Korea-Australia Rheology Journal
Vol. 17, No. 2, June 2005 pp. 35-40

Viscosity and thermal conductivity of copper oxide
nanofluid dispersed in ethylene glycol

Kiyuel Kwak and Chongyoup Kim*
Dept. of Chemical and Biological Engineering, Korea University, Anam-dong, Sungbuk-gu, Seoul 136-713, Korea

(Received March 22, 2005; final revision received April 11, 2005)

Abstract

Nanofluid is a novel heat transfer fluid prepared by dispersing nanometer-sized solid particles in traditional
heat transfer fluid to increase thermal conductivity and heat transfer performance. In this research we have
considered the rheological properties of nanofluids made of CuQO particles of 10-30 nm in length and eth-
ylene glycol in conjunction with the thermal conductivity enhancement. When examined using TEM, indi-
vidual CuO particles have the shape of prolate spheroid of the aspect ratio of 3 and most of the particles
are under aggregated states even after sonication for a prolonged period. From the rheological property it
has been found that the volume fraction at the dilute limit is 0.002, which is much smaller than the value
based on the shape and size of individual particles due to aggregation of particles. At the semi-dilute regime,
the zero shear viscosity follows the Doi-Edwards theory on rodlike particles. The thermal conductivity mea-
surement shows that substantial enhancement in thermal conductivity with respect to particle concentration
is attainable only when particle concentration is below the dilute limit.
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1. Introduction

Nanofluid is a novel heat transfer fluid prepared by dis-
persing nanometer-sized solid particles in traditional heat
transfer fluid such as water or ethylene glycol to increase
thermal conductivity and therefore heat transfer perfor-
mance. For example, when 0.3 volume percent of copper
nano-particles are dispersed in ethylene glycol, one can
observe about 40% of increase in thermal conductivity
(Eastman and Choi, 1995). Metal oxides such as aluminum
oxide or titanium oxide are also feasible even though the
amount of heat transfer increase is not as large as metal
particles (Masuda et al., 1993). The effectiveness of heat
transfer enhancement is known to be dependent on the
amount of dispersed particles, material type, particle shape,
and so on. It is expected that nanofluid can be utilized in
airplanes, cars, micro machines in MEMS, micro reactors
among others. Before the introduction of nanofluid, it was
expected that heat transfer could be enhanced by dispersing
micron-sized particles. But the fluid with micron-sized par-
ticles caused problems due to sedimentation and clogging
(Xuan and Li, 2000). Most of all, the fluid with micron-
sized particles was found to be not efficient enough. Since
the concept of nanofluid has been first introduced by East-
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man and Choi (1995), there have been many efforts to
understand the mechanism of heat transfer enhancement
together with experimental measurements of the thermal
conductivity of nanofluids and the methods of utilization of
nanofluids.

However there has been no established mechanism for
the heat transfer enhancement. The reason may arise from
the difficulty caused by the fact that the heat-transfer
between the base fluid and particles occurs while the par-
ticles are in random Brownian motion. Also, depending on
the flow condition and chemical nature of particles, dis-
persion state can be different. Xuan and Roetzel (2000)
suggested a mechanism by assuming that nanofluid
behaves similarly to common solid suspensions in liquid.
Keblinski et al. (2002) argued that the heat transfer
increases due to the combined effect of Brownian motion
of nano-particles, formation of liquid-solid interface, large
conductivity of particle itself and clustering of nano-par-
ticles.

There have been some reports on the rheological behav-
ior of suspension of nano-particles. Xiao-Bing ef al. (2001)
reported the viscosity of nanofluid by using the molecular
dynamic simulation and kinetic theory. Zaman et al. (2002)
and Zaman (2000) reported on the rheological properties
and surface charge of polyethylene-coated silicone oxide
particles. Chandrmalar (2000) reported on the rheological
properties of aqueous solution of titanium oxide under the
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presence of cellulose. Aoki ef al. (2003) considered the
carbon black dispersed system. Bently (1984) reported the
dispersion stability and rheological properties of a latex
system with adsorbed copolymers. However the particles
used in those researches were low k materials and heat
transfer experiments were not performed hence we cannot
directly apply their results to nanofluid systems.

Until now, there have been few researches on the char-
acteristics of dispersion and rheological properties of
nanofluids. Since nanofluids are expected to be used under
flow conditions and the flow of suspension is sometimes
drastically different from that of most common heat trans-
fer fluids that have Newtonian characteristics, it is essential
to have the rheological properties of nanofluid to use prac-
tically. Also, to understand the mechanism of heat transfer
enhancement it is crucial to have the ideas on the fluid-par-
ticle and particle-particle interactions within the fluid.
Since the rheological properties can provide us with the
knowledge on the microstructure under both static and
dynamic conditions, the study on the rheological properties
of nanofluid may reveal the route to understand the mech-
anism of heat transfer enhancement, and hence the design
of nano-particles for the maximum heat transfer enhance-
ment. In this study, we investigated the thermal conduc-
tivity and rheological properties of copper oxide nanofluid
dispersed in ethylene glycol.

2. Experimental

2.1. Materials and dispersion of nano-particles in
base fluid

As the nano-particle copper oxide (CuQ, Integran Tech-

nologies Inc., Canada) was used. The CuO particles have

Fig. 1. TEM image of CuQ particles. Before dispersed in liquid,
particles are strongly aggregated.
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Fig. 2. Average particle size of CuO particles after sonication.
Particles are dispersed in ethylene glycol. The average
diameter has the minimum value when the duration of
sonication is 9 hours.

the diameter of 10-30 nm and the average diameter of the
particles is 12 nm. The shape is rod-like as shown in Fig.
1. The exact aspect ratio is not known, but from the TEM
image after dispersion, it is estimated to be approximately
3. CuO has the density of 6,000 kg/m’. As the base fluid
reagent grade ethylene glycol was used. When nano-par-
ticles were poured into the base fluid, particles sedimented
within several minutes because the particles remain within
the clusters without being dispersed. To disperse particles
sonication was used with an ultrasound generator (20 kHz,
100W). It was found that if the duration of sonication is too
long particles get coalesced again. To determine the opti-
mum duration of sonication, we varied the duration.from 1
to 30 hours and measured the average size of particles as
shown in Fig. 2. From the figure we can conclude that the
optimum duration is 9 hours and the average value is
approximately 60 nm. This value is about 5 times larger
than the individual particle and hence the dispersion is not
completed yet. The average particle size, hence the status
of dispersion is found to be independent of particle volume
fraction when the volume fraction is less than 0.05 which
is thought to be close to the maximum amount of solid
content as useful nanofluid. In Fig. 3, a TEM image is
shown for the nanofluid sonicated for 9 hours. The image
shows that CuO particles are still connected even though
they are separated from the clusters as shown in Fig. 1. The
smallest average diameter is also confirmed by the largest
absolute value in zeta potential based on the reasoning that
the larger value indicates that the particles are better dis-
persed (See Fig. 4). Here we used the dynamic light scat-
tering technique with ELS-8000 (Otsuka Co.). To check
the stability of the nanofluid we measure the average par-
ticle size after waiting 100 days and find that the average
sizes remain virtually the same as shown in Fig. 5. The
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Fig. 5. Change in the average particle size. The average particle
: size remains the same after the long time standing of 100

days regardless of particle volume fraction. Hence the
nanofluid is regarded as stable against aggregation.
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sedimentation hence is more stable. From the above inde-
pendent studies we concluded that CuO nanofluid soni-
cated for 9 hours is the best dispersed and most stable. In
the following we studied the rheological and thermal prop-
erties only for this case.

2.2. Measurement of rheological properties

Rheological properties were measured using an ARES-
LS (Rheometrics Inc.) with the Couette fixture and
AR2000 (TA Instrument) with an acrylic parallel plate.
The inner and outer diameters of the Couette fixture are 32
and 34 mm, respectively and the height is 32 mm. The
diameter of the acrylic plate is 60 mm and the lower plate
is the constant temperature peltier with a sufficiently larger
diameter compared with the acrylic plate. All the mea-
surements were done at 298 K. To measure the zero shear
viscosity, a creep test was used with the AR2000 (A stress
rheometer). Steady rate-sweep tests were performed
between 0.01 and 100 s in shear rate.

2.3. Measurement of thermal conductivity

The thermal conductivity of nanofluid was measured
using the transient hot-wire method used in most studies
where the temperature increase of the hot-wire (platinum in
this experiment) is related to the thermal conductivity k of
fluid as follows (Nagasaka and Nagashima, 1981):

_ g [dInAT
k 47l dlint M

In the above equation, ¢ is heat generation per unit length,
AT is temperature increase, ¢ is time. The temperature of
the platinum hot-wire is estimated from the following rela-
tionship suggested by Bently (1984):

R=Ry[1+a(T-273.15)+ A(T-273.15)] (2)

where @=3.9092 x 10° K and f=-5.9170 x 107" K™
and T is in K. The measuring cell has a dimension of 30
mm in diameter and 70 mm in height. The platinum hot
wire has the diameter of 25 micrometer and the length of
50 mm. The cell was immersed in a bath maintained at
298 K. To avoid the effect of natural convection and the
initial disturbances, data were collected only between 100
and 300 ms.

3. Viscosity of nanofluid

Shear viscosities of nanofluid were measured with the
ARES-LS in rate-sweep mode over the shear-rate range
0.01-100 s™". In determining the zero-shear viscosity of less
viscous nano-fluid we used an AR2000 rheometer in the
creep test mode. In Fig. 7, zero-shear viscosities of nanof-
luid are shown with the solid content between 10~ and
0.05. Since the particles have a shape of prolate-spheroids
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Fig. 7. Zero shear viscosity as a function of particle volume frac-
tion. The zero shear viscosity changes abruptly when par-
ticle volume fraction becomes larger than 0.002, hence it
is regarded as the dilute limit. When particle volume frac-
tion is larger than the critical value the slope is 3. This
value is in quantitative agreement with the Doi-Edwards
theory in the semidilute solution of rodlike particles.

with an aspect ratio of approximately 3, the intrinsic zero
shear viscosity is expected to have about 5. This means
that the critical particle volume fraction ¢ at the dilute limit
is 0.2. However the zero-shear viscosity value at ¢=0.2 is
expected to be far larger than twice the solvent viscosity as
shown in Fig. 7. This discrepancy is caused by the coa-
lescence of particles, which results in the increase in the
apparent aspect ratio. From the value at which the viscosity
doubles the solvent value (From the figure one can notice
that it occurs at ¢~ 0.002), it is estimated that the intrinsic
viscosity is about 500 and the apparent aspect ratio is esti-
mated to be 90 using the relationship given in Larson
(1999) as follows when the aspect ratio p is sufficiently
large:

7= 5103 3)
The extremely larger value of aspect ratio than the value
for an individual particle is already discussed during the
explaining the result in Fig. 2. In Fig. 7 we can notice that
the slope of zero shear viscosity vs. ¢ is very close to 3
when ¢ is larger than the dilute limit of 0.002, therefore the
suspension is considered to be semi-dilute region if particle
concentration is larger than 0.002. The slope value of 3 is
in quantitative agreement with Doi-Edwards or Marrucci-
Grizzutti theory on semi-dilute regime of rod suspension
(Larson, 1999). Therefore the CuO nanofluid behaves as a
semi-dilute rodlike particle suspension for the concentra-
tion range up to 0.05. The same behavior of 7y« ¢’ has
been also reported by Mead and Larson with semi-dilute
solutions of poly(y-benzyl-L-glutamate) (PBLG; molecular
weight 231,000) which has a rodlike shape (Larson, 1999).
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Fig. 8. Shear dependent viscosities of nanofluids. The fluids
show very strong shear thinning reflecting the high aspect
ratio.

When particle concentration is over 5 to 10%, due to the
excluded volume effect (so called rod jamming) very high
zero-shear viscosities are expected. But this range is out of
interest as nanofluids.

The viscosities of nanofluid have been found to be very
shear thinning as shown in Fig. 8 and the infinite shear vis-
cosities become almost the same as the solvent viscosity.
This is also predicted for the suspension of rodlike particles
with large aspect ratio. When the aspect ratio is large the
Intrinsic viscosity asymptotes to (Larson, 1999).

1.1
(== @
In this case this value is less than 0.01, and hence the con-
Tibution is negligible. We have seen that the viscosities of
CuO-ethylene glycol nanofluid show that particles exist in
aggregated form. It has a strong effect on the thermal con-
ductivity of nanofluid as discussed below.

4. Thermal conductivity of CuO-Ethylene Gly-
col nanofluid

The thermal conductivity of nanofluid was measured by
“he hot-wire method. To exclude the effect of natural con-
vection, data were collected only from 100-300 ms. As
2xpected the thermal conductivity of nanofluid increases as
concentration of particles increases as shown in Fig. 9.
Zven at a very low concentration of 0.001, about 2.6%
ncrease is observed which is very high compared to the
volume fraction of particles. Therefore the effectiveness of
adding particles is sufficiently large when the volume frac-
sion is less than 0.001. However, if volume fraction is
.arger than 0.002, the increase is not conspicuous as in the
case of low volume fraction. According to Hamilton-
Crosser theory (1962) on the effective thermal conductivity
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Fig. 9. Relative thermal conductivities of CuQ-ethylene glycol
nanofluids.

of two-phase material %4 the ratio of thermal conductiv-
ities of nanofluid and base fluid (ethylene glycol in the
present study) is given as follows:

ke _ B+ (n=1)—(n=1)¢(1- ) (5)
ki BT KI-P)

where k; is the thermal conductivity of base fluid, n is 3/ ¥
( ¥is sphericity), S is the ratio of thermal conductivities of

* solid particle and base fluid and ¢1is volume fraction. In the

present study we have no data for » for aggregated par-
ticles. An alternative expression for calculating the effec-
tive thermal conductivity of solid-liquid mixtures was
introduced by Wasp (1977)

ke Br2-2¢(1-B) ©)

ke p2+4(1-p)
According to this theory, the percent increase in thermal
conductivity when particle loading is 1% is 3%. In the
present experiment 6% increase is observed. Therefore
there is some additional increase in thermal conductivity.
However the increase is smaller than the values reported in
the literature for most nanofluids. There are two major dif-
ferences between the present research and the previous
ones. One difference is the thermal conductivity of the par-
ticle. The thermal conductivity of CuO particles is 20 W/
mK that is much lower than the value for metallic Cu of
400 W/mK. Therefore the heat transfer enhancement may
not be large compared to metallic Cu based nanofluid.
Another difference is the microstructure of particles. When
particle concentration is less than the dilute limit, particles
move and rotate freely, and in this case the increase in ther-
mal conductivity is very large compared to the value deter-
mined by Eqn. (6) which is based on pure conduction.
Such an increase is already seen in the above. If particle
concentration is in the semi-dilute region, particles cannot
move or rotate freely, and hence the heat transfer enhance-
ment should limited.
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5. Concluding remarks

In this research we have considered the rheological
properties of CuO-based nanofluid in conjunction with
the thermal conductivity enhancement. Individual CuO
particles have the shape of prolate spheroids and most of
the particles are under aggregated states. From the rheo-
logical property it has been found that the volume frac-
tion at the dilute limit is 0.002, which is much smaller
than the value based on the shape of individual particles
due to the aggregation of particles. The result shows that
substantial enhancement in thermal conductivity is
attainable only when particle concentration is below the
dilute limit.

It is well known that nano-sized metal powder is dan-
gerous to handle due to flammability. Also metal pow-
ders are susceptible to sedimentation due to large
difference in density. The present result shows that metal
oxides can be promising candidates as dispersed parti-
cles in nanofluid if aggregation can be minimized. In the
present study due to aggregation the increase is only a
few percents. But the present study shed some lights on
the mechanism of heat transfer enhancement. If rota-
tional Brownian motion is geometrically restricted, heat
transfer cannot be increased. Since the motion of par-
ticles is known at least statistically, we may predict the
amount of heat transfer enhancement. But this is out of
scope of the present journal and hence is omitted here.
The present study suggests that, to be an efficient nanof-
luid, the particles should have a spherical shape to have
a higher critical dilute limit. It may be also feasible to
use a prolate spheroid with a small aspect ratio to have
both rotational and translational Brownian motions. But
prolate spheroids with a large aspect ratio should be
avoided not to become a semidilute solution with a small
addition of particles.
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