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Abstract

Hybrid nanofluids with superior thermal characteristics can be a new choice of working fluid in enhancing the heat dissipa-
tion rate of microchannels heat sink. Therefore, this paper deals with the hydrothermal characteristics of a microchannel
heat sink utilizing MWCNT-AL,O5/water hybrid nanofluids. The thermal conductivity and viscosity of mono and hybrid
nanofluids were measured and new experiential correlations were derived. The convective tests were carried out in three
different composition ratios as well as two volume fractions of hybrid nanofluids at different Reynolds numbers. The results
showed that MWCNT-Al,O,/water hybrid nanofluid at composition ratio of (80:20) and 0.05% vol. had the highest perfor-

mance evaluation criteria value.

Abbreviations

Nomenclature

Cp Specific Heat Coefficient
d Diameter, m

D Hydraulic Diameter

DFE Degrees of Freedom Error
EM Electron Microscope
FESEM Field Emission Scanning Electron Microscopy
h Heat Transfer Coefficient
k Thermal conductivity,m—V;
0 Heat Dissipated

7] Flow Rate

MSE Mean Square Error

Re Reynolds Number

S Standard Deviation

SEM Scanning Electron Microscope
SSE Sum of the Squared Errors

T Temperature, K

TEM Transmission Electron Microscopy
Vv Flow Velocity

Greek symbols

p Density, %

¢ Volume fraction

u Dynamic viscosity, cP
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Subscript

bf Base fluid

Eff Effective

hnf Hybrid nanofluid
in Inlet

m Mean

nf Nanofluid

out Outlet

p Paticle

S Surface

1 Introduction

Thermal management plays an important role in several
critical industrial sectors including microelectronics,
transportation, thermal power plants, and concentrated
solar thermal systems [1-5]. With recent advancement in
the microelectronics industry, microchip transistors have
shifted towards micro/nano-sized scales generating a sig-
nificant amount of heat at a small footprint. Therefore, the
need for more efficient cooling systems to effectively trans-
fer more heat away from microchips is essential. The new
cooling systems need to be proportionate to the dimensions
of the microchips.

One of the most efficient methods in the electronics
industry to eliminate high heat flux is to use mini / micro-
channels due to their large size and ability to dissipate
heat. [6]. Tuckerman and Pease first proposed the idea of
using microchannels in 1981 [7]. They proposed using
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microchannels for very large scale integrated circuits (VLSI)
about three decades ago to achieve high-capacity cooling.
Choi and Eastman [8] dispersed nanometer-scale particles in
the base fluid and creating a new generation of fluids called
nanofluids. Heat transfer rate is raised by using nanofluids
instead of common fluids such as water, oil and ethylene
glycol. Ho et al. [9] studied Al,O;/water nanofluids in a
microchannel heat sink by 25 channels with a rectangular
cross section and a length of 50 mm. They investigated the
rate of heat transfer in the range of Reynolds numbers from
276 to 1676. Their results showed that at a volumetric con-
centration of 1%, the coefficient of heat transfer increases
by 70% compared to water. The effect of different cross-
sectional areas on microchannel performance was studied
by Vinoth and Kumar [10]. They employed Al,O;/water
nanofluid as thermal fluid in the microchannel. In their
experiments, Reynolds number was between 250 and 850
and three cross-sections of semicircular, trapezoidal and
square were used. A trapezoidal cross-section microchan-
nel showed better performance than the other two. When
water was employed as the operating fluid in the trapezoi-
dal channel, the Nusselt number increased by 8.47% and
18.3% compared to the cross sectional area of the square
and semicircle, respectively. They also showed that the use
of nanofluids in the trapezoidal microchannel increases the
Nusselt number compared to the square and semicircular
channels by 7.03 and 17.47%, respectively. The thermal and
hydrodynamic performance of CNT/water in microchannels
was studied by Ghazali et al. [11]. They also examined the
effect of the micro-channel cross-section and showed that a
channel with a circular channel performed better in terms
of pressure drop.

Prior studies have shown that nanofluids also increase the
pressure drop penalty within microchannels. Therefore, to
make a better use of nanofluids and reduce the high pressure
drop caused by them, a new generation of multiphase fluids,
termed as hybrid nanofluids, was introduced. In this case, by
suspending several different types of nanoparticles in the base
fluid, it is possible to achieve the desired thermal properties
of the nanofluid with less pressure drop.

Dynamic viscosity of MEPCM- Al,O,/water with mass
fraction of 2, 5 and 10 percent was measured by Ho et al. [12].
Viscosity results at 30° C showed that Al,O5/ water nano-
fluid had higher viscosity than to MEPCM- Al,O5/ water and
MEPCM / water hybrid nanofluid. They also observed that
by increasing mass concentration dynamic viscosity increases.
Thermal conductivity of MWCNT-COOH — Ag / water was
investigated experimentally by Pourrajab et al. [13] at dif-
ferent concentrations of 0.004, 0.008, 0.04, and 0.16, and
a temperature range of 20-50 °C. They found that thermal
conductivity of MWCNT-COOH (0.16 vol %) — Ag (0.04 vol
%) | water was 47.3% higher than the base fluid. Also, they
presented a new correlation to estimate MWCNT-COOH-Ag/
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water thermal conductivity. By measuring the hybrid nanoflu-
ids properties, studies were conducted to investigate thermal
and hydrodynamic performances of them in mini-channels
and microchannels. Ho et al. [14, 15] used Al,O;-MEPCM
nanofluid in a copper mini-channel with 10 rectangular chan-
nels (1 X 1.5 X 50mm). The results showed that Al,O; /water
nanofluids were more efficient than hybrid nanofluids at high
Reynolds. Sundar et al. [16] examined the Fe;0,-MWCNT /
water stream in a tube. They found that using the hybrid nano-
fluids improved the Nusselt number by 14.81% and 31.1%
in Reynolds of 3000 and 22,000, respectively. The pressure
drop and heat transfer of TiO,- Al,O; in mini-channel was
investigated by Kumar and Sarkar [17]. They showed that
by increasing Al,O; particle ratio in hybrid nanofluid, the
heat transfer coefficient improved. About 12.77% increment
was observed experimentally for Al,O; nanofluids. Vinoth
and Sachuthananthan [18] studied flow and heat transfer
performance of nanofluids in two different microchannels.
They used CuO/water, Al,O5/water and their hybrid nano-
fluid. They found that by applying pentagonal channel, heat
transfer is increased by 12.34% compared to triangular chan-
nel. Kumar and Sarkar [19] experimentally investigated the
Al,O;-MWCNT/water hybrid nanofluid effect on heat transfer
and pressure drop of minichannel heat sink. They experimen-
tally obtained that Al,O,-MWCNT/water improved the heat
transfer rate by 44.02% than to the water. Moreover, the pres-
sure drop than to the water, was increased by 51.2%. Xu et al.
[20] investigated the effect of using GOPs/water in 0.4 wt. %
and pulsing flows on the microchannel thermal performance.
They investigated the effect of 4 signals on the microchan-
nel thermal performance. They found that using the square
frequency always increases the flow rate and heat transfer.

As mentioned, to improve the thermal systems perfor-
mance, mini-channel and micro-channel heat sinks are
employed. The use of microchannels is expected to further
improve heat transfer rate than mini-channels. Also, the
use of these heat sinks in micrometer dimensions allows
us to cool electronic microchips at small-scale. The above
literature survey reveals that mono and hybrid nanofluids
have better thermal performance than conventional fluids.
Moreover, hybrid nanofluids have several advantages due
to their combined effects of nanomaterials. Therefore, in
the present study, in order to cool small electronics equip-
ment, a microchannel heat sink was studied. Additionally,
MWCNT-AL,O5/water was considered as operating fluid.
Due to the novelty of hybrid nanofluids, sufficient desir-
able models and correlations have not yet been developed
to measure the properties of these thermal fluids. There-
fore, the properties of hybrid nanofluids are also measured
and empirical correlations are proposed to calculate their
properties, in the present study. Furthermore, hybrid nano-
fluids effect on the microchannel heat sink performance is
experimentally investigated.
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2 Experimental apparatus and testing procedure
2.1 Preparing hybrid nanofluids

In present study, to prepare nanofluids in large quantities, two-
step method was used. By dispersing spherical nanoparticles
of Al,0; (Plasma Chem GmbH) with a mean diameter of
40 nm in distilled water, Al,O; nanofluid was prepared. The
Al,O5 nanoparticles Properties are listed in Table 1. To create
a uniform mixture, the solution was sonicated at 400 W and
24 kHz for 4 h with an ultrasonic probe (UP400S, Hielscher
GmbH). Then, a homogeneous Al,O;/water suspension was
obtained in a volume concentration of 0.1%. Solutions with
concentrations of 0.05% and 0.01% were also obtained by
diluting the 0.1% suspension. In each step, the nanofluid was
diluted and then placed in an ultrasonic device for 30 min.

The MWCNT/water nanofluids with a 1% mass concen-
tration were purchased from VCN Materials Company and
diluted to 0.1, 0.05 and 0.01% volumetric concentrations.
The diluted nanofluid was sonicated for 30 min before being
tested. Table 2 lists the properties of the carbon nanotubes
used in this study. The nanofluids prepared in the prior steps
were used in composition ratios of 80:20, 70:30, 50:50,
30:70, and 20:80 at volumetric concentrations of 0.1, 0.05,
and 0.01, to produce the Al,O;-MWCNT/water hybrid nano-
fluids. Samples stability based on our sedimentation exami-
nation was acceptable after 30 days.

Electron microscope (EM) images of the nanofluids were
taken to evaluate shape, size, and scale of the particles.
Figure la to ¢ show a transmission electron microscopy
(TEM) image of the MWCNT/water at 1% wt., scanning
electron microscope (SEM) image of the Al,O5/water in
0.1% vol., and a field emission scanning electron micros-
copy (FESEM) image of the Al,0;-MWCNT/water at
0.05% vol. concentration, respectively.

2.2 Microchannel heat sink

As illustrated in Fig. 2, a copper microchannel heat sink
employing 40 parallel channels with a rectangular cross-sec-
tional area of 216 x40 pm? and a length of 25 mm was fabri-
cated. To simulate the heat flux from the CPU, two cartridge
heaters with a diameter of 8 mm and a power density of 250

Table 1 Properties of Al,O,

. Purity +99.9%
nanoparticles
Shape Spherical
Mean Diameter nm 40
Color White
Density (p) 3978/,
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Table 2 Properties of MWCNT nanoparticle
Purity +95%
Length pm 10-50
Mean Diameter nm 20-30
specific surface area > 200" /g
Color Black
Density (p) 2.18/,5

W/cm? were used. Experimental setup was shown in Fig. 3.
A 3 kW dimmer was used to control the heater's voltage.
The microchannel surface temperature was measured by four
K-type thermocouples. The fluid tank was located in a con-
stant temperature bath. The temperature of the inlet and out-
let fluid was measured using two digital thermometers. The
nanofluid was pump by a gear pump whose voltage and cur-
rent were adjusted by a power supply (Megatek-MP-3010).
The fluid pressure was measured by a pressure transmitter
(WikialO) and data were transferred to a computer using a
data logger. The experiment was performed on four different
Reynolds numbers of 300, 500, 700, and 900.

2.3 Property measurement

In this research, viscosity, thermal conductivity, and density
of MWCNT/water, Al,Os/water and their hybrid nanofluids
were experimentally measured. The thermal conductivity of
nanofluids was investigated by a KD2-Pro analyzer [21].
The kinematic viscosity was measured experimentally via
a Fischer reverse tube capillary viscometer. Furthermore,
a hydrometer was used to measure the nanofluid density.
Figure 4 illustrates a schematic of property measurement
setup. The simple and hybrid nanofluids thermophysical
properties were measured in the temperature between 25 to
65 °C. In the process of measuring the properties, there was
the challenge of keeping the nanofluid temperature constant
at high temperatures. For this purpose, a constant tempera-
ture water bath was employed.

2.4 Datareduction

The definition of Reynolds number is:

_w
2

Re ey

Measuring the temperatures of inlet and outlet work-

ing fluid, heat dissipated by the microchannel heat sink
is calculated as:
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Fig. 1 Electron Microscope (EM) images of constructed nanofluids: a MWCNT/water, b Al,Os/water, and ¢ Al,0;-MWCNT/water

Q = mCy(Tyy = Tiy) @
Equation (3) calculated the base area of heat sink:
A= NILcy(Wey +2Hcy)] 3)

Equation (4) calculates the heat transfer coefficient:

0
"= AT T, “)

The microchannel surface temperature is also calcu-
lated from the averaged measured temperatures by the
four thermocouples accounting the distance between the
center hole of thermocouples and the solid—liquid interface
applying Fourier law.

4
T
r, = Lol 5)
4
The fluid mean temperature is also obtained from the
average inlet and outlet fluid temperatures.

Ty + Ty

T, = - (6)
Thermocouple
holes

Fig.2 The studied microchannel heat sink
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The Nusselt number is also calculated according to
Eq. (7):

hD
Nu=22
u= (M

By measuring the flow rate and pressure drop, the friction
factor is calculated as follows:

¢ 2DAP

2.5 Uncertainty analysis

Uncertainty of an experimental measurement can be esti-
mated by Eq. (9) presented by Kline and McClintock [22]:

/s

€))
where w; is uncertainty for measurement x;. Uncertainty of
thermal conductivity measurement through KD2-Pro device
is £0.01 for the range of 0.02 — 0.2(%) and +5% for the

range of 0.2 — Z(m—“; ) Uncertainty of capillary viscometer

is a function of viscometer precision (0.3%) and uncertainty
of timing.

Since each test was repeated six times, uncertainty of
the measurement is equal to the standard deviation of the
experimental point. The standard deviation is calculated
from Eq. (10).

n 2 1/2
6= lzi=l(xi_xm) ] (10)

n—1
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Fig.4 A schematic of a the thermal conductivity analyzer, b capillary viscometer, and ¢ hydrometer
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3 Results
3.1 Properties measurement results

The effects of nanoparticles composition ratio, tempera-
ture, and volumetric concentration on hybrid and mono
nanofluids thermophysical properties were first studied.
To estimate the hybrid nanofluids viscosity and thermal

conductivity, new empirical correlations were proposed.
To evaluate equipment and method accuracies, properties
of pure water was measured and compared with reference
data [23]. Results showed a proper conformity of the pre-
sent work and the reference data as Fig. 5 demonstrates.
Properties of MWCNT/water, Al,O5/water, and hybrid
nanofluids were measured at different composition ratios and
temperatures. The effects of temperature and composition ratio
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are shown in Fig. 6. As evident, by raising the temperature,
density and viscosity of the hybrid nanofluid decrease. As
illustrated in Fig. 6a, the changes in density at higher tempera-
tures are more sensitive to the addition of nanoparticles. While
on the contrary, the viscosity of fluid is more sensitive to the
addition of nanoparticles in lower temperatures as found from
Fig. 6b. Also, the nanofluids with higher MWCNT content are
often more viscous. Figure 6¢ shows the change in nanofluids
thermal conductivity is greater at high temperatures. Moreover,

nanofluids with more MWCNTSs have greater thermal con-
ductivity than others. For instance, the measured thermal
conductivities of hybrid nanofluids with composition ratios
of (30:70), (50:50), and (70:30) are 0.736, 0.712, and 0.697
Wm™! K™}, respectively.

Two experimental correlations are proposed to predict the
thermal conductivity and viscosity of studied nanofluids,
i.e. Equations (11, 12). By using a curve fitting method,
the obtained correlations reproduce the hybrid nanofluids

*
- Pure Water - *
1000 |- & ALO,/Water [ A ALGIWater
. O ALGLMWONT 7030}/ Water 1 O ALO-MWCNT (20:80) / Water
v ALO.- MWCNT (50:50) / Water - [o] AlLO,- MWCNT (30:70) / Water
- & ALO.MWONT (70:30) f Water - I ¥ ALO,-MWCNT (50:50) / Water
| a Al ‘-M\NCNT {20:80) / Water o 09 _‘_ & AlL,O,- MWCNT 70:30) / Water
> MW&NTIV\Mer ) 3 ~ L q Al,O,- MWCNT (20:80) / Water
o g > i D> MWCNT/Water
£ 995 -s [
o L & o 08
= o 4 [ g
2 | > r
2 g e o7k
© - ® g [ &
O 990 |- s |
© & 06
| v | !
I a i
L A 05 g
985 |- * [
TR EEERRTERTEN SNSRI NN NN NN ST SRS A S e Jd oo
20 30 40 50 60 70 20 30 40 50 o 60 70
Temperature (°C) Temperature ("C)
(a) (b)
B * Pure water
078 |- a ALO, { water
- O ALO,MWCNT (80:20) / water
- [ O ALO.-MWCNT (70:30) / water >
X [ ¥ ALO.-MWCNT (50:50) / water
£ 075F & ALO-MWCNT (30:70) f water 4
E [ 4 ALO,-MWCNT (20:80) / water
S [ > MWONT/water <&
> - >
o021 a
2 5 v
S I >
3 [ 4 (o}
B o069 S v g
<] i > A
3] B O
K] - < v
£ 066 <& *
£ B
S0 R A
063 | o
[ § ¥
TN ENEETETES SNSRI EUETEIE RS RS S
06 20 30 40 50 70
Temperature (°C)

(©)

Fig. 6 a Density, b dynamic viscosity, and ¢ thermal conductivity of nanofluids against temperature at a volume concentration of 0.1%
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thermal conductivity and viscosity values with a maximum
error of 4% and 2%, respectively. The outcomes of the pro-
posed correlations versus the measured data of the present
study are compared in Fig. 7.

1 =—1.00234¢*90M1 L[ —1.73507n,,p,,

11
=26.92520ncyrpenr| + (@ — Dy ) (n

k =0.6480e %MD {$[-0.2615n,ky,

12
+0.0159(n ey kenr| + (1 — )k, } (12

3.2 Nusselt number

The Nusselt number can be a criterion for evaluating the
microchannel heat sink thermal performance. Figure 8 shows
the Nusselt number in terms of Reynolds variable in volu-
metric fraction of 0.05% and 0.1%. As illustrated in Fig. 8a,
with raising the Reynolds number, the Nusselt number raises
due to the thinning of the thermal boundary layer as well as
reinforcement of convection. As shown in Fig. 8b, the results
indicate that the heat transfer is further improved by rais-
ing the ratio of MWCNTs to Al,O; in the hybrid nanofluid.
This can be attributed to the higher thermal conductivity
in addition to higher surface area of MWCNTs than Al,O;
nanoparticles. For example, the heat transfer rate for 0.1%
vol. concentration of MWCNT/water than to the base fluid
is augmented by 27.41% at Reynolds number of 900. Also,
the heat transfer rate is increased by 9.35% and 4.95% for
0.1 and 0.05% Al,O4/water nanofluid, respectively. Adding a

11
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small amount of MWCNT particles to the Al,Os/water nano-
fluids can improves the heat transfer capability significantly.
The heat transfer rate of AI,O;—MWCNT (80:20)/water
hybrid nanofluid at 0.05% and 0.1% volume concentrations,
increases by about 5.7% and 6.7% compared to the Al,05/
water nanofluids, respectively, which shows the importance
of using hybrid nanofluids. The results also show that the
AlL,O;-MWCNT (20:80)/water increases the heat transfer by
21.87% more than the base fluid.

3.3 Pressure drop characteristics

The nanofluids pressure drop in the microchannel is shown
in Fig. 9. As shown, with raising the nanofluid concentra-
tion, the pressure drop raises. In addition, with increasing
the ratio of MWCNTs to Al,O; due to increasing the vis-
cosity of nanofluids, the pressure drop penalty increases.
At a volume fraction of 0.1%, MWCNT/water than to the
base fluid increases the pressure drop by about 89%. How-
ever, replacing 20% of MWCNT with Al,O; nanoparticles
can reduce the pressure drop increment to 64% relative to
the base fluid.

3.4 Friction factor

The friction factor of nanofluids is shown in Fig. 10.
Because of the thinning of the fluid boundary layer by
raising the Reynolds number, the friction factor of nano-
fluids decreases. The results show that with raising the
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Fig.7 A comparison of the proposed empirical correlation and experimental data for a dynamic viscosity, and b thermal conductivity of
Al,O;-MWCNT/water hybrid nanofluids at a 0.1% volumetric concentration
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Fig. 8 Nusselt number as a function of Reynolds number for different nanofluids at a 0.05% and b 0.1% volume concentration

concentration of nanoparticles as well as increasing
the ratio of MWCNT nanoparticles in hybrid nanoflu-
ids, the friction factor increases.The reason is MWCNT
nanoparticles cause a greater pressure drop than Al,O;

nanoparticles.
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Fig.9 Pressure drop as a function of Reynolds number for different nanofluids at (a) 0.05% and (b) 0.1% volume concentration
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3.5 Performance evaluation criteria (PEC)

To determine whether the use of nanofluids is useful or
not, it is not sufficient to examine the heat transfer rate or
pressure drop penalty independently. The PEC is defined
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Fig. 10 Friction factor in terms of Reynolds number for different nanofluids at a 0.05% and b volume concentration

to assess the justification for the use of nanofluids as
follows:

NU,;
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PEC = T (13)
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The PEC values greater than one indicate that the raises
in the heat transfer rate dominates the rise in the pressure
drop penalty, and the use of nanofluids is reasonably justi-
fied. Figure 11 shows the PEC values for studied nanoflu-
ids at volumetric concentration of 0.05% and 0.1%. The
results indicate that at higher Reynolds numbers, the use of
nanofluids is more justifiable than lower ones. As shown
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Fig. 11 PEC index in terms of Reynolds number for different studied nanofluids at a 0.05% b 0.1% volume concentration
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in Fig. 11a, the results reveal that at a Reynolds number
of 900, the PEC index for Al,0;—-MWCNT (20:80)/water
hybrid nanofluid is 1.16, while it is 0.95 at a Reynolds
number of 300.

4 Conclusion

Heat transfer efficiency of microchannel heat sinks using
mono and hybrid nanofluids in two volume fractions of 0.05
and 0.1% was studied in the present investigation. In this
regard, to calculate the convective heat transfer coefficient
and pressure drop penalty, thermophysical properties of the
different hybrid nanofluids were measured at 25-65 °C. The
following results are obtained:

e The highest rise in the Nusselt number, which was equal to
27.41% than the base fluid, was observed for the MWCNT/
water nanofluids in 0.1% a volumetric concentration.

e The AL,O;-MWCNT (80:20)/water nanofluid improves
the heat transfer rate by about 7 and 6% compared to the
Al,Os/water at concentrations of 0.1 and 0.05%.

e The results revealed that the heat transfer rate of
Al,03-MWCNT (80:20)/water at 0.05% vol. are higher
than the Al,O/water at a 0.1% volume fraction.

e The MWCNT/water nanofluid at 0.1% volumetric con-
centration had 89% higher pressure drop than to the
water. However, the pressure drop of Al,0,-MWCT
(20:80)/water was 64% higher compare the base fluid.

e The Al,O;-MWCNT /water hybrid nanofluid at composition
ratio of (80:20) and 0.05% vol. had the highest PEC value.

e The viscosities of Al,O;-MWCNT/water hybrid nanoflu-
ids at composition ratios of (30:70), (50:50), and (70:30)
were 14.76%, 13.23%, and 11.28% higher compare to
the water, respectively. In addition, the viscosity of the
Al,Os/water at 25 °C, compare to the base fluid was
4.08% higher.

e The MWCNT/water nanofluids at 0.1% volumetric con-
centration can improve the thermal conductivity 16.28%.
Also the results indicated that the Al,Os/water had the low-
est thermal conductivity improvement of 3.08% compared
to other nanofluids. The Al,0;-MWCNT/water hybrid
nanofluids at composition ratios of (70:30), (50:50), and
(30:70), had the higher thermal conductivities by 5.96%,
8.8%, and 11.72% than the base fluid, respectively.

e The study also provides two experimental correlations
to estimate the thermal conductivity and viscosity of
Al,O,-MWCNT/water. The proposed thermal conductiv-
ity correlation was a function of volume fraction, thermal
conductivity of each components, temperature, and com-
position ratio of nanoparticles. Similarly, temperature, den-
sity, composition ratio, and volume concentration of nano-

particles were important factors in the proposed viscosity
correlation for Al,0;-MWCNT/water hybrid nanofluids.
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