivity of the base
fluid is given by the ratio of the nanoparticle diffusivity to
the fluid thermal diffusivity.

As a numerical example we consider a water suspension
of nanoparticles of radius R=5�10−9 m at room tempera-
ture, at which water has a thermal diffusivity, DT=1.4
�10−7 m2/s and viscosity �=10−3 kg/m s. The Stokes-
Einstein formula, DB=kBT /6��R, with the Boltzmann’s
constant kB=1.4�10−23 J /K, gives the nanoparticle diffusiv-
ity, DB=4.5�10−11 m2/s. These lead to the ratio of thermal
conductivities �B /�F=DB /DT=3.2�10−4.

This very small ratio of �B /�F ��1% �, shows that the
Brownian motion induced nanoscale fluid flow has a negli-
gible effect on thermal transport and certainly cannot explain
10% or larger increases of �F observed in experiment on
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nanofluids with very low volume fraction of particles.
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From the above considerations it is also clear why the
Brownian motion is not important for thermal transport. Sim-
ply, the heat transport via a conduction mechanism, quanti-
fied by the thermal diffusivity, is much faster than the nano-
particle motion, quantified by the particle diffusivity.

To provide further support for our argument, without re-
sorting to simplifying assumptions used in the analysis pre-
sented above, we performed molecular dynamics simulations
of heat flow in a model nanofluid comprising of crystalline
nanoparticles embedded in a fluid.

The interactions between fluid atoms are described by
the standard Lennard-Jones �LJ� potential, with pair interac-
tion energy ULJ�r�=4���� /r�12− �� /r�6�, where � and � are
the units of energy and length, respectively. For computa-
tional efficiency we selected a cutoff distance RC=21/6�,
which is at the minimum of the LJ potential leading to purely
repulsive interactions. The solid particles are formed by
carving spheres out of a fcc lattice of atoms. These atoms, in
addition to the repulsive LJ interaction, are connected with
the nearest neighbors by attractive springs described by a
FENE potential12 UFENE=−5.625� ln�1− �r /1.5��2�. There
are 296 atoms in each particle, leading to a radius, R�4�.
To mimic solid particles, the masses of atoms forming nano-
particles are three times larger than the mass of the fluid
atom, resulting in a particle density about 4.5 times larger
than the fluid density. The cross interactions between fluid
and solid particles are also described by the LJ potential but
with a cutoff of 1.5� leading to attractive forces between
fluid and solid particles. For this cutoff, the LJ potential is
modified such that both energy and force are equal to zero at
the cutoff distance.13 Three solid-fluid interactions strengths
were used, �SF=0.25�, 1.25�, and 2.25�. These three choices
lead to a range of wetting properties, and are referred to
throughout as nonwetting, weakly-wetting, and wetting par-
ticle cases, respectively.

In our model nanofluid total of eight particles are sus-
pended in 50 000 fluid atoms �see Fig. 1� at a pressure cor-
responding to that characterizing pure fluid with density of
0.81 particles per �3 thick bins. The edge length of the cor-

FIG. 1. Snapshot of atomic positions of the nanofluid model structure com-
prised of 8 crystalline nanoparticles embedded in a liquid.
responding periodic cubic simulation box is about 40�. This
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choice leads to a nanofluid with a particle volume fraction of
about 3.3%. Before the thermal transport simulations, each
structure was equilibrated for 200 000 MD steps at constant
volume and temperature, T=1.0� /kB. A MD time step of
0.005�MD ��MD=�� /m�2, where m is the fluid atom mass�
and the Verlet integration algorithm are used in all
simulations.13

To determine the thermal conductivity, we use the so-
called direct method where a planar heat source and sink are
applied with the overall thermostat turned off. The planar
sink and source regions are both 1� wide and are located at
the center and at the edge of the periodic simulation box.
Atomic velocities were scaled up �down� in the heat source
�sink� regions so that heat was added at a constant rate of
dQ /dt=200� /�MD, to the source and removed at the same
rate from the sink. We determined the temperature profile
along the z direction by calculating the total kinetic energy of
the atoms �both solid and fluid� in 1� thick bins.

Upon the application of the heat source and sink, a
steady state temperature profile is established in the first
�100 000 MD steps, after which we collect the average tem-
perature profile data over 200 000 MD steps. Examples of
such temperature profiles are shown in Fig. 2. The profiles
allow us to determine the thermal conductivity of the nanof-
luid, �NF, using Fourier’s Law, jQ=−��T /�z, where jQ
= �dQ /dt� /2A is the heat flux, with A being the cross-
sectional area �the factor of 2 accounts for heat flow in both
positive and negative z directions in periodic systems�. We
note that we did not observe any persistent clustering during
our simulations, and the particles, while moving randomly,
maintained good dispersion in the fluid throughout the simu-
lation run.

Our key thermal transport results are presented in Table
I, showing the thermal conductivity of three nanofluids in the
reduced LJ units, kB /��� /m�2, where kB is the Boltzmann
constant. As a reference condition, we also simulated the
pure fluid for which we obtained, �F=6.33. In all cases we
observe only minor differences of thermal conductivity com-
pared to that of the pure fluid. The thermal conductivity of
nanofluids with nonwetting and weakly wetting particles is
slightly lower that that of the nanofluid with wetting par-
ticles. Even with wetting particles the thermal conductivity
increase is rather small and does not correspond to spectacu-
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FIG. 2. Temperature profiles obtained from the heat source-sink simulations
for pure fluid �circles� and wetting particle nanofluid �squares�. The slope of
the temperature profile allows the thermal conductivity to be determined.
The arrows indicate positions of the heat source and sink.
lar increases observed in experiment.
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



093116-3 Evans, Fish, and Keblinski Appl. Phys. Lett. 88, 093116 �2006�
The differences in thermal conductivity of the three
model nanofluids originate from the differences in the inter-
facial thermal resistance of the solid-fluid interfaces.14 We
evaluate this resistance by MD simulations in which a single
particle is heated at a constant rate and the heat is removed
from a spherical fluid shell away from the particle. The re-
sulting radial temperatures profiles in the fluid �not shown�
were essentially the same, and follow the well-known solu-
tion of the steady state heat flow problem with spherical
symmetry, T=B+A /r, where B and A are constants related to
the magnitude of generated heat and fluid thermal conductiv-
ity. However, at the solid fluid interface we observed a tem-
perature jump associated with interfacial thermal resistance,
which was particularly large for the nonwetting particle
case.15 The so-called equivalent matrix thickness h, over
which the temperature drop is the same as at the interface in
the planar heat flow geometry is listed in Table I.

Knowledge of the interfacial thermal resistance, particle
size, and volume fraction allows estimation of the nanofluid
conductivity according to the effective medium �EM� theory.
We used EM theory in the limit of particles being much more
conductive than fluid; from the temperature profiles obtained
for solid particles alone we estimated that particles are at
least ten times more conductive than fluid. The EM theory at
low volume fractions of well-dispersed thermally conductive
nanoparticles, predicts14

�NF

�F
= 1 + 3f

	 − 1

	 + 2
, �4�

where f is the particle volume fraction, and 	 is the ratio of
the particle radius to the equivalent matrix thickness h. Ac-
cording to Eq. �4� with no interfacial resistance �	→
� the

TABLE I. Thermal transport data of the nanofluids with no-wetting,
weakly-wetting, and wetting particle. Interfacial resistance in units if the
equivalent fluid thickness, h, nanofluid thermal conductivity, �NF, in reduced
LJ units. Ratios �NF/�F obtained from MD simulations with �F=6.33 are
compared against the predictions of the effective medium theory �Eq. �4��.

�SF

interaction
strength

h
equivalent

matrix
thickness

�NF

MD results

�NF

�F
MD results

�NF

�F
effective medium
theory

0.25 5.2±0.5 6.39±0.05 1.0095±0.01 0.992±0.01
1.25 3.8±0.3 6.39±0.04 1.010±0.01 1.002±0.007
2.25 1.8±0.2 6.48±0.05 1.025±0.01 1.028±0.005
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ratio �NF/�F has a maximum value of 1+3f . When the par-
ticle radius becomes equal to the equivalent matrix thickness
�	=1� there is no thermal conductivity enhancement at all,
while for larger interfacial resistance �	�1� the addition of
particles decreases the thermal conductivity of the fluid, as
the particles act as insulating holes. The results of our simu-
lations, within the error bars, are in very good agreement
with predictions of the EM theory, as shown by the data in
Table I.

In summary, we have presented a kinetic theory argu-
ment and the results of molecular dynamics simulations, both
leading to a conclusion that the thermal conductivity of a
nanofluid with well dispersed nanoparticles is well described
by the effective medium theory and does not show any sig-
nificant enhancements due to effects associated with Brown-
ian motion induced hydrodynamic effects. Our conclusions
are in agreement with results of recent experiments on ther-
mal conductivity of suspension of well-dispersed metal
nanoparticles,10 and suggest that other effects, such as par-
ticle clustering, are responsible for large thermal conductiv-
ity increases observed in “experiment.”
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