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Abstract— The effects of nanofluid on laminar

forced convection and entropy generated in a
channel with a triangular obstacle set in the
middle are investigated in the present paper by
numerical methods. The numerical scheme is
based on Control Finite-Element Method with
the SIMPLER algorithm for pressure-velocity
coupling. The fluid temperature at the channel
inlet (T.) is taken less than that of the walls (T}).
A wide spectrum of numerical simulations has
been done over a range of Reynolds number,
nanoparticles volume fraction and the aspect
ratio. The influence of these parameters is
investigated on the local and average Nusselt
numbers and on the entropy generated.
Numerical results, as obtained for CuO-water
nanofluid, show that the inclusion of
nanoparticles into the base fluid has produced
considerable increases of generation entropy and
the heat transfer. Also the results have also show
that, in general, the heat transfer and entropy
generated enhancement  also increases
considerably with an augmentation of the
Reynolds number.
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l. INTRODUCTION

The forced convection heat transfer in a
channel has relevance in many applications
technologies, such as solar receivers exposed
to wind currents, high performance boilers,
nuclear reactors cooled during emergency
shutdown, power plants, extrusion processes,
glass fiber production and crystal growing [1-
3]. Management of heat transfer for its
enhancement or reduction in these systems is
an essential task from an energy saving
perspective [4-7].

Most traditional fluids, such as water,
ethylene glycol, and oil, have limited heat
transfer capabilities, which in turn, may
impose severe restrictions in many thermal
applications. So we must seek new strategies
in order to improve the effective thermal
behaviors of these fluids. With the progress in
nanotechnology and thermal engineering,
many efforts have been devoted to heat
transfer enhancement. On the other hand, most
solids, in particular metals, have thermal
conductivities much higher compared to that of
conventional fluids.

This is an era of emerging high heat flux
devices such as computing chips, energy dense
LASER applications, opto-electronics and
super conducting magnets. The cooling
requirements for these devices are enormous
and require new strategies including the usage
of new fluids. Suspending highly conducting
solid particles in the coolant is one of the
solutions to the above problem; however such
slurries have a lot of practical limitations,
primarily arising from the sedimentation of
particles and the associated blockage issues.
These limitations can be overcome by using
suspensions of nanometer-sized particles
(nanoparticles) in  liquids, known as
‘nanofluids’.

Research on the thermal behavior of
nanofluids has shown significant enhancement
in heat transfer as compared to conventional
slurries. Xie et al. [8] observed an
enhancement of thermal conductivity up to
38% in the study for pump oil-based
suspensions containing alumina particles with
specific surface areas of 25 m2/g and at a
volume fraction of 0.05. Assael et al. [9]
investigated the enhancement of the thermal
conductivity of water in the presence of carbon
multiwall nanotubes. The thermal conductivity
was measured with a transient hot-wire
instrument built for this purpose, and operated
with a standard uncertainty better than 2%.



Xue et al. [10] performed a nonequilibrium
MD simulation to study how the ordering of
the liquid at the liquid-solid interface affects
the interfacial thermal resistance. They
suggested that the experimentally observed
large enhancement of thermal conductivity in
suspensions of solid nanosized nanoparticles.

Improving the thermal conductivity is the
key idea to improve the heat transfer
characteristics of conventional fluids. It is a
well known fact that metals in solid form have
higher thermal conductivities than those of
fluids. It has been shown in many references
that, fluids containing suspended metal
particles are expected to manifest significantly
enhanced thermal conductivities relative to
pure fluids [11-20]. The use of nanosize solid
particles as an additive suspended into the base
fluid (nanofluids) is a technique for the
enhancement of heat transfer. Besides
enhanced heat transfer, it is also found that the
nanofluids eliminate most of the problems
arising with  micro size slurries like
sedimentation, clogging of small channels,
erosion, excessive pressure drop, etc. Thus,
nanofluids have greater potential for heat
transfer enhancement and are highly suited to
application, in practical heat transfer processes.

The flow passing through a bluff body
placed in the channel has been one of the most
interested topics and occurs in many
engineering applications such as the cooling of
electronic components and heat exchangers.
Enhancement of heat transfer by a bluff body
placed in channel with devices leaves a topic
of interest and has been investigated by
researchers [21-26]. Wang et al.[23] reported
that significance increase in heat transfer
occurs as the flow becomes unsteady for a
channel that has built in-line and staggered
ribs. They reported that for an in-line case, the
flow become unsteady at Reynolds number
around 110 while for the staggered case this
value is around 200. Mousa Farhadi et al [27]
have studied numerically, the effect of wall
proximity of a triangular obstacle on fluid flow
and heat transfer in a horizontal plane channel.
Results show that the vortex formation at the
downstream of the obstacle has a main effect
on the flow separation over the surface of the
lower channelwall. Mohsen cheraghi et al [28],
have studied the effect of cylinder proximity to
the wall on channel flow heat transfer
enhancement. The results show that the heat
transfer increases from channel walls as a
result of flow acceleration and vortex shedding
phenomena.

Secondly Sasikumar and Balagi [29] have
made a study for maximization heat transfer
and minimization the heat transfer. The results

show that, the greatest disadvantage of the
entropy generated by the system is the
reduction in the available energy of the system.
Bejan [30] studied the effect of Reynolds
number on the entropy generated. The made
minimizing, gives an optimal Reynolds
number where the entropy generated is
minimal. Nag and Kumar [31] have performed
a law optimization for a channel subjected to
constant heat flux. They determined an
optimum value of the initial temperature
difference required for maintaining the entropy
of the system at its minimum possible level.

1. GEOMETRICAL CONFIGURATION AND
BOUNDARY CONDITIONS

In this study, the 2-D confined flow of an
incompressible nanofluid in a channel with a
built — in long equilateral triangular cylinder is
investigated as shown in figure 1.
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Fig.1 Schematics of the flow around a confined triangular
cylinder.

The tow walls are at constant high
temperature Th whereas the incoming flow is
assumed to be in a constant low temperature
Tc. The obstacle is supposed to be adiabatic,
then doesn’t contribute to any heat transfer and
is exposed to a parabolic velocity field with
maximum velocity Um. This practical situation
is especially encountered in high performance
boilers, cooling the blades of gas turbines.

Dimensionless boundary conditions are as
follows:

At the channel inlet:u = % y(4-vy),
v=0and =0

At the channel walls: u=0, v=0and

0=1

At the channel exit: The Convective

Boundary Condition (CBC) for u, v and 0 is



used and the rate flow condition is imposed:
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At the obstacle: u=0, v = 0, and the
conduction equation is solved for 6 imposing

Neumann boundary condition at the walls:
00

— =0, where n is the outward vector

on

normal to the wall.

The convective boundary condition
(CBC) is formulated as:

R
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Where ¢ = u, v or 6 and uav is the average
channel inlet velocity. As reported by Sani and
Gresho [32] and Sohanker et al. [33], CBC
predicts correctly the flow at the exit especially
when vortices leave the domain. CBC allows
vortices to smoothly pass away from the
computational domain then, minimize the
distortion of the wvortices and reduce

perturbations that reflect back into the domain.

1l. GOVERNING EQUATIONS
For the 2-D incompressible flow, the non-

dimensional forms of the continuity, the x-and
y- components of momentum and energy
equations may be expressed in the following

form:
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Where u , p and 6 are the velocity, pressure,
and temperature fields, respectively. Lengths

are scaled by the square height h, pressure by

pnfxum2, where p is the fluid density and um
is the peak inlet velocity, time by h/um and
temperature by the imposed temperature
difference between the walls and the incoming
flow. Re and Pr are the usual Reynolds and
Prandtl numbers.

The heat transfer performance is measured by
space and time averaged Nusselt number

which can be evaluated as:
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Where the time interval (12 - t1) is the period

of oscillations of the space averaged Nusselt

number (L‘ih_@dx). The two integrals of
0

equation (5) are numerically evaluated by the

Simpson’s method which is fourth order

accurate.

The wake oscillation frequency fr is
parameterized by the Strouhal number defined

as:

st=—10 9

V. FORMULATION FOR ENTROPY

CALCULATION

After obtaining the temperature
distribution of the fluid flowing inside the
channel and along the fins, the entropy
generated by the system is calculated [34,35].
This consists of two parts (1) entropy
generation due to heat transfer and (2) entropy
generated due to fluid friction.

The local entropy generation resulting from
heat transfer can be calculated as:

=25 @0




The entropy of the system due to fluid friction
on account of pressure drop is determined by
using Newton’s law of viscosity in which we
estimate the total power consumption from the

shear stress developed and can be elucidated as

follows:
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The local total entropy is given by the follows
expressing:
s; :s.h + S.f (13)

The dimensionless total entropy generation is
the integral over the system volume of the
dimensionless local entropy generation:

ST :Is;- ov (14)
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V. NUMERICAL METHODOLOGY
The combined continuity, momentum

and energy equations are solved using a
control volume finite element method adapted
to the staggered grid. This method was
inspired from the classic finite volume of
Patankar [36] with some arrangements. The
SIMPLER algorithm was applied to resolve
the pressure—velocity coupling in conjunction
with an Alternating Direction Implicit (ADI)
scheme for performing the time evolution.
When the conservation equation is integrated
through the control volume, a Simpson method
which is fourth order accurate in space has
been used. More details about the numerical
method and the validity of the computational
code used in this work are available in Abbassi
et al. [37] and Abbassi [38].

VI. RESULTS AND DISCUSSIONS

A. Grid independence and time step

To check the effect of grid spacing,
computations have been performed for four
different meshes with G1: 201 x 41, G2: 310 x
65, G3: 360 x 83 and G4:380x101 non uniform
grids using the square cylinder for Re=100, Pr
= 0.71 and d=1.5. Results concerning the
Strouhal number St and averaged Nusselt
number Nu values obtained with these
different grids are tabulated in Table 1. The St
and Nu values undergo a variation of 12.8%
and 10.3% when we pass from G1 to G2 grid
systems respectively
and 1.7%, 2.3% and 2.4 % when we pass from
G2 to G3 grid systems respectively. Results
given by G3 and G4 grids are close to each
other. We can conclude that the G3 grid
guarantees widely the independence of
numerical results from the spacing mesh. In all
the following study the G3 grid is used. The
Strouhal number was found to be St =0.169
which is in the range of values St =0.165-0.170
found by the simulations of Sohankar et al.
[36] for two-dimensional calculation of the
square cylinder for various blockage and grid
resolution parameters. It is also close to the
value of St = 0.166 found by Muck et al. [39].
These results show the validity of the code

used to achieve this study.



TABLE | GRID INDEPENDENCE STUDY. RE=100 AND D=1.5
FOR SQUARE CYLINDER.

GL: 201x41 G2: 310x65 G3: 360x83 G4: 380x101 =
i@ | oossaxs<ol 0.0625< Ax < 0.1 0.05 < Ax <0.085 0.04<Ax <0.075 =
Gri Ay=0.1 0.055< Ay<0.075 0.033 < Ay<0.05 0.025 < Ay < 0.045 =
St 0.1973 0.1720 0.1691 0.1638
Nu 1.2911 1.1582 1.1315 1.1307

B. Effect of Reynolds number on the

flow

Figure 2 shows the structure of the
flow in the vicinity of the long equilateral
triangular obstacle for different Reynolds
numbers varied from 40 to 140. The
nanoparticles volume fraction is set to 1%.
For low Reynolds numbers, the viscous force
dominates the flow here (fig 2a), the creeping
steady flow past the obstacle triangular
cylinder persists without separation. As the
Reynolds number gradually increased, the
magnitude of viscous forces decreases until a
certain value (Re=60), at which the flow
separates from the rear edge of the triangular
obstacle and forms tow symmetrically placed
vortices above and below the mid plane, that
rotate in opposite directions, as shown in fig
2(b-e). This phenomenon, well known as the
von karman vortex streets. Further increase the
Reynolds number beyond the Rec, the
oscillations in the wake grow in magnitude,
and this state begins to shed vortices into the
stream. For this study the critical Reynolds

number is found to be Re=60.

Fig 2. Instantaneous vorticity for different Reynolds
number (a) Re=40, (b) Re=60, (c) Re=70, (d) Re=100 and
(e) Re=140.

C. Local Nusselt number

Local bottom wall Nusselt number in the
presence of the triangular cylinder obstacle for
different Reynolds number and for varies
nanoparticles volume fraction is shown in
figure 3.

In the inlet region, a thermally developing
flow exists, and all curves show nearly
identical. For Re=40, the Nusselt number is
very higher near y=0, decreases monotonically
until reaching the obstacle, after attaining a
maximum value it decreases in the far wake
due to the effect of splitter after the obstacle.
The addition of nanoparticles in the base fluid
accelerates the nanofluid flow inside the
channel. That why local Nusselt number
increases with a nanoparticles volume fraction.

For Re=140, the effect of the presence of
the obstacle is more important. The Nu curve
is well disturbed, but appears floating above
the dashed line because the vortex shedding
after the triangular cylinder is unsteady.
Secondary, peaks and crest further downstream
occur and increases as a function of
nanoparticles volume fraction.

An immediate conclusion can be made: the
periodic flow increases with nanoparticles
volume fraction increase, and promotes the
heat transfer. This heat is diffused by the Von
Karmen street vortex.
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Fig. 3 Variation of the instantaneous Nusselt number, a
function of nanoparticles volume fraction and for different
Reynolds number.

D. Effect of the nanoparticles
concentration on the average heat
transfer

The influence of addition of nanoparticles
in base fluid on the Nusselt number is show in
figure 4. It can be seen that Nusselt number
increases with the nanoparticles volume
fraction. This implies that the amelioration of
heat transfer rate, depends of nanoparticles and
it increases with its volume fraction.

Therefore the dispersing, of CuO nanoparticles

in the water can effectively increase the heat

transfer even higher than that of the pure
water. For

instance, the heat transfer of

suspension containing solid particles (10%),

lead to a heat transfer enhancement of more
than 18,2% in comparison with that of water.
We can notice here again similar
behaviors regarding the influence of the
Reynolds number (Re). The average Nusselt
number has increased from 16% (Re=40), from
17% (Re=80) and from 18,2 (Re=140) for ¢
varying from 0% to 10%. We may see, here
again, that the increase of Nu with respect to

the parameter @, become very pronounced for

higher Reynolds number, say for Re=140.

4.80
4.50
4.20
3.90
3.60
3.30
3.00
2.70

Nu

2.40
2.10
1.80
1.50

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11
volume fraction

Fig. 4 Influence of parameter ¢ on average Nusselt
number.

E. Effects of nanoparticles concentration
on entropy generation

Figure 5 shows the variation of
entropy generated by the system with
nanoparticles volume fraction for different
Reynolds number and as expected, it increases
linearly with nanoparticles concentration.

The entropy generated has increased
from 17.74% (Re=40), from 20.32 (Re=80)
and from 20.52 (Re=140) for ¢ varying from
0% to 10%. So we can conclude that although
the increase of nanoparticles volume fraction
and Reynolds number increased the heat
transfer, increased

also yet it entropy

generated. The greatest disadvantage of the



entropy generated by the system is the
reduction in the available energy of the system.

For example, for (Re=40) and a
nanoparticles concentration varied from 0% to
10%, the heat transfer is improved by 16%,
whereas the entropy generated increases by
17%. Therefore the addition of nanoparticles in
the base fluid (water) improves the heat
transfer, but also increases the energy loss by

the system.
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Fig.5 Variation of entropy generated by the system, with
nanoparticules volume fraction, for different Reynolds
number.

VII. CONCLUSIONS
The convective heat transfer

performance and entropy generated of CuO-
water nanofluid in a channel has been studied
numerically. Simulation results have revealed
that heat transfer increases as a result of flow
acceleration and vortex shedding phenomena.
The presence of nanoparticles increases the
convective heat transfer coefficient and the
entropy generated by 18.2% and 20%
respectively than that of the original base fluid
under the same Reynolds number. For the
same volume fraction, it was found that as the
Reynolds number increases, the heat transfer

and the entropy generated increases.

In conclusion, this study has provided a clear
insight into the thermal behavior of a nanofluid
in a channel. l.e of the advantages and the
disadvantages of the presence of nanoparticles,
which increasing the heat transfer but increases
the loss of energy by the system. The results
found can easily be leveraged for various
practical heat transfer and thermal applications
to bring about a dynamic advancement in the

field of nano scale heat transfer.
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