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Abstract. Abstract. The effect of using nanofluids SiO2 with water on generated entropy of a hexagon microchannel heat
sink (HMCHS) was numerically investigated in this research. Due to the sensitivity of entropy to duct diameter, hexagon
microchannel with hydraulic diameters 278 µm were considered. Incompressible laminar flow regime was assumed.
Hexagon MCHS using water as a base fluid with nanofluid (SiO2) at volume fraction 4% and nanoparticle 25nm.
Obtained results signify that SiO2-H2O at heat flux 500 kw/m2 shows lower entropy generation than pure water.
Moreover, when Reynolds number increases, frication entropy generation increases and thermal entropy generation and
total entropy generation are decreases.
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Nomenclature

Dh

qw

specific heat, (J/(kg.K))
hydraulic diameter, (µm)
heat sink height,
thermal conductivity, (W/(m.K))
solid thermal
conductivity,(W/(m.K))
heat sink length, (
heat flux, (kW/m2)
total Generation entropy, (W/K)

ϕ

viscosity, (kg.m/s)
density, (kg/m3)
particle volume fraction

Subscripts
bf
ch
h
hs
nf
np
f

base fluid
channel
hydraulic
heat sink
nanofluid
nanoparticle
fluid

frictional entropy generation, (W/K)

Tin
U, V, W

X, Y, Z
U, V, W
SiO2
Re

Greek symbols

heat transfer entropy generation,
(W/K)
inlet temperature (k)
dimensionless velocity in x, y, z
coordinates
heat sink width,
Microchannel width, (µm)
dimensionless cartesian coordinates
dimensionless velocity in x, y, z
coordinates
silicon dioxide
Reynolds number

1. INTRODUCTION
Along with the rapid development of high
performance computers, over the last decade, the
thermal management of high heat fluxes which are
dissipated by microelectronic devices has become a
challenging issue. A new method of removing large
amounts of heat from small areas is the microchannel
heat sink. Tuckerman and Pease [1] have presented the
idea of the microchannel heat sink (MCHS), to improve
the thermal performance of the electronic devices.
Water flow and heat transfer characteristics are
influenced by the microchannel’s geometrical
parameters, which were numerically investigated by
Alfaryjat et al. [2]. This study covers Reynolds number
values in the range of 100–1000 when the heat flux is
maintained at 500 kW/m2. It investigates the effects of

three different channel shapes (hexagonal, circular, and
rhombus) on the MCHS performance. The
investigations found that the hexagonal cross-section
MCHS is the best channel shape for the heat transfer
coefficient and pressure drop.
The performance of micro-electromechanical systems
(MEMS) in heat transfer devices and engines improves
as the ability of a fluid medium to transfer large
amounts of heat through a minor temperature difference
increase, which in turn enhances the efficiency of
converting energy in these devices. This circumstance
has led to the appearance of a new group of coolants
that make use of nanofluids. The heat transfer
performance of liquids, including suspended solid
nanopowders, was investigated by Choi et al. in 1993
[3]. Nanofluids represent a new type of heat conducting
fluids which are made up of a base fluid containing
suspended nanosized particles, in the range of 1~100
nm. As solid particles exhibit higher thermal
conductivity than the conventional base fluid, it is
expected that the addition of solid nanoparticles will
increase the effective thermal conductivity of the
nanofluids.
In addition to the analysis based on basic
conservation laws, the second-law analysis is critical to
understanding entropy generation attributed to
thermodynamic irreversibility, which proves of use in
studying the optimum operating conditions when
designing a system with less entropy and destruction of
available work (exergy) in accordance to the Gouy–
Stodola theorem which states that the available work
that is lost is directly proportional to entropy generation.
Bejan [4] referred to this engineering research method
as Entropy Generation Minimization (EGM) and
addressed its derivations and applications in a large
number of thermal engineering applications.
Tabrizi and Seyf [5] numerically investigated the
effect of using Al2O3–water nanofluids having different
volume fractions and particle diameters on the
hydrodynamic performance, generated entropy and heat
transfer characteristics of a tangential micro-heat sink
(TMHS). It is obvious that, when compared to pure
water, nanofluid coolant exhibits a lower total entropy
generation rate and, when the volume fraction increases,
the total and heat transfer entropy generation rate
decreases. Furthermore, it is evident that the frictional
contribution of the entropy generation rate increases
when the volume fraction increases, which means that
when the volume fraction is increased, the system’s
hydrodynamic efficiency decreases, however the
amount of enhancement in frictional entropy is very
small, especially at lower Reynolds numbers. A
decrease in the diameter of the nanoparticles decreases
heat transfer and total entropy generation rates due to
the nanofluid’s higher thermal conductivity at lower
particle diameters, and consequently higher heat transfer
enhancement. When increasing the inlet Reynolds
number, the frictional irreversibilities of entropy
generation rate increase, while the heat transfer

contribution and total entropy generation rate decrease.
Therefore, a higher inlet Reynolds number results in
higher cooling efficiency for the heat sink.
Li and Kleinstreuer [6] studied entropy generation in
three trapezoidal microchannels of different sizes for
steady laminar flow of pure water and CuO-water
nanofluids. It was concluded that the maximum
frictional entropy generation rate occurs in particular the
middle part of the walls. System entropy generation
decreases with the fluid inlet temperature increases.
Frictional entropy generation becomes progressively
more important when fluid inlet velocity increases.
Hajialigol et al [7] numerically studied mixed
convection and performed a second law of
thermodynamics analysis for a three-dimensional
microchannel filled with a nanofluid exposed to a
magnetic field. The results show that the heat transfer
increase achieved by increasing the volume fraction is
larger at higher Reynolds numbers. The suppression
effect of the magnetic field is exhibited only in the
central region. The heat transfer from the microchannel
walls to the nanofluid also increases as the Hartmann
number is increased. Total entropy generation decreases
when the magnetic strength and volume fraction
increase or the aspect ratio decreases.
Hassan et al [8] theoretically researched how
entropy generation is influenced by heat transfer and
flow in nanofluid suspensions. The selected fluid model
was a conventional nanofluid of alumina-water (Al2O3H2O). Minichannels- and microchannels with diameters
of 3 mm and 0.05 mm were considered, and a laminar
flow regime was assumed. It is seen that the entropy
generation ratio increases when the solid volume
fraction increases. It was observed that the ratio of
entropy generation for the nanofluid over the base fluid
is higher than unity, and the ratio increases when the
solid volume fraction increases. Consequently, the use
of the alumina-water nanofluids in microchannels is not
recommended. In minichannels, however, the entropy
generation rate ratio is less than one and decreases with
each increment in the solid volume fraction. Therefore,
the application of alumina-water nanofluids to a
minichannel is advantageous.
Nasiri et al [9] numerically studied the convection
flow of Fe3O4-water in a microchannel heat sink with
offset fan-shaped reentrant cavities. The results show
that the average frictional entropy generation increases
and thermal entropy generation decreases as the
Reynolds number increases. In addition, the results
presented that increasing the magnetic field’s power
causes a decrease of total entropy generation.
Sohel et al [10] investigated different types of
entropy generations in the circular shaped
microchannel, and analytically discussed the
minichannel using different types of nanoparticles and
base fluids. This analysis used Copper (Cu), alumina
(Al2O3) as the nanoparticle and H2O, ethylene glycol
(EG) as the base fluids. It was found that Cu–H2O
nanofluid exhibited the highest decreasing entropy

generation rate ratio (36%) compared to the nanofluids
flow through the microchannel at 6 vol.%. The higher
thermal conductivity of H2O results in a much lower
thermal entropy generation rate compared to that of the
EG base fluid. The fluid friction entropy generation rate
decreases by increasing the volume fraction of the
nanoparticles. Smaller diameters exhibited less entropy
generation in for all nanofluids.
Ting et al [11] investigated the nanofluid entropy
generation
in
asymmetrically
heated
porous
microchannels. The results display that the thermal
asymmetries significantly affect the temperature
distribution and as a result the heat transfer
irreversibility in the system. In addition it was observed
that the suspension of nanoparticles decreases the
deviation between the thermal equilibrium and nonequilibrium models to less than 10%. In addition, the
thermal performance and entropy generation of water–
alumina nanofluid flows in porous media embedded in a
microchannel under local thermal non-equilibrium
condition was also investigated [12]. It was found that,
for a high-aspect ratio microchannel, entropy generation
decreases with the nanoparticle volume fraction in lowReynolds-number flow. This trend reverses when the
Reynolds number goes above the threshold value, at
Reth =100. As a consequence, nanofluid is found to be
advantageous over the base fluid only in low-Reynoldsnumber flow, with a total entropy generation reduction
of 16%.
Ting et al [13] analytically studied the effect of
streamwise conduction on the entropy generation of
low-Peclet-number nanofluid flow in circular
microchannel heat sinks under exponentially decaying
wall heat flux under constant pumping power
conditions. The results show that the nanoparticle
suspension increases entropy generation when the heat
transfer irreversibility is dominant at a small Peclet
number.
Singh et al [14] presented a theoretical investigation
of the entropy generation analysis due to flow and heat
transfer in nanofluids. Alumina–water nanofluids were
the model fluid. They have considered three different
tube diameters under different regimes. Those are
microchannel (0.1 mm), minichannel (1 mm) and
conventional channel (10 mm). It was found that the
Al2O3-H2O with high viscosity nanofluids is a better
coolant for use in minichannels. Moreover, it was
observed that, at lower tube diameters, flow friction
irreversibility is more significant and at higher tube
diameters, thermal irreversibility is more.
Mah et al [15] analytically reported the effect of
viscous dissipation on entropy generation in fully
developed laminar forced convection of water–alumina
nanofluid in circular microchannels. The results show
that, when the viscous dissipation effect is taken into
account, the heat transfer coefficient decreases with the
nanoparticle volume fraction largely in the nanofluid
laminar flow regime in the microchannel. The entropy

generation increase induced by increasing the
nanoparticle volume fraction is attributed to the increase
of both the nanofluid thermal conductivity and
viscosity, which causes boosts the heat transfer and
fluid friction irreversibilities, respectively.
Based on the above literatures, it is found that there
are a very limited number of studies available
concerning entropy generation in hexagon microchannel
heat sinks operated with nanofluids. In the future,
microchannel heat sinks which use nanofluids are
expected to be good candidates for cooling devices.
This paper focuses on entropy generations in a hexagon
microchannel system with nanofluids in laminar flow,
where the irreversibility's friction and heat transfer
factors were considered.

2. METHODOLOGY
The calculation aspect of this study evaluates
the entropy generation analysis for hexagon
microchannels. This section presents the input data
and mathematical equations. For the input data, the
section includes the hexagon MCHS diagram and
the material properties. The mathematical
equations section includes the equation to measure
the nanofluid’s thermo-physical properties and
entropy generation. The entropy generation
equation for the Hexagon microchannel heat sink
was taken from Li and Kleinstreuer [6]. Fig. 1
shows the microchannel heat sink diagram and
illustrates the nanofluid flow through a hexagon
microchannel having a constant cross section and a
hydraulic diameter of 278 μm. For the symmetry
advantage, a control volume (channel 14) is
selected to study the entropy generation model.
The dimensions of the microchannel heat sink and
the hexagon cross-section shape are given in Table
1. The top surface of all control volumes is heated
with a different heat flux of (125, 200 and 500)
kw/m2. The bottom of the control volume is
thermally insulated and the side walls are
symmetrical. The water inlet temperature is 290 K.
The Reynolds number for all channel cross
sections varies between 100 and 1500.
Hexagon
L (µm)

10,000

W (µm)

22,000

H (µm)

1500

Dh (µm)

278

Wch (µm)

788

Fig. 1. (a) Schematic diagram of the computational domain, (b) Microchannel heat sink

2.3 Governing equations
The computing domain consists of a fluid and a
solid part. In the fluid part the flow is laminar and
governed by the Navier-Stokes equation system
involving all continuity, momentum and energy
equations. Since the fluid is incompressible and the
thermo-physical properties are considered constant
with respect to the temperature, the energy
equation is uncoupled from the continuity and
momentum equations. In the solid part of
computing domain only the energy equation is
needed to model the temperature field
The non-dimensional governing equations of
continuity, momentum and energy are [16]:
The Continuity equation is:
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The energy equation is:




V
W

X
Y
Z
1   2  2  2 





Re . Pr  X 2 Y 2 Z 2 

U

(5)

The dimensionless parameters are:

X

x
y
z
,Y 
,Z 
,
Dh
Dh
Dh

U

u
v
w
,V 
,W 
uin
uin
uin .

2.1. Thermophysical Properties of Nanofluid
The thermophysical properties of the water and
the SiO2-H2O nanofluids (volume fraction 4% and

nanoparticle 25 nm) at 290 K are listed in Table 2.
The nanofluid’s physical properties equations, such
as density, thermal conductivity, heat capacity and
viscosity can be obtained from the following
equation, as stated by Ghasemi and Aminossadati
[16]:

c 

(6)

 1   c p bf   c p np

 nf  1    bf

(7)

   np

(8)

Nanofluids thermal conductivity has been obtained
by Vajjha et al. [17]:

k eff  k static  k brownian

(9)

 k np  2k bf  2(k bf  k np ) 
k static  k bf 

 k np  2k bf  (k bf  k np) )  (10)
kbrownian  5  10  bf c p.bf
4

J
k

(12)

Modeling function (SiO2), β:

  1.9526(1000 ) 1.4594

(13)

Modeling function (T, Ø) [40].
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The effective viscosity equation of the nanofluids
can be calculated based on Corcione [18].
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Table 2: Thermophysical properties of water and nanoparticle SiO2.

Properties
Density, ρ (kg/m³)
Specific heat, cp (J/kgK)
Thermal conductivity, k (W/mK)
Dynamic viscosity, μ (Ns/m²)

In the convection process, the overall rate of
volumetric entropy generation equation is linked
as.


(17)

Where Ω represent the computing volume,
obviously it consists of fluid and solid parts. For
the solid parts only the thermal term of entropy
generation equation is computed [17]:
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2.3. Entropy Generation of Nanofluid
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where ϕ is the frictional dissipation function and
it’s computed as follow [17]:
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2.5 Numerical procedure
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The calculations pertaining to the numerical
simulations were carried out by solving the
governing conservation equations (Equations. (1) –
(5)) using the finite volume method (FVM)
together with the corresponding boundary
conditions [18].The equations used for both the
solid and fluid phase were solved simultaneously

as a single domain conjugate problem. The MCHS’
flow field was solved using the SIMPLEC
algorithm [19]. The geometry of the CFD region
was determined and the mesh was generated using
the GAMBIT program. By applying the CFD
techniques, geometrical parameters’ effects on the
MCHS were investigated, water being used as the
base fluid. For the convective terms, the secondorder upwind differencing scheme was considered.
Finding the velocity components required solving
the momentum equation. The continuity equation
was used to update the pressure. The continuity
equation does not have any pressure, but it can be
easily transformed into a pressure correction
equation. The convergence criterion required that
the relative maximum mass residual dependent on
the inlet mass be smaller than 1 and the velocity
components did not change from iteration to
iteration.
3. RESULTS
3.1. Friction Entropy Generation:
Fig. 1 shows the overall rate variation of the
friction entropy generation rate inside the microchannel for both fluids. Since the fluid thermosphysical properties are considered constant, the
value of qw does not influence the velocity fields.
As a result the variations are the same for all
values of heat flux. As expected, the overall rate of
friction entropy generation increases with respect
to Re number. In the same time, the values of Sgen,f
are greater for nano-fluid than for pure water and
the difference between them grows with Re. From
fig. 1 one may find that, at Re=1400, the nanofluid flow creates a friction irreversibility five time
greater than the pure water flow. This behaviour is
due to the higher value of nano-fluid viscosity
which at its turn determines higher velocity
gradients than in the case of pure water flow.
Cleary the nano-fluid flows determine lower
frictional efficiencies than the flows of pure water.

Fig.2. Frictional entropy generation rate as a function of
Reynolds number for different heat flux.

3.2. Thermal Entropy Generation:
Fig. 2 a-c shows the thermal entropy generation
rate in a hexagon microchannel heat sink for
nanofluid SiO2-H2O and pure water for different
heat fluxes. The results indicated that the thermal
entropy generation decreases when the heat flux
decreases. Moreover, SiO2-H2O shows lower
thermal entropy generation than pure water. This is
due to the high thermal conductivity of this
nanofluid, which, for a given qw, determines lower
temperature gradients. As the Reynolds number is
growing, as the temperature gradients, as well as
the temperature levels are diminishing, so that the
increase of Reynolds number lead to decrease the
overall rate of thermal entropy generation
component.

generation is the same for both fluids. At lower
values than Reeq, the nanofluid have to be chosen
while at higher values the pure water have to be
used in order to lower the overall irreversibility.
When targeting the minimum value of entropy
generation one has to select one of the two
considered fluids depending on qw level.

Fig. 3. Thermal entropy generation as a function of Reynolds
number for different heat flux

3.3. Total Entropy Generation
The overall rate of the total entropy generation of
SiO2-H2O and pure water for different heat flux is
showed in Fig. 3 a,b,c. For heat fluxes between
125 and 500 kW/m2, the results appeared that the
SiO2-H2O has lower entropy generation than pure
water in Reynolds number range from 100 to 1400,
then pure water value shows lower entropy
generation than SiO2-H2O. The Re number, Reeq,
for which the two fluids generate the same
irreversibility is growing as qw increases. At lower
values of qw, the overall irreversibility is
dominated by the thermal component in a narrow
Reynolds number interval. Beyond it, the viscous
component prevails. The Re interval of thermal
dominated irreversibility enlarge as the qw grows
because the overall rate of thermal entropy creation
increases while, the overall rate of viscous entropy
generation remains unchanged. On the other hand,
one have previously seen that Sgen,th is always
lower for nanofluid than for water while the Sgen,f is
always higher. So, the trade of between these
irreversibility components determines the growth
of Reeq for which the overall rate of entropy

Fig. 4. Total Entropy generation rate as a function of Reynolds
number for different heat flux

4. CONCLUSION
The effects of nanofluid (SiO2-H2O) on entropy
generation of hexagon microchannel heat sink are
analyzed in this work. 3D governing equations of
laminar and incompressible fluid flow have been
solved using finite volume method. Based on the

above simulated results, the following conclusions
can be drawn:










Friction entropy generation of nanofluids
show higher value than pure water for
different heat flux, also when heat flux
increase the friction entropy generation
keep constant.
Increasing heat flux caused increasing in
the thermal entropy generation and total
entropy generation.
SiO2-H2O nanofluid show lower thermal
entropy generation than pure water for
different heat flux.
For the heat flux 125 and 200 kw/m2,
SiO2-H2O appeared lower results than pure
water for Reynolds number between 100 to
700, and it increases when Reynolds
number increases.
At heat flux 500 kW/m2, the total entropy
generation of nanofluid SiO2-H2O shows
lower value than pure water for Reynolds
number varying between 100 to 1500.
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