Proceedings of the 3rd IASME/WSEAS Int. Conf. on HEAT TRANSFER, THERMAL ENGINEERING AND ENVIRONMENT, Corfu, Greece, August 20-22, 2005 (pp160-165)

Nanofluids Heat Transfer Performance for Cooling of High Heat
Output Microprocessor

C. T.NGUYEN, G. ROY, P.-R. LAJOIE, S. E. B. MAIGA
Department of Mechanical Engineering, Faculty of Engineering
Université de Moncton
Moncton, New Brunswick
CANADA E1A 3E9

http://www.umoncton.ca

Abstract: - The heat transfer performance of two nanofluids, namely water-yAl,O; and Ethylene Glycol-
vAlLO;, for cooling of high heat output microprocessors has been numerically investigated. Results have
shown that with an increase of particle volume concentration and/or the flow Reynolds number, the heat
transfer coefficient has considerably augmented, which results in a significant decrease of the maximum
junction temperature. The combination of such use of nanofluids and the turbulent flow regime has been found
particular advantageous as it can give very low level of junction temperature.
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1 Introduction

Thermal properties of heating or cooling fluids play
a major role in the development of energy-efficient
heat transfer equipments. Conventional heat transfer
fluids such as water, ethylene glycol and engine oils
have, in general, poorer heat transfer properties than
most solids, in particular metals. Despite
considerable research, major improvements in heat
transfer capabilities, especially for cooling of high
heat output electronics devices, have suffered a
certain lacking [1]. As result, a clear need does still
persist today to develop new strategies improving
heat transfer behaviours of conventional fluids.
Recent developments in nanotechnology have
produced a new and very special class of fluids,
called ‘nanofluids’, which appear highly potential
[2]. The term nanofluid refers to a two-phase
mixture constituted of a continuous liquid phase and
very fine metallic particles called ‘nanoparticles’
[3]. These mixtures seem to possess thermal
properties that appear well higher than those of the
base fluid; in fact, some scarce experimental data
have shown that even for low particle concentration,
say from 1 to 5% in volume, the effective thermal
conductivity of nanofluid can be increased by almost
20% over that of base fluid, see in particular [4].
Recent  experimental work and numerical
investigations [5-8] have confirmed the heat transfer
enhancement of nanofluids in some confined flow
situations as well. Such an enhancement can be
attributed, in part, to the corresponding
augmentation of nanofluids thermal properties. On

the other hand, due to the random movement of
particles, another interesting phenomenon, called ‘the
thermal dispersion’, takes place within the mixture,
which is believed to have a key role in the increase of
energy exchange [9]. The nanofluids appear clearly a
very interesting alternative for heat transfer
applications, in particular for electronics cooling and
micro-heat transfer applications [1, 2].

In the present work, we are interested to
numerically investigate the enhancement effects due
the use of such nanofluids in cooling of high heat
output microprocessors.

2 Mathematical Formulation
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Fig. 1 Geometry of the heat sink considered
The problem consists of a forced convection flow of

a nanofluid circulating through a heat sink installed
on top of a high heat output microprocessor. The



heat sink under consideration is of an all-copper
rectangular slot-type having as overall dimensions,
50mm X 50mm X 10mm thickness with a free flow
cross-section area of 3mm X 48mm, Figure 1. The
flow is assumed to be steady and laminar, and the
fluid enters with uniform profiles of axial velocity
V, and temperature T,.

2.1 Assumptions

Because of the extremely reduced size of particles, it
was suggested that they may be easily fluidized.
Furthermore, by assuming thermal equilibrium and
negligible inter-phases slip, the liquid-solid particle
mixture may reasonably be considered as a
conventional single-phase fluid having properties
that are function of those of constituents as well as
of their respective concentrations [5,9]. Under such
assumption, one may then apply the classical theory
developed for conventional single-phase fluids to
nanofluids. In particular, the conservation equations
(mass, momentum and energy) can consequently be
extended and employed for nanofluids as well. It is
very interesting to mention that such a major
hypothesis has been validated, to some extent and
although indirectly, by some experimental works
[5,6], in which correlations of form similar to that of
the well-known Dittus and Boelter formula was
obtained to characterize the turbulent heat transfer of
some nanofluids within a tube.

2.2 Governing equations and boundary
conditions

The governing equations are as follows for the fluid

zone [10]:

div (pV)=0 (1)
div (pVV) = - grad P + pv?V ()
div (pVC,T) = div (k grad T) 3)

and for the solid zone that is the heat sink body:
div (ks grad T)= 0 4)

where V, P and T are, respectively the fluid velocity
vector, pressure and temperature; kg is the thermal
conductivity of solid; all fluid properties are
evaluated at the reference temperature T.

In the present study, we have also attempted to
investigate heat transfer and fluid flow under
turbulent flow regime wusing the water-yAl,O4
mixture. The well-known and classical k-¢ turbulent
model proposed by Launder and Spalding [11, 12]

Proceedings of the 3rd IASME/WSEAS Int. Conf. on HEAT TRANSFER, THERMAL ENGINEERING AND ENVIRONMENT, Corfu, Greece, August 20-22, 2005 (pp160-165)

has been adopted for modelling the turbulence. Such
a model appears appropriate for use with nanofluid
flows in some confined situations [7].

As boundary conditions, we consider uniform
profiles of axial velocity V, and temperature T, at
the inlet. On the heat sink exterior surface,
convective heat losses towards 20°C ambient air are
imposed with heat transfer coefficient fixed to be
10W/m’K, except for a 10mm X 10mm contact area,
Fig. 1, through which a total heat Q is imposed (Q
represents in fact the microprocessor heat output).
Inside the flow channel, the usual no-slip conditions
prevail on all liquid/solid interfaces. Finally, at the
outlet section, conditions approximating the fully-
developed flow conditions are assumed.

2.3 Thermal properties of nanofluids
Assuming that Al,O; nanoparticles (p,= 3880kgm™
and C,= 773 Jkg'K™") are well mixed within the base
fluids i.e. their concentration may be considered
uniform throughout the domain, the effective
thermal properties of nanofluids can be evaluated
using formulas developed from the classical theory
of two-phases mixtures [5,9]. The following
formulas were employed in this study (indices ‘nf’,
‘bf’, ‘p” et ‘r’ refer respectively to nanofluid, base
fluid, particles and ‘nanofluid-to-base fluid’ ratio) :

P == 0)py, + 0p, (5)
(Cp)nf = (l_¢)(cp)fb +¢(Cp)p (6)
_ /unf _ 2
P = =123¢p " +73¢p +1 @)
Hiy
= Aot 306¢%-0.19¢+1 (8)
Hp
knf 2
K, =——=4.97¢"+2.72¢ +1 9)
K
knf 2
K, = ‘ = 28.905¢" +2.8273¢p +1 (10)
fo

It is important to mention that for the nanofluids
studied, namely water-yAl,O; and Ethylene Glycol-
vALQO;, their dynamic viscosities are computed
using empirical correlations, Equations (7, 8), which
were obtained by curve fitting of some scarce
experimental data available in the literature (details
regarding the evaluation of the nanofluid properties
have been discussed elsewhere, see [7]).



One can determine that the problem considered
can be characterized by a set of dimensionless
parameters, namely the flow Reynolds number
Re=V Dyp/p, the fluid Prandtl number Pr=C,w/k, the
particle volume concentration ¢, the ratios k,/kyr and
(PCp)y/(PCp)se and the aspect ratios L/Dy, where L is
the overall length of the channel.

2.4 Numerical method

The set of governing equations (1-4) has been
successfully solved by employing a ‘finite control
volume’ numerical method where the exponential
scheme was used throughout to compute the
convection-and-diffusion combined fluxes of heat
and momentum [13, 14]. In order to ensure that
results are independent regardless the number of
grid points used, several grids were extensively
tested. The 50 x 44 x 46 non-uniform grid — with
respectively 50, 44 and 46 nodes along the spatial
directions X, Y and Z (see again Fig. 1) — has been
found quite appropriate for the problem under study.
This grid possesses nodes that are highly packed in
the vicinity of all solid/liquid interfaces, in the
entrance region and also near the exit of the heat
sink (by symmetry conditions, we consider only half
of the physical domain).

As starting conditions, we have employed
velocity and temperature fields that are
corresponding to the cases without particles i.e. ¢=0;
and for subsequent simulations, a converged
solution corresponding to a particular particle
concentration was used in order to marching to a
higher value of ¢. For all the cases performed in this
study, converged solutions were usually achieved
when reaching a residue as low as 10™ for all the
conservation equations. The numerical simulations
have been carried out for the two nanofluids
mentioned earlier and covered several values of Q
from 50W to 150W and the flow Reynolds number
varied from 10 to 4000 (Re =4000 corresponds in
fact to the turbulent flow regime).

3  Results and Discussion

3.1 Heat transfer of nanofluids

Results as obtained from our numerical simulations
have eloquently shown that the inclusion of the
nanoparticles within the base liquids has produced a
tremendous augmentation of the convective heat
transfer coefficient and as consequence, has greatly
contributed to a more efficient cooling of the
microprocessor itself. In fact, in term of T,,,x, which
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is the maximum temperature that may be reached at
the junction between the microprocessor and its heat
sink, it has been observed that T,,.,x has considerably
decreased with an increase of the particle
concentration, thus indicating obviously a clear
improvement of the cooling rate as given by the
heat sink. For example, for the particular case with
water-yAl,O; mixture, Q =150W and Re =2000,
Tmax has decreased from 65.8°C for ¢=0 to 58.4°C
for ¢=7.5%, Table 1; while the corresponding
enhancement of the surface-averaged convective
heat transfer coefficient h,, has been estimated to be
53% between these two cases, Fig. 2. It has been
observed, however, that for lower levels of the
microprocessor heat output, the corresponding
decrease of Ty, appears less pronounced, only from
29.4°C to 26°C for cases with Q=50W and ¢
augmenting from 0 to 7.5%. In general, the junction
maximum temperature T, has been found to
increase considerably with the augmentation of the
microprocessor heat output, given identical
operating conditions of the heat sink. Such a
behavior appears physically quite realistic.
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Fig.2 Effects of parameters ¢ and Re on h,,
for water-yAl,O; and Q = 150W

Ethylene
Water-yAl,O
YAMs Glycol-yAl,O4
Re=1000 | Re=2000 | Re=4000 | Re=10.5 | Re=21
o=0| 717 65.8 51.4 91.9 82.9
=1 70.7 64.9 50.7 90.9 82
@=2.5| 69.1 63.5 49.9 87.5 79.2
=5 | 663 60.9 48.5 80.4 74.2
0=75| 636 58.4 47.1 73.4 67

Table 1. Effects of parameters ¢ and Re on T, for
nanofluids studied and Q= 150W



Similar behaviours with regard to the
advantageous effects due to the use of nanofluids
have also been found for other flow Reynolds
numbers Re and levels of heat output Q considered
in this study. Figures 3 and 4 show, in particular, the
variation of T, as function of both parameters Q
and ¢ respectively for Re= 1000 and Re =2000.
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We observe, here again, that the junction
maximum temperature T, decreases appreciably
with an augmentation of the particle volume
concentration. For a given value of parameter ¢,
Thax increases indeed with an augmentation of the
microprocessor heat output Q. Also, as one may
expect, the fact of increasing the flow Reynolds
number (i.e. the mass flow rate) has produced a
greater enhancement of heat transfer within the heat
sink and consequently, a more important decrease of
Tax. Figure 5 shows, in particular, the variation of
the junction maximum temperature T,,,, as function
of the parameters Q and ¢ for various cases using
water-yAl,O; and Re=4000 (turbulent flow regime).
It is very interesting to see that such a combination
of turbulent flow and nanofluid can provide quite
high heat transfer rates. Thus, we can observe that a
value of Tnax as low as 48.5°C has been obtained
with a particle volume concentration of 5% and this,
for a relatively high heat output level, say Q =150W
(see again Fig. 2 and Table 1).
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Fig. 5 Effects of ¢ and Q on T,,,x (Re =4000)

Numerical results have also shown similar
behaviours and trends regarding the heat transfer
enhancement for the case of Ethylene Glycol-
vALO; mixture, see again Table 1. Thus, for the
case Q=150W and Re=21 in particular, the
maximum junction temperature T, has decreased
from 82.9°C to nearly 67°C for ¢ increasing from
0% to 7.5%; the corresponding decrease of T
appears less pronounced for lower flow Reynolds



numbers, as it has been previously observed for
water-yAlL,Os.

3.2 Wall Friction of Nanofluids

The heat transfer enhancement provided by the
utilisation of nanofluids as shown and discussed
previously is, unfortunately, accompanied by a
drastic influence on the wall shear stress. Figure 6
shows, in particular, the results for the ratio T/t -
the ‘nanofluid-to-base fluid’ ratio of the surface-
averaged wall shear stresses as obtained for the
nanofluids studied. We can obviously observe that
the inclusion of nanoparticles within base fluids has
produced drastic augmentation of the wall friction.
In general, the wall shear stress considerably
increases with an increase of particle concentration.
For the case of water-yAl,O; and Re=1000 for
example, the ratio 1/tp has as values, 1.2, 1.5, 2.4
and 4.15 respectively for ¢=1%, 2.5%, 5% and
7.5%; this indicates that for ¢ =7.5%, one would
expect an increase of the wall friction of a factor
more than four times of that of saturated water. For
the case of Ethylene Glycol-yAl,O3; mixture, such an
increase appears to be even more drastic. Such
behaviour regarding the drastic influence of
nanoparticles on the wall shear stress can be
explained by the fact that with the presence of these
particles, the apparent viscosity of the resulting
mixture has considerably increased [7, 8] with
respect to that of the base fluid.
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Fig. 6 Ratio T/T as function of ¢ and Re
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4 Conclusion

In this paper, we have numerically investigated the
performance of a rectangular slot-type heat sink
using two specific nanofluids, namely water-yAl,O;
and Ethylene Glycol-yAl,O; mixtures, for cooling of
high heat output microprocessors. Results have
clearly shown that the use of these nanofluids
appears particularly advantageous. Thus, the heat
transfer coefficient has been found to increase
considerably with an augmentation of the particle
volume concentration as well as of the flow
Reynolds number, which has consequently produced
a greater decrease of the junction temperature
between the microprocessor and its heat sink. It is
also observed that the use of nanofluid under
turbulent flow regime can provide interestingly high
heat transfer rates. The presence of nanoparticles
within the base fluids has, unfortunately, a rather
drastic influence on the wall friction. In general, it is
expected that the wall shear stress would increase
appreciably with an augmentation of the particle
volume concentration.
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