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Abstract

Aqueous nanofluids containing low volume concentrations of Al2O3 nanoparticles in the 0.01–0.3 vol.% range were produced and
characterized. Measurements of zeta potential and TEM micrograph of the alumina nanoparticles in the Al2O3–water nanofluids show
that the alumina nanoparticles can be best dispersed and stabilized in DI water with little evidence of aggregation at 5 h of ultrasonic
vibration. Viscosity measurements show that the viscosity of the Al2O3–water nanofluids significantly decreases with increasing temper-
ature. Furthermore, the measured viscosities of the Al2O3–water nanofluids show a nonlinear relation with the concentration even in the
low volume concentration (0.01%–0.3%) range, while the Einstein viscosity model clearly predicts a linear relation, and exceed the Ein-
stein model predictions. In contrast to viscosity, the measured thermal conductivities of the dilute Al2O3–water nanofluids increase nearly
linearly with the concentration, agree well with the predicted values by the Jang and Choi model, and are consistent in their overall trend
with previous data at higher concentrations.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

For more than 100 years, many scientists and engineers
have made great efforts to improve the inherently poor
thermal conductivities of traditional heat transfer fluids,
such as water, oil, and ethylene glycol. Numerous theoret-
ical and experimental studies on thermal conductivities of
suspensions that contain solid particles have been con-
ducted since the theoretical work of Maxwell [1]. However,
studies of thermal conductivity of suspensions have been
confined to millimeter- or micrometer-sized particles. The
outstanding problems with the use of these conventional
large particles include their rapid settling in fluids, abra-
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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sion, clogging, and fouling. To overcome these problems
Choi [2] pioneered nanofluids, a new class of heat transfer
fluids that are produced by dispersing metallic or nonme-
tallic nanoparticles with typical length scales on the order
of 1–100 nm in traditional heat transfer fluids.

Considerable research has gone into nanofluids contain-
ing Al2O3 nanoparticles. Lee et al. [3] formulated water-
based nanofluids containing Al2O3 nanoparticles without
any chemical dispersants and performed experiments to
show that the Al2O3–water nanofluids they formulated
have good suspension and dispersion characteristics and
high thermal conductivities at the concentrations from 1
to 5 vol.%. Since their work, experimental data [4–7] for
the effective thermal conductivity of nanofluids with
Al2O3 nanoparticles suspended in water or ethylene glycol
have been reported. As shown in Fig. 1, most researchers

mailto:spjang@kau.ac.kr


Nomenclature

f volume fraction
k thermal conductivity (W/m K)
R resistance (X)
t time (s)
T temperature (K)

Greek symbol

l dynamic viscosity (N s/m2)

Subscripts

BF base fluid
eff nanofluids
w hot wire
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measured the thermal conductivity of Al2O3–water nanofl-
uids at Al2O3 nanoparticle concentrations greater than or
equal to 1% by volume. However, little experimental data
exist on the effective thermal conductivities and viscosities
of nanofluids with low volume concentrations (<1 vol.%)
of Al2O3 nanoparticles. This motivated us to do this study.
In addition, Patel et al. [8] showed that the enhancement of
the effective thermal conductivity of toluene-based nanofl-
uids containing Au is significant (by as much as 14%) at
very low concentration of Au nanoparticles in the 0.005–
0.011 vol.% range. Therefore, the objective of the present
study is to measure the effective viscosities and thermal
conductivities of Al2O3–water nanofluids at low volume
concentrations in order to see how Al2O3–water nanofluids
would behave in the very low concentration range from
0.01 to 0.3 vol.% Al2O3 nanoparticles. For this purpose, a
two-step method with ultrasonic dispersion of alumina
nanoparticles was used to make Al2O3–water nanofluids.
Measurements of zeta potential and TEM micrograph of
the alumina nanoparticles in the Al2O3–water nanofluids
were used to characterize the dispersion characteristics of
the Al2O3–water nanofluids. The effective viscosities of
the Al2O3–water nanofluids were measured as a function
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Fig. 1. Thermal conductivities of nanofluids containing Al2O3 nanopar-
ticles as a function of concentration, normalized to the thermal conduc-
tivity of the base fluid.
of temperature and particle volume concentration using
an oscillation type viscometer. The effective thermal con-
ductivities of the Al2O3–water nanofluids were measured
as a function of nanoparticle volume concentration using
a transient hot wire apparatus.
2. Production and dispersion characteristics of Al2O3–water

nanofluids

A two-step method is used to produce Al2O3–water
nanofluids with low concentrations of Al2O3 nanoparticles
from 0.01 to 0.3 vol.% without any surfactant. The two-
step method used in this study can be divided into two
stages. The first stage is to mix Al2O3 nanoparticles with
a nominal particle size of 30 ± 5 nm in DI water. The
Al2O3 nanoparticles used in the present work were manu-
factured and supplied by Nanotechnologies Inc. Since
ultrasonic vibration breaks down agglomerates in the mix-
ture, the next stage is to homogenize the mixture using
ultrasonic vibration at sound frequencies of 30–40 kHz.

Uniform dispersion and stable suspension of nanoparti-
cles in liquids is the key to most applications of nanofluids
since the final properties of nanofluids are determined by
the quality of the dispersion and suspension. Because the
surface of Al2O3 nanoparticles is positively charged, mea-
surement of the surface charge or zeta potential of the
nanoparticles is critical for making stable nanofluids. For
example, it is well-known that a suspension with zeta
potential (absolute value) above 30 mV are physically sta-
ble and above 60 mV show excellent stability while a sus-
pension below 20 mV has limited stability and below
5 mV undergoes pronounced aggregation [9]. In this study
we are interested in the effect of ultrasonic vibration on zeta
potential. Zeta potential was measured using a Zetasizer
Nano ZS manufactured by Malvern Instruments Ltd.
Because this technique requires extremely dilute suspen-
sions (as low as 0.1 vol.%), four dilute Al2O3-nanofluids
at a fixed concentration of 0.1 vol.% were made and soni-
cated for 0 h, 5 h, 20 h and 30 h, respectively. Zeta poten-
tial was measured for these Al2O3-nanofluids at 25 �C
and a pH of 6.04.

Fig. 2 shows the measured zeta potential of a 0.1 vol.%
Al2O3-nanofluids as a function of sonication time. First of
all, we observe that the Al2O3–water nanofluids prepared
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using ultrasonic vibration have higher zeta potentials than
the same Al2O3-nanofluids without ultrasonic vibration.
More important observation is that zeta potential of
0.1 vol.% alumina nanofluids reaches a maximum value
of 34 mV after 5 h of sonication and then decreases with
increasing sonication. Therefore, the 0.1 vol.% Al2O3-
nanofluids are most stable when they are kept under ultra-
sonic vibration for 5 h. This shows that sonication is
needed for long (�5) h to improve the particle dispersion.

The Al2O3 nanoparticles were further characterized with
a TEM (transmission electron microscope). A TEM micro-
graph in Fig. 3 shows that most Al2O3 nanoparticles are
smaller than 30 ± 5 nm and that there are few agglomer-
ated Al2O3 nanoparticles. Zeta potential measurements
and a TEM micrograph show that 5 h of ultrasonic vibra-
Fig. 3. TEM micrograph of Al2O3 nanoparticles dispersed in water.
tion provides a good dispersion/suspension of Al2O3 nano-
particles with little aggregates in DI water.

3. Effective viscosity

The viscosity and thermal conductivity of nanofluids are
important transport properties for applications of nanofl-
uids as a new class of heat transfer fluids in thermal devices
or systems such as heat exchangers or cooling systems.
However, experimental data for the viscosity of nanofluids
are rare compared with their thermal conductivity. There-
fore, in addition to the effective thermal conductivities of
Al2O3–water nanofluids, the effective viscosities of dilute
nanofluids at low concentrations of alumina nanoparticles
(0.01–0.3 vol.%) were measured.

The effective viscosities of the Al2O3–water nanofluids
were measured using a viscometer of oscillation type,
VM-10A manufactured by CBC Co., Ltd. Before measur-
ing the viscosity of Al2O3–water nanofluids, we measured
the viscosities of DI water. A comparison of our data with
the reference data presented by Incropera [10] shows
that the uncertainty of the viscosity measurements is within
1.8%. The effective viscosities of Al2O3–water nanofluids
with low concentrations from 0.01 to 0.3 vol.% were mea-
sured at the temperature range from 21 to 39 �C. Fig. 4
shows the effective viscosities of Al2O3–water nanofluids
with various concentrations of Al2O3 nanoparticles as a
function of temperature. As shown in Fig. 4 the effective
viscosities of the dilute Al2O3–water nanofluids signifi-
cantly decreases with increasing temperature and slightly
increases with increasing volume fraction. Fig. 5 shows
the increment in the effective viscosity of dilute Al2O3–
water nanofluids as a function of nanoparticle volume frac-
tion. For comparison with measured viscosity increment
we also show theoretical predictions from the Einstein
model of the effective viscosity of dilute suspensions [11]
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Fig. 4. Effective viscosities of Al2O3–water nanofluids with low concen-
trations from 0.01 to 0.3 vol.% as a function of temperature.
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Fig. 5. Increment in the effective viscosity of dilute Al2O3–water nano-
fluids as a function of nanoparticle volume fraction.

Table 1
Enhancement in the effective viscosities of Al2O3-nanofluids at various
nanoparticles concentrations and at 21 �C

Concentration (%) 0.01 0.02 0.03 0.1 0.2 0.3

Enhancement (%)
lnanofluids�lwater

lwater
� 100

� � 0.08 0.11 0.89 1.74 2.51 2.90
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where leff, lBF, and f are the effective viscosity, the viscosity
of the base fluid, and the volume fraction, respectively.
Fig. 5 and also Table 1 show that the increment in the mea-
sured viscosity of the Al2O3–water nanofluids is greater
than predicted by the Einstein model and increases up to
2.9% at the concentration of 0.3 vol.%. Moreover, Fig. 5
shows that the measured viscosity of the Al2O3–water
nanofluids is nonlinear with the Al2O3 nanoparticle volume
concentration, while the Einstein model predicts a linear
relationship. The Einstein viscosity equation is known to
DC Power
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Fig. 6. Schematic of a transient hot wire apparatus for measu
be valid for particle concentrations less than 2 vol.%.
What’s unexpected is that, for the Al2O3–water nanofluids,
the nonlinear viscosity behavior occurs at very low particle
concentrations far below 2 vol.%. Very limited experimen-
tal data such as He et al. [12] also show nonlinear increase
in the viscosity with the nanoparticle concentration. Non-
linear behavior implies that there are particle–particle
interactions which invalidate the Einstein equation devel-
oped for dilute suspensions. It can be argued that the nano-
fluids sonicated for 5 h are very different from those
sonicated for only a few hours or less in that the interpar-
ticle distance is shorter for nanofluids with uniformly dis-
persed nanoparticles than for those with agglomerated
nanoparticles. Therefore, it is reasonable to expect more
particle–particle interactions in nanofluids with uniform
dispersion of nanoparticles than with aggregates. Also, it
can be argued that this nonlinear behavior could be related
to the increased surface of well-dispersed nanoparticles in
the nanofluids sonicated for 5 h and used in the measure-
ment of the viscosities because the flow behavior of a so-
lid–liquid suspension depends on the hydrodynamic force
acting on the surface of solid particles. However, presently
it is challenging to understand the physical mechanisms for
the discrepancy in the magnitude and concentration-depen-
dency of the viscosity of the Al2O3–water nanofluids at
very low concentrations below 0.3 vol.%. Therefore, this
nonlinear viscosity behavior of the nanofluids needs further
experimental and theoretical studies.
4. Effective thermal conductivity

A transient hot wire system was designed and manufac-
tured in-house to measure the effective thermal conductiv-
ity of Al2O3–water nanofluids with low concentrations
from 0.01 to 0.3 vol.%. The schematic of the experimental
apparatus and electric circuit is shown in Fig. 6. In the
Wheatstone bridge, Rw, R1, R2, and R3 are the resistance
3

Rw

A/D Converter
(Data Acquisition) PC

for data storage

ring the thermal conductivities of Al2O3–water nanofluids.
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of a platinum hot wire, 5 kX resistor, 5 kX potentiometer,
and 5 X resistor, respectively. The resistance at 0 �C, length
and diameter of the Platinum hot wire manufactured by
OMEGA are 10.144 X, 210 mm, and 50.8 lm, respectively.
The temperature coefficient of resistivity for the platinum
wire is 0.0039092/�C [13]. Instead of a two-wire compensa-
tion system [14] which is used to eliminate axial conduction
at both ends of the wire a hot wire with high aspect ratio
(wire length-to-diameter ratio of �4100) was used in this
study as a sensor to minimize conduction loss at the end
of the wire. In addition, a constant temperature chamber
was used to reduce the thermal disturbance due to varia-
tions in room temperature. When experimental data are
obtained from the transient hot wire shown in Fig. 6, the
effective thermal conductivity of Al2O3-nanofluids is calcu-
lated from

k ¼ q
4pðT 2 � T 1Þ

ln
t2

t1

� �
ð2Þ

where k and q are the thermal conductivity and applied
power per unit length of the wire, respectively and
T2 � T1 is the temperature rise of the wire between times
t1 and t2. To validate the transient hot wire system the ther-
mal conductivity of DI water was measured. We found that
the uncertainty of the thermal conductivity measurements
is within 0.5%.

The effective thermal conductivities of Al2O3–water
nanofluids with low concentrations from 0.01 to
0.3 vol.% were measured at 21 �C. Fig. 7 shows the
enhancement in the effective thermal conductivities of
Al2O3–water nanofluids as a function of nanoparticle vol-
ume fraction. Fig. 7 shows that the enhancement in the
measured thermal conductivities of the Al2O3–water nano-
fluids increases with increasing concentration and that the
maximum enhancement is 1.44% at the concentration of
0.3 vol.%. These results show that the enhancement in the
effective thermal conductivity of very dilute Al2O3–water
nanofluids is not as remarkable as that of toluene-based
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Fig. 7. Enhancement in the effective thermal conductivities of Al2O3–
water nanofluids as a function of nanoparticle volume fraction.
nanofluids containing extremely low concentrations of Au
nanoparticles in the range of 0.005–0.011 vol.% [8]. Fig. 7
also shows that, in contrast to viscosity, the measured ther-
mal conductivities of the dilute Al2O3–water nanofluids
increase nearly linearly with the Al2O3 nanoparticle volume
concentration. However, it is interesting to see in Fig. 8
that the present data is very consistent with the data from
the previous studies conducted at higher concentrations of
Al2O3 nanoparticles [3–6]. Furthermore, Fig. 8 shows that
the Jang and Choi model [15,16] can be used to estimate
the effective thermal conductivity of Al2O3–water nanofl-
uids over a very wide concentration range from 0.01 to
5 vol.%, which is more than two orders of magnitude.
5. Summary and conclusion

In this paper, we experimentally investigated the effec-
tive viscosities and thermal conductivities of water-based
nanofluids containing very low concentrations of Al2O3

nanoparticles (Al2O3–water nanofluids). For this purpose,
we produced Al2O3–water nanofluids with various concen-
trations from 0.01 to 0.3 vol.% using a two step method
with ultrasonication and without any surfactant. To exam-
ine the suspension and dispersion characteristics of the
Al2O3–water nanofluids, we studied the zeta potential
and TEM micrograph of the Al2O3 nanoparticles. Mea-
surements of zeta potential and TEM micrograph of the
alumina nanoparticles in the Al2O3–water nanofluids show
that 5 or more hours of ultrasonic vibration can uniformly
disperse the alumina nanoparticles in DI water with little
evidence of aggregation. Viscosity measurements show that
the viscosity of the Al2O3–water nanofluids significantly
decreases with increasing temperature. We have also
observed that the alumina nanofluids have a nonlinear rela-
tion between their viscosity and the nanoparticle concen-
tration even at very low (0.01–0.3 vol.%) concentrations,
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while the Einstein viscosity equation clearly predicts a lin-
ear relation.

In contrast to viscosity, the measured thermal conduc-
tivities of the dilute Al2O3–water nanofluids increase nearly
linearly with the concentration. Furthermore, the measured
thermal conductivities of the Al2O3–water nanofluids are
consistent in their overall trend with previous data at
higher concentrations and agree well with the predicted
values by the Jang and Choi model [15,16] over a very wide
concentration range from 0.01 to 5 vol.%.

This work shows that further experimental and theoret-
ical studies are needed to understand and control the inter-
esting transport properties of the Al2O3–water nanofluids
at very low concentrations such as the discrepancy in
the magnitude and concentration-dependency of their
viscosity.
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