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bstract

Nanofluid is a kind of new engineering material consisting of nanometer-sized particles dispersed in base fluid. In this study, various nanoparticles,
uch as multi-walled carbon nanotube (MWCNT), fullerene, copper oxide, and silicon dioxide have been used to produce nanofluids for enhancing
hermal conductivity and lubricity. As base fluids, DI water, ethylene glycol, and oil have been used. To investigate the thermo-physical properties
f nanofluids, thermal conductivity has been measured. The experimental results of thermal conductivity of nanofluids are compared with the
odeling results predicted by Jang and Choi model [14]. The stability of nanofluid has been estimated with UV–vis spectrophotometer. Thermal
onductivity of nanofluid has been increased with increasing volume fraction of nanoparticle except for water-based fullerene nanofluid which has
ower thermal conductivity than that of base fluid due to its lower thermal conductivity, 0.4 W/mK. Stability of nanofluid has been influenced by
he characteristics between base fluid and suspended nanoparticles.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nanofluid technology becomes a new challenge for the heat
ransfer fluid because of their higher thermal conductivity [1,2]
nd stability than those of the conventional heat transfer fluid or
he suspensions of micro-sized particles. In recent researches,
arbon nanotube (CNT) is the excellent media to enhance the
hermal conductivity of a base fluid when added at a small frac-
ion [3,4]. In these researches, thermal conductivities of the
NT nanofluids are increased up to 19.6 and 150% at a volume

raction of 0.01, respectively. Fullerene, which has a different
ond structure of carbon, has great potential to the anti-wear
aterials [5]. These two kinds of particles have different mor-

hologies because of the difference in the synthesis process and
heir unique bond structures. CNT has a fibrous morphology and
ullerene has a spherical one. Thermal conductivity of the CNT
s about 3000 W/mK at room temperature [6] and that of the

ullerene is about 0.4 W/mK [7].

Many researches are conducted to enhance the thermal
onductivity of nanofluid and also to produce more stable
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uspensions. In these studies, to improve the stability of the sus-
ensions, a surface modification or changing pH values of the
uspension are used [2,8]. Although the stability of nanofluid
s very important for its application, there is a little study on
stimating the stability of suspension. UV–vis spectrophotomet-
ic measurements have been used to quantitatively characterize
olloidal stability of the dispersions [9]. It can be applied to all
ase fluid, while zeta potential analysis has a limitation of the
iscosity of base fluid.

In this paper, the stability of nanofluid with sediment time
s estimated with UV–vis spectrophotometer. To measure the
hermal conductivity of nanofluid, a transient hot-wire system
as been used.

. Experimental

.1. Materials

Table 1 shows the properties of materials for preparing
anofluids. The thermal conductivities of MWCNTs, CuO and

iO2 nanoparticles are 3000 [11], 76.5 and 1.38 W/mK, respec-

ively. The thermal conductivities of base fluids, such as DI
ater, ethylene glycol and oil, are 0.613, 0.252 and 0.107 W/mK,

espectively.

mailto:jklee@pusan.ac.kr
dx.doi.org/10.1016/j.tca.2006.11.036
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Table 1
Property of test material for preparing nanofluids

MWCNT Fullerene CuO SiO2 H2O Ethylene glycol Oil

Density (g/cm3) 2.6 1.6 6.32 2.22 1 1.11 0.915
Thermal conductivity (W/mK) ∼3000 0.4 76.5 1.38 0.613 0.252 0.107

Average size
L 10–50 �m
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∼10 nmD 10–30 nm

Fig. 1 shows the photographs of the test particles. MWCNTs
ave fibrous morphologies and the average length and diameter
re 10–50 �m and 10–30 nm, respectively. The average diame-
ers of fullerene, CuO and SiO2 nanoparticles are 10, 35.4 and
2 nm, respectively. Morphologies of these particles are spheri-

al.

An ultrasonic disruptor is used to prepare nanofluids. After
h intensive sonication, the stable suspensions are obtained.

i
m
w

Fig. 1. Photographs of test particles. (a) MW
nm 12 nm – – –

.2. Measuring thermal conductivity of nanofluids

In this study, the transient hot-wire method for measuring
lectrically conducting fluid has been applied because the parti-
les, used in this experiment, are electrically conductive [10]. It

s well-known method and generally used to measure the ther-

al conductivity of nanofluids [10–12]. Teflon coated platinum
ire, which diameter is 76 �m and the thickness of Teflon insu-

CNT, (b) CuO, (c) fullerene, (d) SiO2.
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on that of the suspended particles. Many previous researches
show the similar results. Also, it is shown that MWCNT-in-
oil nanofluid has higher thermal conductivity enhancement than
that of MWCNT-in-water, and that CuO-in-ethylene glycol
ig. 2. (a and b) UV–vis spectrum of MWCNTs and fullerenes in oil suspension.

ation layer is 17 �m, is used for a hot wire in the measurement
ystem. Initially the platinum wire immersed in media is kept at
quilibrium with surroundings. When a uniform voltage is sup-
lied to the circuit, the electric resistance of the platinum wire
ises with the temperature of the wire and the voltage output is
easured by an A/D converting system at a sampling rate of 20

imes per second. The relation between the electric resistance
nd the temperature of platinum wire is well-known [13]. The
easured data of temperature rise is linear against logarithmic

ime interval. The thermal conductivity is calculated from the
lope of the rise in the wire’s temperature against logarithmic
ime interval by the following equation [10].

= q

4π(T2 − T1)
ln

(
t2

t1

)
(1)

he value of k is the thermal conductivity of fluid. T is the
emperature of the wire at time t.

.3. Colloidal stability of nanofluids

Recently, a new method which can be used to estimate the
uspension concentration with increasing sediment time was
ntroduced. Fig. 2 shows that the peak absorbance of MWCNT
nd fullerene in oil-based suspensions appear at 397 nm. The
bsorbance of MWCNTs and fullerenes in oil suspensions
ecreases with increasing sediment time. Fig. 3 shows that a lin-
ar relation is obtained between the supernatant concentration
nd the absorbance of suspended particles. From these rela-
ions, the relative stability of nanofluids can be estimated with
ediment time. In this paper nanofluids have been examined
ith UV–vis spectrophotometer (UV-3101PC, SHIMADZU,

apan).

. Results and discussions

Fig. 4 depicts the colloidal stability of nanofluids. This graph

hows the supernatant particle concentration in basefluid with
ediment time. It is shown that oil-based fullerene (C60) and
ixed fullerene, which is the mixture of C60 and C70, nanofluids

re very stable. After 800 h, relative concentration is main-
F
t

ig. 3. Linear relationship between light absorption and concentration of
ullerenes in oil suspension at wavelength of 397 nm.

ained over 80% compared with the initial concentration. Since
ullerene molecule is a kind of non-polar molecule, it can be
ispersed very well in non-polar fluid such as paraffin oil which
s used in present study. As shown in the graph, MWCNTs
anofluids have poor stability. Since its morphology is fibrous
nd entangled in fluid, MWCNTs are easily agglomerated and
recipitated. Especially it is more difficult to disperse MWC-
Ts in fluid which has high viscosity. Addition of surfactant,

odium dodecyl sulfate (SDS) in this study, can improve the
tability of nanoparticles in aqueous suspensions. It is because
hat the hydrophobic surfaces of MWCNTs and fullerene are

odified hydrophilically and that the repulsion forces between
he suspended particles increase due to increase of zeta poten-
ials which is the surface charge of the suspended particles in
uid.

Fig. 5 shows the thermal conductivity enhancement of
anofluids. MWCNT nanofluid has the highest thermal con-
uctivity enhancement among water-based nanofluid whereas
iO2 nanofluid has the lowest one. From this result, it is shown

hat the thermal conductivity enhancement of nanofluid depends
ig. 4. Relative supernatant particle concentration of nanofluids with sediment
ime.
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Fig. 5. Test results of thermal conductivity of nanofluids.

anofluid has higher thermal conductivity enhancement than that
f CuO-in-water. These results imply that higher thermal con-
uctivity enhancement can be obtained for basefluid of lower
hermal conductivity.

Fig. 6 shows the thermal conductivity enhancements of water-
ased MWCNT and fullerene nanofluids as a function of the
article volume fraction. The value k is the thermal conduc-
ivity of basefluid or nanofluid according to the subscripts.
he results show that the thermal conductivities of water-
ased MWCNT nanofluids increase with increasing particle
olume fraction, while the thermal conductivities of water-
ased fullerene nanofluids are decreased with increasing particle
olume fraction. It is believe that the thermal conductivity of
ullerene is 0.4 W/mK which is lower than that of water. For

WCNT nanofluid, the thermal conductivity is increased by
.0% at volume fraction of 1.0%. On the other hand, the ther-
al conductivity is decreased by 3.0% at a volume fraction

f 1.5%.

Fig. 7 shows the thermal conductivity enhancements of oil-

ased MWCNT and fullerene nanofluids as function of the
article volume fraction. In case of MWCNT nanofluid, the ther-

ig. 6. Thermal conductivity enhancement of water-based MWCNT and
ullerene nanofluids.

k

w
t

F
M

ig. 7. Thermal conductivity enhancement of oil-based fullerene nanofluids.

al conductivity is increased up to 8.7% at 0.5 vol%. And the
hermal conductivity of fullerene nanofluid is increased by 6.0%
t 5 vol%. It is shown that the thermal conductivity of MWCNT
anofluid is much higher than that of fullerene nanofluid because
he thermal conductivity of MWCNT is much higher than that
f fullerene. It is also believed that the thermal conductivity
f nanoparticles strongly affects on the thermal conductivity
nhancement of nanofluids.

Fig. 8 shows validation of experimental results of the thermal
onductivity of MWCNT nanofluids. In this paper, experimen-
al results are validated with Jang and Choi model [14]. In
ase of water-based MWCNT nanofluids, assumed neglecting
he Brownian motion of nanoparticles, we derive the following
xpression for the effective conductivity kcomp:
comp = 〈cos2θ〉βkfiberffiber + (1 − ffiber)kf (2)

here kfiber is the thermal conductivity of MWCNT, kf the
hermal conductivity of basefluid, ffiber a volume fraction of

ig. 8. Validation of the experimental results of the thermal conductivity of
WCNT nanofluids.
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WCNT, and β is the Kapitza resistance [12]. θ is the angle
etween a given direction and a fiber axis. For well-aligned
WCNT 〈cos2 θ〉 = 1 and for completely random fiber orien-

ation 〈cos2 θ〉 = 1/3 [13].
It is assumed that MWCNTs are completely ran-

om fiber orientations, 〈cos2 θ〉 = 1/3, since initially they
ave been heavily entangled. Kapitza resistance is modi-
ed due to surfactant for improving suspension stability,
= 0.006.

. Conclusions

Various nanofluids have been prepared and their stability
as been estimated by UV–vis spectrum analysis. Stability of
anofluid is strongly affected by the characteristics of the sus-
ended particle and basefluids such as the particle morphology,
he chemical structure of the particles and basefluid. Moreover,
ddition of surfactant, SDS in this study, can improve the stabil-
ty of the suspensions.

Thermal conductivities have been measured by the tran-
ient hot-wire method. Conclusively, thermal conductivity
nhancement depends on the volume fraction of the suspended

articles, thermal conductivities of the particles and basefluids.
lso, the experimental results of the thermal conductivity of
WCNT nanofluids have been validated with the calculated

esults.
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