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Abstract

In this study, microchannel heat sink (MCHS) performance using nanofluids as coolants is addressed. We first carried out a simple theoretical
analysis that indicated more energy and lower MCHS wall temperature could be obtained under the assumption that heat transfer could be
enhanced by the presence of nanoparticles. Experiments were then performed to verify the theoretical predictions. A silicon MCHS was made
and CuO-H,O mixtures without a dispersion agent were used as the coolants. The CuO particle volume fraction was in the range of 0.2 to 0.4%.
It was found that nanofluid-cooled MCHS could absorb more energy than water-cooled MCHS when the flow rate was low. For high flow rates,
the heat transfer was dominated by the volume flow rate and nanoparticles did not contribute to the extra heat absorption. The measured MCHS
wall temperature variations agreed with the theoretical prediction for low flow rate. For high flow rate, the measured MCHS wall temperatures did
not completely agree with the theoretical prediction due to the particle agglomeration and deposition. It was also found that raising the nanofluid
bulk temperature could prevent the particles from being agglomerated into larger scale particle clusters. The experimental result also indicated

that only slightly increase in pressure drop due to the presence of nanoparticles in MCHS operation.

© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Since the pioneer work by Tuckerman and Pease [1], the
microchannel heat sink (MCHS) has received extensive study
over the past two decades because of its capability to dissipate
large amounts of heat from a small area. A MCHS typically
contains a large number of parallel microchannels with a hy-
draulic diameter ranging from 10 to 1000 um. Coolant is forced
to pass through these channels to carry heat away from a hot
surface. Experimental studies have shown that the MCHS has
several distinct features compared to conventional heat dissipat-
ing devices, i.e., the ability to produce a very high heat transfer
coefficient, very small size and volume per heat load, and small
coolant requirements [2,3]. In addition to experimental studies,
heat transfer predictions and geometry optimizations based on
theoretical analysis and numerical modeling were carried out
extensively in previous investigations [4,5].
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The most frequently used coolants in the MCHS study were
air, water, and fluoro-chemicals. The heat transfer capability is
limited by the working fluid transport properties. One of the
methods for enhancing heat transfer is the application of ad-
ditives to the working fluids. The basic idea is to enhance the
heat transfer by changing the fluid transport properties and flow
features [6,7]. Recent interest based on this concept focused on
heat transfer enhancement using a nanofluid in which nanoscale
metallic or nonmetallic particles are suspended in the base flu-
ids. The experimental and analytical studies by Wang et al. [8],
Lee et al. [9], Wang et al. [10], and Koo and Kleinstreuer [11]
showed that nanofluids have higher thermal conductivity than
pure fluids and therefore great potential for heat transfer en-
hancement.

There have been relatively few studies on nanofluid flow
and heat transfer characteristics comparing with studies on pure
fluids. Xuan and Roetzel [12] proposed two theoretical mod-
els to predict the heat transfer characteristics in a nanofluid
tube flow. Li and Xuan [13], Xuan and Li [14] and Pak and
Cho [15] experimentally measured the convection heat trans-
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Nomenclature

Cp specificheat........................ Jkg7'K™!
H depth of the microchannel.................... m
h local heat transfer coefficient........ Wm2K™!
k thermal conductivity ............... Wm~K~!
0 heating rate absorbed by working fluid........ w
Qin total heating power ......................... W
q" heatflux............ooviiiin... Wm™?
T microchannel inner wall temperature .......... K
Tsmax ~maximum microchannel inner wall temperature K
T; coolant inlet temperature. .................... K
T, coolant outlet temperature. ................... K
Ry, heat sink thermal resistance............. °cw™!
SH particle shape factor

1% coolant volumetric flow rate .......... mL min~!
Wen width of microchannel....................... m

Win width of microchannel wall .................. m
Wp bottom width of the microchannel ............ m
Wy width of the microchannel wall............... m
W; top width of the microchannel ................ m

X1 locations at the MCHS base plate for
temperature measurement, / = 1,2, 3

Greek symbols

7 VISCOSIEY . ovv v vt e kgm~!s™!
P density........coooiiiiiiiiiii kgm™3
0] particle volume fraction ..................... %
Subscript

f pure fluid

nf nanofluid

p particle

fer and pressure drop for nanofluid tube flows. Their results
indicated that the heat transfer coefficient was greatly en-
hanced and depended on the Reynolds flow number, particle
Peclet number, the particle size and shape, and particle vol-
ume fraction. They also found that nanoparticles did not cause
an extra pressure drop. Recently, Yang et al. [16] carried out
an experimental study attempting to construct a heat transfer
correlation among the parameters that affected heat transfer.
For a laminar flow regime in a circular tube, they indicated
that the heat transfer coefficient for the nanofluid flow has a
lower increase than predicted by either the conventional heat
transfer correlation for the homogeneous or particle-suspended
fluid.

In most of the studies mentioned above, the heat transfer
characteristics of nanofluid flow were carried out in macroscale
dimensions. The study of heat transfer characteristics in the
microscale dimension needs further exploration. Koo and Kle-
instreuer [17] reported a theoretical investigation on the MCHS
using a nanofluid as the coolant. Chein and Huang [18] em-
ployed the macroscale correlation to predict the microchannel
heat sink performance. To our best knowledge, no experimen-
tal data were reported on the microchannel heat sink using a
nanofluid as the coolant. In this study, we focus on the effects of
nanoparticle concentration and nanofluid flow rate on the per-
formance of MCHS. Microchannel size is also one of the factors
that affecting the nanofluid-cooled MCHS performance. For re-
ducing the number of factors that affecting the heat transfer
using nanofluid, MCHS with one fixed microchannel dimen-
sion is investigated. A simple prediction of the heat transfer
characteristics in MCHS using a nanofluid was first examined.
The conclusions for the theoretical predictions were then veri-
fied using experimental studies. Detailed comparisons between
the pure fluid- and nanofluid-cooled MCHS performances were
discussed. Factors that affected the temperature measurements,
such as nanoparticle agglomeration and deposition were also
examined.

2. Theoretical prediction

A nanofluid can be considered a liquid—solid mixture in
which nanoparticles are suspended in the pure fluid. Because
of the presence of these particles, the thermophysical properties
of the nanofluid are different from the pure fluid. The relevant
properties in the heat transfer applications are the thermal con-
ductivity, viscosity, and thermal capacity. In the literature, it can
be found that these properties depend on the particle volume
fraction and can be expressed as

Thermal conductivity:

kp+ (SH —Vks — (SH — )¢ (kp —kp)

knp=ky (1)
kp + (SH — Dks + ¢ (ks — k)
Viscosity:
1
of = I 2
Pnf = T gy 2)

Thermal capacity:

(PCplnp =1 =) (PCp) s+ (pCp))p 3)

Eq. (1) is regarded as the theoretical model for the nanofluid
thermal conductivity proposed by Hamilton and Cross [19]
based on treating nanofluid as liquid—solid mixture for static
suspension. Although recent studies indicated that Eq. (1) un-
derestimates the thermal conductivity of the nanofluid [8-11],
it is usually employed as a comparison basis since fundamen-
tal factors that affecting the nanofluid thermal conductivity are
included. For systems involving nanofluid flow, thermal con-
ductivity increase due to thermal dispersion effect should be in-
cluded in the evaluation of nanofluid thermal conductivity [20].
Eq. (2) is regarded as the theoretical model for the nanofluid
viscosity proposed by Brinkman [21]. Recent studies also indi-
cated that Eq. (2) underestimates the nanofluid viscosity [15].
However, the effect of the presence of particle on viscosity is
clearly indicated by Eq. (2).
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In the system we considered, the energy generated by the
heater is absorbed either by the working fluid or by the MCHS
if the heat loss to the environment is neglected. For both
nanofluid- and pure fluid-cooled MCHS, energy absorbed by
the working fluid can be written as,

Onf = (0Cp)uf Var (Tugo — Tu)) = (pC g Vg ATop “)
Qr=pCp)fVi(Tp — Tp) = (pCp) f Vi ATy (%)
Note that the thermal capacity of the nanofluid is usually
smaller than that for the pure fluid because of the low specific
heat of nanoparticles. According to Newton’s law of cooling,

the local heat transfer coefficient for both nanofluid- and pure
fluid-cooled MCHS can be expressed as,

q" = hup () [ Tong (x) = Typ ()| = hp () [Ty (x) = Tr(x)]  (6)
Using Eq. (6), we have,

4

q

hnf(X) - Tsnf(x) - Tnf(x) @
and
hy(x) = 2 ®)

Ty (x) — Ty (x)

If the nanofluid has the ability to enhance heat transfer: i.e.,
h."f(x) > hy(x) and Qur > QO under the conditions of V,r =
V¢ and T, = T, it is expected that

(Tufo — 7-;1ﬁ) > (7}0 - Tﬁ) )
and
[Tons (%) — Typ ()] < [Tyr (x) — Ty ()] (10)

Combining Egs. (9) and (10), it can be found that

Tonp (x) < T (x) (1)

The result of Eq. (11) indicates that nanofluid-cooled MCHS
would have lower microchannel inner wall temperature than
the pure fluid-cooled MCHS. In electronic cooling applications,
this implies that lower chip surface temperature can be resulted
by using the nanofluid as the coolant. This can be considered as
one of the benefits of employing nanofluids as coolants in the
MCHS operation.

The performance of the MCHS is commonly presented by
the thermal resistance defined as,

Rth — Tsmax T‘l (12)
Qin

Since the maximum wall temperature of nanofluid-cooled

MCHS is lower than that of pure fluid cooled MCHS, reduc-

tion of thermal resistance in nanofluid-cooled MCHS is then

expected.

Another important parameters in the MCHS operation is the
pressure drop across the MCHS which relates to the coolant
pumping power required. If the presence of nanoparticles in
coolant did not produce extra pressure drop, it can then be con-
sidered as another benefit of using a nanofluid as the coolant
in MCHS operation. In this study, the theoretical predictions
stated above are to be verified experimentally. Temperature and
pressure measurements at the MCHS inlet, outlet and tempera-
ture along the base plate are necessary and discussed below.

3. Experimental setup and working fluid
3.1. Experimental setup

Schematic diagram of the experimental setup is shown in
Fig. 1. The main components of the test apparatus are a closed-

Signal processing module
| ——

h

Differential Pressure transduce:

lom

Data acquisition system

Jaa) Thermocouple 5|
= Microchannel heat sink test| o
Flow meter module I
A Thermocouple 4 Coolant tank
Thermocouple 3
Thermocouple 2 Y
Thermocouple 1

J

Pump

Fig. 1. Schematics of the experimental setup.
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loop fluid handling system, microchannel heat sink test module
and data acquisition system. In the closed-loop fluid handling
system a positive-displacement pump (P151-391TI, Milton
Roy, Ivyland, PA, USA) was used to provide the pressure head.
It can be operated at a variable rotation speed to supply var-
ious flow rates in the loop. A differential pressure transducer
along with T-type thermocouples were connected at the inlet
and outlet of the microchannel test module to measure the pres-
sure drop and temperature difference of the fluid as it flowed
through the test module. A high-sensitivity flow meter (series
SDN, EGE, German) was connected at the test module entrance
to measure and calibrate the flow rate supplied by the pump. Be-
fore the circulated fluid entering the test module, it was dumped
into a cooling device to maintain the fluid temperature at 20 °C
at the test module inlet.

The microchannel heat sink test module consists of mi-
crochannel heat sink, heater, thermal insulating layer and Teflon
base with a rectangular cavity. Fig. 2 shows the detail design
of the microchannel heat sink used in this study. It was fabri-
cated using standard wet etching on a 4 inch, (100) orientation
silicon wafer. The thickness of the silicon wafer was 500 pm.
A 500 um-thick glass plate covered the top surface of the mi-
crochannels using anodic bonding to form the flow passages.
Fig. 2(a) shows the cross section of a microchannel etched on
the silicon wafer. The channel has a trapezoidal shape with
the top width, bottom width and depth denoted as W;, Wp,
and H, respectively. Wy is the bottom width of the wall that
separates the channels. The target angle between the channel
sidewall and bottom wall is 54.7°. L; is the thickness of the
base plate which measured from the channel bottom wall to the
base plate as shown in Fig. 2(a). Fig. 2(b) illustrates the top
view of the microchannel heat sink. In addition to the parallel

W,

Pryex 7740 glass

/< 54.7°

<100> silicon wafer

500 £ m

€X

0z=

Unit : mm

(b)

Fig. 2. (a) Microchannel geometry. (b) Microchannel heat sink configuration
and base plate temperature measurement locations.

channels, inlet and outlet ports are also required for distribut-
ing the coolant into the microchannels and collecting coolant at
the channel exits. To focus on the working fluid effect on the
heat sink performance, W;, H and W, were fixed at 500 pum,
100 um and 500 pm, respectively. Also shown in Fig. 2(b) are
three locations at the MCHS base plate (X1, X2 and X3) where
thermocouples were attached for measuring the base plate tem-
peratures.

The silicon microchannel heat sink shown in Fig. 2 was then
installed into a Teflon cavity along with thermal insulating layer
and film heater to form the test module as shown in Fig. 3. The
film heater coated with an electrical insulating layer was used
to simulate the heat flux generated by the electronic chip. The
heater was energized by a DC power supply which could be
regulated in the ranges of 0-30 V and 0-3 A. Three T-type
thermocouples of 0.1 mm in diameter are attached at X1, X2
and X3 and sandwiched in between the heater and MCHS base
plate. A thermal insulating layer was placed at the bottom of
the Teflon cavity to reduce the heat loss from the heater. These
structures were secured to the Teflon base by applying clamps
around the Teflon base rims to ensure good contact and tight-
ness between MCHS base plate, thermocouples and heater.

The data acquisition system consisted of a computer, 16-bit,
16-channel PCMCIA A/D card, and signal conditioning cir-
cuitry. The system was controlled using Labview programs.

3.2. Experimental device calibrations and experimental
procedures

The experiment starts from turning on the pump and heater
for specific flow rate and heating power. All of the pressure and

Outlet

Thermocouple 3

Differential pressure

~ transducer

Teflon

Thermocouple 3

Thermocouple 2

Fig. 3. Microchannel heat sink test module assembly.
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temperature signals were recorded in the data acquisition sys-
tem for analyses after the steady state was reached. Because a
nanofluid was used as working fluid, the pump flow rate might
be sensitive to the fluid viscosity and calibration was needed.
As mentioned above, a flow meter with accuracy of +0.5% was
connected at the entrance of the MCHS test module to check
the flow rate in the flow loop. The differential pressure trans-
ducer was factory calibrated with an uncertainty of £0.2% at
the nominal value 50 kPa. All the thermocouples were cali-
brated in a thermostat water bath and the accuracy was found
to be within 0.2 K. The input voltage and current to the heater
were controlled by a power supply with accuracies of 0.5%. In
order to exclude the effect of particle deposition on the temper-
ature measurement, a brand new MCHS was employed when
the working fluid was changed.

As stated above, the MCHS was installed in a Teflon cavity
which has very low thermal conductivity. An insulation layer
was also coated around the cavity for further reducing heat loss
from the Teflon cavity. The only possible heat loss occurs at
the top surface of the MCHS which is made of glass. The heat
transfer mechanisms at this surface are via radiation and natural
convection. The heat loss due to these two mechanisms is ex-
pected to be low because of low surface temperature and heat
transfer coefficient [22].

3.3. Working fluid

In this study, the working fluids were deionized water and
nanofluid. The results obtained from pure water are used as
comparison basis. The nanofluid used in this study was a CuO—
H;O mixture obtained using the arc-submerged nanoparticle
synthesis system [23-25]. In this method, a pure copper rod
is submerged in the DI water contained in a vacuum cham-
ber. The copper rod is heated and melted by high energetic
electric arc. At the same time, the DI water surrounding the
melted rod is also vaporized and cause the vaporized metal to
move away from the copper rod. The vaporized metal under-
goes nucleation, growth, condensation and finally turning into
nanoparticles dispersed in the DI water. The low-temperature
DI water in the chamber provides the condensation environment
for the production of nanoparticles. No dispersion agent was
added to prevent the particles from agglomerating in this syn-
thesis process. Since the particles are directly dispersed in the
base fluid, the volume fraction cannot be computed using the
amount of nanoparticle added [15]. The method of measuring

Table 1
Thermophyscial properties of CuO-H,O nanofluid

Particle volume Thermal Viscosity, Thermal capacity,
fraction, ¢ [%] conductivity, k¢ Hnf (PCp)nf
0.204 0.61 0.0008946 4165203
0.256 0.62 0.0008956 4163301
0.294 0.63 0.0008966 4161482
0.4 0.65 0.0008990 4157100

Note. (1) Properties of water are evaluated at 20°C: Cp =4182 (J kg*1 K*I),
p =998 kg_1 m~3, and n=0.00089 NS m~2. (2) Properties of CuO are eval-
uated at 20°C: Cp =6.27 (Jkg’1 K1), p =6320 kg m~3 [27].

particle volume fraction is to employ the UV-visible spectrome-
ter (UVmini-1240, Shimadzu, Japan). The wavelength accuracy
of this device is 1.0 nm. The particle volume fraction can
be evaluated from the ratio of light absorbed by the suspended
particle to the light that passing through the bulk fluid. In this
study, nanofluid with three different particle volume fractions as
tabulated in Table 1 were used in the test. The relevant thermo-
physical properties of these fluids are also listed in Table 1. The
thermal conductivity of nanofluid was measured using a KD2
thermal property meter which is based on the transient hot wire
method [26]. The other properties listed in Table 1 were com-
puted using the formula given in Egs. (2) and (3). Properties
of CuO particle were taken from the measurements reported by
Chen et al. [27]. Fig. 4 shows the fabricated nanofluids and a
TEM image of dispersed CuO nanoparticles in water with vol-
ume fraction of 0.294%. The CuO-H,O nanofluid has brown

0.204% 0.294% 0.4%

(a)

0.254%

50nm

(b)

Fig. 4. (a) CuO-H;O nanofluids before used as coolants, ¢ = 0.294%. (b) TEM
image of suspended nanoparticles in CuO-H;O nanofluid shown in (a).
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color and increases its darkness with the increase of particle
volume fraction. In the TEM image, it is seen that the CuO par-
ticle has needle shape and distributes uniformly in the water.
The particle sizes are quite uniform with averaged length and
width are approximately 80 nm and 20 nm, respectively.

In most of the studies in the past, surfactants and/or disper-
sants were generally used to enhance the steric barriers between
nanoparticles, therefore to stabilize the nanofluid. However,
cares must be taken as these surfactants/dispersants could have
significant influence on the flow and heat transfer. Moreover,
these surfactants/dispersants may fail when the bulk tempera-
ture is increased. In this study, no dispersant was added in the
nanofluid, it is one of our goals to investigate the performance
and limitation of using nanofluid as working fluid.

4. Results and discussion
4.1. Energy absorbed by the working fluids

We first examined the amount of energy that could be ab-
sorbed by the working fluid to verify the Q,r > QO assump-
tion. As mentioned in the theoretical prediction, the flow rate
and MCHS inlet temperature for both nanofluid- and water-
cooled MCHS should remain the same. In this study, the flow
rates were chosen at Vn = Vf =V = 10, 15 and 20 mL min~!
and the MCHS inlet temperature was fixed at 20 °C. The heat-
ing power from the heater was fixed at 25.3 W. The measured
energies absorbed by the working fluids shown in Fig. 5(a)
were calculated using Eqs. (4) and (5). The measured temper-
ature differences between MCHS inlet and outlet were shown
in Fig. 5(b). For the V = 10 mLmin~! case, only part of the
input heating power could be absorbed by the working fluid.
The measured data indicated that amount of energy absorbed
by the nanofluid was greater than that absorbed by the water.
The amount of energy absorbed was found to increase with
the increase in particle volume fraction. Since the only dif-
ference between the nanofluid and water was the presence of
nanoparticles, it is believed that nanoparticles can contribute to
additional heat absorption capability. However, as flow rates in-
creases to 15 and 20 mL min~!, both nanofluid and water can
nearly absorb all the input heating power. At these high flow
rates, the heat transport is dominated by the mass flow rate and
the presence of nanoparticles did not contribute to extra energy
absorption. As indicated in Fig. 5(b), large temperature differ-
ence between MCHS inlet and outlet was obtained when the
flow rate was low, even when only part of the heating power
was absorbed by the working fluid.

4.2. Wall temperatures along the nanofluid-cooled MCHS
base plate

To verify the second assumption of theoretical prediction,
thatis, h,s(x) > h r(x), temperatures at three MCHS base plate
locations are measured and the results are shown in Figs. 6,
7 and 8 for V = 10, 15, and 20 mL min~!. Because the sili-
con has high thermal conductivity, the measured temperatures
on the MCHS base plate can be regarded as the microchannel
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Fig. 5. (a) Energy absorbed by the working fluids flowing through the MCHS.
(b) Temperature difference between inlet and outlet as nanofluid flowing
through the MCHS.

inner wall temperatures. In the V =10 mL min~! case, the tem-

perature variation range is higher as compared with those of
V =15 and 20 mL min—' cases because part of heating power
is stored in the MCHS. The measured MCHS wall tempera-
tures as shown in Fig. 6 agreed with the theoretical prediction
((Tyur (x) < Tgp(x)). For the particle volume fraction range stud-
ied, it was found that MCHS wall temperatures decrease with
the increase in particle volume fraction. This implies that heat
transfer could be enhanced further using nanofluid with higher
particle concentration. This result agreed with the results re-
ported for the nanofluid heat transfer in macroscale dimensions
[14,15]. As flow rate increases to 15 and 20 mL min~—!, how-
ever, the measured MCHS wall temperature did not completely
agree with the theoretical predictions. Using the optical micro-
scope to examine the MCHS after the test finished, it was found
that serious particle deposition occurs inside the channels as
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Fig. 8. MCHS base plate temperature variation, V = 20 mL min~!.
well as the inlet and outlet ports. Typical particle deposition sit-

uations are shown in Fig. 9 for V = 20 mLmin~! case. For
the water-cooled case, no particle deposition was found and the

(b)

Fig. 9. Optical microscopic images of particle deposition in MCHS. (a) Wa-
ter-cooled MCHS. (b) Nanofluid-cooled MCHS.

channel surface was clean. However, the microchannel surface
seemed to be coated with a layer of particles in the nanofluid-
cooled microchannels. In the macroscale dimensions, it was
reported that the degree of heat transfer enhancement increased
with the increase in particle volume fraction [14,15]. However,
the particle volume fraction was expected to decrease if particle
deposition onto the channel wall occurred. Particle deposition
rate prediction and consequently the particle volume fraction
are difficult to obtain because a complicated particle deposition
process was involved, especially for nonspherical particles. It
is believed that these reasons contribute to the disagreements
between theoretically predicted and experimentally measured
MCHS wall temperatures shown in Figs. 7 and 8.

Reason for particle deposition onto the walls can be found
by examining the nanoparticle structure after the nanofluid has
been used as the coolant. In Fig. 10, the used nanofluid and its
TEM image are shown with particle volume fraction of 0.294%
for the V =20 mL min~" test. By comparing Fig. 4 and Fig. 10,
the used nanofluid was darker in color. In the TEM image, it is
seen that nanoparticles agglomerated and connected together
to form large scale particle clusters. These large scale parti-
cle clusters would eventually deposit onto the wall under the
gravitational effect and affect the MCHS wall temperature mea-
surements.
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0.25%

0.294% 0.4%

0.204%

(b)

Fig. 10. (a) CuO-H,O nanofluids after used as coolants, ¢ = 0.294% and
V =20 mLmin~!. (b) TEM image of CuO—H;,O nanofluid shown in (a).

As shown in Fig. 5(b), the bulk temperature of nanofluid
is higher when the volume flow rate is low. For such case,
the measured MCHS wall temperature variation agreed with
the theoretical prediction. This implies that particle deposition
can be prevented when the nanofluid temperature is increased.
Particle deposition is a complicated process involving particle-
particle and particle-wall interactions. These interactions are
related to the particle shape, particle size, electrochemical and
thermophysical properties of bulk fluid, particle, and wall and
bulk fluid temperature [28]. In addition, forces acting on parti-
cle are also important in the particle deposition process. When
a temperature gradient is present in a flow field, the particle
experiences thermophoretic force in addition to drag and lift
forces. The resultant thermophoretic force has a direction point-
ing to the low-temperature region in the flow field [29,30]. In
our study, it was observed that microchannel wall temperature
is higher when fluid flow rate is lower. Therefore, stronger ther-
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Fig. 11. Thermal resistance as function of flow rate for both nanofluid- and
water-cooled MCHS.

mophoretic force may act on the agglomerated particle or un-
agglomerated particles and keeping them away from the wall.
That is, less particle deposition could be expected at higher tem-
perature.

In most of the studies in the past, there is no particle de-
position on the channel or tube wall has been reported. This
may be due to the difficulty in performing the flow visualization
since the opaque metal tubes or channels were generally used in
the experiments. In our opinion, particle agglomeration cannot
be prevented even the surfactants were added, especially when
nanofluid is heated. The larger particle would be formed due to
particle agglomeration and consequently the particle deposition
onto the wall occurs. The surfactants might delay the parti-
cle agglomeration but eventually particle agglomeration occurs
and deposit on the wall. The surfactant may be considered as
a substance delaying the particle deposition in the heat transfer
applications. In this study, one of the goals is to address how
the particle deposition affects the heat transfer characteristics.
It was found that particle deposition plays an important role in
the heat transfer measurements.

4.3. MCHS thermal resistance

Although the measured MCHS wall temperature did not
completely agree with the theoretical prediction, the MCHS
thermal resistances were calculated in this study since it is usu-
ally used as an indication of heat sink performance. Because
the wall temperature measured at X3 is close to the microchan-
nel exit, the temperatures measured at this location were treated
as the maximum microchannel wall temperatures. The com-
puted thermal resistances for both nanofluid- and water-cooled
MCHS using Eq. (12) are shown in Fig. 11. Thermal resis-
tance reduces as the flow rate increases, which agreed with
the performance of conventional MCHS [4]. The nanofluid-
cooled MCHS had lower thermal resistance for flow rates of
10 and 15 mLmin~!. When the flow rate was increased to
20 mL min~!, the performance of the nanofluid-cooled MCHS
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Fig. 12. Pressure drop across the MCHS as function of flow rate for both
nanofluid- and water-cooled MCHS.

was worse than that of the water-cooled MCHS because of se-
rious particle deposition.

4.4. MCHS pressure drop

Another important parameter in the MCHS operation is the
pressure drop. The pressure drop is related to the pumping
power required for driving the fluid flowing through the MCHS.
The measured results for the pressure drops of both nanofluid-
cooled and pure water cooled-MCHS are shown in Fig. 12.
Compared with the pure water cooled case, slightly larger pres-
sure drops for the nanofluid-cooled MCHS were found. Since
the viscosity of nanofluid is larger than the pure fluid as in-
dicated in Eq. (2), larger pressure drop is expected in the
nanofluid-cooled MCHS. The other reason that contributes to
increase in pressure drop is due to the particle deposition that
increasing the wall roughness. Considering the enhancement of
overall heat transfer performance can be achieved, slightly in-
crease in pressure drop can be considered one of the benefits of
using a nanofluid in MCHS operations.

5. Conclusion

The performances of MCHS using nanofluids as the coolants
were studied. We first carried out a simple theoretical prediction
and followed by experimental verifications. The following con-
clusions can be made according to our study:

(1) The theoretical prediction indicated that the nanofluid-
cooled MCHS could absorb more heat and attain lower wall
temperatures than MCHS using pure fluid provided that the
heat transfer could be enhanced by the nanofluid flow.

(2) The experimental results indicated that the nanofluid flow
did absorb more energy as compared with the pure fluid
flow due to the presence of nanoparticles. However, nanopar-
ticles contribute no extra heat absorption when the flow rate
is high.

(3) For a low flow rate, the measured MCHS wall temperature
variation agreed with the theoretical predictions. In high
flow rates cases, the measured MCHS wall temperatures
did not completely agree with the theoretical prediction due
to particle agglomeration and deposition. It was also found
that particle agglomeration could be prevented when the
nanofluid has a higher bulk temperature.

(4) Although the nanofluid has higher viscosity, only a slight
increase in the pressure drop across the MCHS was found
compared with the pure fluid-cooled MCHS.
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