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bstract

TiO2, Al2O3, Fe, and WO3 nanofluids are prepared in a two-step procedure by dispersing nanoparticles in a basefluid. Since nanoparticles
orm clusters in fluids, a cell disrupter generating high power pulses is used for improving the dispersion of nanoparticles. The transient hot wire
ethod is used for the measurement of thermal conductivity. The thermal conductivities of TiO , Al O , Fe, and WO nanofluids are studied
2 2 3 3

nd compared with each other. Nanofluids show a large enhancement of thermal conductivity compared with their basefluids, which exceeds the
heoretical expectation of two-component mixture system. We compare thermal conductivities of various nanofluids and discuss the important
actors in determining thermal conductivity in this study.

2007 Published by Elsevier B.V.
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. Introduction

It has been recognized that the suspension of solids in fluids
nhances the effective thermal conductivity of the material [1].
nhancement of thermal conductivity of fluids contributes to

mproving the efficiency of heat transfer fluids. Furthermore,
t is possible to reduce the size of the heat exchange system,
hich has been limited due to the poor thermal transport property
f fluids. In earlier days, micron-sized or larger particles were
uspended in fluids and they led to causing the problems, such
s the settlement of particles, clogging, abrasion of devices, etc.
2].

It was proposed that fluids containing nanometer-sized par-
icles can be a new class of engineered fluids with high
hermal conductivity [2]. The nanoparticle suspended fluids,
amed nanofluids, have been produced as the nanotechnology
roducing nanoparticles developed rapidly. There have been
any researches in the enhancement of thermal conductivity
f nanofluids [3–8]. It was reported that the nanofluid contain-
ng 10-nm-sized Cu nanoparticles showed a large enhancement
f thermal conductivity compared with Al2O3 nanofluid con-
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aining 35 nm nanoparticles [6]. We also reported that 18%
nhancement of thermal conductivity was achieved by using
0 nm Fe nanoparticles [7]. Large enhancement of thermal con-
uctivity of nanofluids could not be predicted by conventional
heories on the effective thermal conductivity of two-component

aterials [9–11]. The exact mechanism of thermal transport in
anofluids is not known at this moment, even if several potential
echanisms were suggested to describe experimental results of

hermal conductivity of nanofluids. Many factors, such as parti-
le size, effect of surfactant, dispersion of particles, and thermal
roperty of dispersed particles have been expected to influence
he thermal property of nanofluids. Moreover, the surface-to-
olume ratio of particles increases dramatically as the particle
ize reduces, which can lead to potentiality of the significant
nhancement of thermal conductivity of fluids [7]. The suc-
essful commercialization of nanofluids will bring the industrial
dvantages by reducing the energy consumption and the exhaust
as [12].

The results of Cu and Al2O3 nanofluids suggested the effect
f intrinsic thermal conductivity and particle size of dispersed
anoparticles on thermal conductivity of nanofluids, but more

anofluids are needed for understanding of the effect. This work
ses the oxide nanoparticles, such as TiO2, Al2O3, and WO3 and
etal nanoparticles of Fe for nanofluids for the study of ther-
al conductivity of nanofluids. As comparing those results with

mailto:hsyang@pusan.ac.kr
dx.doi.org/10.1016/j.tca.2006.12.006
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l2O3, and Cu nanofluids, we would like to understand impor-
ant factors in determining thermal conductivity of nanofluids.

e also compare the experimental results with the calcu-
ated results with the conventional model for two-component

aterials.

. Experimental

TiO2, Al2O3, Fe, and WO3 nanoparticles were synthesized
y a chemical vapor deposition process for the preparation
f nanofluids. The mean sizes of TiO2, Al2O3, Fe, and WO3
anoparticles determined with transmission electron microscope
TEM) images are 25 nm, 48 nm, 10 nm, and 38 nm, respectively.
he crystal structures of nanoparticles were determined with
-ray diffraction (XRD) patterns. We prepared TiO2, Al2O3,
e, and WO3 nanofluids in a two-step procedure by dispersing
anoparticles in basefluids. Deionized water was used as a base-
uid for TiO2 and Al2O3 nanofluids, and ethylene glycol was
sed for Fe and WO3 nanofluids. Table 1 shows the size and vol-
me fraction of nanoparticles and basefluids of the nanofluids
repared in this study. Since no stabilizing agents were added
n the preparation of nanofluids, nanoparticles must have been
orming clusters in nanofluids. In order to improve the disper-
ion of particles in fluid, we used an ultrasonic cell disrupter
Jeiotech, ULH-700S) generating ultrasonic pulses of 700 W
t 20 kHz. Even though the sonication cannot break nanoparti-
les individually, the cluster of nanoparticles breaks into smaller
lusters resulting in the decrease of clusters [7,8].

Thermal conductivity of nanofluids was measured with a tran-
ient hot wire (THW) method, which is one of the most accurate
ethods for determining thermal conductivity of fluids [13,14].
TeflonTM-coated pure (99.9%) platinum wire was used in the
easurement. The wire is used as both heater and thermometer.
HW method measures the temperature and time response of

he wire to an abrupt electrical pulse. Thermal conductivity, k,
s calculated from a derivation of Fourier’s law:

=
[

q

4π(T2 − T1)

]
ln

(
t2

t1

)
, (1)

here q is the applied electric power and T1 and T2 are the tem-
eratures at times t1 and t2, respectively. From the temperature
oefficient of the electrical resistance of a wire, the temperature

ise of the wire can be determined by the change in its electrical
esistance with time [12]. We measured thermal conductivity
f nanofluids right after the sonication for 50 min. The thermal
onductivity of nanofluids was obtained as a function of volume
raction of nanoparticles suspending in the nanofluids.
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able 1
haracterization of nanoparticles and basefluids used in the preparation of nanofluids

Nanoparticle

TiO2 Al2O3

verage size of particles (nm) 25 48
olume fraction 0.1, 0.5, 1.0 0.3, 0.5,

asefluid Water
Fig. 1. XRD patterns of: (a) Al2O3 and (b) WO3 nanoparticles.

. Results and discussion

XRD patterns of Al2O3 and WO3 nanoparticles are given in
ig. 1(a and b), respectively. Al2O3 nanoparticles form in �-
l2O3 phase having the peaks of (4 0 0) and (4 4 0) and WO3
anoparticles form in monoclinic phase. The main XRD peaks
t 23◦ and 24◦ correspond to the (0 0 2) and (1 1 0) reflections in
ulk WO3 crystal.

Fig. 2 shows the thermal conductivities of TiO2 and Al2O3
anofluids as a function of volume fraction of nanoparticles.
eionized water was used as a basefluid for both nanofluids. k

nd k0 in the figure represent thermal conductivity of nanofluid
nd basefluid, respectively. As reported by other groups [6],
l2O3 shows very slow increase with the volume fraction of
anoparticles. It has been known that nanofluids containing
eramic nanoparticles exhibit smaller enhancement compared
ith nanofluids containing metallic nanoparticles. While there
s only 4% enhancement of thermal conductivity with 1.0% vol-
me fraction of Al2O3 nanoparticles, TiO2 containing 1.0%
olume fraction of nanoparticles exhibits the 14.4% enhance-
ent of thermal conductivity. TiO2 nanofluid shows higher

Fe WO3

10 38
0.7, 1.0 0.2, 0.3, 0.4, 0.55 0.05, 0.1, 0.2, 0.3

Ethylene glycol
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ig. 2. Thermal conductivities TiO2 (opened squares) and Al2O3 (closed circles)
anofluids as a function of volume fraction. Deionized water is used as a basefluid
or both nanofluids.

nhancement of thermal conductivity compared with Al2O3
anofluids even though bulk TiO2 crystal shows lower thermal
onductivity than bulk Al2O3 crystal. In our previous works
or nanofluids, we found that the suspension of highly thermal
onductive materials does not directly lead to the larger enhance-
ent of thermal conductivity of nanofluids [8]. The comparison

f Al2O3 and TiO2 nanofluids supports that thermal conductiv-
ty of nanoparticles is not a principal factor related to thermal
onductivity of nanofluids. Since the particle size of TiO2 is
maller than that of Al2O3, the thermal conductivity of TiO2 is
arger than that of Al2O3 due to the larger surface-to-volume
atio.

Fig. 3 shows the thermal conductivities of Fe and WO3
anofluids as a function of nanoparticle volume fraction, where
thylene glycol was used as a basefluid. Fe and WO3 nanoflu-
ds show the different trend in increase of thermal conductivity.
e nanofluid shows 16.5% enhancement of thermal conductivity
s containing 0.3% volume fraction of nanoparticles while WO3
anofluid of 0.3% volume fraction of nanoparticles shows 13.8%
nhancement, which is consistent with other reports that ceramic
anoparticle-suspending nanofluids exhibited lower thermal
onductivity than metallic nanoparticle suspending nanofluids.

e also keep in mind that the size of Fe nanoparticles used

n this study is smaller than that of WO3. From the results of
igs. 2 and 3, we understand that the surface-to-volume ratio

ig. 3. Thermal conductivities of Fe (opened squares) and WO3 (closed circles)
anofluids as a function of volume fraction. Ethylene glycol is used as a basefluid
or both nanofluids.
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ig. 4. The calculated thermal conductivities with the Hamilton–Crosser model
or: (a) TiO2 and (b) WO3 nanofluids. Open circles represent the calculated
alues and closed squares represent the experimental results.

f nanoparticles is a principle factor in determining thermal
onductivity of nanofluids.

For two-component mixtures with the micrometer-sized
articles or larger particles, there are many models for ther-
al conductivity of the mixtures and they coincide with the

xperimental results [9–11]. We calculated thermal conduc-
ivity of TiO2 and WO3 nanofluids using Hamilton–Crosser
H–C) model which is one of the conventional models for
wo-component mixtures [10]. Water and ethylene glycol were
hosen as a basefluid for TiO2 and WO3 nanofluids, respec-
ively. Fig. 4(a and b) presents the thermal conductivities of
iO2 and WO3 nanofluids, respectively, as a function of the
olume fraction of nanoparticles. The calculated results are rep-
esented by the opened circles and the experimental results are
lso shown with the closed squares for comparison. It is noticed
hat the experimental results show the anomalous enhancement
f thermal conductivity compared with the calculated results.
he conventional models, such as H–C model cannot predict

hermal conductivity of nanofluids, which means that thermal
ransport in nanofluids cannot be understood in view of the effec-
ive medium theory. New comprehensive theories are needed
or the prediction of thermal conductivity of nanofluids. Since
t has been reported experimentally that thermal conductivity of
anofluids is related with several factors, such as the stability of
uspension of nanoparticles, nanoparticle size, and viscosity of
asefluids, the new theories should include the effects of those

actors. We presume that thermal conductivity of nanofluids is
etermined by the compensation of the effects of those factors.
ore experimental study is needed to provide insight into the
echanism of thermal transport in nanofluids.
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. Conclusion

Thermal conductivities of TiO2, Al2O3, Fe, and WO3
anofluids were investigated in this study. We found the fol-
owings from the comparison of thermal conductivities of the
anofluids: the surface-to-volume ratio of nanoparticles is a prin-
iple factor in determining thermal conductivity of nanofluids.
ven though the effects of a large number of factors are com-
ensated for thermal conductivity of nanofluids, the intrinsic
hermal conductivity of the suspended nanoparticles does not
ive a primary effect in determining thermal conductivity of
anofluids.

The anomalous enhancement of thermal conductivity of
anofluids could not be understood with the H–C model. New
omprehensive theories are needed for the prediction of ther-
al conductivity of nanofluids. The new theories should include

he effects of the factors, such as the stability of suspension of
anoparticles, nanoparticle size, and viscosity of basefluids.

Fundamental understanding of the thermal transport behavior
f nanofluids will develop a new generation of highly effi-
ient heat-transfer fluids. Large improvement of the thermal
onductivity of nanofluids holds a significant potential for rev-

lutionizing industries that are dependent on the performance
f heat transfer fluids. More experimental study should be
erformed to provide insight into the mechanism of thermal
ransport in nanofluids.

[
[

a Acta 455 (2007) 66–69 69

cknowledgements

This work was supported by Korean Research Foundation
rant KRF-2004-005-C00065 and Korean Science and Engi-
eering Foundation Grant R01-2006-000-10742-0.

eferences

[1] S. Lee, S.U.S. Choi, S. Li, J.A. Eastman, J. Heat Transfer 121 (1999) 280.
[2] S.U.S. Choi, FED 23 (1) (1995) 99.
[3] H.Q. Xie, J.C. Wang, T.G. Xi, Y. Liu, F. Ai, J. Appl. Phys. 91 (2002)

4568.
[4] S.U.S. Choi, Z.G. Zhang, W. Yu, F.E. Lockwood, E.A. Grulke, Appl. Phys.

Lett. 79 (2001) 2252.
[5] X.W. Wang, X.F. Xu, S.U.S. Choi, J. Thermophys. Heat Transfer 13 (1999)

474.
[6] J.A. Eastman, S.U.S. Choi, S. Li, W. Yu, L.J. Thompson, Appl. Phys. Lett.

78 (2001) 718.
[7] T.-K. Hong, C. Choi, H.-S. Yang, J. Appl. Phys. 97 (2005) 64311.
[8] K.S. Hong, T.K. Hong, H.-S. Yang, Appl. Phys. Lett. 88 (2006) 31901.
[9] J.C. Maxwell, A Treatise on Electricity and Magnetism, second ed., Oxford

University Press, Cambridge, 1904, pp. 435–441.
10] R.L. Hamilton, O.K. Crosser, Ind. Eng. Chem. Fundam. 1 (1962) 187.
11] A. Tobitani, T. Tanaka, Can. J. Chem. Eng. 65 (1987) 321.
1996.
13] Y. Nagasaka, A. Nagashima, J. Phys. E 14 (1981) 1435.
14] E. Yamasuea, M. Susa, H. Fukuyama, K. Nagata, J. Cryst. Growth 234

(2002) 121.


	Study of thermal conductivity of nanofluids for the application of heat transfer fluids
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


