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Abstract

In the present paper, we have investigated experimentally the influence of both the temperature and the particle size on the dynamic
viscosities of two particular water-based nanofluids, namely water—Al,O; and water—-CuO mixtures. The measurement of nanofluid
dynamic viscosities was accomplished using a ‘piston-type’ calibrated viscometer based on the Couette flow inside a cylindrical measure-
ment chamber. Data were collected for temperatures ranging from ambient to 75 °C, for water—Al,O3 mixtures with two different particle
diameters, 36 nm and 47 nm, as well as for water—CuO nanofluid with 29 nm particle size. The results show that for particle volume frac-
tions lower than 4%, viscosities corresponding to 36 nm and 47 nm particle-size alumina-water nanofluids are approximately identical.
For higher particle fractions, viscosities of 47 nm particle-size are clearly higher than those of 36 nm size. Viscosities corresponding to
water-oxide copper are the highest among the nanofluids tested. The temperature effect has been investigated thoroughly. A more com-
plete viscosity data base is presented for the three nanofluids considered, with several experimental correlations proposed for low particle
volume fractions. It has been found that the application of Einstein’s formula and those derived from the linear fluid theory seems not to
be appropriate for nanofluids. The hysteresis phenomenon on viscosity measurement, which is believed to be the first observed for nano-
fluids, has raised serious concerns regarding the use of nanofluids for heat transfer enhancement purposes.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Nanofluids, two-phase mixtures composed of very fine
particles in suspension in a continuous and saturated liquid
(water, ethylene glycol, engine oil), may constitute a very
interesting alternative for advanced thermal applications
(Lee and Choi, 1996; Chein and Huang, 2005). It has been
found that important heat transfer enhancement may be
achieved by using nanofluids instead of conventional fluids;
furthermore, some oxide nanoparticles exhibit excellent
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dispersion properties in traditional cooling liquids. In spite
of their remarkable features, few results on nanofluids use
in confined flow situations have been published (see
Daungthongsuk and Wongwises (2007) for a partial
review). Pak and Cho (1998) and Li and Xuan (2002) pro-
vided the first empirical correlation for computing Nusselt
numbers in laminar and turbulent tube flows using water-
based nanofluids. Others have considered the use of nano-
fluids in microchannel heat sinks (Chein and Huang, 2005).
Recent publications (Ben Mansour et al., 2006; Maiga
et al., 2005, 2006; Palm et al.,, 2004 and Roy et al.,
2006a) confirmed the heat transfer enhancement due to
nanofluids in tube flow and in radial flow between heated
disks.
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Nomenclature

T temperature (°C)

dy particle average diameter
h inter-particle spacing

Greek symbols

I dynamic viscosity (cP)

Ly relative viscosity (ratio of nanofluid-to-water
viscosities)

10} volume concentration of particles

Pm maximum particle volume fraction
Subscripts

bf base fluid (distilled water)

nf nanofluid

p particles

r ‘nanofluid/ base fluid’ ratio

Research efforts have mostly been concerned with the
characterization of thermal and physical properties of
nanofluids; a good proportion of published studies is of
an experimental nature and focuses on the determination
of effective thermal conductivities. A review of relevant lit-
erature (see in particular Eastman et al., 2004; Murshed
et al., 2005; Roy et al., 2006b) has shown an important data
dispersion for thermal conductivity obtained from various
sources. Furthermore, these data were concerned only with
low particle concentrations below 5% in volume. The data
dispersion mentioned above may be attributed to various
factors such as measuring techniques, particle size and
shape, as well as particle clustering and sedimentation. In
spite of this, it is clear that the thermal properties of nano-
fluids are considerably higher than those of the ‘conven-
tional’ base fluids (Wang et al., 1999; Eastman et al.,
1999, 2001). Apart from the pioneering works by Masuda
et al. (1993), other relevant and important published results
for nanofluid thermal conductivities include those by Choi
(1995), Pak and Cho (1998), Lee et al. (1999), Xuan and Li
(2000), Murshed et al. (2005) and Liu et al. (2006). Some of
the researchers also considered the effect of particle aggre-
gation and interfacial nanolayer (Xuan et al., 2003; Xie
et al., 2005). It should be mentioned that there exist, so
far, very limited data concerning the temperature effect
on nanofluid thermal conductivities (Masuda et al., 1993;
Das et al., 2003; Putra et al., 2003). Although the signifi-
cant dependence of nanofluid thermal conductivity on tem-
perature has clearly been shown, the amount of data
remains very limited. The present authors have recently
attempted to measure thermal conductivities for alumina—
water nanofluids with particle concentrations ranging from
1% to nearly 9% (Roy et al., 2006b). Regarding the model-
ing of nanofluid effective thermal conductivity, one should
mention the recent and interesting models proposed by
Koo and Kleinstreuer (2005) and Chon et al. (2005), taking
into account effects due to both temperature and particle
size. It is worth noting that the differences in modeling
nanofluid properties can lead to contradictory results
regarding the thermal performance of nanofluids (Ben
Mansour et al., 2007; Polidori et al., in press).

Regarding the nanofluid viscosity, the lack of data in the
literature is even more striking. Masuda et al. (1993) were

likely the first to measure the viscosity of several water-
based nanofluids for temperatures ranging from room con-
dition to 67 °C. Pak and Cho (1998) followed with viscosity
data obtained for Al,Os-water nanofluid and two particle
concentrations. Wang et al. (1999) obtained, using three
different preparation methods, some data for Al,Os;—water
and Al,Osz—ethylene glycol mixtures at ambient tempera-
ture. Putra et al. (2003) have also provided results showing
the temperature effect on Al,Oz—water nanofluid viscosity
for two particle concentrations, namely 1% and 4%. Most
recently, Maré et al. (2006), using a Brookfield viscometer
with rotating cylinder, obtained some new temperature-
dependent viscosity data for Al,Os—water at relatively high
particle concentrations. To our knowledge, there exist no
other data regarding nanofluids dynamic viscosity, a prop-
erty of crucial importance for all thermal applications
involving fluids.

In this paper, we present extensive measurements of the
dynamic viscosities for three different water-based nanofl-
uids, Al,Osz-water with 36 nm and 47 nm particles, and
CuO-water with 29 nm particles, for temperatures varying
from room conditions to almost 75 °C.

2. Estimation of nanofluid viscosities

From the theoretical point of view, a nanofluid repre-
sents a fascinating new challenge to researchers in fluid
dynamics and heat transfer because of the fact that it
appears very difficult, if not practically impossible, to for-
mulate any theory that can reasonably predict behaviours
of a nanofluid by considering it as a multi-component fluid
(Xuan and Roetzel, 2000). Yet, since a nanofluid is a two-
phase fluid, one may expect that it would have common
features with solid—fluid mixtures. The question regarding
the applicability as well as the limitations of the classical
two-phase fluid theory for use with nanofluids remains
unanswered.

There exist few theoretical formulas that can be used to
estimate particle suspension viscosities. Almost all such
formulas have been derived from the pioneering work of
Einstein (1906) which is based on the assumption of a lin-
early viscous fluid containing dilute, suspended, spherical
particles. In that article Einstein calculated the energy dis-
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sipated by the fluid flow around a single particle, and asso-
ciating that with the work required to move this particle
relatively to the surrounding fluid, he obtained:

_ Har
Hog

Einstein’s formula was found to be valid for relatively low
particle volume fractions, ¢ < 0.02. Beyond this value, it
underestimates the effective viscosity of the resulting mix-
ture. Since the publication of Einstein’s work, many articles
have been devoted to the ‘correction’ of his formula. In
most of these works, the authors have considered negligible
inertial effect in the fluid based on the assumption of a very
slow flow, which, in consequence, renders the equations of
motion linear. Two factors were often used to ‘correct’ Ein-
stein’s result: the first is that the particles may not be small,
and the second is that the structure of the particles within
the continuous phase may also affect the viscosity of the
mixture. A brief review of the relevant works is given
below. Brinkman (1952) has extended FEinstein’s formula
for use with moderate particle concentrations, as follows:

m =1+25¢ (1)

Hng 1

fof __ ° 2
:ubf (1 _ (P)Z.S ( )
One may also cite the following formula proposed by Fran-
kel and Acrivos (1967):

(@/¢m)"” ]
1—(o/on)"?

where ¢, is the maximum particle volume fraction as
determined experimentally.

On the other hand, Lundgren (1972) has proposed the
following equation under the form of a Taylor series in ¢:

Hog _ 9

Hor 8 G)

Bt 1250 4+2 62+ 0(¢?) (4)
Hof 4

It is obvious that if the terms O(¢?) or higher are neglected,
the above formula reduces to that of Einstein.

Batchelor (1977), in his theoretical analysis, considered
the effect due to the Brownian motion of particles on the
bulk stress of an approximately isotropic suspension of rigid
and spherical particles. He proposed the following formula:

Mof — 1 4250 +6.5¢7 (5)
Hof

Graham (1981) has proposed a generalized form of the
Frankel and Acrivos (1967) formula that agrees well with
Einstein’s for small ¢. Graham (1981) formula is:

Bt _ 142, : !
= 1250+ 45 (ﬁ)-(2+;—p)-(1+ﬁ)2

where d, is the particle radius and / is the inter-particle
spacing.

From the above formulas, it is apparent that the effec-
tive viscosity of a viscous fluid containing suspended solid
particles is a function only of the fluid viscosity and particle

(6)

volume fraction. In principle, all these formulas may also
be used for the determination of the viscosity of a nanopar-
ticle suspension. The limitations and validity of such an
application remain, however, highly questionable. Brink-
man’s formula in particular, which was adopted in various
studies considering nanofluids (Chein and Huang, 2005;
Maiga et al., 2006), has been found to severely underesti-
mate the nanofluid viscosity (Maiga et al., 2005).

3. Experimental apparatus and procedures
3.1. Description of the instruments and apparatus

The experimental apparatus is composed of three main
components: a viscometer, its electronic control module,
and a heating jacket that heats the sensor (Fig. la and
b). The viscometer, purchased from a commercial source
(ViscoLab450 Viscometer from Cambridge Applied Sys-
tems, Massachusetts, USA), uses the so-called ‘piston-type’
technology (Fig. 1¢) in which the determination of the fluid
sample viscosity is based on the Couette flow inside a cylin-
drical chamber. It is composed of two magnetic coils
installed inside a 316 stainless steel sensor body. These coils
are used to generate a magnetically-induced force on a
cylindrical piston that moves back and forth over a dis-
tance of 5 mm. By alternatively powering the coils with a
constant force, the elapsed time corresponding to a round
trip of the piston can then be measured. This measurement
is accurately related to the viscosity of the fluid sample con-
tained in the chamber through a precise calibration pro-
cess. As the piston is pulled toward the bottom of the
measurement chamber, it forces the fluid at the bottom
to flow around the piston toward the sensor opening. On
the other hand, on the upward piston stroke, fresh fluid
is pulled around the piston to thoroughly mix the contents
of the measurement chamber. Such a mixing effect ensures
the uniformity of fluid temperature inside the chamber.
Also, since measurement of the piston motion is in two
directions, variations due to gravity or flow forces are
annulled. Furthermore, because of the very small mass of
the piston, the induced magnetic forces greatly exceed
any disturbances due to vibrations. Since the fluid viscosity
may significantly vary with temperature, it is important to
know the exact temperature of the measurement chamber.
The temperature of the fluid sample inside the sensor
chamber is therefore continuously monitored using a preci-
sion Platinum RTD that is internally mounted at the base
of the chamber. The viscometer system was factory cali-
brated and delivered ready for operation. The temperature
accuracy and repeatability of the RTD probe are estimated
to be +0.2 °C and £0.1 °C, while the viscometer accuracy
and repeatability are, respectively, 1% and £0.8% for
the range of 0-20 cP, according to the manufacturer.

The heating jacket (Fig. 1b) consists of a solid steel cyl-
inder of 70 cm in length, 10 cm outside diameter and 6 cm
inside diameter (identical to the outside diameter of the vis-
cometer sensor chamber). It is electrically heated by means
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Fig. 1. (a) ViscoLab450 and controller module, (b) heating jacket with
potentiometer, (c) illustration of the viscometer measurement chamber.

of a standard 50 W nominal power cartridge heater that is
axially embodied inside the jacket; this heating cartridge
was coupled to a standard Variac in order to modulate,
if necessary, the electrical input voltage to the cartridge
heater. During the heating phase, extreme precaution was
exercised in order to maintain the maximum temperature
of the viscometer sensor around 85 °C as recommended

by the manufacturer to avoid any possible damages to
the instruments and their internal wiring.

3.2. Preparation of nanofluids and experimental procedure

In the present study, we are primarily interested in
establishing a viscosity database for two particular types
of water-based nanofluids, namely the Al,Os—water nano-
fluid with two different average particle diameters, 36 nm
and 47 nm, and the CuO-water nanofluid with 29 nm aver-
age size particles. All three mixtures have been purchased
readily prepared and mixed from a commercial source
(Nanophase Technologies, USA). At delivery, the original
particle volume fractions were approximately 22%, 15%
and 14%, respectively, for the above named mixtures. In
order to produce other solutions at desired particle concen-
trations, dilution with distilled water followed by a stirring
action was found to be quite sufficient. It should be noted
that because of the application of chemical dispersants
(unfortunately, no information regarding these dispersants
were available from the manufacturer) the suspension sta-
bility of nanoparticles within the base fluid, distilled water,
was found to be very good even after a relatively long rest-
ing period, e.g. weeks to months. After longer resting peri-
ods, a vigorous stirring action was normally sufficient to
properly re-establish the particle suspension. Several parti-
cle volume fractions, ranging from 1% to a value as high as
12%, have been considered.

The experimental procedure is relatively simple. At the
beginning of an experiment the mixture of a desired parti-
cle concentration is prepared, the sensor piston is removed
from the measurement chamber using a magnetic pen, and
the chamber is half filled with fluid. Next, the piston is
transferred into the chamber, pushed downward, and the
measurement chamber is then filled with the fluid sample.
It is interesting to mention that the total volume of fluid
sample required is only about 10 ml. With the steel jacket
mounted on the outside of the sensor, the heating circuit
and the viscometer controller module are added. A reading
can then be taken when the viscosity/temperature data
have stabilized, which can be ascertained through the %
of variation of these quantities displayed on the controller
panel. For a typical experiment, while using the full power
of the cartridge heater (50 W), the duration of the heating
phase necessary to raise the fluid sample temperature from
the ambient condition to almost 80 °C was found to be
approximately 4 h. In conjunction with a very low mass
of the fluid sample, such a long heating duration ensured
a sufficiently low thermal gradient and minimized any lag
between temperature reading and viscosity measurement.
Because of the long elapsed time, it was necessary to mix
the fluid sample inside the measurement chamber at regular
time intervals using the ‘purging feature’ (rapid strokes of
the piston inside the measurement chamber) available on
the viscometer. Tightly wrapped plastic was applied
around the measuring chamber in order to reduce the
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effects, if any, of water evaporation especially under ele-
vated temperatures. This solution appeared satisfactory.
In the present study, we were also interested to deter-
mine whether there exists some hystereris behaviour on
particle suspension quality due to the heating process. To
do this, after reaching the desired maximum temperature,
the heating power is cut off and the system is allowed to
cool by natural convection toward the ambient air. During
this cooling phase, which is extremely slow (it generally
takes around 5h to return to the ambient temperature)
readings of fluid temperature and viscosity were continu-
ously taken using a purging action at regular intervals.

3.3. Results from validation tests of instruments

In order to verify the precision of the ViscoLab450 vis-
cometer as well as to assess the reliability of the experimen-
tal procedures described above, we have carried out two
different sets of viscosity measurements. The first set was
conducted using the CAS calibration fluid (a mineral oil
with code name S3S) supplied by the manufacturer for
which viscosity data are available. For the second set of
tests, distilled water was used. For both fluids, values of
viscosities were collected during the heating as well as the
cooling phase. Fig. 2a shows that the measured viscosity
values of the mineral oil are quite close to those of the man-
ufacturer (note that non-regular intervals are used for the
x-axis). In fact, the relative errors of the measured data
did not exceed 3% over the temperature range tested, from
20 °C to 45 °C. Unfortunately, due to the lack of manufac-
turer’s data, such a comparison was not possible for tem-
peratures lower than 20 °C. For the case of distilled
water we have compared the measured data to the corre-
sponding values computed by the following correlation
(Hagen, 1999):

1.12646 — 0.039638 - (T + 273.15) o
1 —0.00729769 - (T + 273.15)

Ly X 10* = exp

where 7, in °C, is the fluid temperature. Fig. 2b clearly
shows that the ViscoLab450 Viscometer performs quite
satisfactorily in this case also. The relative errors do not ex-
ceed 6.5%, a value that is very acceptable in conjunction
with experimental uncertainties. From the results of these
validation tests, we are confident that not only did the vis-
cometer perform satisfactorily, but also that the experi-
mental procedure, in particular the heating/cooling
processes of the viscometer, are appropriate for the tasks
demanded.

4. Presentation of viscosity data
4.1. Nanofluids viscosities at ambient temperature

Figs. 3 and 4 show viscosity data for Al,Os—water and
CuO-water nanofluids for room condition (i.e., tempera-

tures of fluid sample between 22 °C and 25 °C) and the par-
ticle volume fraction varying from 0.15% to as high as 13%.
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Fig. 2. Results from validation tests: (a) S3S calibration oil, (b) distilled
water.

The results are expressed under the usual form of the vis-
cosity as well as relative viscosity (defined as the ‘nano-
fluid-to-water’ ratio of viscosities). It is important to
recall that based on the results from the validation tests
using calibration fluid and distilled water one can expect
maximum relative errors below 6.5% for the measured vis-
cosities. Some limited data from other researchers are also
displayed in Fig. 4 for discussion purposes. As expected,



C.T. Nguyen et al. | Int. J. Heat and Fluid Flow 28 (2007) 1492—1506 1497

nanofluid viscosity increases with an augmentation of par-
ticle volume fraction. Thus for 47 nm alumina—water nano-
fluid for example, the relative viscosity increased from
nearly 1.12 to 1.6, to 3.0 and then to ~5.3 for particle
concentration increasing from 1% to 4%, to 9% and then
to 12%. Similar behaviour was also found for the 36 nm
Al,O5 particle size: the relative viscosity increased from
~1.1 to =1.4, then to ~2.0 and finally to ~3.1 for particle

20
18 /‘
—A— CuO 29nm /
16 +—
* AlO; 36nm /
14 4+— [ ] A|203 47nm

- -
o N

Viscosity (cP)
\

Particle volume fraction (%)

Fig. 3. Viscosity data at ambient temperature for nanofluids considered.
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@ 477 - - - - Brinkman (1952) formula
@ 354] — Batchelor (1977)formula n
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2 . =
© [
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14 = A
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x/ ® .
15 —{—lrn—; ——=
g 8= - T
0 2 4 6 8 10 12 14

Particle volume fraction (%)

Fig. 4. Water—Al,O;5 relative viscosity from various sources (ambient
condition).

concentration varying from 2.1% to 4.3%, to 8.5% and then
to 12.2%. It is interesting to observe that viscosities of
nanofluids with 36 nm particle-size are clearly lower than
those with 47 nm particles. Such differences become more
pronounced for particle volume fractions higher than 5%.
Another point of interest is that data in Fig. 4 eloquently
show that both the Brinkman (1952) and Batchelor
(1977) formulas severely underestimate nanofluid viscosi-
ties, except at very low particle volume fractions. Such
result is discussed in detail in Section 4.3. Furthermore,
while attempting to compare our measured data to those
from other researchers, an apparently contradictory behav-
iour has been noticed regarding the effect of particle size.
Pak and Cho (1998) data obtained for 13 nm particle-size
are much higher than all other results while Wang et al.
(1999) data fall relatively close to ours. In our opinion, it
is difficult to draw any conclusive remarks about such
result, except to say that this intriguing behaviour may
be attributed to various factors such as nanofluid prepara-
tion methods. This is, in fact, one of the major concerns in
nanofluid studies (Keblinski et al., 2005). For computing
purpose, we have proposed the following correlations for
the Al,Os—water nanofluids tested:

1 = Eot — 0.904¢" 145 (8)
Hog

for 47 nm particle-size, and:

i =14+0.025¢ + 0.015¢? 9)

for 36 nm size.

For CuO-water nanofluid under ambient condition,
similar behaviour regarding the viscosity increase with
respect to particle fraction was also found, Fig. 3. It is very
interesting to observe that for particle volume fractions
lower than 4%, the viscosity of CuO-water is almost the
same as that of the alumina—water nanofluids considered
earlier. However, for higher particle loading, the increase
in viscosity with respect to particle concentration is clearly
much greater. Such high values of viscosity may result from
the intrinsic molecular structure of the mixture itself and
the particular chemical dispersing agents used. Also, we
can see that the use of the Batchelor (1977) and Brinkman
(1952) formulas for CuO-water nanofluid is inappropriate.
Therefore, we have proposed the following correlation for
computing CuO-water viscosity:

1, = 1.475 — 0.319¢ 4 0.051¢> + 0.009¢° (10)

4.2. Nanofluid viscosity data function of temperature

We measured extensively viscosities for the three nano-
fluids considered for particle volume fraction ranging from
1% to nearly 9.4% and for temperatures varying from room
condition to 75°C approximately. In total, almost five
hundred data points were collected for both distilled water
and nanofluids. It is worth noting that for alumina-water
nanofluid, most of these data have been collected from dif-
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Fig. 5. Viscosity data for: (a) water-Al,O3 — 47 nm, (b) water-Al,O3 — 36 nm and (c) water—-CuO — 29 nm.



ferent runs using new fluid samples in order to ensure not
only the consistence but also the repeatability of data.
The complete data base is shown in Fig. 5a and b for alu-
mina-water with 47 nm and 36 nm and in Fig. 5c for CuO-—

Fig. 6.
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water; while the corresponding least-square fitting curves
are shown in Fig. 6a—c.

It can be observed that in general, nanofluid viscosity
increases considerably with increasing particle volume frac-
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tion, but decreases with an augmentation in temperature.
The first effect is due to the fact that increasing concentra-
tion would have a direct effect on the fluid internal shear
stress while the temperature effect is obviously due to a
weakening of inter-particle and inter-molecular adhesion
forces. Thus, for water—-Al,O3 and 47 nm particle-size in
particular, viscosities for 30°C are approximately 0.8,
1.3, 1.7 and 3.6¢P, for concentrations of 1%, 4%, 7% and
9.4%, respectively. Similar behaviours were found for
36 nm alumina-water as well as for 29 nm CuO-water.
For the latter, viscosities are generally much higher than
those of alumina—water nanofluids, especially for high par-
ticle concentrations; thus, for 30 °C for example, CuO-
water viscosities are 0.9, 1.5, 3.1 and 6.5¢P for particle con-
centrations of 1%, 4.5%, 7% and 9%, respectively. It is also
interesting to note that for all the nanofluids tested, the
temperature gradient of viscosities is generally more impor-
tant for temperatures around ambience, e.g. from 22 °C to
40 °C. Such viscosity gradient is particularly more pro-
nounced for high particle fraction, for example for 9%.
This result suggests that temperature effects on particle sus-
pension properties may be very different for high particle
fraction than for lower ones. With an increase of tempera-
ture, measured viscosity data have shown a certain asymp-
totic behaviour, i.e., viscosities tend to become almost
constant regardless of temperature. In fact, for given nano-
fluid and particle fraction, we have observed that there
exists a critical temperature, T,,, beyond which irreversible
damage seems to be done to the particle suspension prop-
erties, which, in turn, produces an unexplainable and some-
what ‘erratic’ increase of nanofluid viscosity. The hysteresis
phenomenon, which will be described and discussed in
details later in Section 4.4, has clearly been observed when
heating the fluid sample beyond T,. Such intriguing behav-
iour remains not completely understood, and more data is
needed. At present, we can state only that this 7¢, seems to
be strongly dependent not only on particle concentration
but also on particle-size (Table 1). T, corresponds to the
last points on the data curves shown in Fig. 5a—c.

Fig. 6a—c illustrate the tendency curves obtained by
curve-fitting of the data collected. It is worth noting that
for each of the figures, the lowest curve corresponds to dis-
tilled water viscosity as given by Eq. (7), while the other
curves, from the lowest to the highest, correspond to the
four different particle concentrations considered. The pre-

Table 1
Effect of particle size on T, (°C) for nanofluids considered
A1203 CuO
47 nm 36 nm 29 nm
1% N/A® N/A? 66.2
4% 69 65.3 63.2
7% 63.8 61.6 57.2
9% 58.7 54 51

# Hysteresis phenomenon not observed for the temperature range
considered.

viously discussed behaviours regarding the effects due to
temperature as well as to particle volume fraction can be
clearly observed in these figures. T, corresponds to the
highest temperature at the end of each curve.

As previously stated, data obtained for the considered
nanofluids, in particular those for Al,Os—water mixture
with high particle concentrations as well as those for
CuO-water nanofluid, are believed to be the first of their
kind. For Al,Os-water in particular, although there exist
some data by Maré et al. (2006) and Masuda et al.
(1993), it appears difficult to draw any conclusive compar-
isons. In fact, from data shown in Fig. 7 for the particular
case of alumina—water mixture with particle volume frac-
tion of ~4.5%, we can observe that while there seems to
be negligible difference in our viscosity data for both
36 nm and 47 nm particle-sizes, those by Masuda et al.
(1993) for 13 nm size are clearly higher than ours. On the
other hand, Mar¢ et al. (2006) considered 47 nm particle-
size and, using a Brookfield-rotating-cylinder viscometer,
obtained a very different scale of viscosity: their data are
three times higher than ours, in spite of all the precautions
taken. This result indicates that data for nanofluid proper-
ties may differ significantly from one source to another. We
believe that such a discrepancy is due mainly to the differ-
ences of preparation methods used for synthesizing nanofi-
uids (see in particular Keblinski et al., 2005; Eastman et al.,
2004).

4.3. Nanofluid relative viscosity as function of temperature

In the present study, we are also interested to determine
whether Einstein’s formula and the other expressions pre-
sented in Section 2 can be used to represent temperature-
dependent viscosities for the nanofluids tested. Fig. 8a
and b shows, respectively, for Al,Osz—water and CuO-water
nanofluids, the results for the relative viscosity as a func-
tion of temperature. It is interesting to observe that for par-
ticle concentrations lower than 4%, all tested nanofluids
exhibit almost constant relative viscosities that are inde-
pendent of temperature. Between the two alumina-water
nanofluids, there are only slight differences in the levels
of relative viscosity. Such differences however become
much more visible for higher particle fraction, e.g. for 7%
and 9% (Fig. 8a), where we can observe not only a temper-
ature-dependence, but a particle-size-dependence as well.
The effect due to particle-size appears somewhat paradox-
ical: for a particle fraction of 7% for example, viscosities
for 36 nm are slightly higher than those of 47 nm; while
for a 9% volume fraction, the reverse behaviour is found.
With regard to a water—CuO mixture, similar behaviours
have also been found, although levels of relative viscosity
are much higher than those observed for alumina-water
nanofluids. Thus, for a 9% volume fraction for example,
relative viscosities of CuO-water range from 7 to almost
10, i.e., 7-10 times the viscosities of water. Such a high level
of viscosity may impose severe restrictions on the use of
nanofluids in practical thermal applications.
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From the above temperature and particle-size depen-
dence of relative viscosities, we found that none of the for-
mulas cited in Section 2 would be applicable for the
nanofluids studied, especially for particle concentrations
higher than 4%. In fact, even for low particle concentra-
tions, e.g. 1% and 4%, Einstein’s formula as well as those
of Brinkman (1952), Lundgren (1972), Batchelor (1977)
and Graham (1981) have, as we may expect, underesti-
mated nanofluids viscosities. Thus, for a 1% particle frac-
tion, these formulas give values of 1.025-1.026 for
relative viscosity, while our data give values of 1.05-1.29
for Al,Os—water and 1.05-1.19 for CuO-water. For a 4%
concentration in particular, relative viscosities range from
1.1 to 1.11 according to these formulas, which are drasti-
cally underestimated with respect to our data, namely
1.43-1.73 for Al,Osz—water and 1.83-2.14 for CuO-water.
This result, similar to that observed earlier for viscosity
data at ambient temperature (Section 4.1), may be
explained by the fact that Einstein’s formula, and all others
originating from it, were obtained based on the theoretical
assumption of a linear fluid surrounding isolated particles.
Such a model may well represent the situation of a liquid
that contains a small number of dispersed particles. For
nanofluids in particular, this may correspond to a very
low particle volume fraction, e.g. below 1%, as it seems
to be corroborated by the measured data for 1% particle
volume fraction. However, for higher particle concentra-
tions the departure of these formulas from our experimen-
tal data is considerable, indicating that the linear fluid
theory is no longer appropriate to represent nanofluid real-
ity. Even Batchelor’s formula (1977), the one that consid-
ered Brownian effects, performs poorly. A possible
explanation of this is the fact that for the nanofluids tested
in this study, the use of chemical surfactants to maintain
good particle suspension properties can affect the inter-par-
ticles forces. We believe that this effect requires further
investigation.

The following formulas have been proposed for
computing the dynamic viscosity for all three nanofluids
tested and particle concentrations of 1% and 4%,
respectively:

fr = tpr(1.1250 — 0.0007 - T) (11)
[ = ppe(2.1275 — 0.0215 - T + 0.0002 - T2) (12)

where T is temperature in °C (it is obvious that because of
the particular form of these equations, the coefficients pre-
ceding the variables 7 and 7> have, as unit, °C~! and
°C~2, respectively). On the relative error basis, the correla-
tions (11) and (12) exhibit average errors of 0.06% and
1.28%, and standard-deviations of 3.75% and 11.39%,
respectively. These values are considered acceptable in con-
junction with experimental uncertainties. Unfortunately,
for higher particle volume fractions, it was not possible to
provide any correlations that could take into consideration
the combined effects due to temperature, particle concentra-
tion and size.

4.4. Hysteresis phenomenon on viscosity measurement

As mentioned, our observations and experimental data
have clearly revealed the existence of a critical temperature
beyond which nanofluid viscous behaviour becomes drasti-
cally altered. Specifically, it has been found that for inter-
mediate to high particle concentrations, a large increase
of viscosity is observed when a fluid sample is heated
beyond a critical temperature. And if the fluid sample is
subsequently cooled, a hysteresis on viscosity measurement
occurs. This rather intriguing phenomenon may be better
understood by scrutinizing Fig. 9a that shows viscosity
data obtained for Al,Oz-water with 47 nm particle-size
and 7% particle volume fraction during experiments of
heating and cooling. We first performed Run 1, ‘heating
phase’, which was followed by Run la, ‘cooling phase’.
Data collected in Run 1 showed that at 61.3 °C approxi-
mately, nanofluid viscosity reached its lowest level. Beyond
this temperature the viscosity increases with increasing
temperature. This behaviour has been confirmed by per-
forming another run, Run 2 ‘heating phase’. We note the
low data dispersion between Runs 1 and 2, which proves
the consistency and reliability of the instruments used
and of the experimental procedures adopted. When the
fluid sample was heated beyond 61.3 °C and then cooled
slowly, a hysteresis behaviour was clearly observed. Thus,
during the cooling operations (Runs la and 2a) measured
viscosities at any given temperature are considerably higher
than those measured during the heating phases (Runs 1
and 2). One may conclude that for Runs la and 2a, some
irreversible damage has occurred to the particle suspension
properties. It is interesting to note that the only difference
between Runs 1a and 2a is in level of the highest tempera-
ture reached by the fluid sample prior to cooling. These
temperatures are approximately 69 °C for Run la and
71.2 °C for Run 2a. One can also observe from Fig. 9a that
viscosities of Run 2a are clearly higher that those of Run
la, which gives the indication that damage to particle sus-
pension properties is more pronounced in Run 2a than in
Run 1a. Thus, the temperature level which the fluid sample
reaches during a heating phase is of crucial importance
with regard to possible damages done to the nanofluid rhe-
ological properties. It is worth noting that if the heating of
the fluid sample stops below the critical temperature, T, no
hysteresis takes place during cooling.

This interesting phenomenon was also observed for
36 nm particle-size Al,Os—water (Fig. 9b) and 29 nm parti-
cle-size CuO-water (Fig. 9¢). It is interesting to observe
that for a low particle fraction, e.g. 1%, we detected no sign
of hysteresis for either 47 nm or 36 nm particle-sizes. How-
ever, for higher particle loading, hysteresis does exist,
becoming more pronounced with an increase of particle
fraction. For Al,Osz—water — 36 nm and concentrations of
7% and 9% (Fig. 9b), the hysteresis observed was particu-
larly severe, especially for the 9% particle fraction for
which the heating phase beyond the critical temperature
was stopped short as fluid sample became very sticky. This
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indicates a rather drastic alteration of nanofluid rheologi-
cal properties. Fig. 9c shows a similar hysteresis phenome-
non for 29 nm CuO-water and specific particle volume
fractions of 4.5% and 9%. Here again, the hysteresis is
rather severe: for the 9% particle volume fraction in partic-
ular, the levels of viscosity measured during the cooling
phase are almost twice those of the heating phase. For this
concentration, the value of T, is quite low and has been
estimated at 51 °C. Table 1 presents experimental values
of T, for the nanofluids under consideration. The critical
temperature appears strongly dependent on both particle
concentration and size: T, decreases with increasing parti-
cle fraction and, for a given particle concentration, 7,
decreases with decreasing particle size.

The above intriguing hysteresis is still poorly under-
stood. We believe that a considerable increase of nanofluid
viscosity during the cooling operation, e.g. Runs la and 2a
(see again Fig. 9a), may be caused by drastic yet unknown
changes that have been produced by temperature changes.
In fact, visual inspection of fluid samples at the end of
Runs la and 2a reveal a highly viscous fluid with the pres-
ence of particle agglomerates on the inner surface of the
measuring chamber. This suggests that particle suspension
properties have been greatly altered or, worse, destroyed
when the fluid sample is heated beyond the critical temper-
ature. This may be linked to the presence of dispersing
agents, i.e., the chemical agents (often polymers) used as
surfactants to maintain the particles in stable suspension.
We believe that beyond a critical temperature, these surfac-
tants are broken down and their performance is consider-
ably reduced or even destroyed, causing the particles to
lose their suspension capabilities. The particles then have
a tendency to form agglomerations resulting in the
observed drastic and unpredictable increase of the nano-
fluid viscosity. Such an argument appears, in our opinion,
physically plausible. It indicates that, once the deteriora-
tion of particle suspension properties is initiated, the pres-
ence of more particles inside the base fluid (i.e., higher
particle volume fractions for given particle-size or smaller
particle-size for given particle volume fraction) would
result in a more pronounced effect on nanofluid viscosity.
This explanation is well corroborated by the experimen-
tally determined values for T, (see again Table 1). Unfor-
tunately, it was not possible to obtain any information
regarding the nature and characteristics of the dispersing
agents used by the manufacturer in order to verify these
statements. More investigations are necessary in order to
completely understand this hysteresis phenomenon.

4.5. Hysteresis: is heat transfer enhancement by using a
nanofluid still possible?

In light of the hysteresis observed on viscosity measure-
ment, one can wonder if it would be realistic to consider
using nanofluids for heat transfer enhancement purposes,
enhancement that has been acclaimed by many researchers
in recent years. It must be clear at this stage that in the

occurrence of a hysteresis behaviour and unpredictable
increase of viscosity inside a nanofluid, the entire flow field
and heat transfer behaviour would become completely
unpredictable. For non-isothermal flow situations, the
behaviour and development of both the flow and thermal
fields, especially in the vicinity of boundary layers, would
also become highly unpredictable. This situation is obvi-
ously undesirable and may seriously compromise the
potential use of nanofluids in thermal applications, in spite
of their interesting features.

It is worth mentioning that for some confined flow situ-
ations, it has been experimentally demonstrated that an
inclusion of nanoparticles within viscous fluids produces
a substantial heat transfer enhancement, see in particular
Pak and Cho (1998), Li and Xuan (2002) and Nguyen
et al. (2006a). In these works the hysteresis phenomenon
was not observed, probably because of the relatively low
temperatures considered, i.e., below the critical tempera-
tures. It is also possible that the presence of a strong forced
convection flow has attenuated the effects, if any, resulting
from a hysteresis phenomenon. Thus, the heat transfer
enhancement capabilities of nanofluids for cases of forced
convection flows are really present, and this, despite the
fact that the physical mechanisms behind such enhance-
ment have yet been completely understood (Keblinski
et al., 2005). On the other hand, it has also been found,
through experimental observations and data, that high
temperature levels may drastically alter or even destroy
particle suspension properties, which, in turn, has a direct
impact on heat transfer. In particular, Putra et al. (2003)
and Nguyen et al. (2006b) have observed that for cases of
natural convection in an enclosure and pool boiling using
Al,Os—water nanofluids, such alteration of particle suspen-
sion properties was responsible of the deterioration of the
surface heat transfer coefficient.

In summary, one can believe with confidence that the
nanofluids constitute an interesting alternative for various
thermal applications, their use, however, from the practical
viewpoint, seems to be limited for low temperatures. The
obvious question is then how to produce a ‘suitable’ nano-
fluid to accomplish the goal of heat transfer enhancement.
More precisely, in light of the hysteresis phenomenon
observed in this work, nanofluids must possess indeed sta-
ble particle suspension properties over wide ranges of tem-
perature. Such a formidable task represents an interesting
challenge from the manufacturing viewpoint as particle
suspension properties seem to be closely influenced not
only by properties of the constituents used but also by
the methods employed to produce the suspensions
themselves.

5. Conclusion

In this paper, we have established a new and more com-
plete viscosity data base for two particular water-based
nanofluids, namely water-Al,O3; with 36 nm and 47 nm
particle-sizes and water—-CuO with 29 nm particle-size.
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Using a ‘piston-type’ calibrated viscometer combined with
a cylindrical and heated chamber, data were first collected
for ambient condition and particle volume fractions up to
almost 12%. The effects due to temperature and particle-
size were investigated for fluid temperatures ranging from
22 °C to 75 °C and particle volume fractions varying from
1% to 9.4%. For all the nanofluids tested, their viscosities
were found to be strongly dependent on both temperature
and particle volume fraction. In general, the dynamic vis-
cosity of nanofluid increases with an augmentation of par-
ticle volume fraction (for a given temperature), but
decreases with increasing temperature (for a given particle
concentration). For water—alumina nanofluid, it was
observed that particle-size effects are more important for
high particle concentrations. Similar behaviours were
found for a CuO-water mixture regarding the effects due
to temperature and particle concentration, although its vis-
cosity levels are generally much higher than those of
Al,Os-water. Several correlations were proposed for com-
puting nanofluids viscosities for low particle concentra-
tions. Experimental data have clearly revealed the
existence of critical temperatures beyond which the hyster-
esis phenomenon occurs. This hysteresis, which is believed
to be the first observed for nanofluids, has raised serious
concerns regarding the use of nanofluids for heat transfer
enhancement purposes. Finally, it has been found that Ein-
stein’s formula and several others originating from the lin-
ear fluid theory seem not to be applicable for the nanofluids
tested, especially for intermediate to high particle volume
fractions.
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