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In this study heat transfer and fluid flow characteristics of Al2O3/water
nanofluid in a serpentine microchannel is numerically investigated. A
constant heat flux is applied on microchannel wall and a single-phase
model has been adopted using temperature-dependent properties. The
effects of pertinent factors such as Reynolds number (Re=10, 20, 50
and 100), particle volume fraction (𝛷𝛷=0(distilled water), 2, 4 and 8%)
and heat flux (q=5, 10 and 15 W/cm2), on the velocity and temperature
field, average heat transfer coefficient (havg), pressure drop (Δp), and
thermal-hydraulic performance (η) are evaluated. The results show that
the use of nanofluid causes increased velocity gradient near the wall
which is more remarkable for φ = 8%. The results also reveal that the
heat transfer rate increases as nanoparticle volume fraction and
Reynold number increase and a maximum value 51% in the average
heat transfer coefficient is detected among all the considered cases
when compared to basefluid (i.e., water). It is found that a higher heat
flux leads to heat transfer enhancement and reduction in pressure drop.
Finally, thermal-hydraulic performance is calculated and it is seen that
the best performance occurs for Re =10 and φ = 4%.
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the working fluid transport properties. In order to
solve this problem, the fluid properties must be
improved. Recently, with the development of
manufacturing technology, the production of nanoparticles has become possible. Addition of these nanoparticles into the conventional cooling fluids such as
water, oil and ethylene glycol has created a special
class of fluid, called ‘nanofluid’ [2]. Many researchers
have reported the increase of the thermal conductivity
in nanofluids and different reasons have been
proposed to explain it. Wang et al. [3] proposed that
the thermal conductivity of nanofluids depends on
microscopic motion and particle structure. Xuan and

1. Introduction
Microchannels have attracted a lot of research
efforts in two recent decades because of the need to
achieve rapid heat transfer in microfluidics-based
devices. These devices are used in various engineering
applications such as chemical,biochemical, electronic,
aerospace and automotive industries. Microchannels
feature remarkably high heat transfer rate and low
thermal resistance [1]. However, a restrictive factor
for the heat transfer in a microchannel is associated to
*
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Nomenclature


Bc
Cp
d
H
h
k

Nabla operator (1/m)
Boltzman constant
Specific heat of the fluid (J/kg K)
Size of particle or molecule(m)
Channel height (m)
heat transfer coefficient through the heat
sources (W/m2 K)
Thermal conductivity (W/m K)

kB
l

Boltzmann constant (J/K)
Mean free path (m)

Nu

local Nusselt Number ( Nu 

p
q
Re
S
T
V

qH
k (Tw  Tm )

Uin
w





Dynamic viscosity (Pa.s)
Density (kg/m3)



Particle volume fraction (%)

Pressure (Pa)
Heat flux of heat sources (W/m2)
 nf uin Dh
Reynolds number ( Re 
)
 nf

bf
nf
p

Curvilinear coordinate (m)
Temperature (K)
Velocity vector (m/s)

r
0

Li [4] also discussed two reasons for the enhanced
thermal conductivity of nanofluids: the increased
thermal dispersion due to the disorganized movement
of suspended nanoparicles and the increased thermal
conductivity of nanofluids. Lee et al. [5] investigated
that Al2O3 water/ethylene glycol with particle
diameters 24.4 and 38.4 nm as well as CuOwater/ethylene glycol with particle diameters 18.6 and
23.6 nm and showed that thermal conductivity
increases to 20% as particle volume fraction increases
from 0 to 4%. Chopkar el al. [6] measured thermal
conductivity of Ag2Al-water nanofluids and Al2Cu
water nanofluids and found that it increases by about
130% with a volume fraction less than 2%. Several
investigators [7-9] found that the thermal conductivity
of nanofluids depends on both volume fraction and
temperature. They showed that the thermal
conductivity of nanofluids significantly increases as
temperature rises. Based on this feature of nanofluids,
Mashaei et al. [10,11] suggested that they may be used
as a smart material in cooling of hot spots. These
authors carried out a numerical analysis of the flow
and heat transfer characteristics of nanofluid in a
parallel plates channel with discrete heat sources. The
heat sources were placed on the bottom wall at a
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Thermal diffusivity
Thermal-hydraulic performance factor



w
ave
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Inlet velocity (m/s)
Channel width
Greek Symbols

Subscripts
wall conditions
average
base fluid
nanofluid
particles
ratio
inlet conditions

constant heat flux and remaining channel surfaces
were considered adiabatic. They reported that the use
of the nanofluid can produce an asymmetric velocity
along the height of the channel and the wall
temperature decreases, especially near the hot spot,
where heat sources are located.
With respect to the problem under study that is
heat transfer and pressure drop characteristics of
nanofluid flow through microchannel, there are
numerous works [12-25], which consider such a
problem.
Yang and Lai [12] performed mathematical
modeling to simulate forced convection flow of
Al2O3/water nanofluids in a microchannel using the
lattice Boltzmann method (LBM) for low Reynolds
numbers (Re<16). They reported that the average
Nusselt number increases with the increase of
Reynolds number and particle volume concentration,
and the fluid temperature distribution is more uniform
with the use of a nanofluid than that of pure water.
Mohammed et al. [13] numerically investigated the
performance of a counter-flow rectangular shaped
microchannel heat exchanger (MCHE) using nanofluids as the working fluids. They stated that the
increase in nanoparticle volume fraction yields better

Rahim Mashaei et al./ TPNMS 2 (2014) 86-99

performance at the expense of increased pressure
drop. Chen and Ding [14] presented the problem of
forced convection heat transfer in a microchannel heat
sink with pure water and water-based nanofluids
containing Al2O3 nanoparticles by modeling the
microchannel as a fluid-saturated porous medium.
They reported that the temperature distribution of the
channel wall is practically insensitive to the inertial
effect, while the fluid temperature distribution and the
total thermal resistance alter remarkably due to the
inclusion of flow inertial force. Tokit et al. [15]
numerically studied an interrupted microchannel heat
sink (IMCHS) using nanofluids as working fluids.
They investigated the effects of the transport
properties, nanofluid type, nanoparticle volume
fraction and particle diameter on the IMCHS
performance and found that the highest thermal
augmentation is predicted for Al2O3, followed by
CuO, and finally for SiO2 in the IMCHS. These
authors also reported that the Nu number increased
with the increase of nanoparticle volume fraction and
with the decrease of nanoparticle diameter. Koo and
Kleinstreur [16] simulated laminar nanofluid flow in
microchannels and showed that the addition of
nanoparticles, e.g., CuO-particles of mean diameter
dp = 20 nm at low volume fractions, to high-Prandtl
number liquids remarkably increases the heat transfer
performance of micro heat-sinks. Raisi et al. [17]
numerically studied the thermal performance of a
microchannel considering the effect of both slip and
no-slip conditions on the flow field and heat transfer.
They concluded that the heat transfer rate is
remarkably affected by the nanoparticle volume
fraction and slip coefficient at high Reynolds number.
Kalteh et al. [18] considered an Eulerian two-fluid
model to simulate the nanofluid flow inside the
microchannel and observed that the relative velocity
and temperature between the phases is very small and
negligible and the nanoparticle concentration
distribution is uniform. They also stated that the twophase modeling results show higher heat transfer
enhancement in comparison to the homogeneous
single-phase model. Chein and Chung [19]
experimentally investigated that the better heat
transfer rate for CuO-water nanofluid in a
microchannel compared to the basefluid may be
obtained only at low coolant flow rates.
Fani et al. [20] investigated nanoparticles size
effects on thermal performance and pressure drop of a
nanofluid in a trapezoidal microchannel-heat-sink
(MCHS). They reported that by increasing volume
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concentration, nanoparticles size effect becomes more
prominent and it is observed that increment rate of
pressure drop is intensified for above 150 nm particles
diameter. Unlike the pressure drop, heat transfer
decreases with an increase in nanoparticles diameter.
Also, these authors observed that with an increase in
nanoparticles diameter, average Nusselt number of
base fluid decreases more than that of the
nanoparticles and this signifies that base fluid has
more efficacy on thermal performance of copperoxide nanofluid. Hasan [21] analyzed flow and heat
transfer characteristics in a micro pin fin heat sink
with two types of nanofluids (Diamond-water and
Al2O3-water) in addition to the pure water. He showed
that the use of nanofluid instead of pure fluid as a
coolant leads to enhanced heat transfer performance
by increasing the amount of heat dissipated but it also
leads to increased pressure drop for all fins shapes and
nanofluids studied. Halelfadle et al. [22] focused on
analytical optimization of a rectangular microchannel
heat sink using aqueous carbon nanotubes based
nanofluid as coolant. They showed that use of the
nanofluid as a working fluid reduce the total thermal
resistance and can enhance significantly the thermal
performances of the working fluid at high
temperatures. Singh et al. [23] investigated heat
transfer behavior of nanofluids in microchannel with
hydraulic diameters 218 and 303 μm. They found that
better heat transfer characteristics can be obtained by
higher concentration of nanofluids and by low viscous
base fluids. Jung et al. [24] and Ho et al. [25]
experimentally showed that Al2O3-water nanofluid
outperformed water as the transport media due to
higher heat transfer rate.
To the best knowledge of authors, there is no work
to investigate the effect of nanofluid on the serpentine
microchannel performance. Thus the present study
deals with three dimensional simulations of the
laminar nanofluid flow and heat transfer
characteristics through a serpentine microchannel
considering temperature-dependent properties. Results
of interest such as profiles of nanofluid properties,
temperature distribution, velocity profiles, heat
transfer coefficient, pressure drop, and thermalhydroulic performance as a function of particle
volume fraction are discussed in this paper.

2. Geometry Configuration
In the present study the velocity and temperature
fields are determined in a serpentine microchannel, as

Rahim Mashaei et al./ TPNMS 2 (2014) 86-99

shown in Figure 1. This serpentine microchannel is
made of a succession of 90⁰ sharp bends. The crosssection is a rectangle with an aspect ratio 2 (100µm ×
200µm). Thus the microchannel hydraulic diameter is
133.33µm. The unfolded length of the channel is
5.4mm. As the maximum heat transfer rate occurs
where the flow changes its direction [26], the profiles
are investigated at the last turn, as marked in Figure 1.

inlet, no-slip at the channel walls and zero relative
pressure at the channel outlet. As the mean free path
for liquid molecules is 0.1-1 nm, the channel
hydraulic diameter should be smaller than 1µm to be
in the slip region [27].Thus the no-slip condition on
the microchannel wall is a reasonable assumption to
make for reasonable in this study. The mean velocity
at inlet depends on the Reynolds number and the
nanoparticle volume fractions given in Table 1 For
thermal boundary conditions, a uniform temperature
(295 K) is imposed at the channel entrance and a fixed
heat flux is applied on microchannel wall.
Table 1
Mean velocities at inlet
Re
10
20
50
100

Fig. 1. Considered serpentine microchannel.

3. Governing
Conditions

Equations

and

=8%
0.17
0.34
0.851
1.703

Density:

 nf  (1   )  bf   p

(4)

Specific heat:
(C P ) nf  (1   )(C P ) bf   (C p ) p

(1)

(5)

In the above equations, subscripts ‘bf’, ‘p’ and ‘nf’
refer to basefluid, nanoparticle and the nanofluid,
respectively. Also
is the volume fraction of the
nanoparticles. The effective viscosity of the
Al2O3/water nanofluid with the nanoparticle diameter
(dp) equal to 47 nm is calculated from the relation
presented in [29] based on data obtained in [30]:

Conservation of momentum:
(2)

Conservation of energy:

.( nf V(C p )nf T)  .(knf T )

=4%
0.088
0.177
0.444
0.888

The thermo-physical properties of the nanofluid are
mainly functions of nanoparticle volume fraction and
temperature [28]. In the absence of experimental data,
nanofluid density and specific heat are defined only
as a function of volume fraction:

Conservation of mass:

.(  nf VV)  P  .(  nf V)

=2%
0.083
0.166
0.415
0.83

4. Nanofluid Thermophysical Properties

Boundary

particles, it is expected that the nanoparticles and
basefluid are in thermal equilibrium and they flow at
same velocity.
In the present study, the nanofluid is considered
incompressible withtemperature-dependent properties.
The compression work and viscous dissipation terms
were considered negligible in the energy equation.
Under such assumptions, the general governing
equations are written as follow.

V
. 0

=0 (Water)
0.075
0.15
0.375
0.75

(3)
 nf  0.001( 0.155 

Equations 1 to 3 are solved by using appropriate
boundary conditions. The flow boundary conditions
are a fully developed velocity profile at the channel
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2094.47
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(8)
0.0054
Which S is the curvilinear coordinate and 0.0054 m is
the unfolded length of the microchannel in meter.

)

In this simulation, the thermal conductivity considers
Brownian motion and mean diameter of the
nanoparticles, defined as [31]:
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Fig. 2. Grid independence study for Re=100 and φ = 8%.

Which S is the curvilinear coordinate and 0.0054m is
the unfolded length of the microchannel in meter. The
local heat transfer coefficient, hs , is given by :

Where lbf is the mean free path of the basefluid and
the value of 0.17 nm is considered for water. Bc and
αbf are the Boltzmann constant and the basefluid
thermal diffusivity. dbf and dp are the basefluid
molecule size and nanoparticle diameter, respectively.

hs 

q
(Tb  Tw )

(9)

Where q and Tw are the applied heat flux and the
microchannel wall temperature, respectively. Also, Tb
is the bulk temperature of fluid over the cross-section
area of the microchannel.
The thermal-hydraulic performance factor is defined
as:

5. Numerical Method
The governing differential equations are solved
using the finite-volume method. These equations were
discretized by the power-law scheme. The SIMPLE
procedure is chosen to determine the pressure from
the continuity equation. The solution convergence is
met when the normalized residuals reached 10-6 for all
the equations. In order to assess the grid independence
of numerical solution, a grid independence test is
carried out where five types of mesh are checked. The
effect of grid size on the averaged heat transfer
coefficient for Re=100 and φ = 8% is illustrated in
Figure 2. As it can be seen 930741 (21×41×1081)
nodes provides satisfactory solution for the shown
example.



hr
( P ) r

1/ 3

(10)

Where hr and Δpr are respectively the average heat
transfer coefficient and the pressure drop ratio,
referred to values obtained for the basefluid.

6.1. Code validation
In order to prove the validity and also accuracy of
the model and numerical method, two comparisons
with the available data are carried out. The first
comparison is related to a mini serpentine channel that
all its walls are heated with a constant heat flux and
the water is utilized as fluid working. In this case, the
Nusselt number is compared which is given by the
following definitions:

6. Results and Discussion
The thermal performance of the channel is
characterized in terms of an averaged heat transfer
coefficient along the microchannel unfold length, have,
defined as:
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Nu 

microcchannel for Re=10 andd 100, resppectively.
Accordding to thesee figures, it can be seenn that the
local nnanofluid therrmal conducttivity increasees with a
wavy bbehavior alonng the microochannel for all cases
and thee maximum local thermall conductivityy may be
detecteed on the microchannel waall at the outleet. This is
due thiis fact that thhe nanofluid temperature increases
as fluiid flows towaard the microochannel outtlet. With
compaarison of Figuure 5a and b, oone can easilyy see that
thermaal conductiviity illustratees higher vaalues for
Re=100. In fact, the lower flow raate increases rresidence
time oof nanofluid iin microchannnel more rem
markably,
therefoore the tempperature and thermal connductivity
rises w
with higher raate. The slope of the locaal thermal
conducctivity for Re=100 (ssee Figure 5b) is
approxximately sim
milar for aall particle volume
fractionns, while thhe local theermal conduuctity for
Re=100 (see Figure 5a) increasees with variouus rate at
differeent particle voolume fractioons. The reasoon of this
phenom
menon is eexplained aas follows. As the
nanopaarticle volum
me fraction increases, tthe inlet
velocitty increases aat a fixed Reyynolds numbeer, as well
as the thermal condductivity. Thherefore the inncreasing
rate off nanofluid teemperature deecreases and the local
thermaal conductivitty may increaase with loweer rate, as
shownn for φ=8% in Figure 5a.

qDh
k (Tw  Tm )

(1
11)

w
where Dh is hydraulic diameter off channel. Th
his
ccomparison is illustrated in
n Figure 3. Itt is seen that the
t
rresults of thee present stud
dy are in a good
g
agreemeent
w
with the num
merical resullts of Lasbett et al.[26].T
The
second com
mparison is concerned with
w
the loccal
N
Nusselt numb
ber through a microchann
nel with Re=6
6.9
aand φ=5%. Figure 4 sh
hows remarkaable agreemeent
bbetween the present ressults on the local Nusselt
nnumber and those
t
provided by Islami ett al.[32].

Fig. 3. Comp
parison of preseent numerical results
r
with
those obtaineed by Lasbet et al. (2007).

Fig. 4. Comp
parison of the local
l
Nusselt number
n
betweeen
present simu
ulation and numerical
n
resu
ults (Islami et
e
al.2013) for water-Al2O3 nanofluid
n
with
h Re=6.9 and φ
=5% in micro
ochannel.

6.2. Variatio
on of Nanoflluid Propertiies
As the nanofluid
n
prroperties weere considerred
ttemperature-d
dependent, th
heir variation
n may play a
significant role in flow
f
and heat transffer
ccharacteristiccs of nanofluid forced conv
vection throu
ugh
tthe microchaannel. Figuree 5a and b show therm
mal
cconductivity of nanofluiid on the wall
w
along the
t

Fig. 5. Effect of particle loadding parameteer φ on
nanofl
fluid conductivvity profile along the channeel for: (a)
Re = 110, (b) Re = 1000.

91

Rahim Mashaei et al./ TPNMS 2 (2014) 86-99

are illustrated in Figure 7a and b. According to these
figures, for Re=100, the thermal conductivity
increases as the particle volume fractions increases,
while, for Re=10, the highest values of thermal
conductivity are depicted at φ=4%. This is due this
fact that the higher inlet velocity demonstrably
decreases temperature at Re=10 and φ=8.

This issue becomes more important when the flow
rate is lower and the temperature variation along the
microchannel is more remarkable.
The thermal conductivity profiles along the
horizontal direction of the cross section located at
S=4.95 mm are depicted in Figure 6a and b. They are
provided for various particle volume fractions and two
Reynolds numbers, equal to 10 and 100. It is shown
that the thermal conductivity variation is more marked
at Re=10 and the maximum values occur on the wall
because of higher temperature. It also can be seen that
the values of thermal conductivity are close to each
other for φ=4 and 8% at Re=10. This is due to two
opposite roles played by inlet velocity and thermal
conductivity, both growing with particle volume
fraction. Increased inlet velocity decreases
temperature and thermal conductivity, especially for
lower Reynolds number, while, on the other hand,
thermal conductivity is increasing because of
increased nanoparticle loading

Fig. 7. Effect of particle loading parameter φ on
nanofluid conductivity profile along vertical direction of
cross section at S=4.95 mm for: (a) Re = 10, (b) Re =
100.

Results in term of the local dynamic viscosity are
illustrated in Figure 8a and b for Re=10 and Re=100,
respectively. They are given for different particle
volume fractions, equal to 2, 4 and 8%. It is obviously
shown than the profiles have a wavy and decreasing
behavior for all considered cases. As shown in these
figures, the slope of the profiles related to Re=100 are
shallower due to slower rate of temperature rise.The
dynamic viscosity profiles along the horizontal
direction of the cross section located at S=4.95 mm
are depicted in Figure 9a and b for Re=10 and 100,
respectively. It can be seen that the dynamic viscosity
variation is not remarkable except for Re=10 and
φ=8%. This is due this fact that Al2O3-water nanofluid
with φ=8% is strongly affected by the temperature, as

Fig. 6. Effect of particle loading parameter φ on nanofluid
conductivity profile along horizontal direction of cross
section at S=4.95 mm for: (a) Re = 10, (b) Re = 100.

The thermal conductivity profiles along the vertical
direction of the cross section located at S=4.95 mm
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discussed in [29]. Figure 10a and b show the dynamic
viscosity profiles along the vertical direction of the
cross section located at S=4.95 mm. These profiles are
provided for various particle volume fractions and two
Reynolds number, equal to 10 and 100.

It is noted that the dynamic viscosity profiles have
lower values on the wall and the pick of viscosity
profiles occurs in the middle.
By comparison of Figure 10a and b, it is observed
that the dynamic viscosity gradient is more for
Re=100 because of higher temperature gradient in the
vertical direction for higher Reynolds number.

Fig. 8. Effect of particle loading parameter φ on
nanofluid dynamic viscosity profile along the channel
for: (a) Re = 10, (b) Re = 100.

Fig. 10. Effect of particle loading parameter φ on
nanofluid dynamic viscosity profile along vertical
direction of cross section at S=4.95 mm for: (a) Re = 10,
(b) Re = 100.

6.3. Velocity Field
The values of velocity along horizontal direction of
the cross section at S=4.95 mm for Re=10 and
Re=100 are depicted in Figure 11a and b, respectively,
for considered volume fractions. It can be seen that
with the increase of nanoparticle loading, as it is
expected, the peak of velocity profile will increase.
This produces larger velocity gradient near the wall
which can lead an increased wall shear stress and
higher pressure drops, as discussed in our previous
study [10, 11]. Results in term of velocity profile
along vertical direction of the cross section at
S=4.95mm are shown in Figure 12a and b for Re=10
and Re=100, respectively.

Fig. 9. Effect of particle loading parameter φ on
nanofluid dynamic viscosity profile along horizontal
direction of cross section at S=4.95 mm for: (a) Re = 10,
(b) Re = 100.
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One can see that the velocity profiles are flatter for
Re=100 in comparison with Re=10 for all particle
volume fractions. The reason can be explained as
follows.
The velocity profile illustrated in Figure12 is related
to the cross-section of the last turn of microchannel,
where the secondary flow has a vital role in velocity
and temperature fields. As the Reynolds number is
increased the intensity of secondary flow and the
transverse momentum transfer increase. This leads to
a flatter profile for the main component of velocity.

6.4. Temperature Field and Heat Transfer
Figure 13a and b illustrate the temperature profiles
along the vertical direction of the cross section located
at S=4.95 mm. These profiles are given for various
particle volume fractions and two Reynolds numbers,
equal to 10 and 100. It is obvious that the temperature
is lower for higher volume fraction because of
increased thermal conductivity and inlet velocity.
According to these figures, the uniformity of the
temperature increases as particle volume fraction and
Reynolds number increase.

Fig. 11. Effect of particle loading parameter φ on velocity
profile along horizontal direction of cross section at
S=4.95 mm for: (a) Re = 10, (b) Re = 100.

Fig. 13. Effect of particle loading parameter φ on the
temperature profile along horizontal direction of cross
section at S=4.95 mm for: (a) Re = 10, (b) Re = 100.

Fig. 12. Effect of particle loading parameter φ on velocity
profile along horizontal direction of cross section at
S=4.95 mm for: (a) Re = 10, (b) Re = 100.
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Results in term of temperature profile along vertical
direction of the cross section at S=4.95mm are shown
in Figure 14a and b for Re=10 and Re=100,
respectively. According to these figures, we note that
the temperature decreases, as particle volume fraction
and Reynolds number increase. Also, one can see that
the minimum value of temperature occurs at the
middle of profile where is farther from microchannel
walls; in fact, the lowest value of about 298K is found
at y/H=0.5, Re=100 and φ=8%.

8%. It can be seen that the hr is greater than one for all
considered cases and increases as particle volume
fractions increases. The variation of hr versus
Reynolds number strongly depends on particle volume
fraction; it will increase for φ=8% as Reynolds
number increases, while decreases for φ=2 and 4%.
This is due to more increased inlet velocity at φ=8%,
as can be seen in Table 1. Therefore, among all
considered cases, the maximum value of the average
heat transfer coefficient ratio (hr) is found at Re=100
and φ=8%.

Fig. 14. Effect of particle loading parameter φ on the
temperature profile along vertical direction of cross
section at S=4.95 mm for: (a) Re = 10, (b) Re = 100.

Fig. 15. Effect of parameters φ and Re on: (a) average
heat transfer coefficient and (b) average heat transfer
coefficient ratio.

Results show that the presence of nanoparticles
plays a vital role in heat transfer enhancement. The
average heat transfer coefficient profiles as a function
of Reynolds number are illustrated in Figure 15a for
φ=0, 2, 4 and 8%. In general, the average heat transfer
coefficient increases as Reynolds number and particle
volume fraction are increased. Thus, passing from
φ = 0% to φ =8%, the maximum value of about
55476W/m2 k for have is detected at Re=100 and
φ=8%. As we are also interested in quantifying the
heat transfer augmentation advantages of nanofluids,
the average heat transfer coefficient ratio, hr, referred
to the values obtained for basefluid, is shown in Fig.
15b as a function of Reynolds number for φ = 2, 4 and

6.5. Pressure Drop
It is expected that the use of nanoparticles in
basefluid may have an adverse impact on the pressure
drop because of increased viscosity. The pressure drop
profiles as a function of Reynolds number are
illustrated in Figure 16a for φ=0, 2, 4 and 8%. As it
can be noted, the pressure drop increases as Reynolds
number and particle volume fraction increase, and the
highest value is found at Re=100 and φ = 8%. Figure
16b shows the pressure drop ratio, (∆P)r, referred to
the base fluid, versus Reynolds number. There is a
remarkable difference between values related to
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volume fractions, equal to 0, 2, 4 and 8%. As
illustrated in Figure 17a, one can see that the average
heat transfer coefficient associated with the nanofluid
increases as q is increased because of the increased
nanofluid conductivity, while the average heat transfer
coefficient of basefluid remains constant. On the other
hand, as shown in Figure 12b, the pressure drop
decreases as (q) increases, except for φ=0, because of
decreased nanofluid viscosity. Therefore the use of
nanofluids leads to better performance in the higher
applied heat flux.

φ = 8% with those obtained for φ = 2 and 4%. As
shown in this figure, the pressure drop ratio increases
rapidly as Reynolds number increases for lower
Reynolds numbers, while it is approximately
independent of Reynolds number at higher Reynolds
numbers. This is explained as follows. As the
considered model for dynamic viscosity depends on
temperature, the range of temperature variation along
the channel affects the pressure drop. Therefore, the
variation of pressure drop ratio is more pronounced at
lower flow rate which causes a wider range of
temperature along the microchannel.

Fig. 17.Effect of parameters φ and q on (a) averaged heat
transfer coefficient and (b) pressure drop.

Fig. 16. Effect of parameters φ and Re on: (a) pressure
drop and (b) pressure drop ratio.

6.7. Thermal-Hydraulic Performance

6.6. Effect of Heat Flux on Heat Transfer and
Pressure Drop

As discussed in the previous sections, the use of
nanofluids increases both the heat transfer rate and
pressure drop. In order to investigate the order of
magnitude of the augmentation of heat transfer and
the pressure drop for various Reynolds number and
volume fraction, the thermal hydraulic performance
factor as a function of Reynolds number is depicted in
Figure 18a. It is observed that the thermal hydraulic
performance has different behaviors for various
particle volume fractions. For φ =2 and 4%, thermal

As microchannels may be used under a wide range
of heat flux conditions and we use temperaturedependent properties, it is interesting to determine the
effect of heat flux (q) on heat transfer coefficient and
pressure drop. The effects of q on the average heat
transfer and pressure drop are shown in Figure 17a
and b, respectively. The results are provided as a
function of heat flux and given for different particle
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hydraulic performance decreases as Reynolds number
increases. This is due this fact that the effect of
nanofluid properties on heat transfer and fluid flow is
more remarkable at lower flow rate because of
considering them as a function of temperature. For
φ=8%, thermal hydraulic performance decreases as
Reynolds number increases from 10 to 20 and after it,
the profile will increase. This behavior is due to two
opposite roles played by viscosity, which is more
effective at φ=8%. On the one hand, the increased
viscosity improves heat transfer rate by raising the
inlet velocity at a fixed Reynolds number, but on the
other hand, the increase of viscosity has an adverse1.
effect on pressure drop. The best value for thermalHydraulic Performance can be found at lowest
Reynolds number (Re=10) and middle nanoparticle
volume fraction (φ=4%). The effect of particle
volume fraction on the thermal-hydraulic performance
for various heat loads is shown in Figure 18b. It is
clearly seen that the thermal-hydraulic performance
increases as heat flux increases for all considered
cases due to higher nanofluid thermal conductivity
and lower nanofluid viscosity in higher temperature.

7. Conclusion
A numerical analysis of flow and heat transfer
characteristics of nanofluid in a serpentine
microchannel has been presented. The basefluid is
water and four volume fractions of Al2O3
nanoparticles (φ = 0 (distilled water) 2, 4 and 8%) are
taken into account with a single-phase model.
Furthermore, different Reynolds numbers in the range
10–100 and different heat fluxes in the range 5-15
W/Cm2 are considered. Based on the results obtained,
the following conclusions can be drawn:
1. The local nanofluid properties vary with a wavy
behavior along the microchannel for all cases and the
maximum local thermal conductivity and minimum
local viscosity are detected on the microchannel wall
at the outlet. Also, the variation is more pronounced
for lower flow rate.
2. For all cases, the velocity values increase with
increasing nanoparticle volume fraction, and
consequently the velocity gradient and the shear stress
on the microchannel wall increase.
3. The lowest temperature, higher heat transfer
coefficient, and higher pressure drop occur at highest
particle volume fraction (φ=8%) and Reynolds
number (Re=100).
4. The variation of the average heat transfer
coefficient ratio,( hr), referred to the values obtained
for basefluid, versus Reynolds number strongly
depends on particle volume fraction; it will increase
for φ=8% as Reynolds number increases, while
decreases for φ=2 and 4%.
5. The pressure drop ratio rises as Reynods number
increases and the growing rate of pressure drop ratio
is more remarkable at lower Reynolds numbers.
6. As applied heat flux increases, the heat transfer rate
improves and the pressures drop decrease.
7. The best value for thermal-Hydraulic Performance
can be found at the lowest Reynolds number (Re=10)
and middle nanoparticle volume fraction (φ=4%).
Also, it increases linearly as heat flux increases.
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Fig. 18. (a) Effect of parameters φ and Re on η (b) Effect
of parameters φ and q on η
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