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a b s t r a c t

Conjugated heat transfer and hydraulic performance for nanofluid flow in a rectangular microchannel
heat sink with LVGs (longitudinal vortex generators) are numerically investigated using at different
ranges of Reynolds numbers. Three-dimensional simulations are performed on a microchannel heated by
a constant heat flux with a hydraulic diameter of 160 mm and six pairs of LVGs using a single-phase
model. Coolants are selected to be nanofluids containing low volume-fractions (0.5%e3.0%) of Al2O3 or
CuO nanoparticles with different particle sizes dispersed in pure water. The employed model is validated
and compared by published experimental, and single-phase and two-phase numerical data for various
geometries and nanoparticle sizes. The results demonstrate that heat transfer is enhanced by 2.29
e30.63% and 9.44%e53.06% for water-Al2O3 and water-CuO nanofluids, respectively, in expense of
increasing the pressure drop with respect to pure-water by 3.49%e16.85% and 6.5%e17.70%, respectively.
We have also observed that the overall efficiency is improved by 2.55%e29.05% and 9.78%e50.64% for
water-Al2O3 and water-CuO nanofluids, respectively. The results are also analyzed in terms of entropy
generation, leading to the important conclusion that using nanofluids as the working fluid could reduce
the irreversibility level in the rectangular microchannel heat sinks with LVGs. No exterma (minimums) is
found for total entropy generation for the ranges of parameters studied.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past 35 years, the concept of microchannel heat sink,
pioneered by Tuckerman and Pease [1], has received immense
attention. Extensive usage of microchannels has played a basic role
in electronics cooling applications, medical instruments, laser
equipments, automotive industries, and aerospace technology
among others. Flow and heat transfer in microchannels have been
the focus of research by numerous investigators as reviewed by
Morini [2], Agostani et al. [3] and Adham et al. [4]. Li et al. [5]
numerically studied the laminar flow and heat transfer in micro-
channels for Reynolds numbers lower than 500 and reported that
conventional NaviereStokes and energy equations without slip
boundary condition are valid for liquid flows inmicrochannels with
a hydraulic diameter of tens of micrometers.
: þ98 51 38763304.
Different working fluids are employed in microchannels,
wherein for heat sinks, liquid coolants are preferred over the
gaseous coolants thanks to their higher heat transfer coefficients
[6]. Still a poor thermal conductivity of common liquid coolants
such as water, oil and organic chemicals such as ethylene glycol,
compared tomost solids, is a limiting factor to achieve high efficacy,
lower weight and acceptable miniaturization of heat sinks. To
circumvent the low thermal conductivity of conventional coolants,
Masuda et al. [7] offered adding ultrafine solid particles suspension
to conventional working fluid in order to enhance the heat transfer
performance. Later, this new type of coolants named as “nanofluid”
by Choi [8] broadly accepted by the heat transfer society. Nano-
fluids are of great advantage thanks to their significantly-high
thermal conductivity with good stability.

Mainstream of research so far has been on the investigation of
thermo-physical properties of nanofluids with various types of
nanoparticles and base-fluids [9e16]. It is well accepted that the
thermal conductivity of all nanofluids is higher than that of the base
fluids, and volume-fraction, diameter, material and bulk tempera-
ture of nanoparticles play significant roles in determining the
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thermal conductivity of nanofluids. Part of available review papers
are dedicated to the elaboration of the thermo-physical properties,
flow characteristics and current stage of nanofluids [17e22]. In
recent years, numerous experimental and numerical studies have
been conducted mainly focusing on the efficacy of nanofluid usage
in heat transfer augmentation for microchannels due to the very
promising performance of nanofluids on heat transfer enhance-
ment. Kalteh et al. [23] numerically investigated laminar water-Cu
nanofluid flow and forced convective heat transfer inside a
microchannel with constant wall temperature using a two-phase
model. Their results indicate that the heat transfer performance
rises, increasing particle volume fraction and Reynolds number and
decreasing nanoparticle size at the expense of a higher pressure
drop. In another work Kalteh et al. [24] studied the hydrodynamic
and thermal behavior of water-alumina nanofluid flowing through
a wide microchannel heat sink both numerically and experimen-
tally and negligible temperature and velocity differences between
the phases are reported. The heat transfer performance of a circular
microchannel heat sink is studied numerically for three different
nanofluids by Sohel et al. [25]. Superior heat transfer performance
is observed in electronics cooling applications using water-Cu
nanofluid compared to water-alumina and water-TiO2 nanofluids.
The increased pressure drop, due to the higher viscosity of nano-
fluids, is ignored by Sohel et al. Mital [26] proposed a model using
semi-empirical correlations to evaluate nanofluid thermophysical
properties. His statistical analysis of the proposed model indicates
that the thermal performance of microchannel heat sinks, mostly
depends on nanoparticle volume-fraction, followed by the nano-
particle diameter, wherein smaller particles result in higher heat
transfer improvement without any significant increase in pressure
drop. Furthermore, comparatively weak dependance is reported
between the Reynolds number variation and thermal performance.
Mital also proposed an optimum volume-fraction for any Reynolds
number which maximizes the heat transfer enhancement with
smallest possible particle size. Rimbault et al. [27] performed an
experimental study on heat transfer and water-CuO nanofluid flow
characteristics in an isothermal and heated rectangular micro-
channel under both laminar and turbulent flow regimes. They re-
ported better heat transfer performance with a higher pressure
penalty with respect to water flow. They also reported a compa-
rable critical Reynolds number of 1000 both for water and nano-
fluids. To improve the heat transfer performance of metallic
nanofluids, Nimmagadda and Venkatasubbaiah [28] numerically
studied the laminar forced convection of hybrid nanofluids in a
wide microchannel. They compared different kinds of nanofluids
and observed a heat transfer enhancement of 143% using hybrid
nanofluids with respect to pure water. The boundary-layer flowas a
fundamental problem is recently revisited to explore the effects of
nanofluids use on flow patterns, thermal fields and the entropy
generation behavior [29,30]. Khamis et al. [31] numerically inves-
tigated the variable viscosity of nanofluid flow and its subsequent
effect on heat transfer in a porous pipe, reporting that both fluid
temperature and velocity increase reducing the viscosity.

Using novel techniques of heat transfer enhancement, classi-
fied into active and passive methods [32,33], design of smaller,
lighter, more efficient and portable heat transfer equipments will
be possible. In 1969, Johnson and Joubert [34] used VGs (Vortex
Generators), a case in point in passive approach, to improve the
heat transfer for the first time. The flow separation from the side
edges of VGs generates longitudinal, transverse and horseshoe
vortices which form secondary flow, intensify fluid mixing and
distort the thermal boundary layer causing higher heat transfer
rate [35e37]. At small attack angles of VGs the mainly longitu-
dinal vortices are dominant which potentially could lead to
greater heat transfer augmentation with less required pumping
power compared to transverse vortices generated at high attack
angles of VGs [38]. VGs can be employed in different forms,
including fins, wings, ribs, winglets and protrusions [39]. There
has been recently much higher interest in the applications of VGs
in microchannels. Liu et al. [40] experimentally investigated the
heat transfer and pressure loss in microchannels with LVGs
(longitudinal vortex generators). Decreased critical Reynolds
number to 600e730 is reported adding LVGs compared to
smooth microchannel accompanied by better heat transfer per-
formance and higher flow loss. Lan et al. [41] numerically studied
the effects of dimple/protrusion arrangement, Reynolds number
and streamwise pitch on heat transfer performance in a rectan-
gular microchannel with water as a coolant under laminar flow
condition. They found better thermal performance with low
pressure loss using the dimple/protrusion technique in micro-
channels. More recently, Mirzaee et al. [42] used elastic VGs to
improve heat transfer in microchannels. They observed 15e35%
increase in the mean Nusselt number and a 10e70% increase in
the friction factor in the laminar flow regime. They also state that
using rigid VGs results in lower Colburn/friction factor ratio
compared to elastic VGs. Chen et al. [43] by extending the
experimental study of Liu et al. [40] examined various VGs in
microchannels with different hydraulic diameters. To enhance
the heat transfer performance of microchannel heat sinks, Li et al.
[44] used water-alumina nanofluids in the microchannel with
dimple/protrusion. To better understand heat transfer charac-
teristics and flow behavior in microchannels with LVGs, Ebrahimi
et al. [45] numerically investigated the laminar water flow in
microchannels with various configurations. They evaluated the
overall efficiency of microchannels with LVGs considering both
heat transfer and friction factor characteristics and found
generally higher efficiency except for one particular case at
Reynolds number of 100.

Nanofluids, as very promising coolants, may improve the
heat transfer efficiency of microchannels with LVGs. In order to
explore in more depth the effects of using nanofluids on flow
and conjugated heat transfer characteristics, different nano-
fluids with various particle diameters, material and concen-
trations are considered in the present study. Therein, three-
dimensional simulations are carried out using validated and
efficient thermal conductivity and viscosity models which
include the effects of nanoparticle size, bulk temperature as
well as the Brownian motion of particles. The obtained results
are compared with water as the plain working fluid for different
Reynolds numbers under laminar flow condition. Additionally,
the thermodynamics performance of the device is studied us-
ing entropy generation analysis. According to the reviewed
papers and to the best of the authors’ knowledge the combi-
nation of LVGs and nanofluids in microchannels is not
addressed yet and the up-coming results may introduce new
perspectives towards novel methods of heat transfer augmen-
tation in microchannels.

2. Physical model and numerical method

2.1. Geometrical configuration and computational domain

Three-dimensional simulations are performed on a micro-
channel with LVGs to scrutinize the effects of using nanofluids
on conjugated heat transfer and flow behavior. The schematic
diagram of the physical model and relevant geometrical pa-
rameters are shown in Fig. 1, and the details of geometric pa-
rameters are presented in Table 1. A Cartesian coordinate system
is employed for describing the fluid flow, in which z axis stands
for stream-wise direction. According to Fig. 1, the computational



Fig. 1. Schematic diagrams of the physical model and (a) associated geometrical parameters (b) computational domain with the specified vertices to set boundary conditions.
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domain consists of three zones. The inlet block, with the length
of Lin including adiabatic walls, represents the flow developing
zone. The outlet block, with the length of Lout including adiabatic
walls, is created to avoid any possible backflow that may influ-
ence the accuracy of the ultimate results. Finally, in the middle,
six equally spaced pairs of LVGs are located at the heated region
of the microchannel (with the length of Lht ¼ 100H). Different
standard etching processes could be employed to manufacture
the designed heat sink [43,46]. In order to decrease the
computational costs, only the hatched region in Fig. 1(a) is
considered for numerical simulations because of symmetric ar-
rangements of microchannel and LVGs.



Table 1
Characteristic dimensions of the microchannel and the LVGs located inside it.

Geometric parameter Value Geometric parameter Value

H 100 mm Lin 25 H
b 30� Lht 100 H
dLVG 16 H Lout 50 H
WLVG 0.1 H L1 10 H
LLVG 1.4 H W 4 H
a 0.8 H Dh 160 mm

Table 2
Thermophysical properties of nanoparticles, pure-water and silicon.

Al2O3 [50] CuO [51] Silicon [52] Pure-water [48]

m (Pa s)
2:761� 10�6exp

�
1713
T

�
k (W/m K) 36 76.5 290 � 0.4T 0:6ð1þ 4:167� 10�5TÞ
cp (J/kg K) 765 535.6 390 þ 0.9T 4180
r (kg/m3) 3970 6350 2330 1000
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2.2. Mathematical models, governing equations and boundary
conditions

The microchannel and LVGs in the present study are assumed to
be made of silicon, a conductive material, and the effects of surface
roughness are neglected [40,43,45]. Pure-water and various nano-
fluids with low volume-fraction and various sizes of Al2O3 or CuO
nanoparticles dispersed in pure-water are selected as coolants. A
single-phase model is adopted here to effectively predict the heat
transfer performance of nanofluids. The single-phase model is
deemed to be valid because of both low nanoparticles concentra-
tion and diameters smaller than 100 nm [47,48]. The thermo-
physical properties of coolants are functions of temperature, size
and volume fraction of nanoparticles and assumed to behave
Newtonian. In addition, the coolant flow is assumed to be laminar
due to the low fluid velocity and small pitch of the LVGs. Generation
of longitudinal vortices is also reported to be a quasi-steady phe-
nomenon [49]. Furthermore, in this study the effects of
compressibility, body forces and radiation are neglected. Based on
the these assumptions, the continuity, momentum, and energy
equations for a steady-state flow can be written, respectively, as
[45]:

V,V
!¼ 0 (1)

rV
!
,VV

!¼ �Vpþ V
�
mVV

!�
(2)
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�
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,VT

� ¼ VðkVTÞ þ F (3)

wherein V
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is velocity vector, p is static pressure, T is temperature, r
is density, k is thermal conductivity, cp is specific heat capacity, m is
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additionally, for the solid zone, the energy equation is given as:

V2Ts ¼ 0 (5)

According to Fig. 1(b), a constant and uniform velocity is
imposed at the channel inlet (face: 1-2-3-4) in the z direction and
its temperature is fixed at 298 K. The gradients of dependent var-
iables, i.e. u, v,w and T, are set to zero at the outlet boundary (13-14-
15-16). A uniform constant heat flux of q

00
w ¼ 20 W=cm2 with no-

slip boundary conditions are applied to the top wall of the heated
zone (5-8-14-9). A symmetric boundary condition is defined on the
right-side of the computational domain (4-16-15-3). Eventually,
non-slip and adiabatic boundary conditions are applied to all the
remaining faces of the microchannel. The boundary condition at
the solideliquid interfaces, i.e. LVGs surfaces, is introduced as
follows:

k
vT

v n!¼ ks
vTs
v n! (6)

where, n! is a normal vector on the solideliquid interface drawn
outward the boundary. The subscript s represents solid
characteristics.

The thermo-physical properties of pure-water, silicon, Al2O3 and
CuO nanoparticles are presented in Table 2. The effective thermo-
physical properties of nanofluids are calculated using available
correlations and are presented below.

The density of nanofluid is obtained based on themixturemodel
as follows [53]:

rnf ¼ ð1� aÞrbf þ arnp (7)

wherein the subscript nf, bf and np stand for nanofluid, base-fluid
and nanoparticle, respectively, and a is the volume-fraction of
nanoparticles.

The specific heat of nanofluid is determined by assuming ther-
mal equilibrium between the primary fluid and nanoparticles [54].

cp;nf ¼
ð1� aÞ�rcp�bf þ a

�
rcp
�
np

ð1� aÞrbf þ arnp
(8)

The effective thermal conductivity and dynamic viscosity of
nanofluids are acquired by considering the effect of Brownian-
motion of nanoparticles using a validated model based on experi-
mental datasets [55,56]. This model is valid for volume-fractions up
to 4% and a temperature range between 300 K and 325 K. The
relation of the effective thermal conductivity of nanofluid reads as:

keff ;nf ¼ kstatic þ kBrownian (9)

where kstatic and kBrownian could be obtained from Hamilton-Crosser
model [57] and kinetic theory, respectively.

kstatic ¼ kbf

2
4
�
knp;eff þ 2kbf

�
� 2a

�
kbf � knp;eff

�
�
knp;eff þ 2kbf

�
� a

�
kbf � knp;eff

�
3
5 (10)

kBrownian ¼ 5� 104acp;bf rbf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KbT

dnprnp

s
g
�
T ;a; dnp

�
(11)

in which Kb is Boltzmann constant, dnp is nanoparticle diameter. In
order to take into account the effect of the interfacial thermal
resistance, knp,eff can be determined as:
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knp;eff ¼
dnp

Rb þ
�
dnp
	
knp
� (12)

where Rb is Kapitza resistance and is equal to 4 � 10�8 km2/W.
The effective viscosity of nanofluids can be predicted as the

sum of static and Brownian viscosity defined by the following
equations.

meff ;nf ¼ mstatic þ mBrownian (13)

mstatic ¼
mbf

ð1� aÞ2:5
(14)

mBrownian ¼ 5� 104arbf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KbT

dnprnp

s
g
�
T ;a; dnp

�
(15)

The function g, a semi-empirical relation, is defined in bellow
format for water-CuO and water-Al2O3 nanofluids by fitting
experimental data sets with regression values of 98% and 96%,
respectively [58].

g ¼
h
aþ b ln

�
dnp
�þ c lnðaÞ þ d lnðaÞln�dnp�þ e ln

�
dnp
�2ilnðTÞ

þ
h
mþ h ln

�
dnp
�þ i lnðaÞ þ jlnðaÞln�dnp�þ k ln

�
dnp
�2i

(16)

The proposed models to obtain the nanofluid thermo-physical
properties are previously utilized and validated against experi-
mental data sets by different researchers [47,48].
2.3. Numerical solution and data reduction

In the present study, a commercial package for computational
fluid dynamics based on the finite volume method (Fluent) is
used. A structured non-uniform grid is used with considerably-
refined cells near the LVGs and channel walls to discretize the
computational domain. The SIMPLEC algorithm is utilized to
model pressureevelocity coupling. Herein residues of 1.0 � 10�6,
1.0 � 10�6 and 1.0 � 10�8 are defined as convergence criteria for
the momentum, continuity and energy equations, respectively.
The following parameters are exploited to construct a framework
of ultimate result presentation. The Reynolds number (Re) and the
hydraulic diameter (Dh) of the microchannel are defined as
follows:

Re ¼ rinVinDh

min
(17)

Dh ¼ 2WH
W þ H

(18)

where V is fluid velocity and subscript in stands for the inlet con-
dition. The heat transfer coefficient (h) and the Nusselt number
(Nu) can be calculated using following relations [24,48]:

h ¼ q
00

Twall;avg � ðTin þ ToutÞ=2 (19)

Nu ¼ hDh
kbf ;avg

(20)
wherein q
00

is the heat flux, Twall,avg represents the mean
wall temperature and subscript out stands for the outlet con-
dition. To calculate Nu, the thermal conductivity (k) is measured
at the arithmetic mean temperature of the inlet and the
outlet. The Fanning friction factor (f) is defined by subsequent
relation:

f ¼ 2Dp
rV2

in

Dh

L
(21)

wherein

Dp ¼ ðpout � pinÞ (22)

and L is the stream-wise length of the microchannel and p is area-
weighted static pressure. To attain the overall performance of the
system the following relation is used:

h ¼
 

Nu
Nubf

!�
fbf
f

�1=3

(23)

where Nubf and fbf represent mean Nusselt number and Fanning
friction factor of the microchannel with pure-water as coolant. This
performance parameter has been frequently employed to introduce
the thermal performance of micro-devices dual benefiting from
considering both the friction loss augmentation and the heat
transfer enhancement [44,45,59,60].

To evaluate the thermodynamic gain of using nanofluids as a
coolant in the considered microchannel with LVGs the total volu-

metric entropy generation rate ( _S
000
gen), which contains the entropy

generations due to fluid frictional ( _S
000
g; FF ) and heat transfer ( _S

000
g; HT )

effects, is defined as [61,62]:
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gen ¼ _S

000
g; FF þ _S

000
g; HT (24)

_S
000
g; FF ¼ m

T

 
vui
vxj

þ vuj
vxi

!
vui
vxj

(25)

_S
000
g; HT ¼ k

T2

"�
vT
vx

�2

þ
�
vT
vy

�2

þ
�
vT
vz

�2
#

(26)

The dimensionless total entropy generation (Sn), frictional en-
tropy generation (Sn,FF) and entropy generation induced by heat
transfer (Sn,HT) are defined here in order to estimate the irrevers-
ibility. Furthermore, to assess the contribution of heat transfer and
fluid friction in total irreversibility, a non-dimensional parameter,
Bejan number (Be), can be expressed as:

Sn ¼ _S
000
gen

kT2in
q002
w

(27)

Sn;FF ¼ _S
000
g;FF

kT2in
q002
w

(28)

Sn;HT ¼ _S
000
g;HT

kT2in
q002
w

(29)



Re

h
[W
/m

2 .K
]

100 250 400 550 700 850 1000
3000

6000

9000

12000

15000

18000

21000

24000 Experimental, Water [63]
Experimental, 1% Al2O3-Water [63]
Experimental, 2% Al2O3-Water [63]
Single-phase Model, 1% Al2O3-Water [64]
Single-phase Model, 2% Al2O3-Water [64]
Two-phase Model, 1% Al2O3-Water [64]
Two-phase Model, 2% Al2O3-Water [64]
Present Study, Water
Present Study, 1% Al2O3-Water
Present Study, 2% Al2O3-Water

(a)
dp = 36 nm

Re

f

100 250 400 550 700 850 1000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16 Experimental, Water [63]
Experimental, 1% Al2O3-Water [63]
Experimental, 2% Al2O3-Water [63]
Constant Thermophysical Properties, Water [64]
Single-phase Model, 1% Al2O3-Water [64]
Single-phase Model, 2% Al2O3-Water [64]
Two-phase Model, 1% Al2O3-Water [64]
Two-phase Model, 2% Al2O3-Water [64]
Present Study, Water
Present Study, 1% Al2O3-Water
Present Study, 2% Al2O3-Water

(b)dp = 36 nm

h x
[W
/m

2 .K
]

2800

2900

3000

3100

3200 Experimental, Water [65]
Experimental, 0.5% Al2O3-Water [65]
Experimental, 1% Al2O3-Water [65]
Water, Present Study
Present Study, 0.5% Al2O3-Water
Present Study, 1% Al2O3-Water

dp = 20 nm
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Be ¼
_S
000
g; HT

_S
000
gen

(30)

2.4. Grid independency and model validation

To ensure the simulation accuracy keeping computational costs
at bay, four grids with different sizes are considered for grid inde-
pendence test. The test is performed under the highest Reynolds
number (i.e. Re ¼ 250) with pure-water as coolant. Table 3 illus-
trates the obtained results for different grid sizes and their relative
differences. Since the relative differences of Nu and f are lower than
0.24% and 0.02%, respectively, increasing the grid size from 1.0
million to 1.5 million, the former grid with fewer computational
cells is selected for the simulations.

Experimental [63] and numerical [64] data for water as well as
1.0% and 2.0% Al2O3-water nanofluid flowing through a rectan-
gular microchannel with a hydraulic diameter of 341 mm, are used
to validate the employed numerical setup. In the reference
investigation, the coolant enters the microchannel with a tem-
perature of 303.15 K and a constant heat flux of 22.32 W/cm2 is
imposed on the bottom wall, while other walls treated as adia-
batic. According to the symmetric configuration of the channel,
only half of the channel is modelled. Fig. 2(a) and (b) compare the
present numerical results with the experimental [63] and single-
phase and two-phase numerical [64] estimates for heat transfer
coefficient and Fanning friction factor, respectively. It is worth
mentioning that Ghale et al. [64] have used constant thermo-
physical properties in their models and have ignored the effects of
Brownian-motion of nanoparticles in their single-phase model.
Further validation of present numerical simulations has been
done against experimental data of Lai et al. [65] for the study of
thermal performance of water and Al2O3-water nanofluids in a
laminar thermally developing tube flow. Fig. 2(c) compares nu-
merical predictions and experimental results of local heat transfer
coefficients in the thermal developing region of a straight tube
made out of AISI 316 stainless steel with 1.02 mm diameter and
50 cm long. The tube is under constant wall heat flux condition
and the coolants flow through it at a volume flow rate of 1 ml/min.
It is clearly seen that the present numerical results could suc-
cessfully predict the experimental data with an acceptable range
of deviation. These small deviations may be attributed to several
factors among which we can mention the simplifications of the
physical model, the precision of the thermo-physical models, non-
uniformity of nanoparticle sizes and ultimately the experimental
measurements limits, nanoparticle distribution and the nano-
particle production method. Comparing results obtained from
current single-phase model with two-phase model favours the
proposed model. Additionally, two-phase models are more so-
phisticated and impose considerably higher computational costs;
therefore, it is preferable to employ single-phase model, instead. It
is also reported in recently published literature that a suitable
viscosityeconductivity combination for the single-phase model
could result more accurate predictions compared to two-phase
models [66e68].
Table 3
Results of grid independence tests (Working fluid: Pure-water, Re ¼ 250).

Number of cells Nu % Diff Nu f % Diff f

300,000 9.2343 e 37.3290 e

500,000 7.5793 �17.92 30.3313 �18.75
1,000,000 7.5466 �0.43 30.1890 �0.47
1,500,000 7.5646 0.24 30.2155 0.09

x/L
0 0.1 0.2 0.3 0.4 0.5

2600

2700

(c)

Fig. 2. Comparison of present simulation results with available experimental [63,65]
and numerical [64] data sets. (a) Heat transfer coefficient versus Reynolds numbers.
(b) Fanning friction factor versus Reynolds numbers. (c) Local heat transfer coefficients
in the thermal-developing region of tube.
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3. Results and discussions

Conjugated heat transfer and hydraulic effects of different
nanofluids on the performance of microchannel heat sink with
LVGs, under steady-state laminar flow regime and heated by con-
stant heat flux, are analyzed based on proposed models.

Fig. 3 illustrates the effects of nanoparticle material and
volume-fraction on the Nu and f for various Re and particle
diameter of 29 nm. A direct relation between Nu and Re is
observed for all coolants studied here. We argue that enlarging
the recirculation zones behind the LVGs, enhancing the fluid
mixing and decreasing the thermal boundary layer thickness as a
result of Re rise may be the root causes of better heat transfer
performance at higher Re [45]. We have observed that using
nanofluids with low-volume-fractions of nanoparticles (0.5%e
3%) leads to a significant increase in Nu at the expense of slightly
higher pressure loss. Furthermore, higher heat absorption is
noticed for nanofluids which is mainly caused by higher thermal
conductivity of the mixture of base-fluid and nanoparticles,
larger heat transfer surface area and higher collision rate of
nanoparticles giving rise to the Brownian motion of nano-
particles. The effects of motion mechanisms of other nano-
particle on thermal conductivity of nanofluids, e.g. thermo-
phoresis and osmo-phoresis, could be neglected compared to
the effects of Brownian motion [69]. The above-mentioned in-
crease in thermal conductivity eventuates in intensifying the
energy transfer owing to diffusion in the coolant and causing
higher bulk temperatures. More heat transfer enhancement at
higher volume-fractions is attributed to the higher momentum
of nanoparticles compared to base-fluid molecules resulting in
more efficient thermal-energy transfer [48] and higher thermal
conductivity of the coolant. It is found that Nu is more sensitive
to the volume-fraction of nanoparticles at lower Re. The rational
behind this observation is that at lower Re the bulk flow tem-
perature is higher causing higher thermal conductivity and lower
fluid viscosity. On the other hand, increasing the volume-fraction
of nanoparticles brings about higher thermal conductivity and
viscosity producing smoother temperature gradients. These
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Fig. 3. Variations of Nusselt number and Fanning friction factor with Reynolds number
for nanofluids containing Al2O3 or CuO nanoparticles with different
concentrations (dp ¼ 29 nm).
effects increase the conduction heat transfer contribution in the
total heat transfer budget, which is more dominant at lower Re. It
is also figured out that water-CuO shows higher heat transfer
augmentation compared to water-Al2O3 at similar volume-
fraction and Re; because of higher thermal conductivity of CuO
nanoparticles compared to Al2O3 nanoparticles as well as the
effects of nanoparticles alignment, structure and interactions.

Based on Fig. 3, despite having better heat transfer performance,
it is found that the Fanning friction factor may increase with an
increase in nanoparticle volume-fraction, due to the higher vis-
cosity of nanofluids with respect to the base-fluid. Actually, stron-
ger hydrodynamic interactions between nanoparticles make
nanofluids more viscous at a higher volume-fractions. At similar Re
and volume-fraction, water-CuO nanofluids bring about more
pressure drop compared to water-Al2O3 nanofluids, wherein the
Fanning friction factor is more affected by the nanoparticle volume-
fraction at lower Re. For the nanofluids studied here, increasing Re
introduces lower mBrownian and higher mstatic. The relative increase of
the nanofluid viscosity with respect to the pure-water is greater at
lower Re causing even more pressure drop for a constant volume-
fraction. In addition, more pumping power is required to drive
nanofluids into microchannels at a higher volume-fraction of
nanoparticles. Interestingly, when compared to the base-fluid,
nanofluids including 0.5% volume-fraction of Al2O3 show slightly
lower Fanning friction factor over the entire ranges of the Re. Same
is observed for nanofluids including 0.5% volume-fraction of CuO
for Re > 75. This is due to the fact that for low concentration of
nanoparticle the effective viscosity slightly increases introducing
higher pressure drop; however, higher inlet velocity is required to
achieve similar Re compared to the nanofluids with more densely-
concentrated nanoparticle because of the lower increase in effec-
tive density which eventually decreases the value of Fanning fric-
tion factor.

Al2O3 and CuO nanoparticles with variety of sizes are considered
in the present study. The effects of nanoparticle size on heat
transfer and hydraulic performance are shown in Fig. 4 for different
Re. In case of water-Al2O3 nanofluid, decreasing the particle
diameter leads to higher heat transfer rate as a result of higher heat
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Fig. 4. Effects of nanoparticle mean diameter on Nusselt number and Fanning friction
factor for 3.0% volume-fraction of Al2O3 or CuO nanoparticles.



Fig. 5. The effects of different nanofluid characteristics on flow and thermal fields for Re ¼ 150 (the plane locates at y/H ¼ 0.5).
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transfer surface area, aggregation of nanoparticles and more
intensified Brownian motion causing higher thermal conductivity
of coolant. Smaller particles ensuemore particles at a fixed volume-
fraction, which increases the total surface area of nanoparticles, and
therefore forms more area of nanolayers around particles eventu-
ally rising the thermal conductivity of nanofluid. Furthermore,
more intensified Brownian motion amplifies the micro-mixing
processes and consequently augments the thermal conductivity
of the nanofluid. In contrast to water-Al2O3, thermal performance
of water-CuO improves by increasing the nanoparticle size. This
heat transfer enhancement is related to the higher thermal con-
ductivity of water-CuO nanofluid with larger nanoparticles.
Methods of producing nanoparticles, the stability of the suspension
and test conditions have been introduced as principal reasons for
the mentioned deviation from water-Al2O3 [47]. Thermal conduc-
tivity enhancement with increasing the CuO particle diameter may
also be attributed to effects of aggregation and percolation [70e72].
Decreasing the particle size at a fixed volume-fraction results in
close-alignment of particles attracting one another with greater
strength due to the van der Waals forces [73] making larger ag-
gregates. This so called larger aggregates not only increase the
percolation effects, but also cause nanoparticle agglomeration and
weaken the Brownian motion most probably leading to lower
thermal conductivity. The different behavior of water-Al2O3 and
water-CuO with changing the particle size may arise from dissim-
ilar aggregation treatment owing to different nanoparticle charge,
surfactant and zeta potential [74].

Fig. 4 also depicts that decreasing the size of Al2O3 nanoparticles
has an adverse effect on hydrodynamic performance by increasing
the device pressure loss. Including more nanoparticles by reducing
the particle size at a constant volume-fraction initiates stronger
interaction between particles rising the viscosity of the nanofluid;
thereby, higher pressure drop is observed decreasing the size of
Al2O3 nanoparticles. For water-CuO it is not the case as reducing the
particle sizes results in lower pressure drop. The reason for this
counter intuitive trend could be addressed by different aggregation
behavior of Al2O3 and CuO nanoparticles. For the same particle size,
CuO nanoparticles tend to make larger aggregates compared to
Al2O3 nanoparticles. The agglomeration of smaller CuO nano-
particles presents lower viscosity, hence the need for lesser
pumping power.

The effects of different nanofluids with various nanoparticle
material, concentration and diameter on flow and thermal fields at
Re ¼ 150 are shown in Fig. 5. In this figure km,nf and mm,nf represent
the mean nanofluid thermal conductivity and viscosity, respec-
tively. It is clearly seen that for comparable nanoparticle diameter
and concentration the water-CuO nanofluid brings higher thermal
conductivity and viscosity compared to water-Al2O3 nanofluids,
wherein this higher thermal conductivity results in higher bulk
coolant temperature. We believe water-CuO nanofluids are more
efficient than water-Al2O3 nanofluids for heat transfer enhance-
ment applications. Higher nanoparticle volume-fraction also leads
to higher thermal conductivity and viscosity for both water-Al2O3
andwater-CuO nanofluids. Employing larger Al2O3 and smaller CuO
nanoparticles in nanofluids will bring about better heat transfer
performance due to higher thermal conductivity and smoother
temperature gradients.

The results demonstrate a significant increase of 19.14%e53.06%
and 9.79%e30.63% in Nusselt number vis-�a-vis pure water for
water-CuO and water-Al2O3, respectively, with dp ¼ 29 nm. How-
ever, this enhanced heat transfer performance costs more deman-
ded pumping power. Fig. 6 illustrates the overall efficiency of the
microchannel with LVGs for water-CuO and water-Al2O3 nano-
fluids. Using nanofluids as a coolant in microchannels with LVGs
leads to a noticeable enhancement in overall efficiency which will
be boosted evenmore by increasing the nanoparticle concentration
(Fig. 6a). This figure also shows that for all the volume-fractions,
overall efficiency decreases with increasing Re. According to
Fig. 6b, higher overall efficiency is observed for the smaller Al2O3
and larger CuO nanoparticles. Thus far among all the cases studied
in the present investigation, water-CuO nanofluid with dp ¼ 29 nm
and highest nanoparticle concentration shows the best overall
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Fig. 6. The overall efficiency of the microchannels with LVGs for water-CuO and water-
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size.
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efficiency. Furthermore, adding 1% volume-fraction of CuO nano-
particles in the base-fluid results in a comparable overall efficiency
with 3% concentration of Al2O3 nanoparticles, both with
dp ¼ 29 nm.

The generation of entropy wastes the available energy and
causes a decline in efficiency by making losses in the profitable
power. The dimensionless entropy generation as a function of
Reynolds number for different nanoparticle materials, sizes and
concentrations is shown in Fig. 7. Lower values of Sn indicate
better thermodynamic performance due to lower irreversibility
in the system. It is observed that using nanofluids causes a
reduction in entropy generation or irreversibility in micro-
channels with LVGs in comparison with water as a coolant. From
Fig. 7, for a specified Reynolds number the highest and lowest
values of Sn belong to water-Al2O3 with dp ¼ 47 nm and water-
CuO with dp ¼ 29 nm, respectively. It is also seen that
increasing the nanoparticle concentration will result in lower
rates of entropy generation. Fig. 7 demonstrates that larger Al2O3
and smaller CuO nanoparticles cause higher irreversibility in the
system. Additionally, the magnitude of Sn tends to decline with
increase in Reynolds number, though a slight augmentation is
observed for nanofluids when the Reynolds number increases
from 50 to 100. This insignificant augmentation is attributed to
the intensified diffusive heat transfer and therefore higher bulk
coolant temperature at Re ¼ 50. These outcomes are in chorus
with above-mentioned discussions. Total entropy generation in
a device is contributed by thermal and frictional irreversibility.
In order to quantize the contribution of each term in total irre-
versibility, the Bejan number is considered. Fig. 8 shows the
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value of the Bejan number as a function of Reynolds number for
different nanoparticle volume-fractions, sizes and materials. It is
found that the contribution of thermal entropy generation is
higher than that of the fluid friction reversely correlated to the
nanoparticle volume-fraction and Reynolds number. Compared
to the pure-water, adding low-volume-fractions of nanoparticles
and/or increasing Reynolds number cause higher frictional en-
tropy generation. Addition of low-volume-fractions of nano-
particles in the base fluid intensifies the hydrodynamic inter-
particle interactions causing higher viscosity. Furthermore, as
a result of higher fluid viscosity at higher Reynolds numbers, due
to the lower bulk coolant temperature, the frictional entropy
generation is more augmented. The fluid velocity gradients also
become larger at higher Reynolds numbers. Based on Eq. (26) the
thermal entropy generation is related to temperature gradients.
By increasing the nanoparticle concentration, the nanofluid
viscosity increases, making the coolant molecules more sluggish
and generating more smoother temperature pattern by stabi-
lizing the flow field. Considering the fact that the entropy gen-
eration caused by fluid friction is far smaller than that induced
by heat transfer, an exterma (minimum) does not exist in total
entropy generation curve for the ranges of parameters consid-
ered here; however, an increase in the Reynolds number
Fig. 9. Contours of dimensionless entropy generation due to fluid friction (top), heat t
dp ¼ 29.0 nm at Re ¼ 150.
increases the fluid-friction-caused entropy generation and de-
creases heat-transfer-generated entropy.

Ultimately, Fig. 9 illustrates the contours of dimensionless
total entropy generation and its components at different sections
of the microchannel for water-CuO flow with a ¼ 3% and
dp ¼ 29.0 nm at Re ¼ 150. It is observed that employing LVGs in
the microchannel changes the entropy fields. Higher entropy
generation rates are expected due to fluid friction near the solid
walls because of higher fluid velocity gradients (See Eq. (25)). It is
seen that the core flow region and the microchannel corners are
almost free of frictional entropy generation, wherein the velocity
gradients extensively cancel each other out. Temperature gradi-
ents are generated in the vicinity of hot surfaces due to the large
temperature difference with coolant leading to entropy genera-
tion due to heat transfer. This heat-transfer-generated entropy
increases by moving towards microchannel outlet owing to
thermal conductivity enhancement and higher heat absorption.
The entropy generation rate caused by heat transfer is much
greater than that produced by fluid friction; therefore, the total
entropy generation rate is more affected by the former,
increasing the Bejan number. Similar patterns of entropy gener-
ation are observed for water as well as other nanofluids studied
in this work.
ransfer (middle) and both sources (bottom) for water-CuO flow with a ¼ 3% and
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4. Conclusions

Conjugated heat transfer and single-phase laminar flow struc-
tures in a three-dimensional microchannel equipped with longi-
tudinal vortex generators were numerically investigated. Water-
Al2O3 and water-CuO nanofluids with different nanoparticle
volume-fractions and sizes were compared to pure-water as
working fluids. The results of present numerical simulations under
steady-state assumption were in good agreement with the avail-
able experimental and numerical data leading to the following
major findings and conclusions.

Using nanofluids as coolant can enhance heat transfer perfor-
mance of the rectangular microchannels heat sinks equipped with
LVGs with a larger pressure drop penalty. In addition, nanofluids
with higher nanoparticle concentrations although again cost higher
pressure drop, result in greater heat transfer enhancement.
Decreasing the size of Al2O3 nanoparticles enhances the heat
transfer performance and also imposes larger pressure drop; while,
on the other hand, heat transfer performance and the Fanning
friction factor are augmented by increasing the diameter of CuO
nanoparticles. Also for comparable nanoparticle size and volume-
fraction, water-CuO show higher heat transfer performance and
pressure drop compared to water-Al2O3 for the all range of Rey-
nolds number studied in this paper. A notable increase in overall
efficiency is found by using nanofluids as coolant; where this
enhancement will boost by increasing the nanoparticle volume-
fraction. The flows with low Reynolds number are the best opera-
tional regime for rectangular microchannels heat sinks with LVGs
using nanofluids as working fluid. The overall efficiency of the
considered microchannel increases by increasing the CuO nano-
particle diameter and decreasing the size of Al2O3 nanoparticles.
Among all the cases studied in this paper, water-CuO nanofluidwith
dp ¼ 29 and highest nanoparticle volume-fraction (i.e. 4 ¼ 3.0%)
shows the best overall efficiency. Based on second law analysis,
nanofluids are an excellent option for heat transfer applications and
could enhance the thermodynamic performance of the device.
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