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Abstract

@ CrossMark

In this study, a comparison of the convective heat transfer, pressure drop, and performance index characteristics of heat sinks with
a miniature circular pin-fin inline arrangement (MCFHS) and a zigzag flow channel with single cross-cut structures (CCZ-HS) is
presented. SiO,-water nanofluids with different particle concentrations are used as the coolant. The effects of the heat sink type,
particle concentration and fluid flow rate on the thermal and hydraulic performances are evaluated. The testing conditions are
performed at the wall heat fluxes of 10 to 60 kW/m? and at a mass flow rate ranging from 0.18 to 0.6 kg/s. The dimension of heat
sinks is equally designed at 28 x 33 mm. The heat transfer area of MCFHS and of CCZ-HS is 1430 and 1238 mm?, respectively.
Similarly, the hydraulic diameter of the flow channel of MCFHS and of CCZ-HS is 1.2 and 1.0 mm, respectively. The measured
data indicate that the cooling performances of CCZ-HS are about 24-55% greater than that of MCFHS. The effects of the channel
diameter and single cross-cut of the flow channel are more dominant than the effects of the fin structure and heat transfer area.
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Nomenclature

Area, m>

Specific heat, J/kgK

Diameter, m

Heat transfer coefficient, W/m? °C
Thermal conductivity, W/m °C
Heat sink length, m

Mass flow rate, kg/s

Nusselt number

Pressure drop, Pa

Heat transfer rate, W

Thermal resistance, °C/W
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Re
T
t
A%
QV
w
W,

pp

Reynolds number
Temperature, °C

Fin height, mm

Mean velocity, m/s
Volume flow rate, m*/s
Heat sink width, mm
Pumping power, W

Greek symbols

¢  Volume fraction

p  Density, kg/m’

1 Viscosity, kg/ms

1 Performance index

Subscript

b Bulk

ch  Channel
in Inlet

out Outlet

p Particles
PF  Pin fin
nf  Nanofluid
S Surface
th  Thermal
w  Water
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1 Introduction

Heat sinks are one type of the heat transfer equipment nor-
mally used to transfer the heat generated by various elec-
tronic or mechanical devices using a working fluid medi-
um, such as air or other liquid coolants. They are often used
to dissipate heat from power semiconductor devices, high-
voltage systems, the control units for medical equipment
and locomotives, solar or wind power plants, and other
electronic components. When the heat is dissipated from a
device, an optimal temperature level of the system is ob-
tained, which leads to improving the working performance,
reliable functioning, and stability of the heat transfer sys-
tem. Typically, two types of heat sinks exist: active and
passive. For an active heat sink, an external power supply
is required, such as an air-cooled and liquid-cooled one. For
passive heat sinks, no extra mechanical components are
needed. They are completely reliable and durable. Air is
commonly used as a working medium. Focus on passive
heat sinks, due to the thermal performance of liquids, is
greater than the value of air or other gases. Heat sinks
cooled by liquid can be made in a more compact manner
and are especially more effective than their air-cooled coun-
terparts. Moreover, among the many types of heat sinks
available, heat sinks with a pin-fin structure have inherent
advantages compared to plate-fin heat sinks due to the high
heat transfer rate resulting from the redeveloping flow re-
gion [1], and the flow direction has no effect on the thermal
performance.

Nowadays, modern electronic devices and heat transfer
equipment are being rapidly developed and widely used.
Microscale heat transfer devices are very popular and have
become essential to use in many advanced applications. Due
to the very small heat transfer area, the amount of heat gener-
ation is very high. Thus, proper cooling technology is re-
quired. More than a decade ago, many researchers studied
the heat transfer performance and flow characteristic of the
microscale heat transfer system. Understanding the heat trans-
fer and fluid flow fundamentals of microscale heat transfer
devices is necessary to achieve appropriate designs for practi-
cal applications. In addition to the optimum geometry of a heat
sink, reducing the flow channel size and increasing the ther-
mal performance of coolants should be done simultaneously
to increase the heat dissipation rate. In 1981, Tuckerman and
Pease [2] introduced the concept of the microchannel heat sink
for enhancing heat transfer performance. Meanwhile, the con-
cept of the nanofluid was first announced by Choi [3] in 1995.
Both concepts related to heat transfer enhancement have
attracted growing interest in recent years among a number of
researchers. Thus, a heat sink with an optimum geometry and
a very small flow channel using a high-thermal-performance
fluid as the coolant is the most suitable tool for dissipating a
high heat load generated from the advanced heat transfer

@ Springer

device. Many research articles have reported a series of work
regarding the abovementioned topic [4—6]. However, addi-
tional research activities in this field are amplified and de-
scribed as follows:

In 2008, Kim et al. [7] presented a comparison of the
thermal and friction characteristics of pin-fin and plate-fin
heat sinks, experimentally. Their measured data indicated
that, at a lower dimensionless pumping power, pin-fin heat
sinks (PFHS) gave greater thermal resistances than did the
plate-fin heat sinks. At a higher dimensionless pumping
power, the contrary trend is observed. Yang and Peng [8]
studied the thermal performance and fluid flow of a com-
pound heat sink, such as a plate-fin heat sink and plate fins
with some pins between the plates. The RNG k — ¢ turbu-
lence model is used to analyze the turbulent structure and
behavior. The results indicated that the compound heat sink
gave a greater thermal performance than did the plate-fin
heat sink. Moreover, the compound heat sink with a plate
fin and circular pins gave a greater performance than did the
compound heat sink with a plate fin and square pins. The
effect of cross-cuts on the heat transfer performances of
heat sinks was experimentally examined by Kim and Kim
in 2009 [9]. The results showed that the cross-cut heat sinks
gave better thermal performances than did the plate-fin and
square-pin fin heat sinks under a given pumping power.
Teja and colleges [10] investigated the thermal and pressure
drop performances of MCHS with different cross-sectional
stacked shapes, such as a rectangular, triangular, pentago-
nal, and circular one. The CFD technique is used to analyze.
However, the above literatures deal with single-phase fluid
flows in several types of heat sinks.

For the use of nanofluids as coolants, the heat transfer and
fluid flow in silicon MCHS was explored by Jang and Choi
[11] numerically. The effects of the particle type, particle load-
ing, and Reynolds number on the cooling performance were
examined. The cooling performance of a nanofluid was great-
er than that of water by about 10%. Lee and Mudawar [12]
reported the convective heat transfer performance of nanofluid
flow in MCHS, experimentally. The results indicated that the
heat transfer coefficient of a nanofluid is higher than that of a
common fluid, especially at the entrance region of a heat sink.
Bhattacharya et al. [13] presented the convective heat transfer
coefficient of a nanofluid flowing through MCHS in a laminar
flow regime, numerically. They stated that the heat transfer
coefficient increased as the Reynolds number increased. Li
and Kleinstreuer [14] conducted a study on the cooling per-
formance of MCHS with a trapezoidal flow channel, numer-
ically. The simulation results indicated that the use of
nanofluids as coolants can intrinsically increase the thermal
performance of MCHS compared to water. Ho et al. [15] stud-
ied the cooling performance of MCHS using nanofluids as
coolants under a laminar flow regime, experimentally. Their
data showed that the cooling performance of a nanofluid-
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cooled heat sink is 70% higher than that of a water-cooled heat
sink, especially at a high flow rate. Nanofluids had no signif-
icant effect on pressure drop across the heat sink. Lelea [16]
examined the local heat transfer coefficient and flow charac-
teristic of Al,Os-water nanofluid flow in MCHS under a lam-
inar flow regime, numerically. The simulation results demon-
strated that, at a lower pumping power, heat transfer enhance-
ment is high for the heating case. The vice-versa trend is
obtained for the cooling case. The heat transfer and flow char-
acteristics of nanofluids flowing through a microchannel heat
exchanger (MCHE) with a square-shaped flow channel were
evaluated by Mohammed and co-workers [17] numerically.
Various types of nanofluids are used to verify the performance
and flow under a laminar flow regime. The simulation results
indicated that nanofluids gave greater thermal properties and
greater heat transfer performances than did the common base
fluid, with little penalty in the pressure drop. Selvakumar and
Suresh [18] investigated the convective heat transfer perfor-
mance of a copper heat sink cooled by nanofluids, experimen-
tally. The convective heat transfer coefficient and pumping
power of a nanofluid-cooled heat sink are about 30 and 15%
higher than those of a heat sink cooled by water, respectively.
The heat transfer of a 3-D MCHS using nanofluids as coolants
was studied by Hung et al. [19] numerically. The nanoparticle
type, particle size, particle volume fraction, base fluid, and
pumping power affecting the thermal performance were con-
sidered. The simulation data illustrated that the thermal resis-
tance of nanofluids decreases with increasing particle concen-
trations and then increases. Moreover, MCHS cooled by a
nanofluid with smaller particle sizes gave better thermal per-
formance than did MCHS cooled by a nanofluid with big
particle sizes. For heat transfer enhancement, MCHS cooled
by a nanofluid gave 21.6% greater thermal performance than
did water-cooled MCHS. An experimental investigation on
the heat transfer performance of nanofluid flow in MCHE
was conducted by Putra et al. [20]. The effect of the nanofluid
type, particle concentration, and Reynolds number on the heat
transfer performance and fluid flow of MCHE was investigated
under the laminar flow condition. The experimental results il-
lustrated that the use of a nanofluid instead of a common base
fluid could enhance the thermal performance of MCHE. The
results also indicated that nanofluids gave better cooling perfor-
mances than common pure water about 9% to 12%. Moreover,
at particle concentration of 1.0 vol.%, a greater heat transfer
coefficient was obtained for a SnO, nanoparticle compared to
an Al,O3 nanoparticle. Moreover, at a lower particle concentra-
tion, a greater heat transfer coefficient is obtained for a CuO
nanoparticle compared to an Al,O3 nanoparticle. Recently, Wu
et al. [21] presented suitable criteria for using Al,Oz-water
nanofluids as coolants and flow in MCHS. This attempt was
made to discover the most suitable working condition when
applying Al,Os-water nanofluids to cool MCHS. As a result,
they claimed that Al,Os-water nanofluids are not appropriate to

use as coolants of MCHS. A heat transfer and friction factor of a
cylindrical MCHS using a Cu-water nanofluid as a coolant was
conducted experimentally by Azizi and colleges [22]. The mea-
sured data showed that the Nusselt number and friction factor of
nanofluids were higher than those of water by about 43 and
45.5%, respectively. The thermal and hydraulic performances
of MCFHS and CCZ-HS are described in the previous works of
the authors [6, 23].

From the abovementioned data, many researchers reported
that nanofluids exhibit dramatic heat transfer performances
compared to common heat transfer fluids by several dozen
percent, with little or no penalty in pumping power.
Moreover, nanofluid-cooled MCHS also demonstrates superior
cooling performance compared to MCHS cooled by water. This
behavior is also found in miniature PFHS [4—6]. Furthermore,
the straight flow channels of MCHS, such as those with circu-
lar, rectangular, triangular, and trapezoidal shapes, and PFHS
are analyzed both experimentally and numerically. However, a
comparison of the thermal performance, performance index (1),
and flow characteristics between MCHS with a multiple-zigzag
flow channel and single cross-cut (CCZ-HS) flow channel, and
PFHS with a miniature circular pin-fin structure and inline ar-
rangement (MCFHS) using nanofluids as coolants has never
been seen in the existing literature. As a result, the aim of this
work is to study the thermal and hydraulic performances of
MCFHS and then to compare them with those of CCZ-HS
using SiO,-water nanofluids as coolants. Particle volume frac-
tions of 0.2, 0.3, and 0.6 vol.% are used. Both heat sinks with a
dimension of 28 x 33 mm are equally designed and tested.

2 Experimental apparatus and procedure

To evaluate and compare the thermal and hydraulic perfor-
mances of heat sinks with a circular pin-fin structure and
multiple-zigzag flow channel shape, an experimental setup is
designed and built as schematically shown in Fig. 1. A
nanofluid-cooled and water-cooled system are also tested un-
der the same operating condition. With a focus on the test
section, a comparison between PFHS with a miniature circular
pin-fin and inline arrangement (MCFHS), and MCHS with a
multiple-zigzag flow channel and single cross-cut (CCZ-HS)
flow channel is conducted. MCFHS made of aluminum ma-
terial is fabricated with a dimension of 28 x 33 mm. The di-
mension of the each circular fin is 1.2 mm in diameter and
1.2 mm in height. The total heat transfer area and hydraulic
diameter of each flow channel are about 1430 mm? and
1.2 mm, respectively. Likewise, CCZ-HS is performed using
copper material with a dimension of 28 x 33 mm and 1 mm in
channel height. The hydraulic diameter of each flow channel
and heat transfer area are 1 mm and 1238 mm?, respectively.
The cover plate is formed using acrylic material and is placed
on the top of the heat sinks. The same cover plate dimension
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Fig. 1 Schematic diagram of the
test loop used in this study
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and configuration are used for MCFHS and CCZ-HS to avoid
the effect of flow passage on the convective heat transfer and
pressure drop data. Figure 2 and Table 1 show the configura-
tion and main dimension of the MCFHS and CCZ-HS used in
the present study. A 95-W electric heater is attached at the
bottom side of each heat sink, and the supply heat load can
be varied using a Variac transformer. Heat fluxes ranging from
10 to 60 kW/m? are adjusted. For the bulk fluid temperature
measurement, T-Type sheath thermocouples are inserted into
the center of the upstream and downstream tubes. To estimate
the surface temperature of heat sinks, two positions of the T-
type of thermocouples are drilled at 5 and 15 mm from the
upper surface to record the temperature. Then, the surface
temperature is estimated by means of linear extrapolation.
Similarly, for the pressure drop measurement, two digital pres-
sure gauges are positioned at the upstream and downstream
side of each heat sink to measure the local pressure. For the
mass flow rate measurement, a receiver tank is used to store
the amount of discharge fluid per unit time. Five measure-
ments are taken and then averaged. A pump with a speed
controller is used to vary the flow rate of the test fluid. The
uncertainty of all instruments is as follows: 0.1 °C for the
temperature, +0.6 g for the weighting machine, and + 50 Pa
for the pressure measurement. To maintain a constant fluid
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temperature, two cooling tanks are used. Tank No. 1 with a
cooling capacity of 3500 W is used to create the required
temperature. Likewise, tank No.2 with the same cooling ca-
pacity is employed to reduce the fluid temperature that exits
from the heat sink as the temperature of tank No. 1. This
process is necessary to meet the steady-state condition during
the test run. Finally, after the steady-state condition is
achieved, all temperature and pressure measurements, along
with the flow rate, are recorded.

To prepare the nanofluids, the two-step technique is
employed. At present, this technique is most commonly used
to produce nanofluids because various types of nanoparticles
are commercially produced. This technique is more suitable
for oxide nanoparticles. In this work, SiO, nanoparticles with
a mean diameter of 15 nm are used, and deionized water is
also used as the base fluid. The particle loadings are 0.2, 0.3,
and 0.6 vol.%. First, SiO, nanopowders with desired particle
concentrations are mixed with deionized water. Then, the so-
lution is sonicated using an ultrasonic mixer with a power of
500 W continuously for 2 h. The ultrasonic mixer is usually
required to intensively disperse and reduce the agglomeration
of the nanoparticles. The thermal conductivity, true density,
and specific heat of the SiO, nanoparticles are 1.37 W/m°C,
2648 kg/m3, and 742 J/kg°C, respectively.
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Fig. 2 The geometry and
configuration of the heat sinks
used in the present work

3 Calculation methodology

In the present work, the convective heat transfer and flow
performances of MCFHS and CCZ-HS are studied and com-
pared, both with a nanofluid-cooled and water-cooled system.
The following equations are used and described in detail as
shown in the below subsection.

To calculate the forced convective heat transfer coefficient,
the following equations are necessary:

Q - mCP(Tout_T[n) (1)
_ Y
h= Aps(Ts—Tp) @)

s

0,

a) MCFHS

Detail B

Detail A

b) CCZ-HS

in which, % is the heat transfer coefficient, O is the heat
transfer rate, T is the surface temperature of the heat sink,
T}, is the bulk temperature of the fluid, and Ay is the heat
transfer area.

As described in the experimental apparatus and procedure,
the surface temperature (7) of the test section presented in
Eq. (2) can be estimated using the following equation.

Ts = T\—2Y(T)-T)) (3)
Y2

in which, 7; and T, are the heat sink temperature at 5 and

15 mm, respectively from the upper surface and are

normally called the “temperature gradient”, y; is the length

from the top surface to 7, and y, is the length from T,

to Tz.
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Table 1 Main
dimensions of the heat Parameter ~ MCFHS CCZ-HS
sinks used in this work
w 95 mm
L 75 mm
H 28 mm
Whs 1 mm
W, 33 mm
A 28 mm
h 1 mm
ten 1 mm
Yi 5 mm
32 15 mm
W 1.2 mm 1 mm
dpp 1.2 mm —
Wee - 1 mm
Aus 1430 mm? 1238 mm?
0 - 90°
Thermal resistance is computed from Eq. (4).
R, I W
0

The pumping power can be calculated using Eq. (5) as
follows:

Wpp = 0,AP (5)

where Ry, is the thermal resistance, W,,,, is the pumping power,
AP is the measured pressure drop across the heat sink, and Q,,
is the volume flow rate of the fluid.

An important parameter to indicate the net benefit of the
heat sink performance using the nanofluids cooled is the per-
formance index (7). This term is the ratio between the heat
transfer enhancement and the pressure drop ratio as described
below:

/b
" Ry /AP, )

It should be noted that the above equations can be used for
water and nanofluids. However, in the case of nanofluids,
important thermophysical properties, such as the density, spe-
cific heat, thermal conductivity, and viscosity, are calculated
using the following equations.

The Pak and Cho [24] correlations are used to calculate the
density and specific heat as described below:

pnf = ¢pp + (1_¢)pw (7)

Cpnf = ¢Cpp + (1_¢)CPW (8

~—
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Similarly, the Hamilton and Crosser equation [25] for ther-
mal conductivity and the Einstein model [26] for viscosity are
expressed as below:

k, + 2k, 2¢(k,—k
kn/“ — P + QS( p) kw (9)
: ky + 2k, + ¢ (kw—k,)

where ¢ is the volume fraction of nanoparticles, Cp is the
specific heat, p is the density, & is the thermal conductivity,
1 is the viscosity and subscripts of nf, p, and w are nanofluid,
nanoparticles, and water, respectively.

4 Results and discussion

In the present study, the effects of heat sink types (MCFHS
and CCZ-HS), particle concentration and nanofluid flow rate
on the thermal performance, pressure drop and performance
index are presented and compared. The experimental results
are divided into three categories i.e. thermal performance,
pressure drop and performance index.

4.1 Thermal performance

The wall surface temperatures of the test section are used to
calculate the convective heat transfer coefficient. The effects
of the particle concentration and heat sink type on the wall
surface temperature are also presented. As shown in Fig. 3, it
is evident that the increasing of the wall heat flux leads to an
increase in the surface temperature. Similarly, the wall tem-
perature decreases as the particle concentration is increased.
This is because the nanoparticles’ presence in the base fluid
increases the thermal properties as well as the energy ex-
change process compared to the common base fluid. Thus, a

30 L 1 1 ! L
28 1 [
G 261 [
&~ Q
0]
o ] A
5 244 Ooa A o L
© ] u] o
g ] a B 3 % & %
2 221 o A L
S 1 @
Q<
§ 20 [
5 ]
» 184 MCFHS CCzZ-HS [
] O Water ® Water
16 A 02vol% A 03vol%[
] O 0.6vol.% 0.6 vol.%
14 ] . . i , '
10 20 30 40 50 60 70

Wall heat flux (kW/m?)

Fig. 3 Comparison of the surface temperature obtained from MCFHS
and CCZ-HS
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lower wall surface temperature is obtained. Moreover, Fig. 3
shows that the surface temperature of CCZ-HS is lower than
that of MCFHS. Even though CCZ-HS has a lower heat trans-
fer area than does MCFHS, a greater cooling performance is
attained. This may be due to the fact that the effect of the
channel diameter overcomes the effect of the heat transfer
area. In the present study, the hydraulic diameter of CCZ-HS
and MCFHS are 1 and 1.2 mm, respectively. This trend coin-
cides well with the research work of Kandlikar and Grande
[27]. They stated that a decrease in the channel diameter will
lead to an increase in the heat transfer performance.

An important parameter commonly used to compare the
thermal performance is the thermal resistance of the heat trans-
fer devices as shown in Fig. 4a and b. A lower thermal resis-
tance value means a greater cooling performance. Commonly,
with all working fluids, the thermal resistance decreases with
an increase in the mass flow rate or pumping power, as a
higher fluid flow rate leads to an increase in the convective
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Fig. 4 Thermal resistance versus mass flow rate and pumping power at
various particle fractions. a Thermal resistance VS mass flow rate (b)
Thermal resistance VS pumping power

heat transfer performance. As expected, this behavior is ob-
tained for the present study. Moreover, the effect of the heat
sink configuration on the convective heat transfer coefficient
is presented in Fig. 5. As described in Figs. 3 and 4, the
measured data indicated that heat sinks with multiple-zigzag
flow channels and single cross-cut (CCZ-HS) flow channels
have greater thermal performances than do heat sinks with a
miniature circular pin-fin structure (MCFHS). The surface
temperature as well as the thermal resistance for CCZ-HS
are obtained. As described above, although the heat transfer
area of the CCZ-HS is smaller than that of the MCFHS, but
the hydraulic diameter of the flow channel is also smaller, too.
Thus, the effect of the channel diameter may be more domi-
nant than the effect of the heat transfer area. For CCZ-HS,
although the fluid flows pass the zigzag flow channel, a high
level of turbulence of the main flow is created, which leads to
an increase in the cooling performance. Moreover, a single
cross-cut of the flow channel in the middle plan may lead to
an increase in the turbulence intensity of the fluid flow at the
same time. Thus, the convective heat transfer performance of
CCZ-HS is about 24-55% higher than that of MCFHS. These
results coincide well with the research work of Kim and Kim
[9]. They reported that heat sinks with single cross-cut have
superior heat transfer performance than do multiple cross-cut
heat sinks. However, these results conflict with that of the
research work of Shafeie et al. [1]. They identified that heat
sinks with pin-fin structures have greater thermal perfor-
mances than do microchannel heat sinks with simple straight
flow channels. However, in their study, pin fins were located
in a staggered arrangement, which normally has better thermal
performance than does an inline arrangement as used in the
present work. Moreover, a microchannel with a simple
straight flow channel was used and compared. Therefore, the
greater thermal performances of pin-fin heat sinks were ob-
tained. For the present study, the miniature circular pin fins are

9000 1 1 1 1 1 1

8000 | L
o H
& 7000 - L
= :
£ 6000 - g - L
c
o 3
'S 5000 ] o] L
s 2
@ a o]
8 4000 - 3y L
3 o
2 3000 4 3 3 L
o
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g 20007 O Water ® Water [
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Fig.5 Variation of the convective heat transfer coefficient as a function of
system mass flow rate and heat sink types at different particle
concentrations
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placed in an inline arrangement, with the heat transfer perfor-
mance of pin fins in the next row having the potential to
deteriorate. Then, they are compared with MCHS with
multiple-zigzag and single cross-cut flow channels. Thus, a
lower heat transfer performance is obtained for MCFHS.

4.2 Pressure drop

The variation of the pressure drop across the test sections as a
function of the particle concentration, heat sink type, and mass
flow rate is demonstrated in Fig. 6. As expected, the pressure
drop across the heat sink commonly increases with increasing
the fluid flow rate. Moreover, it is confirmed that the presence
of nanoparticles in the base fluid has a small effect on the
pressure drop data. The pressure drop increases an average
of only 3 to 4% for testing conditions as shown in Fig. 7.
This is the advantage of the use of nanofluids as coolants: It
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Fig. 6 Pressure drop versus mass flow rate for MCFHS and CCZ-HS. a
Pressure drop related with the mass flow rate (b) Pressure drop related
with the pumping power
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Fig. 7 Pressure drop ratio obtained from MCFHS and CCZ-HS as a
function of particle concentrations (a) MCFHS (b) CCZ-HS

enhances the heat transfer performance but creates little or no
penalty drop in the pressure and pumping power. Moreover,
from the present work, it is evident that the pressure drop of
CCZ-HS is a few percentage points higher than that of
MCFHS compared to the increase of the heat transfer en-
hancement. This means using the heat sink with a multiple-
zigzag flow channel and single cross-cut flow channel gives
higher thermal performances than does using the circular pin-
fin heat sink with an inline arrangement.

4.3 Performance index

The performance index, 1 described in Eq. (6) is plotted and
shown in Fig. 8. For the value of n over 1, this means that the
heat transfer enhancement by using nanofluids as coolants is
greater than the pressure drop caused by the nanofluids. From
the whole range of the experiment, it is clearly seen that most
of the n values are over 1 and increase as the particle
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concentration is increased, for both MCFHS and CCZ-HS.
This behavior implies that using a nanofluid-cooled heat sink
provides better cooling performance than does using a water-
cooled heat sink. This is because nanofluids give better heat
transfer performance but a small increase or no impact on the
pressure loss.

5 Conclusions

In this study, an experimental investigation of the forced con-
vective heat transfer, pressure drop, and performance index of
two different types of heat sinks cooled by nanofluids is con-
ducted. A heat sink with a miniature circular pin-fin arrange-
ment and a heat sink with a multiple-zigzag flow channel and
single cross-cut flow channel are compared. SiO, nanoparti-
cles dispersed in water with particle fractions of 0.2, 0.3, and

0.6 vol.% are used. The important findings are summarized as
follows:

1. Under testing conditions, the surface temperature in-
creases with an increasing heat flux and decreases as the
particle concentration increases.

2. The performance index of nanofluid-cooled heat sinks is
significantly higher than those of water-cooled heat sinks.

3. A heat sink with a multiple-zigzag flow channel and sin-
gle cross-cut (CCZ-HS) flow channel has superior cooling
performance than does a heat sink with a miniature pin-fin
inline arrangement (MCFHS) by around 24-55%. The
effect of the channel diameter and channel configuration
may overcome the effect of the heat transfer area.

4. The pressure drop of CCZ-HS is few percentage points
greater than that of MCFHS.

5. In general, the thermal performance of the system is better
but this advantage is obtained on the expenses of the high
pumping power.
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