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a b s t r a c t

Simulation is conducted to investigate the forced convection flow of Al2O3/water nanofluid in a radial
flow cooling system using a single phase approach. Computations are validated with experimental data
available in the literature. Results show the same trend as revealed in some of the published works that
the Nusselt number increases with the increase of Reynolds number and nanoparticle volume fraction,
though the increase in pressure drop is more significant with the increase of particle concentration.
Temperature-dependent thermophysical properties of nanofluids are found to have a marked bearing on
the simulation. Under a fixed pumping power the nanofluid shows no higher heat transfer rate than
water at heat flux q00 � 3900 W/m2, while as the heat flux increases the enhancement using a nanofluid
becomes more remarkable. Considerable improvements in the average Nusselt number and significant
reductions in the thermal resistance under a given pumping power are revealed compared to that of pure
water at some supplied heat fluxes. For 4% Al2O3/water mixture at PPrel ¼ 0:5, the average Nusselt
number increases by about 4% and 10% respectively as the heat flux q00 ¼ 16;000 W/m2 and
q00 ¼ 34;000 W/m2 is applied, while the thermal resistance can be reduced by 2.3% and 7%.

� 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

Nanotechnology is considered by many researchers to be one of
the significant forces that drive the next major industrial revolution
of this century. A significant research effort has been committed to
exploring the thermal transport properties of colloidal suspensions
of nanosized solid particles (nanofluids). The presence of the
nanoparticles in the fluids increased appreciably the effective
thermal conductivity of the fluid and consequently enhanced the
heat transfer characteristics. Nanofluids have a distinctive charac-
teristic which is quite different from those of traditional solid-liquid
mixtures in which milli-meter or micro-meter sized particles are
involved. Thus, nanofluids are best for applications in which fluid
flows through small passages because nanoparticles are small
enough to behave similar to liquid molecules.

Experimental works [1,2] reported that with low nanoparticles
concentrations (1e5 vol%), the effective thermal conductivity of the
suspensions can increase by more than 20% for various mixtures.
Xuan and Li [3] studied turbulent flow in a straight tube using
a Cu/water nanofluid and revealed a 40% heat transfer enhancement.
The forced convection flows of CNT (carbon nanotube) nanofluids

through a horizontal tube were investigated by Ding et al. [4]. The
results showed remarkable enhancement of the convective heat
transfer and the enhancement depends on the flow conditions
(Reynolds number), CNT concentration and the pH value, with the
smallest effect of pH. Furthermore, for nanofluids containing0.5 wt. %
CNTs, the maximum enhancement was found to reach over 350% at
Re¼ 800, which could not be attributed purely to the enhanced
thermal conduction. Turbulent flow and heat transfer of three
different nanofluids (CuO, Al2O3 and SiO2) in an ethylene glycol and
water mixture flowing through a circular tube under constant heat
flux condition were numerically analyzed [5]. It was noted that at
a constant Reynolds number, Nusselt number increases by 35% for 6%
CuO nanofluids over the base fluid. The application of 6 nm copper-
in-water and 2 nm diamond-in-water nanofluids in the micro-
channel heat sinks was numerically discussed [6], and the Brownian
motionwas accounted in the mathematical model. Chakraborty and
Roy [7] theoretically analyzed the influence of nanofluids on ther-
mally developing and hydrodynamically developed electroosmotic
transport in parallel plate microchannels. It was revealed that the
influences of the nanofluids are much more conspicuous in the
thermal entrance region, as compared to the thermally fully devel-
oped region. Moreover, appreciable effects of nanofluids are only
observed for higher values of Peclet numbers, whereas their influ-
ences are virtually imperceptible for a lower Peclet number. Ho et al.
[8] conducted experiments to investigate the cooling performance of
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a microchannel with Al2O3/water nanofluid, and the results revealed
that the nanofluid-cooled heat sink outperformed the water-cooled
one by examining the heat transfer rate and the pressure drop.

The results of Das et al. [9] indicated an increase of enhancement
characteristics with temperature, which makes the nanofluids even
more attractive for applications with high energy density. Nguyen
et al. [10] investigated the viscosity of Al2O3/water nanofluid with
two different particle diameters, 36 nm and 47 nm. It revealed that
for higher particle fractions, viscosities of 47 nm particle-size are
clearly higher than those of 36 nm size. The applications of Einstein’s
formula and those derived from the linear fluid theory not appro-
priate for nanofluids were also reported in the study. A comprehen-
sive model for predicting the effective viscosity of dilute suspensions
of nanoscale colloidal particles was presented in the work [11]. The
results showed a profound influence of the combined particle
agglomeration and breakup features as well as the interparticle
interaction potentials on the rheological characteristics of the nano-
fluid. Angue Mintsa et al. [12] examined the effective thermal
conductivity of alumina/water and copper oxide/water nanofluids,
and the relative increase in thermal conductivity was observed to be
more important at higher temperatures. Thermal conductivity char-
acteristics of CNT nanorefrigerants were tested in the paper [13], and
the experimental results showed that the thermal conductivities of
CNT nanorefrigerants are much higher than those of CNT/water
nanofluids or spherical-nanoparticle-R113 nanorefrigerants. Vadasz
and Govender [14] theoretically investigated the heat transfer
features, and found that the thermal wave effects via hyperbolic heat
conduction could explain the excessively improved effective thermal
conductivity of the suspension.

Moreover, the relative increase of the viscosity was found more
than four times larger than that of the conductivity [15]. Yu et al. [16]
studied the rheological behavior of ethylene glycol based nanofluids
containing ZnO nanoparticles and the shear-thinning activity was
found in high volume fraction. Experimental investigations have
been carried out by Sahoo et al. [17] to study the rheological behavior

of aluminum oxide nanofluid at temperature between -35 �C and
90 �C. In thework [18], the aggregation of particleswas observed, and
both Newtonian and non-Newtonian behaviors of the fluids were
discussed.

Xuan and Roetzel [19] analyzed nanofluids with the dispersion
model and derived correlations for predicting the Nusselt number.
Buongiorno [20]discussed thepossiblemechanisms that canproduce
a relative velocity between the nanoparticles and the base fluid, and
concluded that only Brownian diffusion and thermophoresis are
important slip mechanisms in nanofluids. The heat transfer and
viscous pressure loss characteristics of aluminaewater and zirconiae
water nanofluids in laminarflowregimewere studied experimentally
[21]. The heat transfer coefficients in the entrance region and in the
fully developed region were found to increase by 17% and 27%,
respectively, for aluminaewater nanofluid at 6 vol % with respect to
pure water. The zirconiaewater nanofluid heat transfer coefficient
increases by approximately 2% in the entrance region and 3% in the
fully developed region at 1.32 vol %. The results showed that both the
measured nanofluid heat transfer coefficient and pressure loss agree
with the traditional model predictions for laminar flow. This sug-
gested that the nanofluids behave as homogeneous mixtures.

To simulate the heat transfer and flow features of nanofluids, two
approaches, a single-phasemodel and a two-phasemodel, have been
adopted in the literature. Izadi et al. [22] numerically studied the
laminar forced convection of Al2O3/water nanofluids in an annulus
using a single phase approach, and found that temperature profiles
are affected by the particle concentration. Simulations were carried
out by Kumar et al. [23] with various thermo-physical models of the
nanofluid which showed a significant influence of models on the
performance. The periodic natural convection in an enclosure filled
with nanofluids was examined [24]. A periodic behavior was found
for the flow and thermal fields as a result of the oscillating heat flux,
and the utilization of nanoparticles, in particular Cu, enhances the
heat transfer especially at low Rayleigh numbers. Kuznetsov and
Nield [25] studied the natural convective boundary-layer flow of

Nomenclature

Aw heating area (m2)
b wafer thickness (m)
cP specific heat capacity (J/kg K)
D inlet tube diameter (m)
Dh hydraulic diameter (m) Dh ¼ 2d
h heat transfer coefficient (W/m2 K)
k thermal conductivity (W/mK)
kr relative thermal conductivity kr ¼ knf=kbf
L inlet tube length (m)
Nu Nusselt number Nu ¼ hDh

knfNu average Nusselt number
p pressure (Pa)
PP pumping power (W)
PPref reference pumping power (W)
PPrel relative pumping power PPrel ¼ PP=PPref
Q heat rate (W)
q00 heat flux (W/m2)
r radial coordinate
Rext radius of heated wafer (m)
Ri radius of confinement disk (m)
Rth thermal resistance (K/W)
Re Reynolds number Re ¼ rnf v0Dh

mnfT temperature (K)
Tcr critical temperature (K)

T0 inlet temperature (K)
Tw average wall temperature (K)
v velocity (m/s)
v0 inlet velocity (m/s)
vr radial velocity (m/s)
vq circumferential velocity (m/s)
vz axial velocity (m/s)
z axial coordinate

Greek symbols
d disks gap (m)
f particle volume fraction
m dynamic viscosity (kg/m s)
mr relative dynamic viscosity mr ¼ mnf=mbf
q circumferential coordinate
r density (kg/m3)

Subscripts
b bulk
bf base fluid
f fluid
nf nanofluid
p particle
rel relative
s solid
w wall
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