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Abstract
Thermal management is highly essential for the latest electronic devices to effectively dissipate heat in a densely packed
environment. Usually, these high power devices are cooled by integrating micro scale cooling systems. Most of the works
reported in the literature majorly concentrate on microchannel heat sink in which the characteristics of friction factor and
enhancement of heat transfer are analyzed in detail. However, due to the advent of compact electronic devices a crucial
investigation is required to facilitate an amicable environment for the neighboring components so as to improve the reliability
of the electronic devices. Henceforth, in the present study a combined experimental and numerical analysis is performed to
provide an insight to determine the performance of a copper microchannel integrated with aluminium block using TiO2 nanofluid
for different particle configurations. Needless to say, the present study, which also focuses on entropy generation usually
attributed to the thermodynamic irreversibility, is very much significant to design an optimum operating condition for better
reliability and performance of the cooling devices.

Nomenclature
Re Reynolds number
u velocity of the fluid (m/s)
k thermal conductivity (W/m. K)
q″bot heat flux at the bottom (W/cm2)
T∞ room temperature (°C)
nf nanofluid
bf base fluid
Cp specific heat (J/kg. K)
n shape factor
Pr Prandtl number
Vf volume fraction
W1 width of the channel wall
W2 width of the channel
H height of the channel
D diameter of the heater
L length of the channel
Tw total width of the channel
Pin pressure at microchannel inlet
Pout pressure at microchannel outlet
Tin temperature inlet

Tout temperature outlet
Te temperature of the heater
TAl temperature of the aluminium block
TC temperature of the copper microchannel
ṁ mass flow rate
Nu Nusselt number
Ṡ total entropy generation
Greek symbols
Δp pressure drop (Pa)
ρ density (kg/m3)
υm mean velocity of the fluid
μ viscosity (cP)
φ particle concentration factor
Subscripts
s solid
f fluid
p particle
bot bottom of the heat sink
m mean

1 Introduction

The recent advances in high end scaling of electronic compo-
nents have developed more densely packed systems with
ultra-speed computational performance. Under operating con-
ditions, these microelectronic chips generate high heat flux,
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which demands robust cooling solutions for thermal manage-
ment in several electronic appliances [1]. But inadequate heat
dissipation delivered by the currently available cooling tech-
nologies results in the thermal instability of the system under
peak computational loads. Hence, optimum thermal dissipa-
tion technique is crucial for several such high power systems.
One among the effective way is by using microchannel heat
sink for electronic cooling introduced by Tuckerman and
Pease [2]. This initiated several researchers to perform inves-
tigations on different channel structures and working fluids
[3–5]. The use of ultrafine nanoparticles in basefluid devel-
oped better heat transfer enhancement in electronic cooling
systems compared to the traditional working fluids due to its
enhanced thermophysical properties coined by Choi [6].
Multiple investigations involving experimental, numerical
and analytical aspects of nanofluid [7–10] and hybrid
nanofluid [11, 12] are performed for the application of elec-
tronic cooling using microchannels [13]. Apart from the stud-
ies associated with the augmentation of heat transfer, consid-
erable work is carried out to focus on the possible heat transfer
mechanisms involved in nanofluid [14, 15]. Contrarily, the
nanofluid negative effects namely pressure drop [16, 17], fric-
tion factor [18] and axial back conduction [19] develop energy
loss in microchannel to a great extent. Most importantly, em-
bedded microchannel heat sinks are integrated with highly
conductive substrates which undergoes simultaneous conju-
gate cooling effects of the nanofluid and relatively loses high
rate of heat due to parasitic heat loads.

From thermodynamics perspective, the energy lost by the
integrated devices is irreversible processes termed as exergy
and it is proportional to the entropy gained by the system
combined with the surroundings [20, 21]. In the latest cooling
devices, optimization studies based on irreversibility generat-
ed a phenomenal impact in quantifying and minimizing the
entropy generation. It deals with the simultaneous assessment
of thermal and frictional characteristics of the heat exchangers
and its interaction with the surroundings. Previous studies
show numerous investigations in optimizing mechanical de-
sign parameters of the microchannel. But the operational ef-
fects of microchannel embedded cooling system for the appli-
cation of the densely packed system are not well established.
However, minimization of entropy is essential to determine
the suitable operating criteria for the system. Moghaddami
et al. [22] pointed out that the effects of irreversibility for both
the laminar and the turbulent regime are found to reduce when
nanofluid was used as a working fluid and at higher turbulent
flow rates the effect is still more predominant due to increased
viscous dissipation. It is due to the efficient attainment of
thermal equilibrium of the nanofluid with the microchannel
substrate; as a result, the local temperature gradients are found
to get reduced. This results in reduction in entropy generation
due to enhanced heat transfer of nanofluid [23]. Li and
Kleinstreuer [24] reported that the use of metallic nanofluid

with lower concentration has excellent cooling effect and
leads to minimization of entropy generation at lower flow
rates.

The entropy generation studies considering nanofluid for
electronic applications with integrated structures are less re-
ported in the literature. Heshmatian and Bahiraei [25] con-
ducted numerical investigations on irreversibility developed
in circular microchannels using TiO2 nanofluid by incorporat-
ing particle migration and Brownian diffusion effects. It is
observed that the particle migration influences the entropy
generation. On comparison, nanofluid develops lower thermal
entropy generation with increased heat transfer capacity than
the pure fluids [26]. Leong et al. [27] performed entropy gen-
eration studies with TiO2 and Al2O3 nanofluid at constant wall
temperature under both laminar and turbulent regimes. It was
found that the use of TiO2 nanofluid is more efficient than
Al2O3 nanofluid. However, reduction in entropy generation
is not observed for all the investigated turbulent cases.
Similar study by Karami et al. [28] investigates entropy gen-
eration of Al2O3 in a circular tube under constant heat flux.
They concluded that using higher volume fraction nanofluid is
not appreciable due to its increased frictional entropy genera-
tion. For increased volume fractions of TiO2 nanofluid, the
outlet exergy increases at higher flow rates with reduced ther-
mal entropy generation [29, 30]. In many cases the use of
nanofluid increases the total entropy generation and the in-
crease is predominately attributed by frictional irreversibility.
Sarkar et al. [31] noticed no considerable difference between
total entropy generation for both Al2O3 and TiO2 nanofluid for
the volume fraction ranging from 0 to 20%. Some of the other
entropy generation minimization techniques like increasing
fluid inlet temperature and reduction in aspect ratio of the
channel are also performed [32].

In microchannel flows, the effect of axial conduction is
neglected commonly for the pure fluid cases but the axial
conduction effects in microchannel are noticed by using
nanofluid. The increased viscosity and thermal conductivity
of nanofluid makes the axial conduction effects inevitable in
microchannels. Even for fluids with lower Peclet numbers
result in increased temperature upstream regions in the chan-
nels due to increased axial conduction and formmore uniform
upstream temperature for higher thermal conductive heat sinks
[33]. The theoretical and numerical investigations reported in
the literature have neglected the effects of axial conduction
which lead extraneous prediction of local heat transfer coeffi-
cients. In some of the reported cases of simultaneously devel-
oping fluids, the axial conduction showed reduced local
Nusselt number at entrance region with considerable deviation
in local Nusselt number at outlet region of microchannel [34,
35]. It is pertinent to mention that the proposed correlations in
the literature are applicable for the ideal conditions and are
difficult to replicate in practical situation without the effects of
axial conduction. Moreover, at micro scale level, the axial
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conduction has strong effect of inducing different heat patterns
at reduced flow rates and develops higher temperatures at
microchannel entrance region [36, 37]. Similar results are re-
ported by adding nanoparticles and presented in terms of con-
duction number in many numerical studies. It is noticed that
introduction of nanoparticle increases the critical Reynolds
number and develops maximum axial conduction in the cases
of higher thermal conductive heat sinks and by using metallic
nanofluid [38, 39].

Most of the work reported in the aforementioned literature
is about the enhancement of heat transfer and associated irre-
versibility due to the use of nanofluid in microchannel. At the
same time, the practical outcomes of integrating micro heat
sinks in densely packed embedded systems have not been
adequately dealt with until now. Also, it is quite challenging
to analyse the conjugate effects of axial conduction in the
microchannel in an integrated system. In general, the effects
of axial heat conduction in a channel wall for a standalone
microchannel are almost different from the case of densely
integrated cooling system. Here, the systems are closely inte-
grated such that the neighboring component experiences ther-
mal load. Moreover, upon packaging heat sinks are integrated
to the materials which are not homogenous in all cases, it has
several layered structures with different thermal conductivity
materials packed as a single module. This allows us to study
the additional aspect of understanding the influence of conju-
gate nature of microchannel in an integrated domain. Besides,
from the repeated investigations nanofluid has emerged as a
potential working fluid for microscale cooling systems with
better heat transfer characteristics. In such cases, it is equally
important to look into the conduction effects of the heat sink in
both microchannel and its integrated system [33]. The first of
these, Hang et al. [37] used very low Reynolds number and
experimentally reported the axial conduction effects in
microchannel, but the microchannel system is constructed in
Polydimethylsiloxane (PDMS) polymer which cannot be used
in practical heat transfer application. Suppose, if the same
operating condition is imposed in real time situation with in-
tegrated system the effect of nanofluid on axial conduction
under lower Reynolds number may develop reliability issues
in densely packed components, so it is essential to determine
the operating conditions of microscale devices in an integrated
setup. Ramiar et al. [38] reported a considerable change in
axial conduction for the channels of higher aspect ratio in
the case of nanofluid. Additional investigations on higher as-
pect ratio channels support parallel investigations for multi
layered microchannels and staged core processers. This com-
bined responses involving non-homogeneity in heat sink, low-
er Reynolds number and nanofluid coupled with transient time
and temperature field has to be established experimentally. To
qualitatively replicate the actual situation, the present study
proposes integrated heat sink with two different materials.
For which copper microchannel is completely integrated in

aluminium block and made as a complete heat sink. Both
copper and aluminium metals are chosen due to its high ther-
mal conductivity and their excellent machining capabilities to
develop better surfaces with less contact resistance for an in-
tegrate heat sink. In this process, apart from the experimental-
ly measured temperature distributions, the temperature depen-
dencies upon entrance and interface are extremely difficult
and cumbersome to measure. Hence, numerical analysis is
used to support the data for the present investigation. To pro-
ceed further, the repeated experimentations are compared with
numerical results. The second point is that although several
previous work established importance of irreversibility and
heat transfer issues involving nanofluid in microchannel, nec-
essary practicality issues are not addressed, e.g., the influence
of entropy generation under non-homogenous heatsink, tran-
sient temperature distribution in integrated heat sink using
nanofluid and the temperature responses due to normal and
pulsating pumping.

In the current investigation, all these issues are addressed.
A numerical model with integrated domain is presented and
used to investigate the heat transfer and irreversibility in a
microchannel heat sink for low Reynolds numbers. The nu-
merical model is based on a simplified three-dimensional con-
jugate heat transfer approach using single phase approach. As
a result, the current study focuses on the detailed study of
irreversible effects in an integrated microchannel. Both exper-
imental and numerical investigations are carried out using
TiO2 nanofluid in a rectangular microchannel. Particularly,
TiO2 is chosen due to highly established thermo physical
model both by means of experimental and numerical.
Moreover, TiO2 nanofluid has higher stability compared to
other oxide based nanofluid.

2 Methodology

2.1 Experimental setup

Figure 1 depicts the exploded view of the integrated
microchannel heatsink module. It mainly consists of two
parts: copper microchannel and aluminium block section.
The copper channel is shrink fitted in to the aluminium block
and the provision for the fluid to flow is machined in the
aluminium block. The complete flow path in the aluminium
block is insulated with Teflon to avoid the fluid getting
preheated before entering the copper channel. The
microchannel is covered with transparent acrylic sheet of
8 mm thickness. The rectangular microchannel was fabricated
with nine channels by wire cut electrode discharge machining
process. The length of the channel is 36 mm with the channel
height of 9 mm, shown in Fig. 2a. Calibrated sheathed ther-
mocouples were used to measure the temperatures of both
microchannels and aluminium block which are shown in
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Fig. 2b. The side walls of the microchannel and inner wall of
the aluminium are milled with minimum surface roughness to
reduce the contact resistance. The Scanning electron micros-
copy (SEM) image of the copper surface is shown in Fig. 2c.
However, the surface of the microchannel subjected to Electro
discharge machining (EDM) develops surface roughness. The
machined surface is measured with surface profile meter that
showed a surface roughness of 1.8 μm. Figure 2d, e depicts
the SEM image of microchannel side walls. A gasket groove,
milled with 6 mm length and 2 mm depth, is maintained
throughout the flow path to provide rigid bolting between
the acrylic glass cover and the aluminium block. The copper
channel is fitted with cartridge heater of 8 mm diameter and
36 mm length to deliver a maximum temperature of 150 °C
using flux controller. The pressure drop is measured using
pressure transducer (MSE-5200, USA) placed near the inlet
and outlet of the channel. 1 mm diameter holes are drilled to
insert thermocouples in microchannel. The photograph of the
complete integrated module assembly is shown in Fig. 2f.

2.2 Experimental flow line and procedure

The schematic diagram of the experimental flow line is shown
in Fig. 3. The fully stabilized nanofluid is passed through the
flow line by a peristaltic pump. The fluid flows subsequently
to the microchannel channel inlet section; the outlet fluid is
circulated in the heat exchanger for temperature regulation
and returns to sump. The temperature of the integrated
microchannel module is controlled by the cartridge heater

using varying flux controller. The temperature variations in
both copper and aluminium are acquired by NI data acquisi-
tion module and monitored by a standalone system. The cur-
rent investigation employs deionized water and TiO2

nanofluid as working fluids. The nanofluid filled in the sump
is subjected to continuous stabilization using magnetic stirrer
at very low rpm. The flux controller is operated gradually to
increase the temperature of microchannel by varying the volt-
age supply. The microchannel is allowed to reach a preset
temperature of 60 °C above which peristaltic pump is operat-
ed. The data from the thermocouples are recorded at higher
rates of 70 Hz to measure the instantaneous temperature dis-
tribution along the flow. The pressure and temperatures are
recorded at inlet and outlet of the microchannel. After 120 s
of run time, a difference in temperature of 4 °C was found
between inlet and outlet. This procedure is followed for all
other working fluids and power ratings. Figure 4 shows the
details of the temperature measurement in microchannel.

3 Synthesis of nanofluid and characterization

The nanofluid is synthesized by two stage process and the
rutile form of TiO2 purchased from Merck chemical is dis-
persed in DI water. Stabilization of the nanofluid is performed
by altering the PH and probe sonication. The morphology of
the TiO2 is spherical and reported to have an average diameter
of 100 nm mentioned by manufacturer. Figure 5a shows the
TiO2 SEM (JEOL) image at magnification of X 25,000.

Fig. 1 Model diagram of microchannel experimental setup
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Fig. 3 Schematic diagram of the
experimental flow line

Fig. 2 Experimental Details. a
microchannel dimensions, b
thermocouple locations, c SEM
image of the super finished
copper wall, d, e SEM images of
channel surface roughness due to
EDM, and f complete setup
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Fig. 5 TiO2 characterization (a)
SEM image, b particle size
measurement of 0.25% vf using
dynamic light scratting

Fig. 4 Details of the temperature
measurement in microchannel
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Figure 5b shows the average particle size measurement of
TiO2 nanofluid using DLS (HORIBA).

3.1 Thermophysical properties of the nanofluid

The experimental study is conducted using the nanofluid
consisting of TiO2 nanoparticles with water as the base fluid.
The nanofluid is ensured for its homogeneity before proceed-
ing to experiments and finding out its thermophysical proper-
ties are of high importance in order to study its heat transfer
performance. The nanofluid is subjected to sonication for
40 min to develop highly dispersed mixture with base fluid.
The thermal conductivity of the TiO2 nanofluid is measured
using thermal conductivity analyser (ABB, Swiss) which pro-
vides the values in the form of thermal conductance (1/μΩ).

These values are substituted to the correlation to generate the
effective thermal conductivity as shown in Fig. 6. The viscos-
ity of the nanofluid is determined using rotary type viscometer
presented in Fig. 7. The density and specific heat of the
nanofluid (Eqs. 1 and 2) are determined using models of Pak
and Cho [40] and Xuan and Roetzel [41], respectively.
Additionally, several models on thermal conductivity [42,
43] and viscosity [44] were also compared with the present
results.

ρnf ¼ ρbf 1−φð Þ þ ρpφ ð1Þ

CPnf ¼
ρ f Cpf 1−φð Þ þ ρp CPpφ

� �� �
ρ f 1−φð Þ þ ρpφ

ð2Þ

3.2 Thermal conductivity models

Early studies on determination of the effective thermal con-
ductivity of nanofluid are developed byMaxwell [49] by con-
sidering the concept of solid-liquid mixtures. It predicts better
results for spherical particles at room temperature for lower
particle concentration.

keff
k f

¼ kp þ 2kf þ 2φ kf−kp
� �

kp þ 2kf−φ kf−kp
� � ð3Þ

Hamilton and Crosser [45] introduced shape factor ‘n’

keff
k f

¼ kp þ n−1ð Þkf− n−1ð Þ kf−kp
� �

φ

kp þ n−1ð Þkf þ kf−kp
� �

φ
ð4Þ

3.3 Viscosity models

The initial classical model on viscosity is developed by
Einstein, which considers spherical nanoparticles involving
liquid particle interaction in suspension presented as effective
viscosity (μeff). But the model is valid for the nanofluid with
particle concentration less than 2%. The Einsteinmodel [46] is
given in Eq. 5

μeff ¼ μ f 1þ 2:5φð Þ ð5Þ

Extension of the Einstein model is proposed by Brinkman
[47] which accounts for lower particle concentration of
nanofluid.

μeff ¼ μ f 1þ φð Þ−2:5 ð6Þ

Fig. 6 Effect of particle concentration on effective thermal conductivity
of TiO2 nanofluid

Fig. 7 Effective viscosity of nanofluid on effect of particle concentration
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Einstein model is further modified by including the effects
of Brownian motion in nanofluid which is proposed by
Batchelor [48] and the model is valid up to 10% of particle
concentration.

μeff ¼ μ f 1þ 2:5φþ 6:2φ2
� � ð7Þ

3.4 Data reduction

The present experimental result is validated by comparing
with the Shah correlation [50] for Nusselt number which is
given in Eq. (8).

Nu ¼
1:953 RePr

Dh

x

� �1=3

RePr
Dh

x

� �
≥33:3

4:364þ 0:0722 RePr
Dh

x

� �
RePr

Dh

x

� �
< 33:3

8>><
>>:

ð8Þ

Nu ¼ hDh

knf
ð9Þ

Where Dh is the hydraulic diameter of the channel and h is
heat transfer coefficient and knf is the thermal conductivity of
the nanofluid.

Dh ¼ 4WchHch

2 Wch þ Hchð Þ ð10Þ

Here Wch and Hch are the width and height of the channel.

hl ¼ −
Qh

Ac Tw−Tfð Þ ð11Þ

Where hl is the local heat transfer coefficient expressed by
Eq. (11).

Where Ac is the area of the channel andQh is the amount of
heat extracted for corresponding wall temperature Tw and inlet
fluid temperature Tf. Darcy-Weisbach equation is used to de-
termine the friction factor, expressed by Eq. (12)

f ¼ 2DhΔP

υ2
mLρ

ð12Þ

Pp ¼ ṁ
ρ
ΔP ð13Þ

Here, the experimentally measured pressure difference
values at the inlet and the outlet of plenum is used to calculate
the pumping power as given in Eq. (13). The mean fluid ve-
locity in the microchannel is calculated by using Eq. (14).

υm ¼ ṁ
ρnf nAchð Þ ð14Þ

Where n is number of channels, ṁ is the flow rate in the
microchannel.

The outlet exergy of the microchannel heat sink is calcu-
lated by using Eq. (15).

Exout ¼ Cnf Tnf ;out−Te
� �

−Teln Tnf ;out=Te
� �� � ð15Þ

Where Cnf is heat capacity of the nanofluid which can be
written as the following Eq. (16)

Cnf ¼ Cp
� �

nf m
˙ ð16Þ

Exergy gain acquired by the cooling fluid is calculated
through Eq. (17), where Pp represents the pumping power
used in the system given by Eq. (18).

Exgain ¼ Exout−Exinð Þ−Pp ð17Þ
Exgain ¼ Cnf Tnf ;out−Tnf ;in

� �
−Teln Tnf ;out=Tnf ;in

� �
−Pp

� � ð18Þ
To determine the total irreversibility developed due to the

nanofluid, the sum of entropy generated by heat transfer and
fluid friction can be expressed as follows [51].

S˙ ¼ S˙ g;HT þ S˙ g;FF ð19Þ

S˙ g;HT ¼ q″2πDh
2L

kT f inT foutNu
ð20Þ

S˙ g;FF ¼ 8ṁ3L

π2ρ2
Tfin þ Tfout

2

� � f
Dh

5 ð21Þ

Additionally the total irreversibility contributed by heat
transfer and fluid friction can be represented by a non-
dimensional number, Bejan number, defined as in Eq. (22)
[52].

Be ¼ Ṡg;HT
Ṡg;HT þ Ṡg;FF

ð22Þ

4 Numerical methodology

4.1 Governing equations

A single phase model is adopted for the conjugate studies of
laminar forced convection heat transfer in a rectangular
microchannel. This model involves solving conduction and
convection heat transfer simultaneously. The governing equa-
tions pertaining to the analysis are given in Eqs. 23–28.

4.1.1 Continuity equation

∂u
∂x

þ ∂u
∂y

þ ∂u
∂z

¼ 0 ð23Þ
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4.1.2 X-momentum equation

u
∂u
∂x

þ v
∂u
∂y

þ w
∂u
∂z

¼ −
1

ρ
∂p
∂x

þ v
∂2u
∂x2

þ ∂2u
∂y2

þ ∂2u
∂z2

� �
ð24Þ

4.1.3 Y-momentum equation

u
∂v
∂x

þ v
∂v
∂y

þ w
∂v
∂z

¼ −
1

ρ
∂p
∂y

þ v
∂2v
∂x2

þ ∂2v
∂y2

þ ∂2v
∂z2

� �
ð25Þ

4.1.4 Z-momentum equation

u
∂w
∂x

þ v
∂w
∂y

þ w
∂w
∂z

¼ −
1

ρ
∂p
∂z

þ v
∂2w
∂x2

þ ∂2w
∂y2

þ ∂2w
∂z2

� �
ð26Þ

4.1.5 Energy equation of the fluid

∂T
∂t

þ u
∂T
∂x

þ u
∂T
∂y

þ u
∂T
∂z

¼ α
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �
ð27Þ

4.1.6 Energy equation of the solid

∂2T
∂x2

þ ∂2T
∂x2

þ ∂2T
∂x2

¼ 1

α
∂T
∂t

ð28Þ
4.2 Boundary conditions

The fluid is considered as single phase, incompressible lami-
nar without viscous dissipation of energy. The inlet tempera-
ture of the fluid is about 28 °C. Laminar fully developed flow
and uniform zero pressure is assumed at the outlet, as shown
in Fig. 8a. All the walls satisfy the slip condition and both fluid
flow and heat transfer are three dimensional.

A laminar forced convection in a rectangular microchannel
is considered for the present study by using commercial CFD
software FLUENT-14.5. The schematic diagram of the com-
putational model is shown in Fig. 8a. The computational mod-
el comprises of two domains namely fluid and solid that cor-
responds to the copper channel accompanied with aluminium
block. The top surface of the channel is covered with acrylic
sheet and provided with conduction to convection boundary
condition. The interfaces of microchannel and aluminium
block are specified with coupled boundary conditions.
Single phase approach is used in the present study due to the
lower particle concentration of the oxide based nanofluid. The

nanoparticles are considered to be in thermal equilibrium with
base fluid. However, several recently published articles have
used two-phase models which are far more accurate in the
modeling and simulation of nano-convection [53, 54].

4.3 Numerical scheme

The solid and fluid regions are discretized using finite
volume method. The entire microchannel is considered
for computational domain. Unstructured grid is generat-
ed using prismatic elements. Mesh density is increased
near the interface region between copper and aluminium
by incrementing the mesh density from 2 cells per
0.2 mm2 to 10 cells shown in Fig. 9. The orthogonal
and skewness mesh quality are in the order of 0.79 and
0.14. SIMPLE (Semi-Implicit Method for Pressure
Linked Equation) method is chosen to couple pressure
and velocity. The convective terms of all governing
equations are discretized by a second-order upwind
scheme. The resulting algebraic system of equations is
solved using Gauss Seidal iterative method with
Successive over relaxation (SOR) to improve conver-
gence time. The numerical model is verified with grid
independence test and additionally validated with stan-
dard experimental results to ensure the fidelity of the
computational model and its methodology. The conver-
gence criterion is set to 10−6 for all corresponding con-
tinuity, momentum and energy terms. Since the model is
time dependent, the domain is solved for every time
step of 0.0025 s with 100 individual iterations. Every
time step the average temperature is obtained and com-
pared with experimental results. The grid system
employed in the numerical analysis has 1660824

Fig. 8 Schematics of the numerical model. a computational domain, and
b boundary conditions
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elements. The sensitivity of the numerical results is
checked with different grid ranging from 297184 to
3727937 as presented in Fig. 10. There is no consider-
able change in the results beyond the grid size of
1660824. Hence, the grid size of 1660824 is used for
further numerical simulations in order to minimize the
computational time.

5 Uncertainty analysis

All the experimental data collected are subjected to errors due
to the associated uncertainties which are separately listed in
Table 1.The uncertainty associated with the individual irre-
versibility and heat transfer parameters such as power input
to cartridge heater, heat extracted by working fluid, Nusselt
number, exergy gain, outlet exergy, second law efficiency and
entropy generation quantification is performed using propaga-
tion analysis [55].

From the analysis the uncertainty involved in Nusselt num-
ber, outlet exergy, second law efficiency and entropy genera-
tion are ±4%, ±8%, ±6%, and ± 5% respectively.

6 Results and discussion

6.1 Validation study

Laminar forced convection experiments are conducted under
very low flow rate of 200 ml/min using DI-water with a con-
stant heat flux condition. The obtained results provide consid-
erable agreement with the benchmark Shah Equation [50].
Figure 11 shows the comparison of Nusselt number results
along the length of the flow. Figure 12 represents the compar-
ison of friction factor with respect to the flow rate. With a
maximum deviation of 5%, a good agreement between the
experimental and analytical results was found.

6.2 Temperature study

Figure 13 shows the comparison between numerical and
experimental studies of temperature along the length of
the channel at a fixed flow rate of 200 ml/min. The pre-
sented temperature measurements were obtained from six
thermocouples (TC1 to TC6). An appreciable agreement is
obtained with minor deviations due to the use of multiple

Fig. 9 Microchannel heat sink
with finite volume mesh

Fig. 10 Grid independence study

Table 1 List of uncertainty parameters

Uncertainty parameters Uncertainty (%)

Thermal conductivity, (W/mK) ±1.0

Density, (kg/m3) ±1.0

Viscosity, (cP) ±0.12

Specific heat, (J/kg K) ±1.0

Ambient temperature, (°C) ±1.0

Voltage, (V) ±2.0

Current, (A) ±2.0

Mass flow rate,(kg/s) ±2.5

Temperature difference (Tout-Tin), (°C) ±2.0

Temperature of copper sink, (°C) ±2.0

Temperature of aluminium block, (°C) ±2.0

Pressure Transducer, (kPa) ±3.0
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thermocouples. Transient temperature measurement com-
parison upon single thermocouple is presented in Fig. 14
with qualitatively better agreement. It shows the decrease
in temperature for a flow period of 120 s using pure fluid
at a flow rate of 200 ml/min with normal and pulsating
flow. Comparatively, slight decrease in temperature was
observed for pulsating flow than normal flow in both
microchannel and aluminium block section. As soon as
the flow starts, a steep decrease and a temperature drop
of 12 °C is observed within 3 s in copper channel. The
reduction in temperature is observed as the flow pro-
gresses and remains nearly 7 °C more than the inlet fluid.
But the temperature decrease in the aluminium block is
very gradual compared to the copper channel. Since, the
materials under investigation possess high thermal con-
ductivity, the temperature difference measured between
aluminium and copper channel core is more or less similar

when the flow is initiated. Due to the conjugate effect, the
direct cooling of copper channel influences the tempera-
ture of aluminium block. Figure 15 depicts the decrease in
temperature for different power factors ranging from
14 W to 20 W. For a constant mass flow rate of 200 ml/
min, 20 W power consumes more working fluid to attain
the room temperature and in other hand 14 W reaches
room temperature within 75 s of runtime by using mini-
mal working fluid.

6.3 Exergy analysis

The outlet exergy for different volume fractions of TiO2 for
increase in flow rate is calculated and presented in Fig. 16.
It is observed that the maximum outlet exergy is developed
by using TiO2 nanofluid with 0.25% volume fraction gen-
erating outlet exergy of 150 W which is 80% more than

Fig. 13 Comparative study on temperature variation along the length of
the channel for a flow rate of 200 ml/min

Fig. 11 Nusselt number variation along the channel length

Fig. 12 Friction factor comparison for increased flow rate
Fig. 14 Comparative study on transient temperature decrement as
function of time
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that of water for the same flow rate of 410 ml/min. This
increase in outlet exergy is highly contributed to increased
thermal conductivity of the working fluid at higher volume
fractions. On the other hand, increase in flow decreases the
exergy gain which is presented in Fig. 17 and a maximum
gain of 112 W is developed for 0.25% of TiO2 at a lower
flow rate of 210 ml/min but with the increase in flow rate
the exergy gain reduced considerably. This decrease in
exergy gain can be attributed to the increased flow rate.
This effect is predominately found between water and
TiO2 nanofluid and the deviation between TiO2 volume
fractions is very minimal. For the same flow rate condition,
the pure fluid developed a reduction of exergy gain of
12 W. This trend is contributed to increase in sink temper-
ature for increased flow rate.

6.4 Entropy generation study

The entropy generated for different TiO2 nanofluid is
discussed in Figs. 18 and 19. Figure 18 depicts the thermal
entropy generation and Fig. 19 represents the entropy gen-
erated from fluid friction which is calculated from Eqs. 20
and 21. It is observed that increasing thermal conductivity
of the fluid combined with increased flow tend to reduce
the thermal entropy generation. The thermal entropy gen-
erated by TiO2–0.25% is about 0.044 W/K and 0.02 W/K
for flow rates of 210 ml/min and 410 ml/min respectively.
In contrast, frictional entropy increases with the increased
flow rate and the contribution of the frictional entropy is
lower when compared with the thermal entropy generation.
It majorly takes into account of increase in friction along
the flow length. The maximum frictional entropy is

Fig. 16 Outlet Exergy for different nanofluid concentrations as a function
of flow rate

Fig. 17 Exergy gain for different nanofluid concentrations as a function
of flow rate

Fig. 15 Temperature reduction in channel for different power with
constant flow rate using water

Fig. 18 Thermal entropy generation rate for different nanofluid
concentrations
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developed for highest mass flow rate of 460 ml/min com-
pared to the increment of TiO2–0.25% which is 6% more
than that of TiO2–0.01% and 9% more than pure fluids.
Frictional entropy generation is relatively lower than the
thermal entropy which is primarily due to the increased
aspect ratio of microchannels. Additionally, higher differ-
ence in frictional entropy is observed for higher volume
fraction of TiO2–0.25% and water at increased flow rate.

Figure 20 presents the Bejan number (Be) as a function of
flow rate for different TiO2 nanofluid concentrations. As ob-
served, the effect of thermal entropy generation is higher than
frictional entropy generated. Compared to the water, even with
the use of very low volume fraction of TiO2–0.25%, increase in
frictional entropy generation is found. Additionally, at higher
stability the viscosity of oxide based TiO2 nanofluid is higher

and leads to increased particle to particle and particle to surface
interactions. This decreases the Bejan number for higher TiO2

particle concentrations subjected to increased flow rates. The
Bejan number is found more or less near the value ranging
from 0.40 to 0.85.

Figure 21 presents the effect of TiO2 concentration on
forced convection enhancement in the microchannel heat sink.
It shows the temperature contours along the length of the flow
in microchannel and the surrounding aluminium block. It is
clear that the maximum temperature in all the simulated cases
is located near the outlet region of the heat sink, and by using
nanofluid peak temperature of the heat sink decreases.

Figure 21a shows the temperature distribution of the
channel and the aluminium block with water as working
fluid for 12 W subjected to the flow rate of 200 ml/
min. Maximum decrease in temperature is observed near
the entrance region of the microchannel and accordingly
the surrounding aluminium block temperature is also
reduced. Highest temperature of 55 °C is noticed near
the heater. For the same flow rate by using 0.25%-TiO2

nanofluid the maximum temperature is reduced to 53 °C
and outlet temperature increased to 38 °C. Due to the
increased thermal conductivity of the fluid, the effects
of axial thermal conduction of microchannel cooling are
extended throughout the aluminium block, shown in
Fig. 21b. On other hand the cooling effect in aluminium
block is noticed highly parallel to microchannel for in-
creased flow rate of 460 ml/min, shown in Fig. 21c. For
the increased flow rate of 460 ml/min the cooling ef-
fects near the inlet as observed in the flow rate of
200 ml/min is not noticed due to reduced axial conduc-
tion. This reduces the conjugate cooling effects and pro-
vides the temperature contour distribution in aluminium
block parallel to the channel flow. Similar trend is ob-
served in TiO2–0.25% nanofluid with reduced tempera-
ture near the channels as shown in Fig. 21d.
Figure 21e, f shows the temperature distribution for
the power of 18 W. For the flow rate of 200 ml/min
maximum temperature of the sink reached up to 67 °C
shown in Fig. 21e. Outlet temperature for TiO2–0.25%
increased to 41 °C shown in Fig. 21f. Additionally, the
difference in temperature distribution trend for 460 ml/
min is more or less identical when compared with
200 ml/min as shown in Fig. 21g, h.

Figure 22 depicts the temperature iso-surfaces at con-
stant flow rate of 460 ml/min for different TiO2 volume
fractions. Figure 22a presents temperature iso-surfaces for
water as working fluid. It is seen that maximum tempera-
ture of 46 °C prevails near the channel floor. Above that
second highest fluid temperature layer of 42 °C is observed
which is noticed from beginning of the microchannel. The
predominant fluid temperature of 36 °C is found above the
second layer. Further, temperature iso- surfaces in

Fig. 20 Bejan number variations as a function of flow rate for different
TiO2 nanofluid concentrations

Fig. 19 Frictional entropy generation rate for different nanofluid
concentrations
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aluminium block near the entrance region found parabolic
due to the entrance effect and further along the length of
the flow it moves inward to the channel wall. In this case,
the effect of cooling is noticed in the aluminium near the
vicinity of the microchannel which was not seen in other
cases, shown in Fig. 22b–e. Figure 22b depicts the temper-
ature iso-surfaces for TiO2–0.10%, compared with the wa-
ter the maximum outlet temperature of 46 °C has increased
and predominant fluid temperature of 36 °C reduced by
20%. Additionally, last channels of the heatsink develop
the maximum outlet temperature which is seen throught

out the channel height, shown in Fig. 22c. Due to the in-
creased thermal conductivity of the nanofluid the iso-
surface for the 36 °C decreased nearly half when compared
with water. Furthermore, for working fluid TiO2–0.20%,
36 °C is reduced drastically and majority of the fluid is
present at the top edge of central channels as shown in
Fig. 22d. Figure 22e depicts the completely disappeared
temperature iso-surface of 36 °C and completely filled
46 °C temperature iso-surface near the outlet of the chan-
nel. This is highly attributed to the increased thermal con-
ductivity of the working fluids.

Water TiO2-0.25%

12
 W

200 
ml/min

460 
ml/min

18
 W

200 
ml/min

460 
ml/min

Fig. 21 Temperature contours for
different volume fractions, flow
rates and Power factor
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7 Conclusions

In this study, the exergy, entropy generation, fluid hydro-
dynamics and heat transfer characteristics for a deep rect-
angular microchannel was investigated using TiO2

nanofluid at different volume fractions. From the com-
bined numerical and experimental studies the following
key findings are listed:

& From the experiments, it has been observed during
heating, the temperature difference between the copper
and aluminium block approaches almost to 4 °C but after
sometime a steep decrease in temperature was observed

while cooling in case of copper microchannel but the same
was not noticed for aluminium block.

& Most importantly the entrance effect was not only ob-
served in microchannel but also in the integrated regions
of the microchannel. Also, when the flow rate is increased
temperature isotherms were parallel in aluminium block.

& The nanofluid significantly reduces the temperature differ-
ence between the microchannel walls and the mean tem-
perature of the fluid in the microchannel. More than the
conjugate effects increase in volume fraction reduces the
thermal resistance between the microchannel wall and flu-
id thereby elevating the outlet temperature to a great
extent.

Fig. 22 Temperature iso-surfaces
for outlet fluid and aluminium
block for different TiO2 nanofluid
at a constant flow rate of 460 ml/
min with power factor of 18 W. a
Water, b 0.1%, c 0.15%, d 0.20%,
and e 0.25%
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& The significant effects of axial thermal conduction at inlet
and outlet of microchannels are mainly observed for TiO2

nanofluid at lower flow rate. This axial conduction ex-
tends in aluminium block predominantly near inlet section
and reduces for higher flow rates. For the maximum flow
rate of 460 ml/min, the axial conduction becomes constant
throughout the microchannel and effect of conjugate heat
transfer is decreased.

& On analyzing the thermal and fluid hydrodynamics the
conjugate effects were witnessed higher for TiO2

nanofluid than water. The variation in conjugate effects
among the TiO2 nanofluid was found much similar. The
increased flow rate influences the conjugate effect for both
water and TiO2 nanofluid.

& It was found that with the increase in flow rate, the
outlet exergy increases for all the subjected TiO2

nanofluid concentrations. The highest outlet exergy
of 145 W was observed for the flow rate of
410 ml/min.

& Thermal entropy generation decreases for higher TiO2

nanofluid concentration and flow rate. The frictional en-
tropy generation increases for higher flow rate and
nanofluid particle concentration.
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