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Abstract

Microchannel heat sink (MCHS) performance using copper–water (Cu–H2O) and carbon nanotube–water (CNT–H2O) nanofluids as
coolants is addressed analytically in this study. The velocity and temperature distributions in the MCHS were obtained by modeling the
MCHS as a porous media. The resulting velocity and temperature were then used to evaluate the thermal resistance that characterizes
MCHS performance. It was found that the nanofluid reduced the temperature difference between the MCHS bottom wall and bulk nano-
fluid compared with that from pure fluid. This temperature difference produces a reduction in conductive thermal resistance, which is one
of the two sources contributing the total thermal resistance of the MCHS. The other source of thermal resistance, termed as convective
thermal resistance, was found to increase when nanofluid is employed as the coolant due to the increase in viscosity and decrease in ther-
mal capacity. Under the condition of a given pressure drop across the MCHS, optimum values of aspect ratio and porosity that pro-
ducing the minimum thermal resistance can be found. It was found that using nanofluid can enhance the MCHS performance when
the porosity and aspect ratio are less than the optimum porosity and aspect ratio. When the porosity and channel aspect ratio are higher
than optimum porosity and aspect ratio, the nanofluid did not produce a significant change in MCHS thermal resistance.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

With the advances in computing technology over the
past few decades, electronics have become faster, smaller
and more powerful. This results in an ever-increasing heat
generation rate from electronic devices. In most cases, the
chips are cooled using forced air flow. However, when deal-
ing with a component that contains billions of transistors
working at high frequency, the temperature can reach a
critical level where standard cooling methods are not suffi-
cient. In addition to high-performance electronic chips,
high heat flux removal is also required in devices such as
laser diode arrays and high-energy mirrors. In the last
two decades, many cooling technologies have been pursued
to meet the high heat dissipation rate requirements and
maintain a low junction temperature. Among these efforts,
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the microchannel heat sink (MCHS) has received much
attention because of its ability to produce high heat trans-
fer coefficient, small size and volume per heat load, and
small coolant requirements. Recent progress in MCHS
development was provided by Kandlikar et al. (2003).

A MCHS typically contains a large number of parallel
microchannels with a hydraulic diameter ranging from 10
to 1000 lm. A coolant is forced to pass through these chan-
nels to carry the heat away from a hot surface. The MCHS
cooling concept was proposed by Tuckerman and Pease
(1981). Since then, MCHS performances with different sub-
strate materials and channel dimensions have been studied
extensively in the past two decades. These studies can be
categorized into theoretical (Knight et al., 1992; Ambati-
pudi and Rahman, 2000), numerical (Fedorov and Visk-
anta, 2000; Lee et al., 2005; Li et al., 2004; Li and
Peterson, 2006), and experimental approaches (Qu and
Mudawar, 2002; Tiselj et al., 2004). In the theoretical
approach, the main objective is to develop design schemes
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Nomenclature

Aeff effective heat transfer area, m2

a wetted area per volume of porous media, m�1

Bi Biot number
cp specific heat, J kg�1 K�1

Da Darcy parameter
H depth of the microchannel, m
h interfacial heat transfer coefficient between solid

and fluid phase phases, W m�2 K�1

�h overall heat transfer coefficient of microchannel
heat sink, W m�2 K�1

K permeability
kfe effective fluid phase conductivity, W m�2 K�1

kse effective solid phase conductivity, W m�2 K�1

kd thermal dispersion conductivity, W m�2 K�1

Lhs heat sink length, m
N number of microchannels
P dimensionless pressure drop
p volume-averaged pressure, N m�2

Pow pumping power, W
qw heat flux, W m�2

u volume-averaged fluid velocity, m s�1

um mean velocity in channel, m s�1

Rth heat sink total thermal resistance, �C W�1

Rflow heat sink convective thermal resistance, �C W�1

Rfin heat sink conductive thermal resistance, �C W�1

SH particle shape factor
T temperature, K
Tb bulk fluid temperature, K
Tw wall temperature, K
_V coolant volumetric flow rate, mL/min
W ch width of microchannel, m
W fin width of microchannel wall (fin), m
W hs heat sink width, m

Greek symbols

as aspect ratio
e porosity
l viscosity, kg m�1 s�1

q density, kg m�3

/ particle volume fraction, %
w sphericity
h dimensionless temperature

Subscripts

f pure fluid
nf nanofluid
p particle
s solid phase
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that can be used to optimize MCHS performance. Most
studies in this approach employed the classical fin theory
which models the solid walls separating microchannels as
thin fins. The heat transfer process is simplified as one-
dimensional, constant convection heat transfer coefficient
and uniform fluid temperature. However, the nature of
the heat transfer process in MCHS is conjugated heat con-
duction in the solid wall and convection to the cooling
fluid. The simplifications used in the theoretical approach
usually under- or over predict MCHS performance.

To overcome the shortcomings associated with MCHS
thermal performance analysis using fin theory, several
investigators proposed modeling the MCHS as a porous
medium. In the study by Kim and Kim (1999), laminar
heat transfer in MCHS was analyzed using a modified
Darcy model for fluid flow and two-equation model for
heat transfer. They found that their results agreed well with
those predicted using fin theory models (Knight et al.,
1992) and experimental measurements by Tuckerman and
Pease (1981). Zhao and Lu (2002) further extended the
model developed by Kim and Kim (1999) to study the
channel geometries, effective thermal conductivities and
porosities on MCHS thermal performance. Because conju-
gated heat transfer is involved in MCHS, it is believed that
the porous medium model is better than the classical fin
theory in describing MCHS thermal performance.

Although high thermal performance can be achieved
using MCHS, further improvement is still needed to cope
with the increasing demands from various device applica-
tions. From the heat transfer point of view, improving
MCHS thermal performance enhances the heat transfer
characteristics inside the MCHS. Extensive reviews on
the techniques for heat transfer enhancement in macro-
scale dimensions were provided by Bergles (2002) and
Webb (1993). One of the methods for enhancing heat trans-
fer is the application of additives to the working fluids. The
basic idea is to enhance the heat transfer by changing the
fluid transport properties and flow features. In earlier stud-
ies, metal particles embedded in the liquid fluid were used
to enhance the heat exchanger performance. However, a
serious clogging problem occurred due to the particle sed-
imentation. Recent interest based on this concept focused
on heat transfer enhancement using a nanofluid in which
nanoscale metallic or non-metallic particles were sus-
pended in the base fluids. Several experimental and analyt-
ical studies showed that nanofluids have higher thermal
conductivity than pure fluids and therefore greater poten-
tial for heat transfer enhancement (Wang et al., 1999;
Koo and Kleinstreuer, 2004).

Using a nanofluid as the heat transfer working fluid has
gained much attention in recent years. Xuan and Roetzel
(2000) proposed two theoretical models to predict the heat
transfer characteristics of nanofluid flow in a tube. Li and
Xuan (2002), Xuan and Li (2003) and Pak and Cho (1998)
experimentally measured the convection heat transfer
and pressure drop for nanofluid tube flows. Their results
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Fig. 1. Schematic diagram of the microchannel heat sink.
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indicated that the heat transfer coefficient was greatly
enhanced and depended on the flow Reynolds number,
particle Peclet number, particle size and shape, and particle
volume fraction. These studies also indicated that the pres-
ence of nanoparticles did not cause an extra pressure drop
in the flow. Recently, Yang et al. (2005) carried out an
experimental study attempting to construct a heat transfer
correlation among the parameters that affected heat trans-
fer. For a laminar flow regime in a circular tube, they indi-
cated that the heat transfer coefficient for the nanofluid
flow had a lower increase than predicted by either the con-
ventional heat transfer correlation for the homogeneous or
particle-suspended fluid. Ding et al. (2006) reported heat
transfer coefficient data for the force convection in circular
tubes using carbontube (CNT) nanofluid.

In most of the studies mentioned above, the nanofluid
heat transfer flow characteristics were carried out in
macro-scale dimensions. Only a few studies addressed the
nanofluid flow and heat transfer in micro-scale dimensions.
In numerical aspect, Koo and Kleinstreuer (2005) and Jang
and Choi (2006) studied the MCHS performance numeri-
cally using different models for the effective thermal con-
ductivity of the nanofluids. Chein and Hunag (2005)
employed a macro-scale correlation to predict microchan-
nel heat sink performance. In experimental aspect, Chein
and Chuang (2007) studied the general behavior heat sink
performance and particle deposition effect when nanofluid
is used as the working fluid. In the study of Lee and Muda-
war (2006), Al2O3–H2O nanofluid was used as working
fluid. They pointed out that the high thermal conductivity
of nanoparticles can enhance the single-phase heat transfer
coefficient, especially for the laminar flow. Due to compli-
cated heat transfer phenomena and large variety in nanofl-
uids, further studies on nanofluid flow and heat transfer
characteristics in micro-scale dimensions are still necessary.
In this study, thermal resistance characterizing MCHS per-
formance using nanofluids as coolants are investigated. We
particularly focus on the microchannel geometry effect on
the MCHS performance when nanofluid is used as the
working fluid. The MCHS is modeled as a porous media.
Fluid velocity and temperature distribution details in a
MCHS and their relations with the sources that contribute
to thermal resistance during MCHS cooling will be
discussed.

2. Mathematical model

2.1. Assumptions

In this study, the nanofluid is to be used as the working
fluid in the MCHS operation. Fundamentally, nanofluid is
a mixture of solid particles and base fluid. The difference
between nanofluid and the traditional solid/fluid mixture
is the particle size. In the traditional solid/liquid mixture,
the typical particle size is of the order of lm while particle
size of order of nm is involved in the nanofluid. When the
traditional two-phase mixture used as a working fluid in
flow system, local non-equilibrium between the particle
and fluid, i.e., velocity slip and temperature difference
between particle and fluid, are taken into account in the
governing equations for both particle and fluid phases. In
the past, governing equations for two-phase flow system
have been well established (Crowe et al., 1998). Unlike
the traditional two-phase mixture, nanofluid has ultra-fine
particles suspended in the base fluid. Several factors such as
thermal dispersion, intermolecular energy exchange, liquid
layering on the solid–liquid interface, and photon effects on
the heat transport inside the particles may affect the fluid
flow and heat transfer when nanofluid is employed as the
working fluid. Moreover, the local thermally non-equilib-
rium between the base fluid and nanoparticle may also exist
due to the large difference in thermal conductivities. To our
best knowledge, governing equations including these com-
plicated phenomena are still under development (Maiga
et al., 2005). Because of this difficulty, the alternative way
to investigate the fluid flow and heat transfer is based on
treating the nanofluid as a single-phase fluid. As pointed
out by Xuan and Roetzel (2000), this assumption may be
applicable since the particles are ultrafine and they are eas-
ily fluidized. Moreover, the particle volume fraction in
nanofluid is usually low. Under such assumption, the gov-
erning equations for the nanofluid flow and heat transfer
are greatly simplified and local fluid and particles are in
thermal equilibrium.
2.2. Governing equations

Fig. 1 shows the geometric configuration of MCHS
under consideration. The opened microchannels have a
width of W ch and depth of H, were fabricated on a silicon
wafer substrate. The top side of the fabricated microchan-
nels is bonded with a glass cover plate to form closed
microchannels. After bonding, the substrate is cut to form
the MCHS with width W hs, length Lhs and a base plate
thickness of tb. The walls that separate the channels are
called fins with a width of W fin. The MCHS top wall is
assumed insulated while the bottom wall receives a uniform
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heat flux qw. The heat flux can be thought of as the heat
needed to be dissipated from a cooled object such as an
electronic chip or laser diode array. The coolant, a pure
fluid or nanofluid, is forced through the channels in the
x-direction to achieve the heat dissipation.

As proposed by Kim and Kim (1999), the MCHS can be
modeled as a porous micro-structure. That is, the region
between the cover plate and base plate of the MCHS is
modeled as a porous medium. The governing equations
for the fluid flow and heat transfer can be established by
applying the volume-averaged technique. Since the one-
equation model is valid only when the fluid phase is in local
equilibrium with the solid phase and is not suitable in the
evaluation of MCHS thermal performance (Kim et al.,
2000), the two-equation model is employed in this study.
Under the assumption of treating nanofluid as single-phase
fluid, the governing equations for the fluid and energy
transport under fully hydrodynamic and thermal develop-
ment conditions can be written as

Fluid flow:

� dp
dx
þ lf

d2u
dy2
� lf

K
eu ¼ 0 ð1Þ

Energy in solid phase:

kse

o
2T s

oy2
¼ haðT s � T fÞ ð2Þ

Energy in fluid phase:

eðqcpÞf u
oT f

ox
¼ haðT s � T fÞ þ

o

oy
kfe

oT f

oy

� �
ð3Þ

In Eqs. (1)–(3), p, u, Tf, Ts and h are the volume-averaged
fluid pressure, fluid velocity, fluid temperature, solid tem-
perature and interfacial heat transfer coefficient between
fluid and solid, respectively. The MCHS shown in Fig. 1,
modeled as a porous medium, the porosity e, permeability
K and wetted area per volume a can be expressed as (Bejan,
1984)

e ¼ W ch

W ch þ W fin

; K ¼ eW 2
ch

12
; a ¼ 2ðW ch þ HÞ

ðW ch þ W finÞH
ð4Þ

As appeared in Eqs. (1)–(3), the thermophysical properties
of fluid and solid involved are the fluid density qf, fluid vis-
cosity lf, fluid thermal capacity ðqcpÞf , fluid effective ther-
mal conductivity kfe and solid effective conductivity kse.
The effective thermal conductivities of the fluid and solid
phases can be written as (Bejan, 1984)

kse ¼ ð1� eÞks; kfe ¼ ekf ð5Þ

Based on the thermally fully developed flow, the energy
balance between the fluid flow and applied heat flux can
be related as

qw ¼ eðqcpÞfumH
oT f

ox
ð6Þ
where um is the mean fluid velocity. Substituting Eq. (6)
into Eq. (3), the energy equation for the fluid flow can be
written as

u
um

qw

H
¼ haðT s � T fÞ þ

o

oy
kfe

oT f

oy

� �
ð7Þ

To complete the mathematical model, the boundary condi-
tions are needed. Based on the physical model depicted in
Fig. 1, the boundary conditions for Eqs. (1), (2) and (7) are

At y ¼ 0 : u ¼ 0; T s ¼ T f ¼ T w ð8aÞ

At y ¼ H : u ¼ 0;
oT s

oy
¼ oT f

oy
¼ 0 ð8bÞ

In writing Eq. (8a), we have neglected the influence of the
MCHS base plate thickness since the MCHS material usu-
ally has high thermal conductivity. The temperature Tw is
regarded as the temperature of the MCHS bottom wall.

As shown in Eq. (7), the interfacial heat transfer coeffi-
cient is also one of the important parameters in dealing
with the heat transfer in porous media. Since the porous
medium originates from the rectangular channels, the inter-
facial heat transfer coefficient in a rectangular channel flow
can be used. A well-established relation for the heat trans-
fer coefficient for the rectangular channel flow under ther-
mally fully development is given as (Knight et al., 1992)

h ¼ kf

Dh

�1:047þ 9:326
a2

s þ 1

ðas þ 1Þ2

" #
ð9Þ

where as and Dh are the aspect ratio and hydraulic diameter
of the channel defined as

as ¼
H

W ch

; Dh ¼
2HW ch

W ch þ H
ð10Þ
2.3. Thermophysical properties of nanofluid

In this study, the nanofluid is to be used as the working
fluid. The thermophysical properties involved in the govern-
ing equations are replaced by those of the nanofluid. That
is, qf, ðqcpÞf , kf and lf are to be replaced by qnf , ðqcpÞnf ,
knf and lnf , respectively. These properties are given as

Density : qnf ¼ ð1� /Þqf þ /qp ð11Þ
Thermal capacity : ðqcpÞnf ¼ ð1� /ÞðqcpÞf þ /ðqcpÞp

ð12Þ

Thermal conductivity : knf ¼ k0 þ kd ð13aÞ

k0 ¼ kf

kp þ ðSH� 1Þkf � ðSH� 1Þ/ðkf � kpÞ
kp þ ðSH� 1Þkf þ /ðkf � kpÞ

ð13bÞ

Viscosity : lnf ¼ lf

1

ð1� /Þ2:5
ð14Þ

As shown in Eqs. (11)–(14), thermophysical properties of
nanofluid is related to the particle volume fraction which
is defined as the fraction of volume occupied by particle
in a unit volume of bulk fluid. The density and thermal
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capacity of nanofluid are simply evaluated based on the
volume fractions of each phase composed of nanofluid as
shown in Eqs. (11) and (12). In recent years, there have
been many researches devoting into evaluating the thermal
conductivity of nanofluid (Wang et al., 1999; Lee et al.,
1999). Because the nanofluid can be made using large vari-
eties of nanoparticles, base fluid and particle volume frac-
tions, the results from these studies show a large variety
in nanofluid thermal conductivity. Fundamentally, the
thermal conductivity of nanofluid is related to the particle
volume fraction of each phase, particle shape and thermal
dispersion due to the chaotic motion of nanoparticles in the
bulk flow. The thermal conductivity of nanofluid as shown
in Eq. (13a) composes of two terms to account for these ef-
fects. The first term k0 is regarded as the theoretical model
for the nanofluid thermal conductivity proposed by Ham-
ilton and Crosser (1962) based on treating nanofluids as li-
quid–solid mixtures under static conditions. In addition to
the thermal conductivities of the particle and fluid, the
thermal conductivity of the nanofluid under static condi-
tions also depends on the shape factor of the nanoparticle
which is given as

SH ¼ 3

w
ð15Þ

where w is the sphericity defined as the ratio of the surface
area of a sphere with a volume equal to that of the particle
to the surface area of the particle. Although recent studies
indicated that Eq. (13b) underestimates the thermal con-
ductivity of the nanofluid (Wang et al., 1999; Koo and
Kleinstreuer, 2004; Wang and Mujumdar, 2007), it is
usually employed as a comparison basis since fundamental
factors that affecting the nanofluid thermal conductivity
are included.

Although the assumption of treating nanofluid as a sin-
gle-phase fluid greatly simplifies the fluid flow heat transfer
analysis, the thermal dispersion effect due to nanoparticle
random motion should not be neglected since it is one of
the factors for heat transfer enhancement by using the
nanofluid. The most direct way to establish a model for
the thermal dispersion would be performing the experi-
ments. By comparing the experimental measured heat
transfer coefficient data for both pure fluid and nanofluid,
the model for the thermal dispersion could be established.
Although many experimental studies on convective heat
transfer using nanofluid have been performed in the past,
to our best knowledge, no conclusive correlation for the
thermal dispersion is available at the current stage. Because
of this difficulty, an alternative way to formulate the ther-
mal dispersion is to adopt the thermal dispersion model
that has been well-studied in the literature. Based on the
suggestions of Xuan and Roetzel (2000) and Khaled and
Vafai (2005), the thermal dispersion model developed in
the porous media is extended to model the thermal disper-
sion effect in the nanofluid flow. Based on these sugges-
tions, the thermal dispersion in nanofluid flow is related
to the particle volume fraction, fluid thermal capacity, flow
domain size, flow velocity and a constant that accounting
for effects due to particle size, shape, and random motion,
i.e.,

kd ¼ C�ðqCpÞnf/ðH=2Þu ð16Þ

where C* is a constant that need to be determined by
matching with the experimental data.

Eq. (14) is regarded as the theoretical model for the
nanofluid viscosity proposed by Brinkman (1952). For par-
ticle volume less than 5%, it has been shown the theoretical
and empirical models for nanofluid viscosity agree very
well (Ding and Wen, 2005). It should be noted that the
nanofluid viscosity could also depend on the particle shape.
However, there is no theoretical model available in the lit-
erature. As a consequence, the viscosity model shown in
Eq. (14) is used in this study.
3. Solution

3.1. Fluid flow and temperature distributions

Using the mean fluid velocity um and channel height H

as the characteristic velocity and length and define the
dimensionless temperature and pressure as

hs ¼
T s � T w

qwH
ð1�eÞks

; hf ¼
T f � T w

qwH
ð1�eÞks

; P ¼ K
elnf um

dp
dx

ð16Þ

the governing equations and boundary conditions in
dimensionless forms can be written as

U ¼ Da
e

d2U

dY 2
� P ð17Þ

d2hs

dY 2
¼ Biðhs � hfÞ ð18Þ

U ¼ Biðhs � hfÞ þ
ekf

ð1� eÞks

� o

oY
k0

kf

þ C�Pef

ðqcpÞnf

ðqcpÞf
/U

� �
ohf

oY

� �� �
ð19Þ

At Y ¼ 0 : U ¼ hs ¼ hf ¼ 0 ð20aÞ

At Y ¼ 1 : U ¼ dhs

dY
¼ dhf

dY
¼ 0 ð20bÞ

In Eqs. (17)–(19), U is the dimensionless fluid velocity, Da

is the Darcy parameter, Y is the dimensionless depth of
channel, Bi is the Biot number and Pef is the Peclet number.
The expressions for these parameters are given as

U ¼ u
um

; Da ¼ K

H 2
; Y ¼ y

H
; Bi ¼ haH 2=ð1� eÞks;

Pef ¼
1

2
ðqcpÞfumH=kf ð21Þ

The analytical solution of the velocity distribution was
solved by Kim and Kim (1999) and given as
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U ¼ P cosh

ffiffiffiffiffiffi
e

Da

r
Y þ

1� cosh
ffiffiffiffi
e

Da

p� �
sinh

ffiffiffiffi
e

Da

p� � sinh

ffiffiffiffiffiffi
e

Da

r
Y � 1

0
@

1
A
ð22Þ

Using the condition of
R 1

0 U dY ¼ 1, the dimensionless
pressure can be evaluated as

P ¼
sinh

ffiffiffiffi
e

Da

p
2
ffiffiffiffi
Da
e

q
cosh

ffiffiffiffi
e

Da

p
� 1

h i
� sinh

ffiffiffiffi
e

Da

p ð23Þ

In dimensional form, the pressure drop across the MCHS
can be evaluated by integrating the pressure gradient along
the MCHS length from the definition of dimensionless
pressure drop, i.e.,

Dp ¼ � 12lnfumP

W 2
ch

Lhs ð24Þ

Substituting Eq. (22) into Eq. (19) and coupling with Eq.
(18), temperature distributions in both the solid and fluid
can be solved subject to boundary conditions described in
Eq. (20). To avoid tedious mathematical manipulation,
temperature distributions in solid and fluid are solved
numerically. The derivatives in these equations are replaced
by finite difference schemes with second order accuracy.
3.2. Thermal resistance of the MCHS

The MCHS performance is commonly measured by its
thermal resistance. By neglecting the thermal resistance at
the base plate of MCHS, thermal resistance of MCHS
can be written as

Rth ¼ Rflow þ Rfin ð25Þ

where Rflow is the convective thermal resistance due to cool-
ant heating as it absorbs energy passing through the chan-
nel and Rfin represents the conductive thermal resistance
due to the heat conduction through the fins and convection
from the fins into the coolant. These two quantities can be
expressed as

Rflow ¼
1

ðqcpÞnf
_V
; Rfin ¼

1
�hAeff

ð26Þ

where _V is the coolant volume flow rate, �h is the overall
heat transfer coefficient of MCHS, and Aeff is the effective
heat transfer area. The volume flow rate can be calculated
by the expression,

_V ¼ Nqnf W chHum ð27Þ

where N is the number of channels defined as

N ¼ W hs=ðW ch þ W finÞ ð28Þ

By neglecting the fin efficiency, the effective heat transfer
area can be written as

Aeff ¼ LhsW hseð1þ 2asÞ ð29Þ
The overall MCHS heat transfer coefficient can be defined
as

�h ¼ qw=ðT w � T bÞ ð30Þ
where T w � T b is the temperature difference between
MCHS bottom wall and bulk fluid flow. Using the defini-
tion of dimensionless fluid temperature, T w � T b can be ex-
pressed as

T w � T b ¼ �
qwH
ð1� eÞks

Z 1

0

Uhf Y dY ð31Þ

Substituting Eqs. (27), (29) and (31) into Eq. (26), Rflow and
Rfin can be expressed as

Rflow ¼ �
12lnf LhsP

ðqcpÞnf W
3
chasDpW hse

ð32Þ

Rfin ¼ �
hfbH

eð1� eÞksLhsW hsð1þ 2asÞ

¼ �
W chas

R 1

0
Uhf dY

eð1� eÞksLhsW hsð1þ 2asÞ
ð33Þ

For a given MCHS geometry, it is seen from Eq. (32) that
using the nanofluid would not reduce the convective ther-
mal resistance since ðqcpÞnf is usually smaller than ðqcpÞf
and lnf is larger than lf. The MCHS improvement using
a nanofluid relies on a reduction in conductive thermal
resistance, as indicated in Eq. (33) which depends on the
temperature difference between the bulk nanofluid and
MCHS bottom wall. The pumping power required to drive
the fluid flowing through the MCHS is defined as

Pow ¼ ðDpÞ _V ð34Þ
4. Results and discussion

4.1. Velocity and temperature distributions in MCHS

In this study, the MCHS made of silicon wafer is consid-
ered. Two kinds of nanofluids, copper–water (Cu–H2O)
and carbon nanotube–water (CNT–H2O) were used as
the working fluids. The Cu nanoparticle is assumed to be
spherical so that the shape factor SH is equal to 3. The car-
bon nanotube is assumed to be rod-like with a shape factor
of 6 (Gosselin and da Silva, 2004). It is known that carbon
has a thermal conductivity of 1200 W/mK, which is about
three times larger than that of copper.

In Fig. 2, the velocity distributions in MCHS for two
channel aspect ratios are shown for the case of e ¼ 0:5
and various particle volume fractions based on Eqs. (22)
and (23). Note that the case of / ¼ 0 corresponds to the
pure fluid. Since e=Da ¼ 12a2

s , the velocity distribution in
MCHS depends only on the aspect ratio and fluid viscosity.
For as ¼ 2 case shown in Fig. 2a, velocity has a parabolic
profile. Although the particle volume fraction is low, the
nanofluid viscosity increases with the increase in particle
volume fraction. The presence of nanoparticles has the
effect of decreasing the fluid velocity. For / ¼ 2% and
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4%, there are about 10% and 20% decreases in velocity
magnitudes at the channel centers as compared with that
of pure fluid, respectively. For as ¼ 10 case shown in
Fig. 2b, the velocity profiles become flat at the MCHS cen-
tral region instead of parabolic. Similar to the as ¼ 2 case,
the presence of nanoparticles results in decreasing the
velocity magnitude. The velocity profiles shown in Fig. 2
agree well with the theoretical prediction given by Shah
and London (1978).

To compute the temperature distribution, the empirical
constant C* appearing in Eq. (16) must be specified.
According to the study of Khaled and Vafai (2005) in
which heat transfer of nanofluid flow in a channel was
investigated, the range of the value of C* was chosen from
0 to 0.4. Note that the case of C� ¼ 0 corresponds to no
thermal dispersion effect. Since the channel flow in the
study of Khaled and Vafai (2005) is similar to the micro-
channel flow in the MCHS and the main purpose of this
study is to address the general performance of the MCHS
when nanofluid is used as working fluid, the value of
C� ¼ 0:4 used in their study is adopted in this study. In
Fig. 3, temperature distributions in MCHS for both solid
and fluid phases are shown for e ¼ 0:5, as ¼ 2 and various
particle volume fractions when Cu–H2O is used. It is seen
that the presence of nanoparticle has an effect of raising
the fluid temperature. That is, the mean nanofluid temper-
ature is closer to the MCHS bottom wall temperature com-
pared with the pure fluid case. Based on the Newton’s
cooling law, it implies that the heat transfer coefficient in
nanofluid flow is enhanced because of decrease in temper-
ature difference between wall and bulk fluid when constant
heat flux is applied at the wall. Referring to Eq. (33), it can
also be realized that the conductive thermal resistance can
be reduced because of the smaller temperature difference
between the MCHS bottom wall and bulk fluid. No signif-
icant differences in temperature distributions caused by the
nanoparticle presence were found in the solid phase. Tem-
perature profiles of both solid and fluid for the case of
as ¼ 10 are shown in Fig. 4 for the Cu–H2O cooled MCHS.
Similar variation trends in the temperature distributions in
both solid and fluid phases are observed except that the
degree of temperature raised due to the presence of nano-
particles is not as significant as in the as ¼ 2 case. Again
according to Eq. (33), reduction in conductive thermal
resistance would not be significant since the reduction in
the temperature difference between the MCHS bottom wall
and bulk fluid is not significant. Both temperature profiles
of solid and fluid phases for the CNT–H2O cooled MCHS
with as ¼ 2 and 10 are shown in Figs. 5 and 6, respectively.
The temperature variation trends in CNT–H2O cooled
MCHS are the same as those for the Cu–H2O nanofluid
except that a smaller temperature difference is obtained
between the MCHS bottom wall and bulk fluid. A larger
reduction in conductive thermal resistance in CNT–H2O
cooled MCHS can be expected.

Based on the results shown in Figs. 3–6, it is seen that
the solid temperature distributions seem to be independent
with the types of the nanofluid used. The same conclusion
can also be made from the study of Koo and Kleinstreuer
(2005). This conclusion provides an opportunity to verify
the correctness of the model presented in this study. In
Fig. 7, the solid temperature distributions computed by
Koo and Kleinstreuer (2005) at a location of x = 0.008 m
and by the present model are compared for MCHS with
e ¼ 0:5 and as ¼ 6 and for pure water and Cu–H2O nano-
fluid. It is seen that there is about 4% difference between the
temperature distributions shown in Fig. 7. It is suspected
that the solid temperature distribution in the study of
Koo and Kleinstreuer (2005) is still in the thermally devel-
oping region. Since our result is obtained under thermal
fully development condition. This reason causes the dis-
crepancy between the results shown in Fig. 7. As indicated
in our study and in the study of Koo and Kleinstreuer
(2005), nanofluid temperature distribution depends on the
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type of nanofluid used and boundary conditions. We there-
fore did not compare our predictions with those of Koo
and Kleinstreuer (2005) since different nanofluids and
boundary conditions are involved. However, the variation
trend of the fluid temperature distribution predicted by
our model agrees with that computed by Koo and Kle-
instreuer (2005) except at the top side of the microchannel.
4.2. Thermal resistance of nanofluid-cooled MCHS

Eqs. (32) and (33) show that the MCHS thermal resis-
tance are functions of many parameters such as as, e,
W ch, /, W hs, Lhs, and Dp. To focus on the nanofluid effect,
we fixed the MCHS size at W hs ¼ Lhs ¼ 1 cm and channel
depth at H = 360 lm. /, as and e are allowed to vary for
examining the nanoparticle and channel geometry effects
on nanofluid-cooled MCHS performance. In practical
MCHS operations, the coolant is supplied to MCHS by
an externally connected pump. For a given flow rate and
a specified MCHS channel aspect ratio, the mean velocity
can be computed from Eq. (27). Consequently, the pressure
drop across the MCHS and the required pumping power
can be computed from Eqs. (24) and (34), respectively. In
Fig. 8, relations between pressure drop and pumping power
for CNT–H2O cooled MCHS with e ¼ 0:5 are shown. For
as ¼ 2 and 10, the channel widths are 180 lm and 36 lm,
respectively. As a result, there are more channels having
smaller hydraulic diameter in the MCHS with as ¼ 10 as
compared with the MCHS with as ¼ 2. Moreover, larger
effective heat transfer area can be obtained in the as ¼ 10
case as compared with as ¼ 2 case. As shown in Fig. 8, lar-
ger pressure drop occurs for as ¼ 10 case as compared with
the as ¼ 2 case under the same pumping power. This is
expected since it is more difficult to drive the coolant into
the MCHS when the microchannels are small. Conse-
quently, smaller flow rate can be driven into MCHS when
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as is large under the same pumping power. It is also noted
that the presence of nanoparticles produces an effect of
increasing the pressure drop according to the results shown
in Fig. 8. For the case of as ¼ 10, / ¼ 4%, and Pow = 2 W,
about 7% increase in pressure drop is found as compared
with that of pure fluid.

Recently, Jang and Choi (2006) developed a new model
to describe the effective thermal conductivity of nanofluid
and used it to investigate the MCHS performance numeri-
cally. The nanofluids they used are the Cu–H2O and dia-
mond–H2O nanofluids. The particle volume fraction for
each nanofluid is 1%. Using these nanofluids and MCHS
with as ¼ 8:6 and e ¼ 0:5, the predicted thermal resistances
as a function of pumping power using the present model
are compared with those of Jang and Choi (2006) and
shown in Fig. 9. It is seen that the variation trend is in good
agreement. For pure water, our predicted thermal resis-
tance is almost identical to that predicted by Jang and Choi
F
m
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(2006). Because of the different thermal dispersion models,
slightly difference in the value of the thermal resistance is
found between our predicted thermal resistance and that
of Jang and Choi (2006) when nanofluids are used. Based
on the comparisons shown in Figs. 7 and 9, it is believed
that the model developed in this study produces satisfac-
tory results and can be extended to further study on the
heat sink performance optimization using nanofluid as
the working fluid.

In order to have more detail understanding on the effect
of nanofluid on the MCHS thermal performance, the con-
vective, conductive and total thermal resistances for nano-
fluid-cooled MCHS are computed for various channel
aspect ratios. In Fig. 10a, the convective, conductive and
total thermal resistances for Cu–H2O cooled MCHS are
shown with as ¼ 2, e ¼ 0:5, and / ¼ 4%. The coolant
pumping power is used as a parameter. It is seen that the
total thermal resistance is dominated by the conductive
thermal resistance since the flow rate is large and effective
heat transfer area is small. Compared with pure water
cooled MCHS, the convective thermal resistance increases
when nanofluid is employed as the coolant. However, the
conductive thermal resistance is reduced when using the
nanofluid. An improvement in total thermal resistance
results because the reduction in conductive thermal resis-
tance is larger compared to the increase in convective ther-
mal resistance. The MCHS performance with as ¼ 10 using
Cu–H2O under the same operation condition as that in
as ¼ 2 case is shown in Fig. 10b. In contrast to the as ¼ 2
case, both the convective and conductive thermal resis-
tances are equally important for the MCHS total thermal
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resistance. Since the effective heat transfer area is large,
much smaller conductive thermal resistance is found as
compared with the as ¼ 2 case. This leads to total thermal
resistance of as ¼ 10 case is much smaller than that of
as ¼ 2 case. It is seen that the presence of nanoparticle
has insignificant effect on increasing the convective thermal
resistance and decreasing the conductive thermal resis-
tance. The combined effect is that nanofluid has an insignif-
icant effect on MCHS performance enhancement. Using
the same conditions for the results shown in Fig. 10,
CNT–H2O cooled MCHS performance is shown in
Fig. 11. Since the carbon has higher thermal conductivity
as compared with the copper, better MCHS performance
is expected when using the CNT–H2O nanofluid for both
channel aspect ratios studied.
Pow (W)

Pow (W)

o
W/

C
o

W/
C

0 0.5 1 1.5 2 2.5 3
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 0.5 1 1.5 2 2.5 3
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Rflow

             pure water

         CNT-H2O,φ =4%

Rth

Rfin

RthRflow

Rfin

αs=10

αs=10

              pure water  

         CNT-H2O,φ =4%

Fig. 11. Thermal resistance of CNT–H2O cooled MCHS as a function of
pumping power. Lhs ¼ 1 cm, W hs ¼ 1 cm, H ¼ 360 lm, e ¼ 0:5. (a) as ¼ 2
and (b) as ¼ 10.

0 1 2 3 4 5

0 1 2 3 4 5
0.05

0.051

0.052

0.053

0.054

0.055

0.056

0.057

0.058

0.059

0.06

φ

φ

αs=10, =0.5

Cu-H2O

R
ht

(
)

W/

ε

   CNT- H2O

ig. 12. Thermal resistance of nanofluid-cooled MCHS as a function of
article volume fraction, Pow = 3 W. (a) as ¼ 2 and (b) as ¼ 10.
F
p

Dependences of MCHS performance on the particle vol-
ume fraction are shown in Fig. 12. In Fig. 12, the MCHS
geometric configurations are the same as those in Fig. 10
with the coolant pumping power fixed at 3 W. As expected,
the thermal resistance of MCHS decreases with the increase
in particle volume fraction. More significant thermal resis-
tance reduction is found for as ¼ 2 case. The effect of nano-
particle on the MCHS thermal resistance becomes
insignificant for the as ¼ 10 case. The reasons for these
observations have been described above. For both channel
aspect ratios shown in Fig. 12, it is seen that CNT–H2O
cooled MCHS has better performance than the Cu–H2O
cooled MCHS.

Both porosity and the channel aspect ratio are related to
the pressure drop across and flow rate through the MCHS.
Any variation in these two parameters results in changes in
pressure drop and flow rate. It is therefore difficult to com-
pare the MCHS performance under the same pumping
power when the channel geometry is varied. Instead of
pumping power, effects of porosity and channel aspect
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ratio on MCHS performance are examined and compared
under a given pressure drop across the MCHS as suggested
in the studies of Li et al. (2004) and Li and Peterson (2006).
From the definitions, porosity depends on the ratio of
channel width to fin width. The limiting values of e
approaching to zero and approaching to unity correspond
to very thick and very thin fins in MCHS, respectively. For
thin fin case, large number of channel can be resulted and
the effective heat transfer area increases. The MCHS has a
smaller number of channels and more effective heat trans-
fer area when the fins are thick. In Fig. 13, the MCHS per-
formance as function of e are shown for as ¼ 2 and 10.
Since pressure drop is proportional to the flow rate, higher
pressure drop implies higher flow rate is driven into the
MCHS. As shown in Fig. 13a, there is no significant differ-
ence between the results between two pressure drops stud-
ied when as ¼ 2. As mentioned above, thermal resistance is
dominated by the conductive thermal resistance when
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aspect ratio is low. The contribution of convective thermal
resistance is less important. When the porosity increases, it
implies that more channels can be fabricated in MCHS.
This results in increasing the heat transfer area and reduc-
ing both the conductive and total MCHS thermal resis-
tances. This also implies that MCHS performance can be
enhanced using fins with smaller thickness. This finding is
agreed with the study of Hunt and Tien (1988) in which
they pointed out conduction through porous media is dom-
inant when thick ligaments of porous media was used.
However, the fin thickness should be larger enough to with-
stand the pressurized fluid flow. Also shown in Fig. 13a,
use of nanofluid can further decrease the thermal resis-
tance, especially when porosity is low. For as ¼ 10 case
as shown in Fig. 13b, it is found that pressure drop has sig-
nificant effect on the MCHS thermal resistance. It is noted
that convective thermal resistance is inversely proportional
to the flow rate. Increasing pressure drop implies that the
convective resistance can be reduced. As shown in
Fig. 13b, much smaller thermal resistance can be obtained
when pressure drop is 200 kPa since the convective thermal
resistance is lower. In contrast to the as ¼ 2 case, using
nanofluid does not enhance the MCHS performance,
although the difference is not significant. The reason for
this observation is clearly due to the combined result
between the increased convective thermal resistance and
decreased conductive thermal resistance. Also shown in
Fig. 13b, an optimum value of e that producing the lowest
thermal resistance can be found for both pressure drops
studied.

The effect of channel aspect ratios on the MCHS perfor-
mance are shown in Fig. 14 for the nanofluid-cooled
MCHS with e ¼ 0:5 and / ¼ 4%. For the case of pressure
drop equal to 50 kPa, an optimum value of as that produc-
ing the lowest thermal resistance can be found with a value
approximately equal to 5. For as less than 5, MCHS perfor-
mance is enhanced when nanofluid is used. However, when
as is greater than 5, the nanofluid does not improve MCHS
performance. Similar observation can be found when pres-
sure drop increases to 200 kPa as shown in Fig. 14b. For
pressure drop equal to 200 kPa, optimum value of as is
approximately equal to 6. Again, for as less than the opti-
mum values for the pressure drops studied, use of nano-
fluid can enhance the MCHS performance while
nanofluid does not affect the MCHS performance very
much when as are greater than the optimum values. The
reasons for this observation are the same as those described
in the discussion on the porosity effect on MCHS
performance.

4.3. Nanofluid cooled MCHS performance with optimized

channel geometry

The results shown in Figs. 13 and 14 indicated that there
appears optimum microchannel channel geometry that
resulting in the lowest thermal resistance and many investi-
gations have done in the past to address microchannel
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geometry optimization (Knight et al., 1992; Li and Peter-
son, 2006). In this study, we focus on the effect of using
nanofluid as coolant in the MCHS and detail of micro-
Table 1
Comparison of performances of pure fluid cooled- and nanofluid-cooled MCH

Tuckerman and Pease (1981)

Size Lhs � W hs 1 cm · 1 cm
Pumping power (W) 2.27 W
Coolant Water
Numbers of channels 88
Channel height, H, lm 365 lm
Fin thickness, W fin, lm 57 lm
Channel width, W ch, lm 57 lm
Porosity, e 0.5
Aspect ratio, as 6.4
Rflow, �C/w 0.022
Rfin, �C/w 0.064
Rth, �C/w 0.086
channel optimization is not performed. To compare the
performances between pure water cooled and nanofluid-
cooled MCHS with optimum microchannel geometry, we
adopt the results in the study of Tuckerman and Pease
(1981). Using the same operation conditions and micro-
channel geometry in the study of Tuckerman and Pease
(1981), the pure water cooled and nanofluid-cooled MCHS
performances are summarized in Table 1. It is seen that
nanofluid-cooled MCHS can reduce the thermal resistance
from 0.086 �C/W to 0.0657 �C/W and 0.0642 �C/W when
Cu–H2O and CNT–H2O with / ¼ 4% are used as coolants,
respectively.

5. Conclusion

In this study, the MCHS performance using nanofluid
as coolants is examined. Two kinds of nanofluids, Cu–
H2O and CNT–H2O are employed in this study. The
MCHS structure is modeled as the porous medium and
two-equation model are employed to describe the fluid
and heat transfer in the MCHS. The obtained flow velocity
and temperature distributions are then used to evaluate the
thermal resistance that characterizes the MCHS perfor-
mance. The nanofluid is assumed to be a single-phase fluid.
Based on our study, the following conclusions can be
made:

(1) The presence of nanoparticles has the effect of reduc-
ing the temperature difference between MCHS bot-
tom wall and bulk nanofluid as compared with that
of pure fluid. The reduction of this temperature differ-
ence is proportional to the particle volume fraction.
The degree of reduction in this temperature difference
is also found to depend on the channel aspect ratio.

(2) The presence of nanoparticles increases the convec-
tive thermal resistance of the MCHS due to the
increase in viscosity and decrease in the thermal
capacity. The reduction in the temperature difference
between MCHS bottom wall and bulk fluid due to
the presence of nanoparticles results in a reduction
in the MCHS conductive thermal resistance.
S with optimized channel geometry

Present study

1 cm · 1 cm
2.27 W
Cu–H2O / ¼ 4% CNT–H2O / ¼ 4%
88 88
365 lm 365 lm
57 lm 57 lm
57 lm 57 lm
0.5 0.5
6.4 6.4
0.0242 0.0242
0.0415 0.0400
0.0657 0.0642
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(3) The nanofluid has a significant effect on the MCHS
performance when the channel aspect ratio and
porosity are low. The total thermal resistance can
be reduced by the reduction in conductive thermal
resistance due to the reduction in temperature differ-
ence between mean nanofluid temperature and
MCHS bottom wall. For MCHS with high channel
aspect ratio and porosity, it is found that using nano-
fluid does not produce significant MCHS perfor-
mance enhancement because of large effective heat
transfer area.

(4) Under a given pressure drop across the MCHS, opti-
mum values of aspect ratio and porosity that produc-
ing the minimum thermal resistance can be found.
Using nanofluid can enhance the MCHS perfor-
mance when the porosity and aspect ratio are less
than the optimum porosity and aspect ratio. Using
the operation conditions and optimum channel
geometry in the study of Tuckerman and Pease
(1981), further reduction in MCHS thermal resistance
can be resulted when nanofluid is used as the coolant.
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