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Review of Heat Conduction in
Nanofluids
Nanofluids—fluid suspensions of nanometer-sized particles—are a very important area of
emerging technology and are playing an increasingly important role in the continuing
advances of nanotechnology and biotechnology worldwide. They have enormously excit-
ing potential applications and may revolutionize the field of heat transfer. This review is
on the advances in our understanding of heat-conduction process in nanofluids. The
emphasis centers on the thermal conductivity of nanofluids: its experimental data, pro-
posed mechanisms responsible for its enhancement, and its predicting models. A rela-
tively intensified effort has been made on determining thermal conductivity of nanofluids
from experiments. While the detailed microstructure-conductivity relationship is still un-
known, the data from these experiments have enabled some trends to be identified. Sug-
gested microscopic reasons for the experimental finding of significant conductivity en-
hancement include the nanoparticle Brownian motion, the Brownian-motion-induced
convection, the liquid layering at the liquid-particle interface, and the nanoparticle
cluster/aggregate. Although there is a lack of agreement regarding the role of the first
three effects, the last effect is generally accepted to be responsible for the reported
conductivity enhancement. The available models of predicting conductivity of nanofluids
all involve some empirical parameters that negate their predicting ability and applica-
tion. The recently developed first-principles theory of thermal waves offers not only a
macroscopic reason for experimental observations but also a model governing the
microstructure-conductivity relationship without involving any empirical parameter.
�DOI: 10.1115/1.4002633�

Keywords: nanofluids, heat conduction, experiments, models, dual-phase-lagging, ther-
mal wave
Introduction
The low thermal conductivities of conventional heat transfer

uids limit their cooling performance in many industrial applica-
ions and thus inspired intensive research efforts to resolve this
roblem. It has been known for long time since Maxwell pub-
ished his theoretical work of predicting the thermal conductivity
f mixtures in the 19th century �1,2� that the fluid thermal con-
uctivity can be increased by suspending some higher-
onductivity substances such as solid particles. However, the sus-
ensions with millimeter- or micrometer-sized particles cannot be
pplied in many microcooling devices due to issues of the pos-
ible sedimentation, clogging, erosion, and excessive pumping-
ower requirement. The modern nanotechnology makes the gen-
ration of nanosized particles possible, thus offering an ideal
andidate for replacing microsized particles in upgrading fluid
onductivity. The concept of “nanofluids” was first proposed by
hoi et al. �3� as a new class of heat transfer fluids engineered by

uspending some metallic nanoparticles in ordinary fluids to boast
uid conductivity. Since then, nanofluids have attracted intensive

nterest which expands the scope into nanofluids engineered by
uspending other nanostructures such as oxide nanoparticles,
anofibers, carbon nanotubes, and even nanodroplets �4–11�. Fig-
re 1 shows transmission electron microscopy �TEM� or scanning
lectron microscope �SEM� images of some nanoparticles or
anotubes used in nanofluids, illustrating the wide range of nano-
tructures proposed for nanofluids. Readers are referred to Refs.
5,14–16� for the approaches for synthesizing nanofluids of vari-
us microstructures.
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Research on heat conduction in nanofluids ranges from conduc-
tivity measurement to extension of existing models and develop-
ment of new models for conductivity prediction. However, there is
still a lack of agreement either among experiments or among theo-
ries. The present work reviews advances in our understanding of
heat conduction in nanofluids. Section 2 centers on experimental
findings, including conductivity measurements and its features.
Section 3 is on heat-conduction mechanisms in nanofluids. Sec-
tion 4 details theoretical models of both conventional and newly
developed types for predicting nanofluids thermal conductivity.
Some concluding remarks are drawn in Sec. 5.

2 Experimental Findings

2.1 Thermal Conductivity. As a standard transient tech-
nique, the hot-wire method is widely used to measure the thermal
conductivity of nanofluids because of its easy and fast operation
and its high accuracy �5�. In this method, a thin metallic wire �hot
wire, ideally with infinite thermal conductivity and zero heat ca-
pacity� is embedded in the test liquid as both the heat source and
the temperature sensor. The thermal conductivity of the test
sample can be derived from the temperature change of the hot
wire over a specific time interval. The relation between the two is
normally developed based on assumptions that the hot wire is a
line heat source of infinite thin and infinite long and the fluid is
homogeneous, isotropic and with infinite amount and constant ini-
tial temperature �17�. The measurement usually lasts for only sev-
eral seconds so that the effect of natural convection can be ne-
glected. The details of this method are available in Refs. �5,17,18�.
The modification of the conventional single-wire hot-wire method
is also made in Ref. �19� by using two wires with different lengths
to reduce the end effect. The other techniques for conductivity
measurement include the temperature oscillation method �20�, the

thermal comparator method �21�, and the steady-state parallel-
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late method �22�.
Thermal conductivity measurements for nanofluids started with

xide nanoparticle suspensions. Masuda et al. �23� experimentally
howed in 1993 that the thermal conductivity of water can be
ncreased by 30% after suspending ultrafine alumina �Al2O3� par-
icles �13 nm in the mean diameter� in it at a volume fraction of
.3%. Later in 1999, Lee et al. �24� produced Al2O3 and copper
xide �CuO� nanofluids with water and ethylene glycol �EG� as
he base fluids and measured their thermal conductivity by using
he transient hot-wire method. It was found that the thermal con-
uctivity of both nanofluids increases linearly with the particle
olume fraction. The measured conductivity in Ref. �24� is
lightly lower but much higher than Hamilton–Crosser predictions
or Al2O3 and CuO nanofluids, respectively. However, the signifi-
ant difference between the two for CuO nanofluids may come
rom the extremely small value of CuO conductivity used in the
amilton–Crosser prediction �25�. The nanoparticle size was pro-
osed to be responsible for the difference because the average
izes of used Al2O3 and CuO particles are 38 nm and 24 nm,
espectively.

Nanofluids had not received much attention until Eastman et al.
26� reported in 2001 their experiments of a substantially higher
onductivity of copper �Cu�-EG nanofluids than that for the pure
thylene glycol or oxide-EG nanofluids at the same particle vol-
me fraction. The one-step method was used to disperse Cu nano-
articles of average diameter less than 10 nm into ethylene glycol
n Ref. �26�. With less than 1% thioglycolic acid as the stabilizer,
.3 vol % of such particles gives rise to an increase in thermal
onductivity of ethylene glycol by 40% �26�. Without the stabi-
izer, the thermal conductivity of the Cu-EG nanofluids with the
ame particle volume fraction is lower �26�. The conductivity en-
ancement of such metallic nanofluids reported in Ref. �26� is
uch more significant than that of the oxide nanofluids reported

arlier.
Choi et al. �27� made an attempt to disperse multiwalled carbon

anotubes �MWCNTs� into oil and measure its conductivity. Up to

ig. 1 TEM/SEM pictures of nanoparticles/nanotubes from
drying” samples of nanofluids †10,12,13‡: „a… elliptical Cu
anoparticles, „b… CePO4 nanofibers, „c… hollow CuS nanopar-

icles, „d… octahedral Cu2O nanoparticles, and „e… carbon
anotubes
60% enhancement of thermal conductivity was observed at a
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nanotube volume fraction of only 1%. The organized liquid mo-
lecular structure at the solid-liquid interface was suggested to be
the reason for the energy transport enhancement between the two
phases. They also observed a nonlinear relationship between the
thermal conductivity enhancements and the nanotube loading, a
phenomenon also found in oxide and metallic nanofluids.

Figure 2 shows the measured conductivity ratio ke /kf at the
room temperature as a function of the particle volume fraction �
for oxide, metallic, and CNT nanofluids. Here ke and kf are the
nanofluid effective thermal conductivity and the base fluid con-
ductivity, respectively. The conductivity enhancement of oxide
nanofluids is usually less than that of the other two types of nano-
fluids. Both metallic particles and CNTs may generate a very sig-
nificant conductivity enhancement. There exists a wide scattering
of experimental data �Fig. 2�.

Although the Al2O3 /CuO /Cu /CNTs-water/EG combinations
are still popular, some other particle-fluid combinations have been
attempted. The thermal conductivity of silicon carbide �SiC�-
water/EG nanofluids was measured in Ref. �34�, showing up to
15.8% conductivity increase at a volume fraction of 4.2% for
spherical SiC particles and up to 22.9% at a volume fraction of
4% for cylinder SiC particles. However, no significant conductiv-
ity enhancement was observed for nanofluids of C60–C70
fullerene nanoparticles in toluene ��1% for particle volume frac-
tions less than 0.6%� and gold �Au� in ethanol �the largest increase
is 1.3%�0.8% for Au volume fractions less than 0.6%� �35�.
Wang et al. �10� emulsified olive oil into distilled water with small
amount of cetyltrimethyl ammonium bromide �CTAB� under ul-
trasonic disruption. An extraordinary conductivity enhancement
�up to 153% at the oil volume fraction of 3.3%� was obtained
although the thermal conductivity of olive oil is much smaller
than water conductivity. This phenomenon was believed to be an
evidence of the presence of thermal waves in nanofluids �10� and
was further confirmed by the extraordinarily high thermal conduc-
tivity of corn-oil-in-water emulsion �11�.

Table 1 summarizes experimental data of thermal conductivity
of various nanofluids at the room temperature. There exist wide
discrepancies and inconsistencies in these data so that more in-
depth research is in demand on heat conduction in nanofluids. The
recent first-principles model shows that the presence of nanopar-
ticles leads to a dual-phase-lagging heat conduction in nanofluids
at the macroscale rather than the postulated Fourier heat conduc-
tion �10,16�. The thermal conductivity data available in the litera-
ture are, however, obtained based on Fourier law of heat conduc-
tion and thus not the intrinsic thermal conductivity of the

Fig. 2 Comparison of experimental data on effective thermal
conductivity of nanofluids
nanofluids. They should be reviewed as some kind of apparent
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hermal conductivity ka that is related to the intrinsic thermal con-
uctivity k by ka=k�1−q2 /�2C3T3� �44�. Here �, C, T, and q are
he nanofluid density, the specific heat, the temperature, and the
eat flux, respectively. Therefore, the apparent thermal conductiv-
ty extracted from experimental data assuming Fourier heat con-
uction is a function of heat flux and is always smaller than the
ntrinsic thermal conductivity �44�.

2.2 Parameter Effects. A relatively intensified effort has
een made on revealing the effects of different parameters on the
hermal conductivity enhancement of nanofluids through some
ystematic experiments. Although there is still no consensus on
he effects of some parameters, the data from these experiments
ave enabled some trends to be identified. For oxide and metallic
anofluids, all early experiments showed a linear relationship be-
ween the thermal conductivity ratio ke /kf and the particle volume
raction � until the experiment on TiO2-water nanofluids con-
ucted by Murshed et al. �28�. They dispersed TiO2 nanoparticles
f both rod-shape �diameter of 10 nm by length of 40 nm� and
pherical shape �diameter of 15 nm� into de-ionized water and
ound a nonlinear relationship between ke /kf and � for both cases.
he increase of ke /kf with � is more sharp when � is small. The
onlinearity of ke /kf�� relation was also observed in several
ollowing experiments such as for Al2O3-water nanofluids
40,45�, Fe-EG nanofluids �37�, Al2Cu /Ag2Al-water nanofluids

able 1 Summary of experimental data on nanofluid therma
ingle-walled carbon nanotube; NT: nanotube; EG: ethylene gly

nvestigator Particles Base fl

ee et al. �24� Al2O3 Water
ee et al. �36� Al2O3 Wat
asuda et al. �23� Al2O3 Wat
ang et al. �37� Al2O3 EG
as et al. �20� CuO Wat

asuda et al. �23� CuO Water

ang et al. �22� CuO water
ei et al. �12� Copper oxide �Cu2O� Wat
uangthongsuk et al. �29� Titania �TiO2� Wat

urshed et al. �28� TiO2 Wat

ie et al. �34� SiC Water
ssael et al. �30� Cu EG
astman et al. �26� Cu EG
urshed et al. �32� Aluminum �Al� EG
hopkar et al. �21� Al2Cu /Ag2Al Wat
atel et al. �18� Silver �Ag� Citra
ong et al. �31,37� Iron �Fe� EG

atel et al. �18� Au Thiolate
utnam et al. �35� Au Etha
hang et al. �38� Au Tolue
ssael et al. �39,40� MWCNT Wat
hoi et al. �27� MWCNT Oi
ing et al. �41� MWCNT Wat

iu et al. �13� MWCNT EG/E

ie et al. �33� MWCNT Water/E
iercuk et al. �42� SWCNT Epo
hen et al. �43� Titanate NT Wat
utnam et al. �35� Fullerene Tolue
ang et al. �10� Cerium orthophosphate �CePO4� Wat

utnam et al. �35� Water Etha
ang et al. �10� Olive oil Wat
21�, and nanotube suspensions �27,41,46�. The measurements by

ournal of Heat Transfer

oaded 10 Jan 2011 to 147.8.31.43. Redistribution subject to ASME 
Wang et al. �10� on CePO4-water nanofluids and Wei et al. �12� on
Cu2O-water nanofluids even showed that the thermal conductivity
ratio ke /kf not necessarily increases with particle volume fraction.

Das et al. �20� first studied the temperature effect on thermal
conductivity enhancement in nanofluids. Their measurements in-
dicated a two- to fourfold increase of thermal conductivity ratio
ke /kf in Al2O3 /CuO-water nanofluids over a temperature range
from 20°C to 50°C. The motion of nanoparticles was suggested
to be responsible for the observed strong sensitivity to the tem-
perature. For the MWCNT-water nanofluids, the temperature ef-
fect identified in Ref. �46� showed an almost linear increase of
ke /kf with temperature when temperature is lower than 30°C and
a level-off dependence when temperature is higher than 30°C.
Duangthongsuk et al. �29� observed a decrease of thermal conduc-
tivity ratio from 15°C to 25°C and 35°C in TiO2 �average diam-
eter of 21 nm� water nanofluids with particle volume fractions
from 0.2% to 2% although the nanofluid conductivity ke increases
with temperature. Wang et al. �10� and Wei et al. �12� did not
observe a monotonous relationship between ke /kf and temperature
in their experiments on CePO4-water nanofluids and Cu2O-water
nanofluids, respectively. Therefore, how the nanofluid thermal
conductivity depends on its temperature is still an open question.

The particle size dependence of thermal conductivity enhance-
ment is another critical issue that has attracted much attention.

onductivity „MWCNT: multiwalled carbon nanotube; SWCNT:
l; DE: decene; EO: engine oil; D: diameter; L: length…

s
Particle size

�nm� Thermal conductivity enhancement

38.4
9%/18% increase for 4.3 vol %
Al2O3-water/5 vol % Al2O3-EG

30�5 1.44% increase at 0.3 vol %
13 30% increase at 4.3 vol %
28 40% increase for 8 vol % Al2O3-EG

28.6 13% increase at 4 vol %

24
11%/20% increase for 3.4 vol %

CuO-water /4 vol % CuO-EG

23
30% /50% increase for 10 vol%
CuO-water /15 vol% CuO-EG

200 17% decrease to 24% increase �30°C�
21 7% increase at 2 vol %

15�sphere�/10�cylinder�
Up to 30%/32.8% increase for 5 vol %

sphere /5 vol % cylinder

26�sphere�/600�cylinder�
15.8% /22.9% increase for 4.2 vol %

sphere /4 vol % cylinder
120 3% increase at 0.48 vol %
�10 Up to 40% increase at 0.3 vol %
80 �40% increase at 5 vol %

30–40/30 100% increase at 2 vol-%
10–20 3% increase at 0.001 vol %

10 up to 18% increase at 0.55%

ate 3–4/10–20
6%/4.5% increase for 0.011 vol %

Au-thiolate/0.00026 vol % Au-citrate
4 1.3�0.8% increase at �0.6 vol %

1.65 Little change, increase or decrease
D15–130, L50 �m Up to 38% increase at 0.6 vol %

D25, L50 �m up to 160% increase at 1 vol %
D20–30, L: tens of �m Up to 27% increase at 1 wt%

D20–30
12.4% /30% increase for 1 vol %

EG /2 vol % EO

E D15, L30 �m
7%/13%/19% increase for 1 vol %

CNT-water/EG/DE
D3–30 Up to 125% increase at 1 wt %

D10, L100 �4% increase at 0.6 vol %
- �1% increase at �1 vol %

D�10, L200–300 3.3% decease to 12.9% increase
- 6% increase at 2 vol %

192 Up to153% increase at 3.3 vol %
l c
co

uid

/EG
er
er

er

/EG

/EG
er
er

er

/EG

er
te

/citr
nol
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er
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The experiment by Chon et al. �47� for Al2O3-water nanofluids
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howed that the thermal conductivity ratio ke /kf increases when
he particle size decreases from 150 nm to 47 nm and 11 nm at a
article volume fraction of 1%. The Brownian motion of nanopar-
icles was proposed to be the reason behind because smaller par-
icles tend to move more intensively and could thus benefit the
hermal transport. A similar trend was observed in Ref. �48� for
l70Cu30-EG nanofluids when the particle size varies from 10 nm

o 80 nm at a volume fraction of 0.5%. However, the thermal
onductivity ratio ke /kf was reported to increase as the particle
ize increases both for magnetite �Fe3O4� nanofluids with particles
maller than 10 nm �49� and for Al2O3 nanofluids with particle
ize below 50 nm �50�. This tends to disqualify the effect of par-
icle Brownian motion on thermal conductivity enhancement. It
as proposed in Ref. �50� that due to the increase of phonon mean

ree path in the small sized particles, the nanoparticle thermal
onductivity decreases with particle size decrease �51�.

Table 2 summarizes the experimental results regarding the ef-
ects of particle volume fraction, temperature, and particle size.
learly, there are wide discrepancies and inconsistencies regard-

ng these parameter effects on thermal conductivity enhancement
n nanofluids.

As the pH value decreases, the thermal conductivity ratio ke /kf
or Al2O3-water nanofluids increases �55�. This may come from
he enhanced mobility of nanoparticles due to larger difference of
he nanofluid pH value from the isoelectric point of Al2O3 particle
pHiep=9.2� �55�. A strong sensitivity of conductivity enhance-
ent to the specific surface area of Al2O3 nanoparticles was also

eported in Ref. �55�. Moreover, Patel et al. �18� detected a less

able 2 Summary of experimental data on thermal conductivi
emperature, and particle size „MWCNT: multiwalled carbon n
rown carbon fibers; EG: ethylene glycol; EO: engine oil; LI: lin
ecrease with…

nvestigator Particles Base fluids Volume fracti

eck et al. �52� Al2O3 Water/EG
hon et al. �49� Al2O3 Water
as et al. �20� Al2O3 /CuO Water LI,
ee et al. �24� Al2O3 Water LI,
ee et al. �36� Al2O3 Water LI, 0.0
i et al. �45� Al2O3 Water NI, 0
i et al. �52� Al2O3 /CuO Water LI, 2
insta et al. �53� Al2O3 /CuO Water LI, 1

hang et al. �38� Al2O3 Water NI, 0
ei et al. �12� Cu2O Water No

hilip et al. �54� Fe3O4 Kerosene
Unchang

LI, 1
hima et al. �49� Fe3O4 Water
uangthongsuk et al. �29� TiO2 Water LI, 0
urshed et al. �28� TiO2 Water NI, 0
urshed et al. �32� TiO2 /Al2O3 Water/EG LI,
ie et al. �34� SiC Water/EG LI,
urshed et al. �32� Al EG/EO LI,

astman et al. �26� Cu EG LI,
atel et al. �18� Au Thiolate/citrate I, 0.0001
hang et al. �38� Au Toluene
atel et al. �18� Ag Citrate
hopkar et al. �48� Al70Cu30 EG NI, 0.
hopkar et al. �21� Al2Cu /Ag2Al EG
hopkar et al. �21� Al2Cu /Ag2Al Water NI, 0.

ong et al. �37� Fe EG NI, 0
hoi et al. �27� MWCNT Oil NI,
ing et al. �41� MWCNT Water NI, 0–
en et al. �46� MWCNT Water N
iercuk et al. �42� SWCNT Epoxy No trend,
iercuk et al. �42� VGCF Epoxy I, 0
ang et al. �10� CePO4 Water No
onductivity enhancement for the nanofluid with Au particles

40801-4 / Vol. 133, APRIL 2011
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coated with a covalent molecular chain �Au-thiolate� than that
with uncoated Au particles �Au-citrate�. Assael et al. �30� reported
that the thermal conductivity enhancement of MWCNT nanofluids
also depends on how the MWCNTs are dispersed into the base
fluids. Therefore, particle-fluid surface chemical properties also
play some role in determining nanofluids thermal conductivity.

3 Mechanisms of Heat Conduction in Nanofluids
The fact that the conventional theory cannot predict the sub-

stantially higher thermal conductivity of nanofluids observed in
many experiments has inspired efforts in identifying possible
mechanisms based on a variety of experimental observations and
some numerical simulations. The proposed mechanisms typically
fall into two categories: static and dynamic mechanisms. Two
popular static or structural mechanisms are the liquid-layering at
the particle-liquid interface as heat transfer bridge �Fig. 3�a�� and
the particle aggregation to form chainlike thermal transport path
�Fig. 3�b��. The dynamic mechanisms include the particle Brown-
ian motion �Fig. 3�c�� and the convection in base fluid induced by
the particle Brownian motion �Fig. 3�d��.

3.1 Liquid-Layering. The effect of liquid-layering was first
proposed in Ref. �27� for explaining the substantially high thermal
conductivity in carbon nanotube suspensions. Heat conduction in
carbon nanotubes is phonon based �56,57�. The special one-
dimensional structure and strong covalent bonds of carbon nano-
tubes result in a long phonon mean free path and thus a ballistic
heat conduction with extremely high thermal conductivity

nhancement in nanofluids: effects of particle volume fraction,
otube; SWCNT: single-walled carbon nanotube; VGCF: vapor

increase with; NI: nonlinear increase with; I: increase with; D:

dependence Temperature dependence Particle size dependence

- NI, 8–282 nm
I, 20–70°C D, 11/47/150 nm

% LI, 20–50°C -
% - -
.3% - -

6% LI, 27–37°C -
% LI, 27–36°C -
% LI, 22–40°C -
% No trend �little change�, 5–50°C -
d No trend, 10–40°C -
–1.7%;
% - -

- LI, 2.8–9.5 nm
% D, 15 /25 /35°C -

5% - -
% I, 20–60°C -
% - -
% LI, 20–60°C -
% - -
.011% I, 25–60°C -

No trend �little change�, 5–40°C -
I, 30–60°C -

.5% - D, 10–80 nm
- D, 30–120 nm

.8% - -

5% -
D, 1.2–2.3 �m

�cluster�
% - -
wt% I, 20 /25 /30°C -

NI -
1 wt% I, 30–280 K; D, 280–300 K -

I, 30–180 K D, 180–300 K -
d No trend, 10–50°C -
ty e
an
ear

on

-
-

1–4
1–5
1–0
.5–
–10
–18
–15
tren
e, 0
.7–8
-
.2–2
.5–
1–5
1–4
1–5
0–5
3–0
-
-
2–2
-
2–1

–0.5
0–1
1
I
0–
–2%
tren
�57–59�. Because of different nature of heat conduction in nano-
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ubes and the base fluid, interfacial thermal resistance may exist at
he nanotube-liquid interface �27,60,61�. Near the solid-liquid in-
erface, liquid molecules are more orderly organized �62,63�. It
as thus speculated that such organized liquid layers may act as a
ridge to generate more effective thermal transport across the in-
erface �27�. Another possibility was proposed in Ref. �64� that if
he separation of two particles is so small such that only the or-
anized liquid layer is in between, such solidlike liquid layer may
acilitate the ballistic phonons initiated in one particle to persist in
he liquid and reach the nearby particle, consequently increasing
hermal conductivity. Moreover, the liquid layer itself was specu-
ated to have the better thermal transport ability than the bulk
iquid because of its ordered molecular structure �64�.

Molecular dynamics �MD� simulations revealed the important
ole of the liquid-solid interaction strength �described by the
ennard-Jones potential �65�� in determining the interfacial ther-
al resistance �66,67�. Strong interaction �wetting liquid� results

n a strong liquid-layering over several atomic distance and
maller interfacial thermal resistance �inferred from small tem-
erature drop across the interface�. Weak interaction �nonwetting
iquid� gives a weak liquid-layering over a single layer of liquid
toms and larger thermal resistance �indicated by large tempera-
ure drop across the interface� �66,67�. However, the slopes of the
emperature profile in liquid were numerically shown to be the
ame for either highly ordered liquid layer or disordered liquid
olecular structure �Fig. 4�, thus challenging the hypothesis of the

etter thermal transport ability in the organized liquid layer than
n the bulk liquid �67�. The small thickness of the organized liquid

ig. 3 Sketch of four potential mechanisms responsible for
he reported conductivity enhancement: „a… liquid-layering, „b…
article aggregation, „c… particle Brownian motion, and „d…
rownian-motion-induced convection
ig. 4 Temperature profiles for wetting and nonwetting liquids

ournal of Heat Transfer
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layer, confirmed both experimentally �62,63� and numerically
�67,68�, was considered as a possible explanation for its unim-
proved thermal transport ability �67�.

Instead of studying the interface between thin solid slab and
liquid film �66,67�, another MD simulation was conducted for the
particle-liquid interface around small particle aggregates consist-
ing of ten nanoparticles �69�. A percolating network of amorphou-
slike liquid structure around the aggregates was observed at the
presence of a relatively strong particle-liquid interaction �charac-
terized by the well depth �SF of Lennard-Jones potential �65� rela-
tive to the distance � between the two liquid atoms� �69�. This
liquid network was believed to offer a negative interfacial thermal
resistance and thus a better thermal transport across the interface
than in the bulk liquid �69�. A thermal conductivity increase of
55% was obtained at �SF /�=7 and particle volume fraction �
=3.5% �69�. The inconsistent results between Refs. �67,69� imply
the necessity of further study on the effect of interface morphol-
ogy on liquid layering. Since the simulations in Refs. �67,69� were
only for the mono-atomic/molecular base fluids, more research
efforts are desirable to examine the liquid-layering effect for the
other more complicated base fluids such as water and liquids with
molecular chains.

3.2 Particle Aggregation. Particles in nanofluids may aggre-
gate with each other to form chain structures. This has been con-
firmed experimentally �28,70–73�. Because chain structures allow
more heat to transport along the direction of heat flux, the heat
conduction could be enhanced due to the particle aggregation
�37�. Reviewing these chain-structured aggregates �clusters� as
special particles with large aspect ratio, the traditional effective
medium theory predicts a higher thermal conductivity of the
whole system �74–77�. The network structure induced by the high
aspect ratio of nanotubes was also considered as a main reason for
the reported extremely high thermal conductivity of the nanotube
suspensions �41,78–83�. Recently, Philip et al. �54� and Shima et
al. �49� conducted experiments on Fe3O4 nanofluids and manipu-
lated particle aggregation structures with variable strength of ex-
ternal magnetic fields. A stronger external magnetic field yields
longer particle chain structures in the nanofluids. By increasing
the aspect ratio of the linear chains �parallel to the temperature
gradient�, very large thermal conductivity enhancement were ob-
tained �up to 300% at �=0.82%� �54�. These observations provide
the evidence that the aggregate morphology and distribution play
an important role in determining thermal conductivity of nano-
fluids.

3.3 Particle Motion. Particles in nanofluids experience ir-
regular movement, named as Brownian motion, due to the random
collisions of the surrounding liquid molecules. The Brownian-
motion-induced particle collisions are expected to increase the
heat transport among particles �diffusion mode� and thus increase
thermal conductivity of the nanofluids �64�. However, the thermal
diffusivity of the base fluid is usually two or more orders larger
than the particle diffusivity �84�. Therefore, such a Brownian dif-
fusive motion of nanoparticles has a negligible effect on the nano-
fluid thermal conductivity enhancement �64,85–87�.

Another argument is that the Brownian motion of particles may
result in convection of the surrounding base fluid and thus en-
hance the thermal conductivity �85�. Since the Nusselt number
around a sphere embedded in a semi-infinite medium equals to 1,
the enhanced nanofluid thermal conductivity due to the Brownian
motion of a single spherical particle was estimated as ke=hrp,
where h is the convective heat transfer coefficient from an isother-
mal sphere in the Stokes regime �85�. The calculated thermal con-
ductivity enhancement could reach several percents for a 10 nm
Al2O3 particle suspended in water or ethylene glycol �85�. This
estimation is based on the assumption that the convective velocity
of the base fluid is the same as the Brownian velocity of the
particle �84�. Intuitively, however, it seems unreasonable to expect

such a liquid convective velocity �referring to the liquid bulk mo-
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ion on the scale of at least a few molecules� since the particle
rownian motion is just induced by the collisions from neighbor-

ng liquid molecules. It was proposed in Ref. �86� that the liquid
onvective velocity should be on the order of the thermophoretic
elocity �88�, which offers a negligible effect of liquid convection.
he estimation of thermal conductivity enhancement in Ref. �22�
lso showed an insignificant contribution of either translational- or
otational-Brownian-motion-induced convection �89,90� due to
he small Peclet number. There are controversies in existing ex-
eriments and simulations; some support the role of particle
rownian motion �20,53,55,48,49� and others disqualify its effect

49,64,87,91�.
The motion of nanoparticles is influenced by the collective ef-

ect of both Brownian force and other interparticle forces such as
an der Waals force and electrostatic force �22�. Kuwabara’s cell
odel �92� was used in Ref. �93� to estimate the contribution of

he electrostatic force due to the electrical double layer �EDL� to
he nanofluid thermal conductivity, showing a more significant
ontribution than that from the Brownian-motion-induced particle
ollisions. Note that the interparticle forces depend on chemical
nd physical properties of the nanoparticles and the base fluid, as
ell as the particle morphology and distribution �22�. Also, the

nteraction among convective currents induced by multiple par-
icles is very complicated �85�. Therefore, it would be very diffi-
ult to accurately estimate the effect of particle motion on the
hermal conductivity.

3.4 Other Mechanisms. Near-field radiation such as Cou-
omb interaction was shown to offer an increased thermal conduc-
ance between two close particles based on a fluctuating dipole

odel �94�. With the distance between two particles decreasing to
ess than the particle diameter, the multipolar contributions can
ead to a stronger heat transfer enhancement, which is found to be
wo to three orders of magnitude more efficient than the enhance-

ent for two contacting particles �94�. However, it was argued in
ef. �95� that the surface electrons in polar nanoparticles play a
inor role in the heat-conduction enhancement because the sepa-

ation distance between particles is comparable with or smaller
han the electron wavelength even in nanofluids with a low con-
entration of particles. The Fourier-diffusion-based experimental
ata of thermal conductivity were transferred to those correspond-
ng to the hyperbolic heat conduction in Ref. �96�, showing that
hermal waves in hyperbolic heat conduction could be the source
f the excessively improved thermal conductivity of nanofluids.
he MD simulation in Ref. �97� showed that a strong short-range
anoparticle-liquid attraction can lead to thermal conductivity en-
ancement through the excess fluctuation of potential energy.

The fact that the enhancement in thermal properties comes from
he presence of nanoparticles has directed research efforts nearly
xclusively toward thermal transport at the nanoscale. However,
hermal conductivity is actually a macroscale phenomenological
haracterization of heat conduction. By scaling up the microscale
eat-conduction model in the nanoparticles and the base fluid, a
ual-phase-lagging heat-conduction model was found to be the
overning equation of macroscale heat conduction in nanofluids
10,16,98,99�. Therefore, the molecular physics and the micro-
cale physics in nanofluids manifest themselves as heat diffusion
nd thermal waves at the macroscale, respectively. The heat dif-
usion and the thermal waves could either enhance or counteract
ach other and thus enhance or weaken heat conduction
10,16,98,99�.

Addition of 4% of Al2O3 particles was reported to increase
hermal conductivity by a factor of 8% �24�, while CuO particles
t the same volume fraction enhance the conductivity by about
2% �6�. This is interesting because conductivity of CuO is less
han that of Al2O3. The thermal-wave theory can explain this
ince the conductivity enhancement is strongly affected by nano-
uids microstructures and interfacial properties/processes of
anoparticle-fluid interfaces �10,16,99�.
Table 3 lists the conductivity ratio ke /kf from experiments. It
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shows that �i� the interaction between the heat diffusion and the
thermal waves can either upgrade or downgrade fluid conductivity
by the presence of higher-conductivity nanoparticles and �ii� ex-
traordinary water conductivity enhancement �up to 153%� can be
achievable by the presence of lower-conductivity oil droplets due
to strong thermal waves. The reported strong thermal conductivity
enhancement beyond that from the higher value of suspended
nanoparticles in Refs. �26,31,48,101–103� is also the evidence of
such thermal waves.

4 Models for Thermal Conductivity in Nanofluids

4.1 Conventional Models. The prediction of transport prop-
erties for heterogeneous mixtures has been back to Maxwell �1�.
Thermal conductivity, as one of the transport properties, can be
predicted by some conventional static models based on the effec-
tive medium theory. This section is on a brief discussion of such
models.

Maxwell �1� considered a heterogeneous mixture with very di-
lute suspension of spherical particles in which the interactions
among particles can be ignored. Consider a spherical region of the
mixture with spherical particles suspended in the base fluid. The
thermal conductivity of the mixture and the base fluid are ke and
kf, respectively. The whole spherical region is embedded in the
same base fluid of thermal conductivity kf. The temperature T
outside the region can be calculated by viewing the spherical re-
gion either as a homogenous sphere of conductivity ke or as a
region containing nanoparticles and the base fluid. The effective
thermal conductivity ratio ke /kf can be thus readily obtained by
equalizing the temperature T from the two views:

ke/kf = 1 +
3��kp/kf − 1�

kp/kf + 2 − ��kp/kf − 1�
�1�

This equation, known as the Maxwell’s equation or Maxwell–
Garnett formula, is the basis of many models developed later.
Since Maxwell’s equation is only a first-order approximation, it
works only for mixtures with low particle volume fraction � and
small values of kp /kf �less than 10�.

Wiener �104� developed both series mixture rule and parallel
mixture rule �Fig. 5�:

ke/kf = 1 + �
kp/kf − 1

kp/kf − ��kp/kf − 1�
�2�

ke/kf = 1 + ��kp/kf − 1� �3�

They provide a lower bound and an upper bound for the effective
thermal conductivity ratio of a two-phase mixture, respectively.
They are also the two special cases of the following general mix-

Table 3 Measured conductivity ratio ke /kf of some nanofluids

Nanofluids ke /kf

CePO4 nanofibers in water �10,16� 0.67–1.54
Cu2O spherical particles in water �12� 0.83–1.24
Cu2O octahedral particles in water �12� 0.89–1.24
CuS /Cu2S hollow spherical particles in water �16� 0.85–1.18
CuS /Cu2S core-shell spherical particles in water �16� 0.82–1.21
1 vol % alumina nanorods �80�10 nm2� in water �100� 0.95–1.12
0.001 vol % gold nanoparticles �20–30 nm� in water
�100� 0.96–1.08
0.86 vol % Mn–Zn ferrite �12.9 nm� in water �100� 0.95–1.10
Corn oil droplets in water �11� 0.755–2.39
Olive oil droplets in water �10� 0.636–2.533
ture rule at n=−1 and n=1, respectively �105�:
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ke
n = �1 − ��kf

n + �kp
n �4�

llipsoidal particles are very important in analyzing the effect of
article geometries on the effective thermal conductivity of mix-
ures because it is the only case that an approximate expression of
D H-S bounds
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the effective thermal conductivity can be obtained analytically �5�.
By changing its depolarization factor, ellipsoids can be used to
represent other geometries such as spherical, rod-shaped, and
needle-shaped particles. Fricke �74� derived the effective thermal
conductivity ratio of the ellipsoid suspensions as follows:
ke/kf =

1 − � +
1

3
�� kp/kf

1 + dpa�kp/kf + 1�
+

kp/kf

1 + dpb�kp/kf + 1�
+

kp/kf

1 + dpc�kp/kf + 1��
1 − � +

1

3
�� 1

1 + dpa�kp/kf + 1�
+

1

1 + dpb�kp/kf + 1�
+

1

1 + dpc�kp/kf + 1��
�5�
he depolarization factors dpa, dpb, and dpc are defined by

dpj =
abc

2 �
0

	
1

�j2 + w�	�a2 + w��b2 + w��c2 + w�
dw �j = a,b,c�

�6�

here a, b, and c are the three semi-axes of an ellipsoid.
Bottcher �106� extended Maxwell’s equation to high volume

raction case by considering a sphere of mixture embedded in a
atrix with a thermal conductivity of ke, rather than kf, and thus

btained the following relation:

�1 − ��
kf − ke

2ke + kf
+ �

kp − ke

2ke + kp
= 0 �7�

t is usually known as Bruggeman’s model because it was first
btained by Bruggeman �107�.

Hamilton and Crosser �25� modified Maxwell’s equation by in-
roducing an empirical shape factor fs and thus obtained the fol-
owing model for ke /kf:

ke/kf =
kp/kf + �fs − 1��1 + ��kp/kf − 1��

kp/kf + �fs − 1� − ��kp/kf − 1�
�8�

hey also fitted the value of fs from the experimental data and
btained fs=3 for the spherical particle suspensions and fs=6 for
he cylindrical particle suspensions. Maxwell’s equation is recov-
red as the special case of the Hamilton–Crosser model for spheri-
al particle suspensions with fs=3.

Hashin and Shtrikman �108� derived the most restrictive lower
ound and upper bound of the effective thermal conductivity for

ig. 5 Comparison among Wiener bounds, H-S bounds, and
macroscopically homogeneous and isotropic multiphase materials
by using a variational approach. For two-phase mixture, Hashin
and Shtrikman used a composite sphere of radius r0 consisting of
an inner sphere of radius r1 and thermal conductivity kp and an
outer shell of thermal conductivity kf to replace a sphere of radius
r0 in an original homogeneous material with thermal conductivity
ke but keep the temperature field outside of r0-sphere unchanged.
ke can be expressed as a function of kp, kf, r0, and r1 by solving
the Laplace equation with proper boundary conditions. Such
changes do not vary the effective thermal conductivity of the
original material and can be made indefinitely until all the original
material is replaced by composite spheres of infinitesimal size and
all with the same value of r1 /r0. The volume fraction of the kp
material is thus �= �r1 /r0�3. By applying an inequality deduced
from the variational approach, the Hashin-Shtrikman �H-S� upper
bound of the effective thermal conductivity for two-phase homo-
geneous and isotropic mixtures was obtained as

ke/kf = kp/kf
1 −
3�1 − ���kp/kf − 1�

3kp/kf − ��kp/kf − 1�� �9�

The H-S lower bound is the same as Maxwell’s equation given by
Eq. �1�. The lower and upper bounds given by Wiener, Eqs. �2�
and �3�, are actually the least-restrictive bounds for two-phase
homogeneous mixtures.

Figure 6 compares the experimental data with the H-S bounds.
For oxide nanofluids, some of the data are much lower than the
lower bound or much higher than the upper bound. Although the
thermal conductivity of CuO �20 W /m °C �109�� is lower than
that of Al2O3 �40 W /m °C �5��, the thermal conductivity of
CuO-water nanofluids is generally higher than that of the
Al2O3-water nanofluids. For Cu nanofluids and CNT nanofluids,
most experimental data fall into the prediction of H-S bounds
although the data scatter widely.

A similar analysis can be made for two-dimensional �2D� case
to obtain the 2D H-S lower and upper bounds:

ke/kf�lower = 1 +
2��kp/kf − 1�

kp/kf + 1 − ��kp/kf − 1�
�10�

ke/kf�upper = kp/kf
1 −
2�1 − ���kp/kf − 1�

2kp/kf − ��kp/kf − 1�� �11�

Figure 5 plots the effective thermal conductivity ratio given by the
Wiener bounds, H-S bounds, and 2D H-S bounds over the full
range of particle volume fraction � at kp /kf=0.02 and kp /kf=10,
respectively. The difference between Wiener and H-S bounds be-
comes smaller when the departure of kp from kf gets bigger. The
H-S upper bounds �Eqs. �9� and �11�� always correspond to the
case that the kp-phase is continuous and kf-phase is dispersed �Fig.

5�. By contrast, the H-S lower bounds correspond to the case that
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he kf-phase is continuous and kp-phase is dispersed. Therefore,
e can alter the material conductivity more effectively by orga-
izing the added material in such a way that it forms a continuous

Fig. 6 Comparison between experimental data and H-S bou
†110,111‡
hase and disperses the original material as far as possible.
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4.2 Recent Models. Since the conventional models are inac-
curate to predict the effective thermal conductivity of nanofluids,
some new models have been developed by considering one or

s „solid line: H-S upper bound; dash line: H-S lower bound…
nd
more potential mechanisms discussed in Sec. 3. As one of the
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arliest attempts, Maxwell’s model was renovated to include the
ffect of the organized liquid layer at the particle-liquid interface
n Ref. �112� where the thermal conductivity of the layer was set
o be 10 or 100 times of that of the bulk liquid or the same as that
f the particle, and the layer thickness was set to be 1 or 2 nm.
he renovated model successfully predicts some experimental
ata of CuO and Cu-based nanofluids �112�. The liquid-layering
ffect has been included by a similar approach in Refs.
32,113–117�. As a modification, a linear distribution of thermal
onductivity was imposed in the liquid layer bridging the thermal
onductivity of the particle to that of the base fluid in Refs.
118,119�. However, the evaluation of the thickness and thermal
onductivity of the liquid layers in these models is still an open
uestion.

The effect of Brownian motion can be included by considering
he effective thermal conductivity as a combination of those from
he pure conduction and from the Brownian motion �120�. The
eveloped model agreed well with the measured thermal conduc-
ivity of Cu-water nanofluids in Ref. �121�. However, the particle
ggregation effect was considered to be negligible for the former
ut significant for the latter in Ref. �120�.

Jang et al. �122,123� proposed four modes of energy transport
n nanofluids: thermal diffusion in the base fluid, thermal diffusion
n nanoparticles, collision between nanoparticles due to the
rownian motion, and thermal interaction between nanoparticles
nd base fluid molecules, in which the last represents the effect of
onvection induced by the particle Brownian motion. Since the
hird mode has been shown to be negligible in Refs. �37,64,85�,
he effective thermal conductivity ke was proposed to be calcu-
ated by �123�

ke = kf�1 − �� + knp� + C1
dm

dp
kf Re2 Prf �12�

ere knp is the thermal conductivity of nanoparticles, which was
stimated as 0.01 times that of the bulk solid phase by using the
orrelation for a single particle in a ballistic heat-conduction
odel �124� and including the interfacial thermal resistance effect

125�. dp and dm are the diameters of the nanoparticle and base
uid molecule, respectively. Re is the Reynolds number based on

he nanoparticle Brownian velocity, diameter, and kinetic viscos-
ty of the base fluid. With adjusting the value of empirical constant

1, their model works well for metallic, oxide, and nanotube
anofluids. A semi-empirical model was proposed in Refs.
85,126�, which also includes the effect of Brownian-motion-

Fig. 7 Schematic of the three-level h
†77‡
nduced convection:
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ke/kf = �1 + A Rem Prf
0.333 ��

� � �kp�1 + 2 Bi� + 2kf� + 2��kp�1 − Bi� − kf�
�kp�1 + 2 Bi� + 2kf� − ��kp�1 − Bi� − kf�

� �13�

in which Maxwell’s equation was used to estimate the thermal
conductivity from pure diffusion but with the interfacial thermal
resistance. Here Bi is the nanoparticle Boit number defined as
2Rbkf /dp, where Rb is the experimentally determined interfacial
thermal resistance. Furthermore, an empirical formula was also
proposed to estimate the effect of Brownian-induced convection
�89,118�. Other models considering the effect of Brownian-
induced convection include those in Refs. �93,114,127–129�. In
these models, there is at least one empirical parameter. As men-
tioned in Ref. �85�, the semi-empirical model seems to be always
necessary due to the complexities involved with the interaction in
the convective currents among multiple particles.

By using the model in Ref. �76� for predicting effective thermal
conductivity of arbitrary particulate composites with interfacial
thermal resistance included, Nan et al. �130� developed a simple
formula to show that the ultrahigh thermal conductivity and large
aspect ratio of nanotubes contribute to the significant increase of
the effective thermal conductivity, while the interface thermal re-
sistance at the nanotube-liquid interface causes a degradation in
the thermal conductivity enhancement. Other models for predic-
tion of effective thermal conductivity of nanotube suspensions
include those in Refs. �78,81–83�. A common result can be drawn
from these models that both the nanotube geometry and interfacial
thermal resistance play important roles in heat-conduction pro-
cess. Moreover, all these models were developed based on the
conventional effective medium approach and the ellipsoidal geo-
metrical model without involving any new mechanisms.

Prasher et al. �77� developed a three-level homogenization
theory to study the effect of particle aggregation on the conduc-
tivity enhancement in nanofluids. They used the fractal theory to
correlate the aggregates’ morphology and distribution to the
chemical and fractal dimensions of the aggregates �115�. In Ref.
�77�, some suspended particles are assumed to form linear chains
�backbones, Fig. 7� spanning the whole aggregate spheres; the
others form the side chains �dead ends, Fig. 7�. At the first level of
homogenization, Bruggeman’s model was used to calculate the
effective thermal conductivity of the aggregate with the presence

ogenization theory by Prasher et al.
om
of the dead-end particles only,
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�1 − �da�
kf − kda

2kda + kf
+ �da

kp − kda

2kda + kp
= 0 �14�

ere kda is the thermal conductivity of the dead-end particles. �da
s the volume fraction of the dead-end particles in the aggregate
pheres, given by �Rg /rp�df−3− �Rg /rp�dl−3 with Rg, rp, dl, and df as
he aggregate radius of gyration, radius of nanoparticles, and
hemical and fractal dimensions of the aggregate, respectively. At
he second level, the model for randomly oriented cylindrical par-
icles �76� �Eq. �14�� was used to estimate the effective thermal
onductivity of the whole aggregate sphere with both backbones
nd dead ends,

ka = kda
3 + �ca�2
11�1 − L11� + 
33�1 − L33��

3 − �ca�2
11L11 + 
33L33�
�15�

here �ca is the volume fraction of the linear chains in the aggre-
ate sphere, given by �Rg /rp�dl−3. L11 and L33 are the two particle-
hape dependent parameters. 
11 and 
33 are the effective thermal
onductivities along two principle axes of the ellipsoid, respec-
ively, which are functions of the geometrical parameters and ther-

al conductivities of the particles and base fluid. Finally, the ef-
ective thermal conductivity of nanofluids was calculated by using

axwell’s equation:

ke/kf = 1 + 3�a
ka/kf − 1

ka/kf + 2 − �a�ka/kf − 1�
�16�

n which �a and ka are the volume fraction and effective thermal
onductivity of aggregates, respectively. For the known particle
olume fraction �, particle geometry, particle and base fluid con-
uctivities, and either Rg or �a, the model can predict the effective
hermal conductivity of nanofluids. The results show that the ef-
ective thermal conductivity can be significantly enhanced by the
article aggregation. This model was further extended by using
he colloidal chemistry to refine the aggregation kinetics and in-
luding the effect of both Brownian-motion-induced convection
nd interfacial thermal resistance �131,132�. Such an extension
hows that the thermal conductivity depends not only on particle
ize and temperature but also on chemical parameters such as
amaker constant, zeta-potential, pH value, and ion concentra-

ion. The thermal conductivity can also be degraded by the inter-
acial thermal resistance. The model appears very promising.
owever, it involves several empirical parameters and more ex-
erimental data are needed to verify its accuracy.

For transport in nanofluids, several different length scales are
nvolved: molecular scale, microscale, macroscale, and system
cale. The classical heat-conduction equation has usually been
ostulated as the macroscale model but without adequate justifi-
ation. A macroscale heat-conduction model in nanofluids has
een developed in Refs. �10,16,133� by scaling up the microscale
odel for heat conduction in nanoparticles and in base fluids,
hich consists of Fourier law of heat conduction and energy con-

ervation equation. The approach for scaling up is the volume
veraging �134–136� with the help of multiscale theorems �136�.
ithout considering the effects of interfacial thermal resistance

nd dynamic processes on particle-fluid interfaces, the macroscale
eat-conduction equation reads

�Ti�i

�t
+ �q

�2Ti�i

�t2 = �Ti�i + ��T
�

�t
�Ti�i� +

�

ke

F�r,t�

+ �q
�F�r,t�

�t
� �17a�

here

�q =
�f�p �17b�
hav��f + �p�
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�T =
�fkpp + �pkff

hav�kff + kpp + 2kfp�
�17c�

ke = kff + kpp + 2kfp �17d�

� =
kff + kpp + 2kfp

�f + �p
�17e�

F�r,t� + �q
�F�r,t�

�t
=

1

hav
��kfp

2 − kffkpp�2Ti�i

+ 
�f
�

�t
�upp · �Ti�i� + �p

�

�t
�uff · �Ti�i��

− �kpp�uff · �� + kff�upp · �� − kpf�ufp · ��

− kfp�upf · ���Ti�i − ��uff · ���upp · ��

− �ufp · ���upf · ���Ti�i� �17f�

Here Ti�i is the intrinsic average temperature in the i-phase �i
=f ,p; f and p stand for fluid and particle, respectively�
�10,16,133,134�. t is the time. �q and �T are the phase lags of the
heat flux and the temperature gradient, respectively
�10,98,99,136,137�. �f= �1−����c�f and �p=���c�p are the effec-
tive thermal capacities in the base fluid and particles, respectively,
with � and c as the density and specific heat, respectively. kff, kpp,
kfp, hav, uff, upp, ufp, and upf are the macroscopic coefficients that
represent the effects of microscale physics on macroscale proper-
ties �16,138�. Therefore, the presence of nanoparticles shifts the
Fourier heat conduction in the base fluid into the dual-phase-
lagging heat conduction in nanofluids at the macroscale
�10,16,133�. Consider

�T

�q
= 1 +

�f
2kpp + �p

2kff − 2�f�pkfp

�f�pke
�18�

It can be larger, equal, or smaller than 1 depending on the sign of
�f

2kpp+�p
2kff−2�f�pkfp. By the condition for the existence of ther-

mal waves that requires �T /�q�1 �99,139�, we may have thermal
waves in nanofluid heat conduction when �f

2kpp+�p
2kff−2�f�pkfp

�0. Depending on the detailed microscale physics in nanofluids,
the heat diffusion and thermal waves may either enhance or coun-
teract each other and thus enhance or weaken heat conduction.
Focused efforts are thus in great demand to find the correlation
between the microscale physics and macroscale properties
through solving the closure problems for the four macroscopic
thermal coefficients kff, kpp, kfp, and hav. The first attempt of such
efforts has been recently made in Ref. �140� to examine how
particle-fluid conductivity ratio, particle volume fraction, and
shape affect the macroscale thermal properties for nanofluids con-
sisting of in-line arrays of perfectly dispersed two-dimensional
circular, square, and hollow particles �represented by the unit cells
in Figs. 8�a�–8�c��. In these simple and perfectly dispersed nano-
fluids, the heat conduction is diffusion dominant so that the effec-
tive thermal conductivity can be predicted adequately by the mix-
ture rule �Eq. �4�� with the effect of particle shape and particle-
fluid conductivity ratio incorporated into its empirical parameter
�140�. Parameter n in the mixture rule from the fitting of numeri-
cal results is listed in Table 4 for three nanoparticle suspensions
�140�.

The effects of particle size distribution, particle aggregation,
and aggregate morphology have also been studied in Ref. �141�
for seven kinds of nanofluids containing in-line and staggered
arrays of circular cylinders, in-line arrays of cross cylinders,
square- and cross-aggregations, hollow cylinders, and cross-
particle networks, respectively �represented by the unit cells in
Figs. 8�c�–8�i��. The radius of gyration of particles Rg and the

nondimensional particle-fluid interfacial area in the unit cell � �all
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imensions are normalized by the dimension of the unit cell; �
hus depends on the geometry of the particle� are found to be two
ery important parameters in characterizing the effect of particles’
eometrical structures on the nanofluid thermal conductivity be-
ause for two particles with different shapes �hollow and cross�
ut the same Rg and �, their macroscopic thermal coefficients are
lmost the same �Fig. 9, in which lu is the dimension of the unit
ell� �141�. The increase of either Rg or � could result in a larger
ncrease �decrease� of ke /kf when kp /kf�1 ��1� �141�. As a limit
ase, cross-network particles in Fig. 8�i� have a maximal radius of
yration, form a network, and separate the base fluid to become
he dispersed phase. Nanofluids with such cross-network particles
ave a very high �low� thermal conductivity when kp /kf�1
�1�. Their conductivity can actually reach the 2D H-S upper
ound �Fig. 10�. Therefore, future efforts should focus on the
ynthesis of nanofluids containing particles/aggregates with large
g and � to maximize the effect of added particles on the conduc-

ivity enhancement.
The model can be further extended by including the effect of

ig. 8 Unit cells representing nanofluids containing in-line ar-
ays of „„a… and „d…… circular cylinders, „b… square cylinders, „c…
ollow cylinders, „e… staggered arrays of circular cylinders, „„f…
nd „g…… in-line arrays of circular particle aggregates, „h… cross
ylinders, and „i… cross-particle networks

able 4 Parameter n in the mixture rule from the fitting of nu-
erical results †140‡

article shape n

ircular
− 0.46 +

0.91

1 + exp�ln�kp/kf�
1.38

+ 0.063�
quare

− 0.44 +
0.86

1 + exp�ln�kp/kf�
1.45

+ 0.038�
ollow

− 0.42 +
0.84

1 + exp�ln�kp/kf�
2.84

− 0.058�
ournal of Heat Transfer
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interfacial thermal resistance, dynamic processes on particle-fluid
interfaces, and convection �16,142�. Note that this first-principles
model was rigorously derived from the microscale model without
any adjustable or empirical parameters involved.

5 Concluding Remarks
The present work offers an overview of the recent research and

development on heat conduction in nanofluids with an emphasis
on their thermal conductivity �experimental data, proposed
mechanisms responsible for conductivity enhancement and pre-
dicting models�. Nanofluids with suspended oxide, metallic par-
ticles, and carbon nanotubes have been the focus of experiments.
The metallic nanoparticle and nanotube suspensions seem to ex-
hibit more promising conductivity enhancement than the oxide
particle suspensions. Many experiments show a higher thermal
conductivity of nanofluids than the prediction from the conven-
tional models such as Maxwell’s equation and Hamilton–Crosser
model. Also observed is the anomalously lower thermal conduc-
tivity of nanofluids than that of the base fluids. Therefore, heat
conduction in nanofluids is nonconventional. Moreover, the con-
ductivity enhancement depends not only on the particle volume

Fig. 9 Macroscale thermal coefficients for the two particles
with the same surface-to-volume ratio, radius of gyration, and
volume fraction „�=0.05…

Fig. 10 Effective thermal conductivity of four nanofluids: a
comparison between the numerical results and the 2D H-S up-

per bounds
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raction and particle-fluid conductivity ratio but also on the par-
icle size, temperature, and chemical and interfacial properties on
he particle-fluid interface.

The proposed mechanisms for explaining experimental obser-
ations include the liquid-layering at the particle-liquid interfaces,
he particle aggregation, and the Brownian motion of nanopar-
icles. The liquid-layering effect is unsupported by several studies,
hich showed that the thickness of the liquid layer is too small to
lay a significant role. All successful predictions by considering
his effect depend on proper selection of some empirical param-
ters such as thermal conductivity and thickness of liquid layers.
oth experimental data and theoretical analysis show a positive
ffect of particle aggregation on the enhancement of nanofluid
hermal conductivity. Since the particle aggregation depends on

any factors, all existing models of predicting its effect contain
ome empirical parameters. The literature tends to disqualify the
ffect of particles’ collision due to the Brownian motion. The
ffect of Brownian-motion-induced convection has also been stud-
ed. However, whether the particle Brownian motion could induce
ulk motion of the surrounding base fluid is still an open question.
he particle motion also depends on other interparticle forces
uch as van der Waals force and electrostatic force, which further
omplicate the evaluation of particle motion effect.

A recently developed thermal-wave theory predicts a dual-
hase-lagging heat conduction in nanofluids at the macroscale.
herefore, the heat-conduction process could be either diffusion
ominant or thermal wave dominant depending on microscale
hysics of nanofluids. The experimental evidence of such thermal
aves includes the abnormally lower thermal conductivity of

olid particle suspensions and higher thermal conductivity of oil
roplet suspensions compared with the base fluids. The thermal-
ave theory provides the possibility to rigorously study how the
icroscale physics affects the macroscale heat conduction in

anofluids. The numerical simulation based on this theory shows
hat the theory works very well and identifies the particle radius of
yration and nondimensional particle-fluid interfacial area in the
nit cell as the two characterizing parameters of governing the
ffect of particle geometry on effective thermal conductivity of
anofluids.
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