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Abstract
The effects of nanoparticle dispersion (¢ =0,0.025,0.05) on solidification of different type of
mixture of nanofluids namely, Cu-water, TiO.-Water and Al,Os-Water nanofluid inside a vertical
enclosure are investigated numerically for different Grashof number (Gr =10,10°,10°). An enthalpy

porosity technique is used to trace the solid and liquid interface. Comparisons with previously published
works show the accuracy of the obtained results. A maximum of 16% decrease in solidification time for
Gr=10% in comparison with Gr=10° was found with the Cu nanoparticles and 0.2% volume fraction. It
was observed that dispersion of nanoparticles can be used to control the solidification time based on
enhancing conduction heat transfer mechanism of solidification.
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1. Introduction

Mixed convection in ventilated cavities has received a sustained attention, due to the interest of
the phenomenon in many technological processes and engineering systems, such as the design of solar
collectors, thermal design of buildings, air conditioning solar energy storage, heat exchangers,
lubrication technologies and drying technologies. In ventilated enclosures, the interaction between the
external forced stream and the buoyancy driven flow induced by buoyancy forces could lead to complex
flow structures. Various researchers have carried out investigations into the effect of mixed convective
flows in rectangular enclosures. [1-3]. Heat transfer fluids such as water play important roles in many
industrial applications, but low thermal conductivity is a primary limitation in the development of
energy-efficient heat transfer fluids. Therefore a new class of heat transfer fluids known as nanofluids
can be designed by suspending metallic nanoparticles in conventional heat transfer fluids. Use of
metallic nanoparticles with high thermal conductivity will increase the effective thermal conductivity of
these types of fluid remarkably. A numerical study of natural convection of copper—water nanofluid in
a two dimensional enclosure was conducted by Khanafer et al. [4]. Other researches have been
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conducted that simulate the convection heat transfer using nanofluid in the other geometrical
configurations [5-12].

The aim of the present study consists in studying numerically a mixed convection flow and heat transfer
of Cu-Water nanofluid in a ventilated cavity with constant heat flux on one of its vertical walls. In this
analysis, the forced flow enters the cavity through an opening located in the middle of the heated vertical
wall and leaves it from an opening located at the end of top opposite adiabatic wall. Indeed this geometry
has the potential application in a cooling of electronic device. In the end, the consequence of varying the
Reynolds number, Richardson number and the nanoparticle concentration on the hydrodynamic and
thermal characteristics have been investigated and discussed.

2. Problem formulation and Governing Equations

The two-dimensional configuration under study with the system of coordinates is sketched in Fig. 1. The
cavity is filled with a suspension of copper nanoparticles in water. The vertical left wall is heated by a
uniform heat flux while the remaining are considered perfectly insulated. The cavity is subjected to an
external jet of nanofluid entering in to cavity from the opening located in left vertical wall and leaving
from the opening of the top horizontal one.

| ‘ Property Cu Base
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Fig. 1. Schematic of the studied configuration. Table 1- Thermophysical properties of the Cu

nanoparticles and base fluid (water)
The shape and size of solid particles are assumed to be uniform and the diameter of them to be equal to
100 nm. It is assumed that both the fluid phase and nanoparticles are in thermal equilibrium and there is
no slip between them. Except for the density the thermo physical properties of nanoparticles and fluid
are taken to be constant. The thermo physical properties of the base fluid (Water) and nanoparticles (Cu)
are shown in Table 1. It is further assumed that the Boussinesq approximation is valid for buoyancy
force. The governing equations for the steady, two-dimensional laminar and incompressible mixed

convection flow with negligible viscous dissipation are expressed as below:
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The effective density pur, the effective dynamic viscosity unr, the heat capacitance (pCp)nr and the thermal
conductivity knof the nanofluid are given as[13]:

Pot =1=P)p; +¢ p; (5)

(/x:p)nf :(1_¢)(mp)f +¢(mp)s (6)

(PB)n: =A=9)(ph) ¢ +9(pB), ©)
__t

:unf (1_¢)2_5 (8)

The effective thermal conductivity of nanofluid can be defined as the sum of thermal conductivity of the
stagnant (subscript 0) Nanofluid and the thermal conductivity enhancement term due to thermal
dispersion.

Kne =Kpg o +Kg )
The thermal conductivity of the stagnant Nanofluid for spherical nanoparticles, according to Maxwell
[14], is:

Ko B k + 2k, —2¢(k, —Kk,)

ki k +2k, +g(k, —k,)
In our modeling, the nanofluid is treated as a single phase fluid but the additional heat transfer
enhancement obtained with nanofluids is considered by modeling the dispersion phenomenon. It was
noted that thermal dispersion occurs in nanofluid flow due to the random motion of nanoparticles and
considering the fact that this random motion creates small perturbations in velocity and temperature.
The thermal conductivity enhancement term due to thermal dispersion is given by:

k, = C(pCp)nf Ju? +Vvied, (11)

where the empirically-determined constant C is evaluated following the work of Wakao and Kaguei
[15]. Equations (1)-(4) can be converted to non-dimensional forms, using the following non-
dimensional parameters:

(10)
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The local and average Nusselt number for the heated vertical wall of the enclosure is calculated as
NTSLC (18)
Kf Hs(y)
1 0.5(H-h) H
Nu,, =—— .[ Nu dy + J. Nu dy (19)
H-h 0 0.5(H+h)

3. Numerical Procedure and Code Validation

The governing equations together with the boundary conditions of the present problem were iteratively
solved by the finite-volume-method numerical procedure based on the SIMPLE algorithm of Patankar
[16] on a staggered grid arrangement. The QUICK scheme is used for the convective terms and the
central difference scheme is used for the diffusive terms. The resulting system of algebraic equations is
solved iteratively by using tri-diagonal matrix algorithm (TDMA). The iteration is carried out until the
normalized residual of the mass, momentum and temperature equation become less than 107. In order

23



M. Hosseini, M. Shirvani, A. Azarmanesh/ J. Math. Computer Sci. 8 (2014) 21 - 27

to determine the proper grid size for this study, a grid independence test is conducted for Ri =1and
Ri =100 . A non-uniform grid mesh which is showed in Fig. 2 is chosen to increase the accuracy of the
results. Table 2 demonstrates the influence of number of grid points for pure fluid for Ri =10as a test
case of fluid confined within the present configuration. It is found that the 125x150 grid is fine enough
to ensure a grid independent solution. The present numerical code was validated against the results of
Khanaferet al. [4] for natural convection of Cu—water nanofluid in an enclosure with as shown in Figs.
2 and 3. This comparison revealed good agreements between results. Moreover another test for
validation of this numerical method has been performed and demonstrated for the lid-driven square
cavity filled by pure fluid. Fig. 4 compares the results of the present study for special cases with those
of Shahiet al. [8]. It can be seen from the comparison that both solutions are in a good agreement with
each other.

4. Results and discussion

Numerical investigation of mixed convection heat transfer of Cu nanofluid is considered in a two-
dimensional ventilated rectangular enclosure. Constant heat flux is considered at the vertical walls of
inlet portion. Results are presented and discussed for a range of Ri=1, 10, 100, Re= 10, 500, 1000 and
Nanoparticle volume fraction ¢ = 0%,10%, 20% . While the relative height of the openings B=h/H
is marinated constant at 1/4 the aspect ratio of the enclosure, A= L/H is constantat 2. The Streamlines
and temperature contours for various Richardson numbers for both pure and nanofluid are shown in Fig.
5.The Variation of the Maximum Temperature at the heat source surface with Reynolds number for
different volume fractions is presented in Fig. 6. In Fig. 7, the effect of Reynolds number and volume
fraction on the average Nusselt number of the heat source wall is plotted graphically.
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Fig. 2- Comparison of the temperature profiles of nanofluid for
Gr=10%10°and ¢ = 0.2 obtained by present study and the work
of Khanafer et al.[6]
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Fig. 3- Comparison of the Y-velocity of nanofluid for Gr=104
105 and ¢ = 0.2 obtained by present study and the work of

Khanafer et al.[4]

Fig. 4- Comparison of the Average Nusselt number obtained by
present study and the work of Shahiet al.[8]
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Fig. 5- Streamline and isotherm contours for various Ri values at ¢ =0% (Dashed-Dot Line) and ¢ =10% (Solid Line) for nanofluid
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Fig. 6- Variation of the Maximum Temperature at the heat
source surface with Reynolds number for different volume

fractions.

Fig. 7- Variation of the average Nusselt number at the heat
source surface with Reynolds number for different volume
fractions.

6. Conclusion

The study of mixed convective flow and heat transfer of a nanofluid made up of water and Cu in a
ventilated cavity, heated from its vertical left wall with a constant heat flux and thermally insulated from
its remaining boundaries, was formulated and solved numerically using the finite-volume method. By
comparison of the resulted obtained in this study with previous literatures, a good agreement is found.
For different parameters of Richardson number, Reynolds number, Volume fraction of nanoparticles are
considered to predict the heat transfer and flow performance. The addition of nanoparticles showed an
improvement in the heat transfer rate of the enclosure.
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