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The effectiveness of nanoﬂuid on improving the performance of MCHS is checked.
Al2O3/H2O nanoﬂuid is useful only when the provided pumping power of MCHS is high.
The criteria for suitable nanoﬂuids for MCHSs are proposed.
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A B S T R A C T

Electronic cooling remains a challenging subject that needs further exploration and research due to its
increasing high heat ﬂux. The microchannel is one of several high-heat-ﬂux heat removal designs to meet
this requirement. Nanoﬂuids exhibit dramatically enhanced thermal conductivity as well as strong
temperature- and size-dependent thermophysical properties, and can be achieved by adding solid particles with diameters below 100 nm in the traditional liquid working ﬂuid. Nanoﬂuids are expected to
be utilized in microchannel heat sinks as coolants to gain double proﬁts in heat transfer enhancement
to meet the increasing cooling requirements of electronic devices. Does the microchannel heat sink (MCHS)
using nanoﬂuid as coolant always provide good cooling to the electronic devices? The answer is No. The
aims of the present work are: (1) to provide the criteria for suitable nanoﬂuids for MCHS by checking
the effectiveness of Al2O3/H2O nanoﬂuid on improving the overall performance of microchannel heat sink;
(2) to answer if/when Al2O3/H2O nanoﬂuid is suitable for MCHS.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Interest in high-heat-ﬂux electronic cooling gained momentum in the 1980s. The limited cooling power of forced convection
air cooling is far from the demand of electronic cooling [1]. To provide
enhanced cooling capability, innovative cooling devices with special
geometric conﬁgurations were designed, and alternative high performance coolants such as water and other liquids were used. The
microchannel is one of several high-heat-ﬂux heat removal techniques in heat sink design, and microchannel heat sinks (MCHSs)
using liquids as coolants are signiﬁcant to cooling of electronic
devices, such as micro-electro-mechanical systems, integrated circuit
boards, laser-diode arrays, high-energy mirrors, etc [2]. The thermal
resistance, required pumping power and the uniformity of temperature distribution in MCHS are metrics often used to indicate
the economics and safety of electronic cooling.
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As a new class of heat transfer medium, nanoﬂuids were proposed early in the 1990s by adding solid particles with diameters
below 100 nm in the traditional liquid working ﬂuid (also called host
ﬂuid or base ﬂuid). Nanoﬂuids exhibit dramatic enhanced thermal
conductivity and nonlinear relationships between thermal conductivity and concentration [3]. Of course, the other thermophysical
properties of nanoﬂuids are also changed because of nanoparticles.
Experimental results also showed that thermal conductivity and
dynamic viscosity of nanoﬂuids are strong temperature- and sizedependent [3]. The performance of MCHS is expected to be greatly
improved by using suitable nanoﬂuids. The amount of research on
this topic is increasing rapidly in the past years.
Heat transfer enhancement of a closed system that was designed for cooling of microprocessors or other electronic components
was experimentally evaluated by using Al2O3/H2O nanoﬂuids (with
two particle diameters of 36 and 47 nm) as coolant in Nguyen et al.
[4]. It was shown that for the turbulent ﬂow regime, the convective heat transfer coeﬃcient was increased by approximately 40%
at a volume concentration of 6.8%, and the base surface temperature was clearly decreased. Nanoﬂuids with 36 nm particle diameter
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provided higher heat transfer coeﬃcients than the ones with a 47 nm
particle size. No pumping power data were reported in Ref. 4. Lee
and Mudawar [5] experimentally investigated the micro-channel
cooling beneﬁts by using HFE-7100 based nanoﬂuids containing Al2O3
nanoparticles. The results showed that high heat transfer coeﬃcients were achieved, especially for laminar ﬂow and in the entrance
region of microchannels. The cooling performance of a copper
microchannel heat sink using Al2O3/H2O nanoﬂuid as coolant was
experimentally investigated in Ho et al. [6]. The Reynolds number
ranged from 226 to 1676. For the case with 1 vol.% Al2O3/H2O
nanoﬂuid as coolant, the average heat transfer coeﬃcient increased by about 70% compared with that with water in the largest
ﬂow rate condition. The thermal resistance was reduced to 0.029 K/W
and by about 25% at high pumping power for the heat sink cooled
by the nanoﬂuids. Despite the marked increase in dynamic viscosity due to the dispersion of alumina nanoparticles in water, the
frictional factor for the nanoﬂuid-cooled heat sink was found to have
only a small increase.
The effect of CuO/H2O nanoﬂuids in a copper heat sink with
nanoﬂuid volume concentrations of 0.1% and 0.2% was experimentally investigated by Selvakumar and Suresh [7]. A maximum rise
of 29.63% in convective heat transfer coeﬃcient was determined,
while the average increase in pumping power was 15.11% for the
nanoﬂuid with volume concentration of 0.2% compared to deionized water with the same volume ﬂow rate. Peyghambarzadeh et al.
[8] experimentally investigated forced convective heat transfer and
ﬂuid ﬂow of CuO/H2O and Al2O3/H2O nanoﬂuids in an MCHS. The
results showed that the heat transfer coeﬃcient increased with an
increase of nanoparticle concentration but the heat transfer enhancement did not increase with Reynolds number. This is because
the addition of nanoparticles in the base ﬂuid brings about heat
transfer enhancement as well as a decrease of Reynolds number due
to the increase of dynamic viscosity. For a case with ﬁxed inlet velocity, if we try to increase Reynolds number by decreasing the
nanoparticle concentration of nanoﬂuid, the heat transfer enhancement must be decreased. The present authors suggest that the
relationship between Nusselt number and Reynolds number for
single-phase forced convective heat transfer and ﬂuid ﬂow such as
Nu = 0.023Re0.8Pr0.4 is not suitable to evaluate the heat transfer enhancement by using nanoﬂuids.
So far, the available experimental results related to the effects
of nanoﬂuids on the performance of microchannel heat sink are still
scarce and scattered. The experimental conditions of each research group differ from one to another. Different methods in data
processing also may lead to different conclusions even when processing the same experimental data. Even so, the available
experimental results about the performance improvements of MCHS
by using nanoﬂuids are still encouraging. To deeper understand the
heat transfer and ﬂow behavior of nanoﬂuids in different
microchannels, researchers worldwide have been encouraged to
conduct more numerical simulations on this topic. Jang and Choi
[9] investigated the cooling performance of a silicon microchannel
heat sink under forced convective ﬂow with nanoﬂuids (Cu/water,
6 nm and diamond/water, 2 nm particle size), in which viscous dissipation was not considered. The results showed that the cooling
performance of a microchannel heat sink with water-based
nanoﬂuids containing diamond (1 vol. %, 2 nm) at the ﬁxed pumping
power of 2.25 W was enhanced by about 10% compared with that
of a microchannel heat sink with water. Li and Kleinstreuer [10] numerically simulated the thermal performance of CuO/water nanoﬂuid
taken as pure ﬂuids with temperature dependent thermal properties and without considering thermal dispersion effect, ﬂowing in
a trapezoidal microchannel. The volume fractions of nanoﬂuids were
of 1% and 4% and particle size of 28.6 nm. The results showed that
nanoﬂuids did measurably enhance the thermal performance of
microchannel with a small increase in pumping power. Bhattacharya
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et al. [11] numerically studied the conjugate heat transfer of laminar
forced convective heat transfer characteristics of Al2O3/H2O nanoﬂuid
ﬂowing in a silicon microchannel heat sink (MCHS) of rectangular
cross-section. Thermal dispersion effect due to random motion of
ultraﬁne nanoparticles has been incorporated in the effective thermal
conductivity model of nanoﬂuid. Their results showed that the fully
developed heat transfer coeﬃcient of nanoﬂuid ﬂowing in MCHS
increased with Reynolds number in laminar ﬂow regime. Mohammed et al. [12] numerically investigated the effect of Al2O3/H2O
nanoﬂuids with volume fraction ranged from 1% to 5% on the heat
transfer and ﬂuid ﬂow characteristics in rectangular microchannel
heat sink for Reynolds number range of 100–1000, without consideration of viscosity dispersion or thermal dispersion. It was
revealed that when the volume fraction of nanoparticles is increased under the extreme heat ﬂux, both the heat transfer
coeﬃcient and wall shear stress is increased while the thermal resistance of the MCHS is decreased. However, nanoﬂuid with volume
fraction of 5% was unable to enhance heat transfer. It was concluded that the presence of nanoparticles could enhance the cooling
of MCHS under the extreme heat ﬂux conditions under optimum
nanoparticle concentration. Only a slight increase in the pressure
drop across the MCHS was found compared with the pure watercooled MCHS. Lelea [13] numerically modeled the conjugate heat
transfer and ﬂuid ﬂow of Al2O3/H2O nanoﬂuid through the rectangular microchannel in the laminar ﬂow regime. Two heat transfer
directions, cooling and heating, were considered in their simulation. It was found that heat transfer enhancement was higher for
the heating case than for cooling case when the given pumping
power of MCHS was lower. The results were opposite when the given
pumping power was high. This is interesting but needs further validation. Basically, for the ﬂow and heat transfer in narrow channels,
the heat transfer coeﬃcient will be underestimated in the cooling
case and overestimated in the heating case if the viscous heating
effect was not considered. This means that viscous dissipation plays
a role in the heat transfer of nanoﬂuids in microchannel, and should
be taken into account in the simulations.
Mohammed et al. [14] numerically estimated the effect of
various types of nanoﬂuids on heat transfer and ﬂuid ﬂow
characteristics in triangular and trapezoidal shaped MCHS. However,
the thermal property models of nanoﬂuids used in their simulations did not include temperature effect. Akbarinia et al. [15]
numerically investigated forced convection nanoﬂuid ﬂow of
Al2O3/H2O in two-dimensional rectangular microchannels with constant Reynolds numbers to explore that either increasing the
nanoparticles volume fraction (leading to kinematic viscosity increase) or increasing the inlet velocity has a major role on heat
transfer enhancement in nanoﬂuid ﬂow. It was found that at a given
Reynolds number, the major enhancement in the Nusselt
number was not due to the increase of nanoparticle concentration but due to the increase of the inlet velocity in order
to achieve a constant Reynolds number. It was concluded that constant Reynolds number studies on nanoﬂuids were not suﬃcient
to evaluate the heat transfer and the skin friction factor in nanoﬂuid
applications. This is true because nanoparticles have global and
complicated effects on all of thermophysical properties of nanoﬂuids.
Hung et al.’s [16] numerical results showed that the lowest thermal
resistance can be obtained by properly adjusting the volume fraction and inlet velocity of nanoﬂuids under given geometric
conditions.
Numerical modeling was carried out by using traditional single
phase models with mixture rule and discrete phase approach with
consideration of drag force, gravity force and Brownian force in Singh
et al.’s work [17]. It suggested that the discreet phase model was
to be more accurate at higher Reynolds number, while single phase
models with mixture rule can be used at lower Reynolds number.
Kalteh et al. [18] used a two-phase Eulerian–Eulerian method with
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consideration of drag force between phases only. This shows that
researchers explored different models to investigate nanoparticle
effects on nanoﬂuid ﬂow and heat transfer in MCHS.
The above reviews show that the differences in the governing
equations, outlet boundary conditions (pressure outlet or outﬂow),
shape and size of microchannel, nanoﬂuid types and their thermal
property models exist in the open literatures, which are shown in
Table 1. Specially, the thermal property models used in different references should be noted. We also know that these factors are the
keys to the reliability of the numerical results.
The aim of present work is to provide the criteria for
suitable nanoﬂuids for MCHS by checking the effectiveness of Al2O3/
H2O nanoﬂuid in improving the overall performance of microchannel
heat sink. To gain reliable numerical results, governing equations,
outlet boundary conditions and thermal property, models of
nanoﬂuid are carefully selected, and will be stated in the following sections.
2. Conﬁguration and computational conditions of MCHS
A typical heat sink is shown in Fig. 1. The geometric sizes of the
microchannels and heat sink are presented in Table 2, in which the
microchannel’s width and depth, and the ﬁn width between channels are determined based on Li and Peterson’s [27] work. A ﬁxed
heat ﬂux of 200 W/cm2 is assigned to the heat sink on its bottom
base surface as shown in Fig. 1. The region enclosed by the dashed
lines in Fig. 1 is selected as the computation region, as shown in
Fig. 2. Substrate materials of MCHS can be copper (Cu), silicon (Si)
or aluminum nitride (AlN), whose material properties are tabulated in Table 3.
So far, Al2O3/H2O nanoﬂuid is one of the most frequently studied
nanoﬂuids in open literature. The reason may be that it is more stable
and cheaper in comparison with other nanoﬂuids. However, most
numerical work used viscosity models of Al2O3/H2O nanoﬂuid that
underestimate the increase in its viscosity compared with that of
base ﬂuid. In some studies, viscous dissipation was even neglected, as shown in Table 1. We try to extract some reliable results
on the thermophysical properties of Al2O3/H2O nanoﬂuid (described in Section 3.3), and use it as coolant in the MCHS.
In the simulation, the effectiveness of Al2O3/H2O nanoﬂuid on improving the overall performance of MCHS is investigated by
comparing the numerical results with the base case, which uses pure
water as coolant. Finally, the criteria for suitable nanoﬂuids for MCHS
are proposed.
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The boundary conditions of the computed domain referenced
in Fig. 2 are described in Table 4. A grid system with non-uniform
hexahedral mesh of 600(x) × 93(y) × 21(z) is found to be ﬁne enough
to obtain the grid-independent numerical solution. QUICK scheme
is applied to discretize the diffusion term, and second-order upwind
scheme is applied to discretize the convective term. The substrate
region is deﬁned as solid region in which the velocity of 0 is assigned automatically and only heat conduction equation is solved.
SIMPLEC algorithm is applied to couple pressure and velocity. The
convergence criterion for the velocity is that the maximum mass
residual of the cells divided by the maximum residual of the ﬁrst
5 iterations is less than 10−4.

3.2. Thermophysical property models of coolants
Table 5 lists the properties of Al 2 O 3 and water [13]. The
thermophysical properties of Al2O3/H2O nanoﬂuid are dependent on
the properties of the base ﬂuid of water, the nanoparticles of Al2O3
and temperature. According to the mixing rule for conventional ﬂuid–
solid mixtures [13], the density and speciﬁc heat capacity of
nanoﬂuids are basically decided by the loading fraction of the
nanoparticle, as shown in Eqs. (5) and (6).

ρnf = ρ pφ + ρ f (1 − φ )

The available experimental results on the forced heat transfer
of nanoﬂuids showed that nanoﬂuids with low volume concentrations behave just like single phase Newtonian ﬂuids. And the viscous
dissipation effects and temperature dependent thermophysical property effects of coolants should be taken into account. Thus, single
phase governing equations (with dissipation term in energy equation) are used in the following simulation. Outﬂow boundary
condition is applied at the microchannel outlet because the ﬂow
should be fully developed through a long and straight microchannel
in a real MCHS.
3D steady governing equations for conservation of mass, momentum and energy for ﬂuid region and solid substrate region in
MCHS can be written as follows, respectively. The ﬂow of coolant
is assumed to be laminar because the inlet Reynolds number is controlled to be less than 500.
Mass conservation:

(3)

Here, Φ is the viscous dissipation function.
Energy conservation in solid substrate region:

3. Models
3.1. Numerical models and methods

(2)

ρ p,nf =

ρ pc ppφ + ρ f c pf (1 − φ )
ρ pφ + ρ f (1 − φ )

(5)

(6)

So far, the trends of the relationship between the thermal conductivity or viscosity of nanoﬂuids and their inﬂuence factors
including temperature, size and volume concentration of
nanoparticles have been theoretically predicted and experimentally studied worldwide. It was conﬁrmed that the thermal
conductivity of nanoﬂuids increases with increases of temperature and volume concentration of nanoparticles, and with decrease
of particle diameter. The dynamic viscosity of nanoﬂuids increases with the increase of volume concentration and the decrease
of temperature. The effect of nanoparticle size on the viscosity of
nanoﬂuids is not yet known clearly. Most of the proposed models
and/or empirical correlations about nanoﬂuid thermal conductivity and dynamic viscosity have limited application ranges. Therefore,
the suitable and reliable models of thermal conductivity and viscosity of Al2O3/H2O nanoﬂuids must be carefully extracted before
the simulation work can be carried out.

Table 1
Differences between the open literatures.
Governing equations

Outlet boundary conditions

Cross-section shape and size of
microchannel

Nanoﬂuids, concentration,
nanoparticle size

Models of thermal conductivity and
viscosity of nanoﬂuids

Jang and Choi [9]

For single phase without consideration
of viscous dissipation.
Conjugate with side wall
For single phase with consideration of
viscous dissipation.
Conjugate with side wall and substrate

Outﬂow

Rectangular
350 μm (depth)
40.7 μm (width)
Trapezoidal
500 μm (top width) × 358.4 μm
(bottom width) × 100 μm (depth)

Diamond/H2O,1.0 vol.%, 2 nm
Cu/Water, 1.0 vol.%, 6 nm

Authors’ own model
Size-dependent

CuO/H2O, 1 and 4 vol.%, 28.6 nm

For single phase equations
incorporated effective thermal
conductivity of nanoﬂuid with a
thermal dispersion coeﬃcient.
Conjugate with side wall
For single phase without consideration
of viscous dissipation.
For single phase with consideration of
viscous dissipation.
Conjugate with side wall

Outﬂow

Rectangular
180 μm (depth) × 57 μm (width)

Al2O3/H2O, 2.0, 3.0 vol.%, without size
data

Authors’ own model for thermal
conductivity.
Viscosity correlation from Ref. 19
Temperature- dependent
Thermal conductivity model from Ref.
20 with some modiﬁcation. Viscosity
correlation from Ref. 19.
Temperature- dependent

Pressure outlet

Rectangular
430 μm (depth) × 280 μm (width)
Rectangular
50 μm (depth) × 50 μm (width)

Al2O3/H2O, 1.0–5.0 vol.%,
without size data
Al2O3/H2O, 1, 4, 6, 9 vol.%, 10 μm and
47 μm

Mohammed et al. [14]

For single phase without consideration
of viscous dissipation.

Pressure outlet

Water based Al2O3, Ag, CuO, diamond,
SiO2, and TiO2, 2 vol.%.

Akbarinia et al. [15]

For single phase without consideration
of viscous dissipation.
Slip velocity and the jump temperature
boundary conditions were assigned to
the nanoﬂuid ﬂow adjacent to the wall.
For single phase without consideration
of viscous dissipation.
Conjugate with side wall

Pressure outlet

Triangular
280 μm (top width)
36.07° (bottom angle)
Rectangular (two-dimensional)
Height is non-dimensionalized by
hydraulic diameter.
Inﬁnity in width

For two-phase Eulerian–Lagrangian
(discrete phase) without consideration
of viscous dissipation.
Single channel
For two-phase Eulerian–Eulerian
without consideration of viscous
dissipation.
Conjugate with side wall

Pressure outlet

Li and Kleinstreuer [10]

Bhattacharya et al. [11]

Mohammed et al. [12]
Lelea [13]

Hung et al. [16].

Singh et al. [17]

Kalteh et al. [18]

Pressure outlet

Outﬂow

Pressure outlet

Outﬂow

Rectangular (three cases)
320 μm (depth)/40 μm (width)
287 μm (depth)/45 μm (width)
302 μm (depth)/50 μm (width)
Trapezoidal (three cases in total)
704 , 524, 346 μm (top width)
220, 155, 91 μm (depth)
54.74° (bottom angle)
Rectangular
28.1 mm (width) × 580 μm (depth)

Maxwell models [21]
Constants
Thermal conductivity correlation from
Ref. 22. Viscosity correlation from Ref.
23.
Temperature- dependent
Maxwell models [20] Constants

Al2O3/H2O, 5 vol.%,
without size data

Thermal conductivity correlation from
Ref. 22. Viscosity correlation from Ref.
24.
Temperature- dependent

Ethylene glycol, engine oil and water
based Al2O3, CuO
TiO2, Cu, Ag, Diamond

Thermal conductivity model from Ref.
25.
Viscosity correlation [24].
Temperature- dependent
Measured

Water based Al2O3, 0.25, 0.5, 1 vol.%
Ethylene glycol based Al2O3, 0.5 % and
1 vol. %, 45 nm
Al2O3/H2O, 1–5%, 40 nm
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Fluid and solid thermal conductivity
estimated as in Ref. 26.
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Fig. 1. Schematic of a microchannel heat sink.

A lot of theoretical/experimental work and models/empirical correlations for nanoﬂuid thermal conductivity and dynamic viscosity
have been reviewed. Das et al. [28] measured the temperature dependent thermal conductivity of Al2O3/H2O in detail but did not
include viscosity data. In Das et al.’s [28] work, the nominal size of
Al2O3 particle was characterized as 38.4 nm, volume concentration was 1.0% or 4.0%, and the temperature range was of 300–
330K. It was found that the empirical correlation proposed by
Corcione [29], shown as Eq. (7), can predict the thermal conductivity of Al 2 O 3 /H 2 O more accurately in comparison with the

experimental data from Das et al. [28]. The maximum deviation
between the predicted thermal conductivity of Al2O3/H2O nanoﬂuid
by Eq. (7) and the experimental data from Das et al. [28] is less than
3.8%, as shown in Fig. 3. Therefore, Corcione’s correlation (Eq. 7) is
applied in the present simulation

Table 2
Sizes of the heat sink and microchannels.

Re p =

Parameters

Unit

Values

Microchannel width, Wch
Microchannel depth, hch
Microchannel number
Fin width between channels, Wf
Heat sink thickness, t
Bottom thickness of substrate, tb
Heat sink width, W
Heat sink length, L

μm
μm

60
400
110
30.63
650
200
10,000
10,000

μm
μm
μm
μm
μm

10

knf
⎛ T ⎞ ⎛ kp ⎞
= 1 + 4.4 Re p0.4 Prf 0.66 ⎜ ⎟ ⎜ ⎟
⎝ T fr ⎠ ⎝ k f ⎠
kf

0.03

φ 0.66

where Tfr is the freezing point of the base liquid, and Rep is deﬁned
as:

2ρ f kbT
πη 2f d p

(8)

The temperature-dependent thermal conductivity of water of kf
(T) is modeled by Eq. (9) ﬁtted from water’s thermal conductivity
data [29].

k f (T ) = −1.079257 + 9.43573 × 10−3 T − 1.266071 × 10−5 T 2

D'

E' H'

Wch /2

A

A'

hch

C

tb

x

C'

F' G'
E

H

F

G

L

y
B

B'

qw

z

(9)

Currently, results regarding the nanoﬂuids’ viscosity are more
scattered than those on thermal conductivity. For reliable

D

Wf /2

(7)

(a)

(b)
Fig. 2. The computed domain.
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Table 6
The ﬁtted factors in Eq. (10).

Table 3
Material properties of the substrate.
Properties

Unit

Cu

AlN

Si

Density ρs
Thermal conductivity ks
Speciﬁc heat capacity cps

kg/m3
W/m·K
J/kg·K

8978
388
381

3260
285
740

2330
149
700

Parameter

simulation, a polynomial correlation, shown in Eq. (10), is ﬁtted using
Nguyen et al.’s experimental data [30] to reﬂect the effect of temperature on the dynamic viscosity of Al2O3/H2O nanoﬂuid in present
simulation. In Nguyen et al.’s work [30], Al2O3 nominal particle size
was characterized as 36 nm, and volume concentration was 1.0% or
4.5%. Table 6 lists the ﬁtted coeﬃcients of Eq. (10).

ηnf (T ) = a0 + a1T + a2T 2 + a3T 3 + a4T 4

(10)

Table 4
Boundary conditions used in the simulation.
Boundaries

Labeled as

Conditionsa

Inlet of microchannel

Surfaces of EFGH

Outlet of microchannel
Side boundaries

Surfaces of E′F′G′H′
Surfaces of ABCD and
A′B′C′D′
Surface of BB′C′C

Uniform velocity and
temperature
Outﬂow
Symmetry

Base of heat sink
Upper boundaries
Both ends of substrate

407

Surface of AA′D′D
Surfaces of ABB′GFEHA′
and DCC′G′F′E′H′D′

No-slip and uniform heat
ﬂux
No-slip and adiabatic
No-slip and adiabatic

Al2O3 nanoparticle volume concentration

a0
a1
a2
a3
a4

φ = 1%

φ = 4.5%

1.458
−1.758 × 10−2
7.975 × 10−5
−1.610 × 10−7
1.221 × 10−10

5.665
−7.022 × 10−2
3.267 × 10−4
−6.758 × 10−7
5.244 × 10−10

After all, we just select Al2O3/H2O nanoﬂuids as coolants with
particle diameter of 36 nm and volume concentrations of 1.0% or
4.5%. Their dynamic viscosity data are reliable from Nguyen et al.’s
experiment [30]. And we could get the reliable thermal conductivity data of the selected nanoﬂuids by Eq. (7) because their size and
volume concentration of nanoparticles are almost consistent with
those in Das et al.’s [28] work. The substrate materials of MCHS could
be copper (Cu), silicon (Si) or aluminum nitride (AlN) as stated before.
In the present simulation, substrate material, coolant and
microchannel inlet velocity in range of 1.0–3.5 m/s are changed for
the MCHS with ﬁxed geometrical sizes shown in Table 3. Table 7
summarizes the cases to be simulated.
Pure water ﬂow in the microchannel is simulated ﬁrst to validate the abovementioned models and methods, p. The simulated
temperature rises from the microchannel inlet to outlet as a function of inlet velocity are compared with the theoretical values
predicted by Eq. (11). A maximum relative deviation between the
numerical results and theoretical predictions is less than 1.4%, validating the effectiveness and reliability of the present numerical
models and methods.

Q
 p
ρVc

a Fixed inlet temperature of 300K is given for every case; range of microchannel
inlet velocity is 1.0–3.5 m/s.

ΔT = Tout − Tin =

Table 5
Thermophysical properties of H2O and Al2O3.

4. Characterization of the effectiveness of nanoﬂuid on
improving MCHS’s performance

Property

Unit

H2O

Al2O3

Density ρ
Thermal conductivity k
Speciﬁc heat capacity cp
Dynamic viscosity η

kg/m3
W/m·K
J/kg·K
kg/m·s

997
Temperature-dependent
4174
Temperature-dependent

3880
42
729
–

(11)

Generally, to assess the effectiveness of nanoﬂuid on improving the heat transfer performance in the microchannel, we might
ﬁrst think of the change in the average convective heat transfer coeﬃcient (Nusselt number or j factor) in the microchannel by using
nanoﬂuid compared with base ﬂuid. However, for the heat transfer in MCHS as a real heat exchanger, thermal resistance of Rth
(deﬁned in Eq. (12)) is more applicable to assess the overall heat
transfer performance of MCHS. A pumping power of P is used to
assess the penalty of MCHS due to ﬂuid ﬂow resistance in
microchannels. The maximum temperature difference ΔTmax, deﬁned
as the temperature difference between maximum and minimum wall
temperature on the base surface (see in Fig. 1), is used to assess the
uniformity of temperature distribution in MCHS. ΔT max is

Table 7
Cases simulated.

Fig. 3. Comparisons between the predicted thermal conductivities by correlation
[21] and experimental data [20] for Al2O3/water nanoﬂuid with nanoparticle size
of 38.4 nm.

Cases

Names

Substrate
material

Coolant

1
2
3
4
5
6
7
8
9

Cu–H2O
Cu–Al2O3/H2O–1.0%
Cu–Al2O3/H2O–4.5%
AlN–H2O
AlN–Al2O3/H2O–1.0%
AlN–Al2O3/H2O–4.5%
Si–H2O
Si–Al2O3/H2O–1.0%
Si–Al2O3/H2O–4.5%

Cu
Cu
Cu
AlN
AlN
AlN
Si
Si
Si

H2O
Al2O3/H2O
Al2O3/H2O
H2O
Al2O3/H2O
Al2O3/H2O
H2O
Al2O3/H2O
Al2O3/H2O

Volume
concentration
1.0%
4.5%
1.0%
4.5%
1.0%
4.5%
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Fig. 4. Temperature distribution on the symmetry surface of A′B′C′D′ for the case of Cu–Al2O3/H2O–4.5%.

relevant to the working reliability of MCHS, and a smaller value
would represent better reliability. The effectiveness of using Al2O3/
H2O nanoﬂuid as coolant in MCHS could be analyzed by directly
comparing these quantities with those in the same MCHS but with
water as working ﬂuid.
Thermal resistance of heat sink is deﬁned as

Rth =

Tw ,max − Tin
Q

(12)

where Q is the heat ﬂow carried away by coolant, W. Tw,max is the
maximum wall temperature on the base surface, K. Tin is the inlet
temperature of coolant in microchannel, K. In this paper, the decreased ratio in thermal resistance is introduced to estimate the effect
of nanoﬂuid on MCHS’s thermal resistance in comparison with that
of water, which is deﬁned as the difference between the MCHS’s
thermal resistance of the base case and the test case divided by the
MCHS’s thermal resistance of the base case, shown as Eq. (13).

r=

Rth, f − Rth,nf
Rth,b

(13)

Pumping power of heat sink is deﬁned as

P = Δp ⋅ V

(14)

where Δp is the pressure drop of coolant from the inlet to outlet
of microchannel, Pa. V is the volume ﬂow rate of coolant, m3/s.
5. Numerical results and discussion
5.1. Temperature ﬁeld and ﬂow characteristics in MCHS
As an example, the results about the temperature ﬁeld and ﬂow
characteristics for the case of Cu–Al2O3/H2O–4.5% (in which, substrate material is copper (Cu), coolant is Al2O3/H2O nanoﬂuid and
volume concentration is 4.5%) are presented here. The computed
temperature ﬁeld on the symmetry surface of A′B′C′D′ (vertical
central surface along the microchannel length direction, refer to
Fig. 2) is shown in Fig. 4. It shows the temperature rises in substrate and coolant along the microchannel length direction (xdirection). The maximum temperature occurs on the coolant outlet
end of MCHS’s base surface. For the reliable work of electronic
devices, the maximum temperature on the base surface should be
controlled to be lower than the speciﬁed value depending on the
electronic devices cooled. Fig. 5 shows the temperature distribution at the coolant outlet surface of DCC′D′ referred in Fig. 2. It shows
that the temperature decreases in the substrate region along the
height direction (y-direction) as the cooling load is added to the base
surface (y = 0) of MCHS. The temperature in the coolant region of

Fig. 5. Temperature distribution on the coolant outlet end surface of DCC′D′ for case of Cu–Al2O3/H2O–4.5%.
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Fig. 6. x-Direction velocity proﬁle of coolant on the symmetry surface of HGG′H′ for the case of Cu–Al2O3/H2O–4.5%.

the microchannels is lower than that in substrate region. Fig. 6 shows
the x-direction velocity proﬁle of coolant on the symmetry surface
of HGG′H′ referred in Fig. 2. It is zoomed in to focus on the velocity evolution in the entrance region of the microchannel. As we can
see, the top boundary layer is thicker than the bottom boundary
layer in the microchannel, which can be explained as follows. As
stated before, temperature-dependent viscosity of the coolant is used
in this simulation and the coolant temperature in the top boundary layer is lower than that in bottom boundary layer, as shown in
Fig. 4, because the constant heat ﬂux is assigned to the substrate
base only. Thus, the viscosity of coolant in top boundary layer is
higher than that in bottom boundary layer, resulting in the asymmetric velocity distribution between the top and bottom boundary
layers. For different cases with different substrate materials and coolants, similar temperature distribution and ﬂow characteristics could
be obtained but with different temperature and velocity values.

on the geometric conﬁguration of MCHS and the thermal conductivity of substrate material. For the MCHS using higher thermal
conductivity material as substrate (such as Cu), the thermal conduction resistance of substrate is smaller, and the improvement in
convective heat transfer by using nanoﬂuid decreases the coolant
convection thermal resistance and leads to a relatively signiﬁcant
decrease in the total thermal resistance of MCHS. For the MCHS using
lower thermal conductivity material as substrate (such as Si), the
thermal conduction resistance of substrate is larger, and the decrease of coolant convection thermal resistance by using nanoﬂuid
brings about relatively less change in the total thermal resistance
of MCHS. This result coincides with the heat transfer enhancement theory for a conventional heat exchanger, which tells us that
the decrease of the largest part of the thermal resistance amid the
whole heat transfer process will bring about more beneﬁt in the
decrease of the total thermal resistance of the heat exchanger.

5.2. Effects of Al2O3/H2O nanoﬂuid on the overall performance
of MCHS

5.2.2. Temperature distribution
The numerical results show that nanoﬂuids not only decrease
the maximum temperature on the base surface, but also improve
the uniformity of temperature distribution on the base surface.
Uniform temperature distribution is necessary for the reliability of
electronic devices. Table 8 shows the variation of maximum temperature and maximum temperature difference on the base surface
by using Al2O3/H2O nanoﬂuid with inlet velocity of 2.5 m/s. It is found
that the improvement on the uniformity of temperature distribution by using Al2O3/H2O nanoﬂuid is not as signiﬁcant as expected.
The maximum temperature difference on the base surface of Cu–
Al2O3/H2O–4.5% is lowered by only about 0.46 °C in comparison with
that of Cu–H2O. This can be explained as follows. Based on the
thermophysical properties of water and Al2O3 presented in Table 5,
the computed product of the density and speciﬁc heat capacity
( ρ ⋅ c p , volume speciﬁc heat capacity) of Al2O3/H2O nanoﬂuid computed by Eqs. (5) and (6) is less than that of water, although by a
small margin. This product will further decrease as the volume concentration of Al2O3/H2O nanoﬂuid increases. According to Eq. (11),
the temperature of Al2O3/H2O nanoﬂuid at the microchannel outlet
is slightly higher than that of water, due to the decrease in its volume
speciﬁc heat capacity. For the heat transfer in MCHS with uniform
ﬂux heat source located on the substrate base, the maximum temperature on the base surface is closely related to the outlet
temperature of coolant when the other conditions are the same. Thus,
the decrease of the volume speciﬁc heat capacity of Al2O3/H2O
nanoﬂuid surely degrades the heat transfer beneﬁt due to the

5.2.1. Thermal resistance
The effects of coolants on the thermal resistance of MCHS made
of different substrate materials are compared in Fig. 7, respectively. Clearly, Al2O3/H2O nanoﬂuids decrease the thermal resistance of
MCHS compared with base ﬂuid of water. The thermal resistance
is further decreased with increases of the volume concentration of
the nanoﬂuids. This is because the increase of volume concentration of nanoparticles brings about more enhancements in thermal
conductivity of the nanoﬂuid. When the inlet velocity is 2.5 m/s, the
decreased ratio in thermal resistance for case of Cu–Al2O3/H2O–
4.5% is about 8.0%. With the increase of inlet velocity, the decreased
ratio is increasing. For the cases with aluminum nitride (AlN) and
silicon (Si) as substrate materials, the same tendency was found but
with different decreased ratios of 6.8% and 5.5% at uin = 2.5 m/s, respectively. This indicates that the decreased ratio in MCHS’s thermal
resistance by using nanoﬂuids is relevant to the substrate material of MCHS. Nanoﬂuid can further decrease the thermal resistance
of the MCHS when a material with higher thermal conductivity is
used as substrate of MCHS. This phenomenon can be explained as
follows. The thermal resistance of MCHS includes both parts: the
coolant convection thermal resistance, which depends on the geometric conﬁguration of microchannels, thermophysical properties
of coolant and ﬂow condition (referring to coolant inlet velocity),
and the thermal conduction resistance of substrate, which depends
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Table 8
Comparisons of the uniformity of temperature distribution on the base surface.

(a) For MCHS with Cu as substrate material

(b) For MCHS with AlN as substrate material

Cases

Names

Tmax/°C

ΔTmax/°C

1
3
4
6
7
9

Cu–H2O
Cu–Al2O3/H2O–4.5%
AlN–H2O
AlN–Al2O3/H2O–4.5%
Si–H2O
Si–Al2O3/H2O–4.5%

315.50
314.25
316.62
315.40
320.39
319.22

9.32
8.86
9.82
9.41
11.05
10.67

5.2.3. Pumping power
The numerical results on the ﬂow resistance show that the
pumping power of MCHS is only dependent on the coolant material, and independent of the substrate material for the same
geometric shape of MCHS. This is because the present simulation
takes the inner wall of microchannels as fully smooth. The effects
of coolants on the pumping power of MCHS are compared in Fig. 8.
Clearly, Al2O3/H2O nanoﬂuids increase the pumping power of MCHS
compared with base ﬂuid of water due to the increase in dynamic
viscosity. The pumping power increases rapidly with increases of
volume concentration of Al2O3/H2O nanoﬂuids, especially in larger
inlet velocity conditions. The result show that the pumping power
of Al2O3/H2O–4.5% is increased by about 32% in comparison with
that of water when the inlet velocity is 2.5 m/s. Fig. 9 shows the comparison of dynamic viscosity between Al2O3/H2O nanoﬂuids and
water. A high increase of 44–52% in dynamic viscosity of Al2O3/
H2O nanoﬂuid with 4.5 Vol. % is resulted in comparison with that
of water. This reminds us that for the MCHS with limited pumping
power, the nanoﬂuids with much increased dynamic viscosity are
unacceptable regardless of the fact that they have enhanced thermal
conductivity. We can see from Figs. 7 and 8 that the pumping power
of MCHS increases exponentially with inlet velocity, while thermal
resistance decreases slowly after the coolant inlet velocity exceeds
2.0 m/s. To save pumping power, a moderate inlet velocity such as
less than 2.0 m/s is necessary in MCHS with nanoﬂuids as coolants.
Fig. 10 shows the comparison of thermal resistance vs. pumping
power between the two cases with 4.5 vol. % nanoﬂuid and water
as coolants. As shown in this ﬁgure, the effectiveness of nanoﬂuid
on improving the heat management capability of MCHS is related
to the given pumping power. When the pumping power is high
(>0.5W in present cases), a reduction of thermal resistance could
be gained by using a nanoﬂuid as coolant. However, when the given
pumping power is low, an increase in thermal resistance of MCHS
by using nanoﬂuid as coolant is observed. This is because when the

(c) For MCHS with Si as substrate material
Fig. 7. Effectiveness of Al2O3/H2O nanoﬂuid on reducing the thermal resistance of
MCHS.

thermal conductivity enhancement of Al2O3/H2O nanoﬂuid. Compared with traditional coolant, once nanoﬂuids with enhanced
thermal conductivity and higher volume speciﬁc heat capacity are
found and used in MCHS, we can safely presume that the uniformity of temperature distribution on the base surface will be
improved, and the thermal resistance of MCHS will further decrease. This result suggests a direction to synthetize suitable
nanoﬂuids to improve the thermal removal capability of MCHS more
eﬃciently.

Fig. 8. Penalty of Al2O3/H2O nanoﬂuids on increasing the pumping power of MCHS.
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6. Conclusions
Thermal management of electronic devices has been a hot topic
of great interest over the last few decades. Nanoﬂuids with enhanced thermal conductivity are expected to be utilized in
microchannel heat sinks as coolants to meet the increasing cooling
requirements of electronic devices. The present paper numerically investigates the effectiveness of Al2O3/H2O nanoﬂuids on improving
the overall performance of MCHS. The following conclusions are
reached.

Fig. 9. Comparison of dynamic viscosity between Al2O3/H2O nanoﬂuids [30] and water.

pumping power is low, the provided inlet velocity is consequently
low for the nanoﬂuid with increased viscosity. Naturally, low inlet
velocity results in high thermal resistance for MCHS.
Finally, it is worthwhile to note that some of the literature concluded that Al2O3/H2O nanoﬂuid brought about a slight increase in
pumping power, but the present results have shown otherwise. The
present simulation use Al2O3/H2O nanoﬂuid’s viscosity data from
experimental literature. This is helpful to gain reliable numerical
results. The numerical results show that Al2O3/H2O nanoﬂuid with
much increased viscosity results in much increased pumping power.
It indicates that Al2O3/H2O nanoﬂuid seems not to be a good choice
for coolants in MCHS.

1. Al2O3/H2O nanoﬂuids can decrease the thermal resistance and
improve the uniformity of temperature distribution on the base
surface of MCHS compared with the water case. The decreased
ratio in MCHS’s thermal resistance by using nanoﬂuids is relevant to the substrate material of MCHS. Al2O3/H2O nanoﬂuid also
brings about pumping power penalty of MCHS, and this penalty
increases rapidly with the increase of the volume concentration of nanoﬂuid as well as inlet velocity.
2. The decrease of the volume speciﬁc heat capacity of Al2O3/H2O
nanoﬂuid degrades the heat transfer beneﬁt due to its thermal
conductivity enhancement. The criteria for ﬁnding suitable
nanoﬂuid are that nanoﬂuid should have enhanced thermal conductivity, higher volume speciﬁc heat capacity and less increased
dynamic viscosity compared with those of base ﬂuid.
3. The effectiveness of nanoﬂuid on improving the heat management capability of MCHS is related to the given pumping power
of electronic device. A reduction of thermal resistance could be
gained by using Al2O3/H2O nanoﬂuid as coolant only when the
given pumping power is high. To save pumping power, a moderate inlet velocity is required.
4. It is worthwhile to note that some of the literature concluded
that Al2O3/H2O nanoﬂuid brought about a slight increase in
pumping power, but the present results have shown much increase in pumping power with using reliable experimental data
about Al2O3/H2O nanoﬂuid’s viscosity. It indicates that Al2O3/
H2O nanoﬂuid seems not to be a good choice for coolants in
MCHS.
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Nomenclature

Fig. 10. Thermal resistance .vs. pumping power for cases of Cu–H 2 O and
Cu–Al2O3/H2O–4.5%.

aj
cp
dp
hch
k
kb
L
p
Nu
P
Pr
q
Q
r
Re
Rep
Rth
t
tb

Fitted factors in Eq. (10)
Speciﬁc heat capacity [J/kg K]
Nanoparticle diameter [nm]
Microchannel depth [μm]
Thermal conductivity [W/m K]
Boltzmann constant [1.3807 × 10−23J/K]
Heat sink length [μm]
Pressure [Pa]
Nusselt number of coolant
Pumping power [W]
Prandtl number of coolant
Heat ﬂux of heat sink [W/m2]
Heat rate of heat sink [W]
Decreased ratio in thermal resistance
Reynolds number of coolant
Particle Reynolds number, deﬁned as Eq. (8)
Thermal resistance of heat sink [K/W]
Heat sink thickness [μm]
Bottom thickness of substrate [μm]
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T
Tfr
Tw,max
uin
V
W
Wch
Wf
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Temperature [K]
Freezing point of the base liquid [K]
Maximum temperature on the base surface [K]
Inlet velocity of microchannel [m/s]
Volume ﬂow rate of coolant [m3/s]
Heat sink width [μm]
Microchannel width [μm]
Fin width between channels [μm]

Greek symbols
Δp
Pressure drop of coolant between microchannel inlet and
outlet [Pa]
ΔT
Temperature difference of coolant between microchannel
inlet and outlet [K]
φ
Volume concentration of nanoﬂuid
η
Dynamic viscosity [Pa·s]
ρ
Density [kg/m3]
Subscripts
f
Base ﬂuid
in
Inlet
max
Maximum
nf
Nanoﬂuid
out
Outlet
p
Nanoparticle
w
Wall
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