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a b s t r a c t

In the present study, laminar forced convection of copper-oxide nanofluid in a trapezoidal microchannel-
heat-sink (MCHS) is studied using the Eulerian–Eulerian two-phase approach. The incompressible, three
dimensional and steady state conservation equations are solved using finite volume method. The sub-
strate material is assumed to be silicon, mean diameter of spherical nanoparticles are considered
100 nm and in the 1–4% volume concentration range. The effects of viscous dissipation, Brownian motion
and geometry change on thermal performance of MCHS are evaluated. It is observed that the Brownian
motion depends on three parameters, namely, nanofluid inlet temperature, nanoparticles diameter and
volume fraction. Also, it is found that with the increase in aspect factor at constant Re, average Nusselt
number and pressure drop reduce, while at a specified length of MCHS, average Nusselt number
decreases. Finally, it is shown that considering the viscous dissipation, pressure drop varies very slowly,
while with the increase in nanoparticles volume fraction and therefore increase in viscous dissipation,
heat transfer reduces non-linearly.
� 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

From thermal management point of view, heat removal from
electronic devices such as chips and transistors has a vital and
important effect on the life cycle of these devices [1]. Microchannel
heat sink (MCHS) is one of the most important cooling techniques
which have attracted attention of many researchers and engineers
in the field of thermal sciences. Cooling performance of a MCHS
depends on geometry, size and number of the channels and also
on type of the carrying fluid. According to this matter, using nano-
fluid in the MCHS enhances the heat transfer and it can be selected
as an appropriate solution to dissipate heat from electronic
devices. Numerous studies have been performed which propose
microchannel heat sinks and nanofluids for cooling purposes espe-
cially for electronic devices [2–9]. Following our last paper [10],
this paper investigates the effects of Brownian motion, geometry
variation and viscous dissipation on the thermal behavior of water
based copper-oxide nanofluid in a trapezoidal MCHS.

Some studies in the last decade have proven that Brownian
motion, which creates due to collision between particles, is one
of the most important mechanisms in heat transfer enhancement

of the nanofluids which also plays significant role in nanofluid
thermal conduction [11–17]. Ghazvini and Shokouhmand [18]
observed that Brownian motion increases by increasing the bulk
temperature and consequently, more heat transfer occurs in the
nanofluid. Seyf and Nikaaein [19] reported that by including the
Brownian motion, nanofluid temperature distribution is closer to
MCHS bottom wall which means higher heat transfer coefficient
and consequently lower thermal resistance. Selvakumar and
Suresh [20] expressed that augmentation in heat transfer coeffi-
cient is related to thermo-physical properties of the carrying fluid
and Brownian motion of the suspended particles has major contri-
bution in heat transport. Alvarino et al. [21] utilizing the order of
magnitude method concluded that Brownian diffusion effect alters
the nanoparticles concentration near the wall region. Nield and
Kuznetsov [22] found that combined effect of Brownian motion
and thermophoresis reduces the Nusselt number.

Wu and Cheng [23] observed that friction factor depends on the
channel cross-sectional shape. Koo and Kleinstreuer [24] proposed
that microchannels with higher aspect ratios are better candidates
for designing the micro-heat-sinks. Morini et al. [25] argued that
Nusselt number is a function of the channel aspect ratio. Lee and
Garimella [26] concluded that both average and local Nusselt num-
bers are functions of aspect ratio and axial distance from the
entrance. Mlcak et al. [27] found that thermal resistance is a
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decreasing function for aspect ratios less than 0.10, while for val-
ues larger than 0.5, both thermal resistance and friction coefficient
are insensitive to the aspect ratio. McHale and Garimella [28] con-
firmed Lee and Garimella [20] results, although they stated that
fully developed Nusselt number and thermal developing length
are the main parameters which alter with aspect ratio. Hung
et al. [29] showed that optimal thermal resistance for a double-lay-
ered microchannel heat sink decreases with pumping power and
then tends to a constant value. Hung and Yan [30] revealed that
minimum thermal resistance depends on the aspect ratio.
Obtained results by Hashemi et al. [31] demonstrated that after a
certain value, the effect of aspect ratio on the heat transfer coeffi-
cient becomes inconspicuous. Wang et al. [32] optimized a nano-
fluid-cooled microchannel heat sink with constant pumping
power criteria. They considered the effects of channel number,
channel aspect ratio and channel width ratio to pitch in the optimi-
zation procedure. Wang et al. [33]presented that for channel num-
bers lower than a specific value, with the increase in aspect ratio, at
fixed pumping power and volume flow rate, thermal resistance
first decreases and then increases. But, at fixed pressure drop, by
increasing the aspect ratio, thermal resistance remains constant.

Koo and Kleinstreuer [34] concluded that the viscous dissipa-
tion effects increase with coolant viscosity and channel aspect
ratio, while decrease with specific heat capacity and fluid temper-
ature. Morini and Spiga [35] demonstrated that for very narrow
micro-channels, viscous dissipation effects become dominant and
reduces the heat transfer amount. Hung [36]concluded that ignor-
ing the viscous dissipation effect, the Nusselt number and subse-
quently, thermal performance is overestimated. Lelea and
Nisulescu [37] found that due to the viscous heating, the heat
transfer augmentation in the microchannel constantly increases

with the axial distance. Mah et al. [38] argued that by considering
the viscous dissipation effect in laminar forced convection of nano-
fluid, thermal performance decreases with an increase in nanopar-
ticle volume fraction.

In the present paper, laminar flow and conjugate heat transfer
of copper-oxide nanofluid in the trapezoidal MCHS is studied using
the Eulerian–Eulerian two-phase approach. According to the liter-
ature, most of the papers have considered the Brownian motion in
the nanofluid thermal conductivity models which in turn is substi-
tuted in the homogeneous flow equations. But, in the present
paper, we aim to consider the Brownian motion by adding the
Brownian diffusion term in the continuity equation of the two-
fluid model. Moreover, the effects of the viscous dissipation and
channel geometry on the nanofluid forced convection are studied.

2. Mathematical description of the problem

Front view of the trapezoidal MCHS, which coordinate origin is
placed at the bottom base center of the trapezoidal microchannel,
is displayed in Fig. 1. In this study, the value of q0 0 is considered
430 kW/m2. Geometrical dimensions of the MCHS are shown in
Table 1.

The considered assumptions for solving the conservation equa-
tions are incompressible, steady state, three dimensional, laminar
flow and conjugate heat transfer. Thermo-physical properties of
the nanoparticles, base fluid and substrate are assumed constant
and independent of the temperature. In two-phase Eulerian
approach, governing equations are described as follows [39]:

Volumetric conservation equation:

up þuf ¼ 1 ð1Þ

Nomenclature

A larger base of trapezoidal MCHS (m)
A cross-section area of MCHS (m2)
A.F. aspect factor
A.R. aspect ratio
B smaller base of trapezoidal MCHS (m)
C cord of MCHS (m)
CC Cunningham slip correction factor
CD drag coefficient
dp nanoparticles diameter (m)
DB Brownian diffusivity, K (m�1 Pa�1 s�1)
Dd interphase drag
Dh hydraulic diameter of microchannel (m)
epp restitution coefficient of nanoparticles
g0 radial distribution function
H height of MCHS, m convection coefficient (W m�1 K�1)
hv volumetric heat transfer coefficient (W m�2 K�1)
kb Boltzmann constant
keff effective thermal conductivity (W m�1 K�1)
ks substrate thermal conductivity (W m�1 K�1)
Kb diffusion coefficient
Kpp solid–solid exchange coefficient defined in Eq. (19)
L MCHS length (m)
Nu Nusselt number
P pressure (Pa)
pwet wetted perimeter (m)
P pumping power (W)
Q volume flow (m3 s�1)
q0 0 heat flux (W m�2)
Re inlet Reynolds number
T MCHS thickness (m)
T temperature (K)

w MCHS width (m)
x axial coordinate (m)
y vertical coordinate (m)
z normal coordinate (m)
Z non-dimensional normal coordinate

Greek symbols
a thermal diffusivity (m2 s�1)
b interphase drag coefficient (Pa s m�1)
c bulk viscosity (Pa s)
/ viscous dissipation (m2 s�2)
u volume fraction
k mean free path (m)
l dynamic viscosity (Pa s)
hp granular temperature
q density (kg m�3)
s shear stress (Pa)
Ch defined in Eq. (17)
wpp defined in Eq. (18)

Subscripts
col related to collision of particles
d dispersed phase
f related to base fluid
in inlet
kin related to kinetic energy
nf related to nanofluid
p related to particle phase
pw pure water
s related to solid substrate
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