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Energy and exergy analysis of a rectangular shape minichannel heat sink is experimentally performed using
nanofluid as coolants. The Al2O3–water nanofluid with nanoparticle concentrations of 0.10 to 0.25 vol.% were
used as coolants to analyze the effect of changing the flow rate ranging from 0.375 to 1.0 l/min. The highest
energy efficiency was found to be 94.68% for 0.25 vol.% of Al2O3–water nanofluid and flow rate of 0.375 l/min.
The highest improvement of outlet exergy (60.86%) of the heat sink was obtained for Al2O3–water nanofluid at
0.25 vol.% compared to water at the flow rate of 1.0 l/min. The exergy gain increased accordingly with the
increase in the volume fraction of nanoparticles and decreased with the rise of flow rate. The highest exergy
gain was found at 0.25 vol.% of nanofluid. The second law efficiency (exergy efficiency) found to be augmented
with the rise of the volume fractions of nanofluid. The friction factor decreased with the augmentation of flow
rate and increased with the rise of the volume fractions of nanoparticles.
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1. Introduction

Recently, the integration and compaction of electronics chips have
risen to a high level with the need to offer more processing power
than ever before [1,2]. Thermal management of electronic components
has gained a lot of attention due to the drastic increase in transistor
density, decrease in feature size, and enhancement in computation
speeds leading to high heat fluxes [3]. The cooling demands of next
generation 3D integrated chip designs also cause inevitable switching
to liquid cooling systems [4]. For cooling of electronic devices,
nanofluids have been proposed to be high performance coolants [5].
During the last decades, it is proven through the different experimental,
analytical, and numerical investigations that, nanofluids perform well
when used for cooling of electronics.

Nanofluid is a new type of heat transfer fluid, which was termed
after the innovative studies by Choi [6]. Nanofluid is a mixture of solid
nanoparticles into a base fluid. Nanoparticles that are used to prepare
nanofluids are basically metal (Cu, Al, etc.), oxides (Al2O3, TiO2, CuO,
SiO2, etc.) and some other compounds (CNT, TNT, graphene, etc.) and
base fluids usually include water, ethylene glycol, refrigerant, engine
oil, and others. Due to the extremely small sizes and large specific
surface areas of the nanoparticles, nanofluids have superior properties
like high thermal conductivity, minimal clogging in flow passages,
long-term stability, and homogeneity compared with base fluids.
Characteristics of nanofluids like stability and thermophysical proper-
ties are the performance indicators in a heat transfer system like
minichannel.

Tuckerman and Pease [7], report that a micro channel heat sink is an
ideal tool for liquid cooling of electronic chips, as the heat transfer coeffi-
cient contrarywith the characteristics of channel width in a laminar flow.
They measured a maximum power dissipation density of 790 W/cm2

with a thermal resistance of 0.1 °C cm2/W. Also they found a significant
pressure drop of 2 bars for this investigation. Nguyen et al. [8] experimen-
tally found up to 40% increase in the heat transfer coefficient for the case
of Al2O3–water nanofluid compared to the pure base fluid. Chein and
Huang [9] study on silicon microchannel heat sink performance using
Cu–water nanofluid. They show that performance of the heat sink greatly
improved due to the increase of thermal conductivity and thermal disper-
sion effect. Rafati et al. [10] investigated cooling of a computer microchip
by using silica, alumina, and titania nanoparticles suspended inwater and
ethylene glycol mixture. They obtained the highest decrease in processor
temperature (from 49.4 °C to 43.9 °C) for 1.0 vol.% of alumina nanofluid
at a flow rate of 1.0 l/min. Putra et al. [11] applied nanofluids in a heat
pipe liquid-block combined with thermoelectric cooling and the results
showed significant improvement of heat transfer for Al2O3–water
nanofluids. A number of researchers numerically studied nanofluids
used as coolants in micro channel heat sinks [12–15]. Besides, many
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Nomenclature

A area (m2)
C heat capacity rate (kW/K)
cp specific heat (J/kg K)
Dh hydraulic diameter of the fluid flow (m)
Ex exergy (W)
f friction factor
H height (mm)
k thermal conductivity (W/m K)
Lch channel length (mm)
ṁ mass flow rate (kg/s)
N number of channel
ΔP pressure drop (Pa)
Q̇ total heat dissipation from heater (W)
Re Reynolds number
um mean velocity (m/s)
Pp pumping power (W)
T temperature (̊C)
V volume flow rate (l/min)
vol.% volume fraction of nanoparticles
Wch channel width (mm)
Wfin fin width (mm)

Greek symbols
ρ density (kg/m3)
μ viscosity (Ns/m2)
η efficiency (%)

Subscripts
av average
b base of the heat sink
c cross section
ch channel
e environmental
f fluid
hs heat sink
min minimum
nf nanofluid
in inlet
out outlet
tc thermocouple
1st 1st law of thermodynamic
2nd 2nd law thermodynamic
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experimental studies have investigated the convective heat transfer
performance of electric heat sinks using nanofluids as the working fluid
[16,17].

Boudouh et al. [18] reported an experimental investigation of the
rectangular minichannel with a hydraulic diameter of 800 μm using
copper–water nanofluids. They found that, local heat flux, local
vapor quality, and local heat transfer coefficient increased and surface
temperature decreased with the increase of copper nanoparticles'
concentration. Also, Yu et al. [19] studied the minichannel with Al2O3–

polyalphaolefin (PAO) nanofluid containing both spherical and rod-
like nanoparticles. They measured the pressure drop and heat transfer
coefficient and established a theoretical correlation for friction factor
and Nusselt number for nanofluids containing spherical nanoparticles.
Ho and Chen [20] experimentally investigate on forced convection
heat transfer performance by using Al2O3–water nanofluid as the cool-
ant in a copper minichannel heat sink. They found an improvement of
the average heat transfer effectiveness of 72% for 10 wt.% nanofluid
compared with base fluid. Naphon and Nakhrintr [21] studied the heat
transfer characteristics of nanofluids in a mini-rectangular fin heat
sink using de-ionized water mixed with TiO2 nanoparticles. They
found that the average heat transfer rate was higher for nanofluid-
based coolants than that of the base fluids. Several studies also focused
on the thermal performance of minichannel-based heat sinks operated
with nanofluids [22,23].

Generally, the studies on thermal performance during cooling of
electronic components have been fostered up to heat transfer analysis,
whereas energy, exergy, and waste heat analysis in electronic systems
are not usually taken into consideration. Cooling the electronic data cen-
ter using hot water is proposed for improving the exergetic utilization,
like exergy efficiency and waste heat recovery applications of the
system. The proof-of-principle is provided by a numerical modeling of
a manifold micro-channel heat sink for cooling microprocessors of a
data center [24]. Zimmermann et al. [25] experimentally studied the
exergy efficiency of an electronic cooling system using hot water as a
coolant. They obtained over 90% first law of thermodynamics based
energy efficiency. Kahani et al. [26] experimentally studied the effect
of helical coils and nanofluids (combined both effect) to enhance the
thermal performance and found that energy efficiency of equipment
increased rapidly. Zaki et al. [27] conducted second law of thermody-
namic analysis on a water-cooled chiller for gas turbines to cool the
intake air and showed that the exergetic power gain ratio dropped
on an average of 8.5%. Pandey and Nema [28] experimentally
investigated the effects of nanofluid and water as coolants on heat
transfer, frictional losses, and exergy loss. They found that the non-
dimensional exergy loss was lowest at 2 vol.% and a flow rate of
3.7 l/min. Shah et al. [2] defined an exergy-based figure of merit for
an electronics package, which can be used for the thermodynamic
analysis of the exergy loss.

Based on the above discussion, it can be inferred that there is little
literature on the energy and exergy analysis for the cooling of electron-
ics using nanofluids. Therefore, it is required to analyze the exergetic
performance of electronic devices with the emphasis on energy optimi-
zation. This paper experimentally investigates the energy (first law),
exergy (second law), and friction factor of a rectangular minichannel
heat sink using Al2O3–water nanofluid with different volume fractions.
2. Research method

2.1. Experimental setup

The experimental setup comprising a closed loop cooling system is
shown schematically in Fig. 1. The system consists of a minichannel
heat sink, cooling fluid loop, and data acquisition system.

The system consists of a storage tank, pump, flowmeter, and an air-
cooler radiator. Firstly, water or nanofluid is chilled by the surrounding
air. Upon reaching the favorable temperature for the working fluid, a
pump is used to bring out the coolant from the storage tank and pass
it through the heat sink. The coolant absorbs heat from the heat sink
leading to a rise in coolant temperature. An air-cooled radiator is used
to cool down the heated coolant before entering the storage tank for
recirculation. The flow rates of the coolant are controlled by adjusting
the flow meter. A pressure transducer is installed across the heat sink
to measure the pressure drop.

The rectangular minichannel heat sink was used as shown in Fig. 2.
The copperminichannel was fabricated using awire electrical discharge
machine (WEDM). Two cartridges (each of 200 W) positioned just
below the heat sink were used to generate and control the heat flux.
Temperatures and pressure drop of coolants at different positions
were measured using thermocouples and a pressure transducer
connected to a data logger. The heat sink was covered by glass wool
and Teflon insulated box.
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Fig. 1. System flow diagram of the cooling of electronics.
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2.2. Preparation of nanofluids

A two-stepmethodwas used to prepare theAl2O3–water nanofluids.
Alumina nanoparticles (13 nm) with a purity of 99.90% (manufactured
by Sigma Aldrich, USA) were dispersed within the pure distilled water.
Concentrations of 0.1 vol.%, 0.15 vol.%, 0.20 vol.% and 0.25 vol.% of
nanofluids have been prepared in this investigation. Eq. (1) was used
to calculate the volume fractions of nanofluids.

ϕ ¼
mn

ρn
mn

ρn
þmf

ρ f

ð1Þ

First, the calculated amounts of Al2O3 nanoparticles were measured
by an analytical balance (HR-250 AZ, AND, Japan) and then alumina
nanoparticles weremixedwith pure distilledwater in a beaker. The col-
loid was then sonicated in a Sonic Dismembrator System (FB505, Fisher
Scientific, USA) in order to have cell disruption and homogenization.
Ultrasonication was maintained for up to 2 h without adding any
surfactant. A refrigerated circulating water bath (C-DRC 8, CPT Inc.,
South Korea) was used to provide fixed temperature during the
ultrasonication process to avoid vaporization.

2.3. Characterization of nanofluid

Final particle cluster size, microstructure, zeta potential, and sedi-
mentation were characterized after preparation. The Zetasizer (Model
Fig. 2. Schematic view rectangular minichannel heat sink.
3000HS, Malvern, UK) was used to check the average particle cluster
size and zeta potential after preparation of nanofluid. Transmission
electron microscope (TEM) (Model LIBRA 120, Zeiss, Germany)
was used to capture the microstructures of nanofluid to analyze the
nanoparticle distribution. After preparation, 10 ml of nanofluid was
poured into a small measuring cylinder. The photos of the cylinders
with nanofluids were captured after 30 days of preparation for stability
inspection.

2.4. Measurement of thermophysical properties

Various measurement apparatuses were used to experimentally
measure effective thermophysical properties of nanofluids, such as
thermal conductivity, viscosity, density, and specific heat. A KD2 Pro
thermal properties analyzer (Decagon, USA) meter was used to
measure the thermal conductivity of the prepared samples. Before
collecting data, the meter was calibrated and measurements were re-
peated three times. The viscosity was measured using an LVDV-III
Ultra-programmable Rheometer (Brookfield, USA). The density was
measured by a density meter (DA 130, Kyoto electronics, Japan) and
specific heat was measured using a differential scanning calorimeter
(DSC 4000, Perkin Elmer, USA).

2.5. Governing parameters and calculation procedures

The base temperature of the heat sink was calculated using Eq. (2)
considering the effect of the base height.

Tb ¼ Tb; av;tcð Þ−
Q̇Hb

khsAb

� �
ð2Þ

The area of the heat sink base was calculated as:

Ab ¼ LchN Wch þWfin

� �
ð3Þ

The energy efficiency (η1st) for various volume fraction of nanofluid
can be obtained using Eq. (4) [25].

η1st ¼
ṁcp Tnf ;out−Tnf ;in

� �
Q̇

ð4Þ



Table 1
Typical uncertainties for relevant variables.

Variable Uncertainty (%)

Density, ρ ±1.0
Thermal conductivity, k ±1.0
Viscosity, μ ±1.0
Specific heat, Cp ±1.0
Pressure drop, ΔP ±2.5
Ambient temperature, Te ±0.1
Electric power,Q̇ ±3.5
Flow rate, V ±0.3 to ±2.2
Temperature difference, (Tb − Tin) ±1.5 to ±5.0
Temperature difference, (Tb − Tout) ±1.5 to ±5.0
Temperature difference, (Tout − Tin) ±0.4 to ±2.2

Fig. 3. Particle cluster size of 0.10 vol.% of Al2O3–water nanofluid.
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where, mass flow rate depends on density of fluid and volumetric flow
rate. Since the heat sink is a steady flow device, available exergy in the
outlet of the heat sink can be defined by Eq. (5).

Exout ¼ ṁ hout−he−Te Sout−Seð Þ½ � ð5Þ

where, h and s denote the specific enthalpy and entropy of coolant,
respectively. Alternatively Eq. (5) can be rewritten as Eq. (6) for as the
case of nanofluid.

Exout ¼ Cnf Tnf ;out−Te

� �
−Te ln Tnf ;out=Te

� �h i
ð6Þ

where, Cnf ln(Tnf,out/Te) is represents the sumof entropy, and Cnf denotes
the heat capacity rate; it can be found using Eq. (7).

Cnf ¼ cp
� �

nf
ṁ ð7Þ

For more exergetic analyze, exergy gain across the heat sink by
different coolant flow rates was calculated by Eq. (8) [29].

Exgain ¼ Cnf Tnf ;out−Tnf ;in

� �
−Te ln Tnf ;out=Tnf ;in

� �h i
−Pp ð8Þ

The second law efficiency can be written as Eq. (9).

η2nd ¼ Exout
Exin þ Exel þ Pp

ð9Þ

where, Exel indicates the supplied electric power through the heater
toward the base plate of the heat sink. The dimensionless Reynolds
number can be expressed as:

Re ¼ ρnf umDh

μnf
ð10Þ

Where,

um ¼ ṁ
ρn f NAc

ð11Þ

The friction factor of the rectangular minichannel for the laminar
flow (Re b 2000) can be calculated by Eq. (12) [30].

f ¼
96 1−1:3553α þ 1:9467α2−1:7012α3 þ 0:9564α4

� �
Re

ð12Þ

where, the dimensionless variable, α, defines the aspect ratio of
channel height and width of minichannel was calculated with Eq. (13)
[31]

α ¼ Hch

Wch
ð13Þ

Finally, the required pumping power (Pp) for the channel can be cal-
culated using Eq. (14).

Pp ¼ ṁ
ρnf

ΔP ð14Þ

2.6. Uncertainty analysis

The uncertainties of the measured physical properties are summa-
rized in Table 1. Experimental uncertainty obtained by following
Eq. (15) and uncertainties associated with the related independent
variables.

WR ¼ δR
δX1

w1

� �2
þ δR

δX2
w2

� �2
þ ⋯⋯þ δR

δXn
wn

� �2� �1=2

ð15Þ

In Eq. (14), R is a function of the independent variables X1, X2,….,Xn

andw1,w2,…,wn are uncertainties in the independent variables.Where,
WR is the uncertainty of dependent variable, like energy efficiency,
outlet exergy, exergy gain, and 2nd law efficiency. From the calculation
of uncertainty maximum error of ±5.95% in energy efficiency, ±5.94%
in outlet exergy, ±8.41% in exergy gain and ±10.30% in 2nd law
efficiency.

3. Result and discussion

3.1. Characterization of Al2O3–water nanofluid

Ultrasonication processes reduce the colloid size of particles and
homogenize particles with fluid. The mean particle cluster size of
nanoparticles using dynamic light scattering is shown in Fig. 3. Average
cluster size was found to be 131.0 nm. It is proved that, the nanofluid
passed through the minichannel without blocking the passages.
Because, the width of the minichannel was 0.5 mm that is large enough
compared to maximum cluster size that was approximated to be 220
nm from Fig. 3. Zeta potential analysis to quantify the stability of

image of Fig.�3


Fig. 4. Absolute zeta potential of 0.10 vol.% of Al2O3–water nanofluid.

No Sedimentation No Sedimentation No Sedimentation No Sedimentation

0.10 vol. % 0.15 vol. % 0.20 vol. % 0.25 vol. %

Fig. 6. The Al2O3–water nanofluid with various volume fractions after 30 days of
preparation.
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0.10 vol.% of Al2O3–water nanofluid has been reported in Fig. 4. For this
suspension, the absolute zeta potential value was found to be 53.6 mV
as shown in Fig. 4. It is pronounced that the absolute zeta potential
value over 60 mV shows excellent stability, above 30 mV is physically
stable, below20mVhas limited stability and lower than 5mV is evident
to agglomeration [32]. Therefore, the zeta potential value of this exper-
iment is very near to excellent stability.

The microstructure and particle distribution have been captured
using TEM. The TEM images of 0.10 vol.% of Al2O3–water nanofluid
after preparation is portrayed in Fig. 5. Good dispersion of particles
has been observed in Fig. 5within the range of 100 nmscales. Neverthe-
less, few overlapping of nanoparticles has also been observed.

The stability of the Al2O3–water nanofluids was examined by
observing the photograph capturing method. The photos have been
captured after 30 days of the nanofluids preparation and presented in
Fig. 6. It is clear from Fig. 6 that no sedimentation is formed at the bot-
tom of the nanofluids. The supernatant levels are marked and found to
be higher for lower concentration of nanofluid. At 0.10 vol.% there is
no sedimentation and higher level of supernatant level has been
observed. For 0.15 vol.% there is no sedimentation, but there was a little
amount of supernatant level. The supernatant level slowly decreases
with the rise of nanoparticle volume fraction as they are observed in
0.20 vol.% to 0.25 vol.%.

3.2. Thermophysical properties

The thermophysical properties of water and the nanofluid with
different volume factions are measured at 40 °C temperature. These
Fig. 5. The TEMmicrostructure of 0.10 vol.% Al2O3–water nanofluid.
properties are very important for prediction of performance of a
minichannel heat sink by using nanofluid as an electronic coolant.

From this experiment, it is found that, thermal conductivity was in-
creased with the rise of nanoparticle volume fraction and the experi-
mental results are compared with Hamilton–Crosser model [33] as
Eq. (16). The experimental results indicate good agreement with the
theoretical prediction as shown in Fig. 7. The maximum increase of
thermal conductivity was found for 0.25 vol.% of nanofluid. The im-
provements of thermal conductivity were 6.40% and 5.63% compared
with water and Hamilton–Crosser model, respectively for 0.25 vol.% of
nanofluid. The higher thermal conductivity of nanofluid is the key
performance indicator for heat transfer area of minichannel heat sink.

keff ¼
kp þ n−1ð Þkf−2 n−1ð Þϕ kf−kp

� �

kp þ n−1ð Þkf þ ϕ kf−kp
� � kf ð16Þ

The effect of nanoparticle concentration on viscosity of Al2O3–water
nanofluid is shown in Fig. 8. Additions of nanoparticle into a liquid in-
crease the viscosity of the suspension because nanoparticles increase
the resistance to flow. It is found that viscosity increases accordingly
with the increase of particle concentration in the suspension. The exper-
imental results were compared with Einstein's model [34] and
Brinkman model [35] as expressed in Eqs. (17) and (18), respectively.
The experimental results were found to be in good agreement with
Fig. 7. Thermal conductivity with different nanoparticle volume fractions.
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Fig. 8. Viscosity with different nanoparticle volume fractions.
Fig. 10. Specific heat with different nanoparticle volume fractions.
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the models shown in Fig. 8. The viscosity of nanofluid increases by
69.70%, 69.52% and 69.51% compared with water, Einstein model and
Brinkman model, respectively at 0.25 vol.%.

μnf ¼ μbf 1þ 2:5ϕð Þ ð17Þ

μnf ¼ μbf = 1−ϕð Þ2:5 ð18Þ

The properties of density are related with pressure drop and
pumping power. It is expected that coolants with higher density experi-
ence the higher pressure drop. The effect of nanoparticle concentration
on density of Al2O3–water nanofluid has shown in Fig. 9. It is found that
densitywas increasedwith the rise of nanoparticle volume fraction. The
experimental results were compared with Pak and Cho model [36] in
Eq. (19). The experimental results indicate good agreement with theo-
retical approximation as shown in Fig. 9. The maximum density was
found for 0.25 vol.% of nanofluid. The density of nanofluid increases by
0.72% and 0.16% compared with water and Pak and Cho model at 0.25
vol.% of nanoparticle.

ρnf ¼ 1−ϕð Þρ f þ ϕρp ð19Þ

The effect of nanoparticle concentration on specific heat of Al2O3–

water nanofluid has shown in Fig. 10. Unlike, thermal conductivity,
viscosity and density; specific heat of nanofluid was found to be lower
than the specific heat of base fluid. This is because of the lower specific
heat capacity nanoparticle (Al2O3) added to water that has higher
specific heat capacity. The experimental results are compared with
Xuan and Roetzel [37] model as expressed in Eq. (20). The experiment
Fig. 9. Density with different nanoparticle volume fractions.
results were found to be in good agreement with the value obtained
from the model as shown in Fig. 10. The specific heat decreases 3.03%
and 2.02% compared with water and Xuan and Roetzel model, respec-
tively at 0.25 vol.%.

ρCp

� �
nf

¼ 1−ϕð Þ ρCp

� �
f
þ ϕ ρCp

� �
p

ð20Þ

3.3. Temperature and energy analysis

Fig. 11 shows the recorded temperatures of base and outlet of the
heat sink at 0.375 l/min to 1.0 l/min flow rates of the 0.25 vol.% of
Al2O3–water nanofluid and base fluid (water). It is found from Fig. 11
that at the base of the heat sink temperature decreasedwith augmenta-
tion of particle volume fraction. Minimum temperature at the base of
the heat sinkwas found for 0.25 vol.% among the different volume frac-
tions of nanofluid. Thus for a given 1.0 l/min flow rate, the base of the
temperature was 50.48 °C and 47.65 °C respectively for water and
0.25 vol.% of Al2O3–water nanofluid. Because nanofluids remove more
heat from the base of the heat sink compared to water and keep
the base temperature minimum [3]. For the outlet of the heat sink,
nanofluid temperature was always found to be higher than water.
Since nanofluid absorbsmore heat; due to nanoparticle has an attractive
characteristic of thermal conductivity. Also, it is shown that the base and
outlet temperature of heat sink were decreased with augmentation of
Fig. 11. Temperatures of different locations for the basefluid and0.25 vol.% ofAl2O3–water at
a constant inlet temperature (30 °C).
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Fig. 12. Energy efficiency for various volume fractions of nanofluid.

Fig. 14. Exergy gain with flow rate at different vol.% of nanofluid.
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flow rate for both cases of Al2O3–water nanofluid and pure water. Be-
cause the volume of coolant was increased with the rise of flow rate.
The result indicates that the forced convection heat transfer coefficient
is improved as a result of using nanofluid [8] which causes improve-
ments in the overall performance of the cooling system.

First law efficiencies of various coolants at different flow rate have
been calculated using Eq. (4) and are presented in Fig. 12. Energy effi-
ciency decreases with the increase of flow rate for different types of
coolants. However, energy efficiency was found to be increased with
the increase in the volume concentration of nanoparticles. The highest
energy efficiency was found to be 94.68% at the minimum flow rate of
0.375 l/min and 0.25 vol.% of nanofluid. Energy efficiency depends on
mass flow rate, temperature difference and specific heat of a fluid.
Also mass flow rate (kg/s) varied in respect of base fluid and different
volume fractions of nanofluid at one specific volume flow rate (l/min).
Its various due to density properties was different respect of various
volume fractions of nanofluid and base fluid. It is found that when the
volume flow rate increases the temperature difference decreases in
between the inlet and the outlet at heat sink. The maximum tempera-
ture difference occurred at low volume flow rate. It has been observed
that energy efficiency decreases with the increase of volume flow
rates since temperature difference decreases with the increase of vol-
ume flow rates.

3.4. Exergy analysis

The outlet exergy of the heat sink at various volume fractions and for
different volume flow rates has been calculated and presented in Fig. 13
by using Eq. (6). As it is observed, the nanofluid outlet exergy was
higher compared with that of water as the base fluid. The outlet exergy
Fig. 13. Available exergy at th
increased with the augmentation of the volume fractions of nanofluid.
Besides, with the rise of flow rate, the outlet exergy was augmented
for 0.25 vol.% nanofluid. For 0.20 vol.% of nanofluid, outlet exergy
showed fluctuations with the rise of flow rate. For 0.15 vol.%,
0.10 vol.% and water, the outlet exergy initially decreases up to
0.625 l/min flow rate; after that, it was shown the outlet exergy's in-
creasing trend with the rise of flow rate. The highest outlet exergy
was found to be 170.94 W (equal to 60.86% improvement compared
with water) at the flow rate of 1.0 l/m and 0.25 vol.% of nanofluid.

Exergy gain should also be taken into account when performing
exergy analysis (Eq. (8)). The total exergy gain of the whole system
has been brought in Fig. 14 by considering inlet and outlet exergies in
the heat sink, as well as the pressure and pumping power. From
Fig. 14 it is clear that exergy gain increases with the rise of the volume
fractions of nanoparticles. It is also evident that exergy gain decreases
with the increase in the volume flow rate. The lowest exergy gain was
found for water. The maximum exergy gain was found for 0.25 vol.%
at 0.375 l/min flow rate having a value of 129.91 W (equal to 49.60%
improvement compared with water). However, for 1.0 l/min flow
rate, themaximum improvement of exergy gainwas 218.53% compared
with water for 0.25 vol.%.

Based on the second law of thermodynamics, the second law
efficiency was calculated (with considering the effect of environment)
by using Eq. (9) and brought in Fig. 15. The second law efficiency
increases with the increase of nanoparticle volume concentration. The
second law efficiency showed a decreasing trend with augmented
flow rate except for the 0.25 vol.% concentration where a growing
trend is observed. At 0.375 l/min flow rate, second law efficiency was
e outlet of the heat sink.
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Fig. 15. Second law efficiency of the heat sink with flow rate.
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maximum (34.83%) and minimum (26.87%) for the volume fraction of
0.25%, and water, respectively. The second law efficiency was found to
be smaller compared to the first law efficiency due to ambient temper-
ature (environmental) effect. In addition, for 1.0 l/min flow rate, second
law efficiencywas highest (36.05%) and lowest (22.33%) for the volume
fraction of 0.25% andwater, respectively. Both efficiencies (first law and
second law) show similar increasing trends with the rise of the volume
fractions of nanoparticles.

3.5. Friction factor, pressure drop and pumping power

Friction factor depends on Reynolds number anddensity aswell. The
Reynolds numbers have inverse relation with friction factor. Enhance-
ment of nanoparticle volume fraction increases nanofluid density and
mass flow rate, besides reducing the friction factor. At high density,
the effect of volume fraction is substantial over the friction factor, but
less effective at low densities. The relationship between friction factors
and flow rate with the different volume fractions of nanofluid is
presented in Fig. 16. The friction factor decreases with the increase of
flow rate and increases with the increase of volume fraction compared
to pure water. The maximum friction factor was found to be 1.70 for
0.25 vol.% of nanofluid at 0.375 l/min flow rate. The lowest friction
factor had a value of 0.38 for water at 1 l/min flow rate.

The pressure drop increases with flow rate and volume fraction of
nanofluid as shown in Fig. 17. High pressure drop is an undesirable be-
havior, and this could be the reason all other parameters (like energy ef-
ficiency, outlet exergy, exergy gain, exergy efficiency) were decreased
with the rise of flow rate. The highest pressure drop was found at
1.0 l/min flow rate (equal to 11,012.8 Pa) and 0.25 vol.% concentration.
At the different volume fractions of 0.20%, 0.15%, and 0.10%, nanofluid
pressure drop was found to be 8756.9 Pa, 7621.1 Pa, and 7325.2 Pa,
Fig. 16. Friction factor versus flow rate.
respectively, where water pressure drop was 6619.4 Pa at 1.0 l/min
flow rate. The lowest pressure drop was found for water at the lowest
flow rate of 0.375 l/min. For 0.25 vol.% of nanofluid, the highest incre-
ment in the pressure drop was found at low flow rate compared with
water.

For all cases, pumping power increases accordingly with the flow
rate and nanoparticle volume fraction as shown in Fig. 18. Pumping
power depends on flow rate, density and pressure drop according to
Eq. (14). Whereas at fixed particle volume fraction, the value of density
was fixed, but flow rate increased from 0.375 l/min to 1.0 l/min. Be-
sides, the density of nanofluid increased with the increase of particle
volume fraction. So the ratio of flow rate and density increases with
the rise of flow rate and decreased with the rise of nanoparticle volume
fraction. The highest pumping power was found to be 0.18 W for the
0.25 vol.% of nanofluid at 1.0 l/min flow rate, where water pumping
power was calculated to be 0.11 W. The lowest pumping power was
also observed for the flow rate of 0.375 l/min.

3.6. Optimum volume concentration

In this section, analyses are done to see which volume fraction of
Al2O3–water nanofluid is themost suitable for the application of cooling
of electronics. For analysis increase (%) of outlet exergy, exergy gain and
pressure drop were plotted with the volume fractions of nanofluids
shown in Fig. 19 compared to water at 1.0 l/min flow rate. From
Fig. 19, it is found that, all of these were increasing with the rise of
volume fraction. For exergy gain increase (%) was always higher rather
than pressure drop and outlet exergy increase (%) for all cases of the
Fig. 17. Pressure drop versus flow rate.
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Fig. 18. Pumping power with flow rate.
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different volume fractions of nanofluid. Therefore, there is a good agree-
ment that nanofluid is a better coolant than water. However, for the
nanofluids with 0.2 vol.% and 0.25 vol.% of nanoparticles, pressure
drop increase (%) was found to be higher compared to the outlet exergy
increase (%). Pressure drop is an unfavorable phenomenon that should
be avoided in order to have a better performance. In addition, for
nanofluidswith 0.10 vol.% and 0.15 vol.% of nanoparticles, outlet exergy
increase (%) was higher than pressure drop increase (%).

4. Conclusion

This experimentwas conductedwith Al2O3–water nanofluid used as
a coolant in a rectangular minichannel heat sink with different volume
flow rates. The final results of the experiment can be concluded as
follows:

1. The stability of nanofluid was excellent at high volume fraction.
Thermal conductivity, viscosity and density of the nanofluid were
increased with the increase of nanoparticle volume concentration.
In contrast, specific heat of the nanofluid was decreased with the
increase of volume concentration.

2. Energy efficiency of nanofluid as an electronic coolant was found to
be increased with the increase of nanoparticle volume concentration
and decreased with the augmentation of the volume flow rate.

3. Exergy gain increased with the increase of nanoparticle volume con-
centration. However, it decreased with the augmentation of volume
flow rate. The outlet exergy and second law efficiency augmented
with the rise of the volume fractions of nanofluid.

4. The friction factor decreased with the augmentation of flow rate.
However, friction factor increases with the increase of the volume
Fig. 19. Effect of volume fraction (%) of nanofluid at 1 l/min flow rate.
fractions of nanofluid. Pressure drop and pumping power both
increased with the rise of nanoparticle volume concentration and
volume flow rate.

5. By considering both outlet exergy and exergy gain, optimal volume
fraction was found to be 0.15 vol.% of nanofluid. Nevertheless, by
considering only the exergy gain all the mentioned volume fractions
(0.1 to 0.25 vol.%) showed better performance.

Finally, it could be concluded that, Al2O3–water nanofluid has better
exergetic performance, for the application of cooling of electronic
devices in comparison with water.
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