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horizontal. The upper and lower walls on either side of the heat source are adiabatic
while the other walls are subjected to a constant cold temperature. The hydrodynamic
and thermal phenomena are described by the equations of Navier-Stokes and energy.
The models Brinkman and Wasp are used to describe the thermo-physical properties
of the nanofluid (water-Al,03). The finite element method; based on the Galerkin
principle; is used to solve the system of partial differential equations. the effect of the
solid volume fraction and the angle of inclination of the lower wall for different values
of the Rayleigh number on the results obtained, are considered in the form of
isotherms, local and average modified Nusselt numbers.
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1. Introduction

Some studies made ten years ago, in the field of heat transfer, have shown that in certain
conditions, adding nanometric particles in a fluid (called nanofluid), as in the case of particles of
Aluminum oxide (Al,05), copper (Cu) or silver (Ag), where some carbon nanotubes mixed with water,
could increase heat transfer in comparison with the case of a pure element (water) with changes in
the carrier fluid thermal conductivity.

The term "nanofluid" was initially suggested by Choi [1] to design at the suspension of solid
nanoparticles in a basic liquid, he has found that the effective thermal conductivity of the mixture
(water-Al,05) increases by 20% for a volume concentration between 1% and 5% of Al,0;.
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In addition, Choi et al., [2] have observed that mixing certain types of nanoparticles within a fluid,
even in a very weak concentration (1% in volume), can increase its thermal conductivity by 150% in
case of carbon nanotubes, and by 40% for copper oxide nanoparticles, Eastman et al., [3].

Studies were carried out since 2001 on nanofluids to obtain better understanding of their
underlying mechanisms. Nanofluids strong thermal conductivity make them potential substitutes of
carrier fluids, usually used in thermal exchangers, to improve these latter's performance, Keblinski
[4].

Furthermore, lack of stability of certain nanofluids over time can cause nanoparticles
agglomeration and thermal conductivity variations. However, current researches confirm that the
two effects remain less important when using nanofluids than in the case of suspension of ordinary
microparticles Daungthongsuk [6]. Nanofluids thermal properties are not compatible with
expectations given by traditional theories describing solid particles suspensions in a liquid.

Despite the number us studies published in this subject recently, no theoretical work was able to
describe properly experimental results obtained for nanofluids, according to Vadasz [7].

The first research on thermal conductivity improvement using aluminum oxide (Al,03) was
carried out by Massuda et al.,, [8] in 1993 by means of adding nanoparticles (Al,03) of 13 nm
diameter, an improvement of 30% has been achieved in thermal conductivity for a volume fraction
of ¢ =4.3%. This study was followed by another one performed by Eastman et al., [9] who noticed
an improvement of 30% in thermal conductivity of (Al,03) nanoparticles of 33 nm diameter in water
for a volume fraction of 5%.

The work of Wang et al., [10] was based on a numerical study of natural convection within a
bidimensional cavity for different numbers of Grashof and for different volume concentrations. A
thermal conductivity improvement by 40% was obtained for (ethanol glycol-Al,03) with a volume
fraction of 8%, and 14% for (water-Al,03) for a volume fraction of 4.5%.

Lee et al., [11] measured nanofluids thermal conductivity using copper oxide CuO and aluminum
oxide Al,05.These particles were used in two basic liquids: water and ethanol glycol, a 10%
improvement in thermal conductivity was obtained for (water-Al,03) nanofluid with a volume
fraction of 4.3% and a 20% improvement for (Al,03) in ethanol glycol for ¢ = 5% volume fraction.
These results are remarkably diffrent from those obtained by previous authors even if these latter
used same size nanoparticles.

In 2003, Das et al., [12] were the first to study temperature effect on thermal conductivity raise
of nanofluids. They noticed an increase in thermal conductivity when temperature varies from 21 °C
to 51 °C for both nanofluids (water-Al,03) and (water-CuO) with particles of 38.4 nm and 28.6 nm
diameters respectively. Experimental results indicated that thermal conductivity increased
proportionally (linear variation) with the increase in temperature but depending on nanoparticles
volume fraction in water. It was noticed that the obtained experimental results varied greatly from
one research to another, something that does not allow direct comparison between these results
and theoretical ones.

This study was carried in 2009 by Ogiit [13] to study the heat transfer by natural convection of
water-based nanofluids in an inclined square enclosure for different lengths of the heat source and
Rayleigh numbers where the left vertical side is heated with a constant heat flux, the right side is
cooled, and the other sides are kept adiabatic. He solved the equations governing natural convection
using a polynomial differential quadrature (PDQ) method.

In 2011, Fontana et al., [14] studied a constant air flow driven by buoyancy in a partially open
square 2D cavity with internal heat source. Interesting results have been obtained whose complete
analysis ends with horizontal curves of air speed and opening temperature. The numerical results
show a significant influence of the opening on the heat transfer in the cavity.
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The buoyancy-driven fluid flow and heat transfer in a square cavity with partially active side walls
filled with Cu-water nanofluid are studied numerically by Sheikhzadeh et al., [15]. The results show
that the mean Nusselt number increases with increasing both the Rayleigh number and the volume
fraction of the nanoparticles. In addition, the Nusselt maximum mean number for the high and low
Rayleigh numbers occurs for the lower-middle and middle-middle locations of the thermally active
parts, respectively.

The buoyancy-induced heat transfer and fluid flow in a triangular enclosure are investigated both
numerically and experimentally by Oztop et al., [16] experimental and numerical results show good
agreement. They observed that inclination angle can be used as a control parameter for heat transfer.

The article provided by Aminossadati [17] presents a numerical analysis of the natural cooling of
a right triangular heat source by a water-CuO nanofluid in a right triangular cavity that is under the
influence of a horizontal magnetic field. The effects of the Rayleigh, solid volume fraction, Hartmann
number and the position of the heat source in the cavity on the heat transfer performance of the
cavity are examined. The thermal performance of the cavity is enhanced as the Rayleigh number
increases, the Hartmann number decreases and the distance of the heat source with the cold walls
decreases. An optimum solid volume fraction is found that maximizes the heat transfer at high
Rayleigh numbers.

A numerical investigation of natural convection in a Cu-water nanofluids-filled eccentric annulus
with a constant heat flux wall made in 2017 by Yang Hu et al., [18]. Influences of Rayleigh number
(103 < Ra < 107), eccentricity (e = -0.625,0 and 0.625), nanoparticles volume fraction (0 < ¢ < 0.03)
and radial ratio (rr=2.33,2.6 and 3) on the on streamlines ,isotherms and Nusselt number are studied.
It is noted that the inclusion of the nanoparticles into pure fluid changes the flow pattern. And the
Nusselt number has a positive relationship with nanoparticles volume fraction, Rayleigh number and
radial ratio. Also, it can be confirmed that Nusselt number in the case with negative eccentricity
(e=-0.625) is larger than the others.

In this research, a numerical study was carried out on heat transfer by natural convection of two
nanofluids in a partially heated horizontal cylindrical enclosure in 2018 by Guestala et al., [19]. The
partial heating occurs through the lower side of the enclosure at a constant temperature. The length
of the heat source is changed from 5% to 25% of the total perimeter of the enclosure. The two side
parts of the enclosure are maintained at a low constant temperature, each one of them has a length
of 25% of the total perimeter. The top part of the enclosure is considered as adiabatic, it has a length
of 25% of the total perimeter. The two nanofluids used are Cu-water and TiO,-water with a volume
fraction of nanoparticles being varied in the range of 0 — 0.05. The Rayleigh number was varied in the
interval 103 to 10°. The results obtained were summarized in the form of correlation equations of
the average Nusselt number as a function of the heated length, the Rayleigh number and volume
fraction for both types of nanofluids.

In 2019, Ferhi, Djebali and Abboudi [20] have studied numerically the natural convection
conjugated inside a square cavity filled with nanofluid Al,0;-water and partitioned by an exchange
of thickness §, differentially heated at the level of the vertical walls, the other parts are adiabatic.
The results obtained show an increase in heat transfer as a function of the increase in temperature,
while it is underestimated as a function of the increase in the volume fraction and in the size of the
nanoparticles Al,05 (for dp 235 nm) due to the reduction in the effective Rayleigh number Ra * and
the dynamic viscosity is an important factor in improving heat transfer, particularly in partitioned
cavities.

The article presented by Sawicka et al., [21] in 2019 deals with natural convection around a
circular cylinder with constant heat flux in a cavity using computation fluid dynamics. As ethylene
glycol with nanoparticles Al,0;for different mass concentrations and number of Rayleigh. The
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nanofluids are modeled with single-phase approach. For the investigated range of nanoparticle
concentration, the influence of concentration on Nusselt, Rayleigh number and heat transfer
coefficient are small. Nevertheless, a slight shift towards lower Nusselt, Rayleigh numbers and an
increase in heat transfer coefficient occur. The Nusselt number depends on Rayleigh number and
only negligible on Prandtl number, which is in accordance with literature for Prandtl numbers of
around 200.The numerical results obtained are compared with own preliminary experimental data,
deviations are discussed.

Knowing that the position of the heat source is assumed to be fixed in the middle of the inclined
lower wall of the trapezoidal cavity considered, the main objective of this study is to evaluate the
possibilities of improving the heat transfer in this thermal chamber containing a nanofluid relative to
a square cavity (y = 0), by increasing the rate of the volume fraction thereof and the angle of
inclination of the lower wall of the cavity. For a fractional volume fraction and an optimal angle of
inclination, understanding of the fundamental mechanisms involved in these modes of heat transfer
from a dynamic and thermal field simulation approach.

This process of heat transfer by natural convection takes place in the rooms heated, factory halls,
green houses, cooled storage containers food, clean rooms, underground coal gasification cavities,
flat plate solar collectors, nuclear reactor tanks or vessels of waste, densely packed dissipation
microelectronics, cavity walls and the double glazing of the windows.

2. Methodology
2.1 Simplifying Assumption

It is now necessary to make a number of assumptions simplifiers to establish a simple
mathematical model (2D) that describes physics of this problem, to simplify the calculation (to save
computational time), and get results earlier with the condition that his last put forward would not
compromise the quality of the final result. So, we adopt the following hypotheses

i.  The flow considered is stationary.
ii.  The fluid is Newtonian and incompressible.

iii.  Steady state heat transfer.

iv.  The heat transfer by radiation is negligible.

v.  The work, induced by viscous and pressure forces, is negligible.

vi.  The thermo-physical properties of the fluid (supposed to be ideal) are constant except for the
mass volume which obeys the Boussinesq approximation in the term of the thrust of
Archimedes.

vii.  The power density dissipated is negligible.

2.2 Physical Model and Governing Equation
2.2.1 Physical model

Figure 1 demonstrates a trapezoidal cavity which has the same volume and surface with respect
to a square cavity of characteristic length L, filled with a nanofluid (water-aluminum oxide) and
subjected to a natural convection, its walls verticals are maintained at a constant cold temperature
T., while the other walls are adiabatic. The heat source is maintained at a constant hot
temperature Tj,.

The nanofluid used is assumed to be isotropic and homogeneous with constant thermo-physical
properties. The flow is two-dimensional and laminar. The approximation of Boussinesq is adopted.
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The Al, 05 solid nanoparticles used have a spherical shape and are supposed to be stable and

suspended in water, means that there was no sedimentation or accumulation of nanoparticles.
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Fig. 1. Physical model

2.2.2 Governing equation

1

In Cartesian coordinates and taking account of the simplifying assumptions supposed above, the

equations governing the problem are

Continuity equation:

ou av
xtaw=0

Momentum equation in X*, Y* directions:

au au 1 9P 9’U | 9%U
U—+V—=———+M(— —)
Ua_v + VO_V - _ 1 0P | Myt (az_v + aZ_V) 8(T—Tc)(PB)nf
X ayY PnrdY = ppr \0XZ  0Y? ®)nf

Energy equation:

oT oT 02T = 0%T
U+ Ve = (5 + 5)
. Knf
with o, = —2
nf (Pcp)nf

and (pcp)nf =(1- (p)(pCp)f + (P(pCp)s

The thermal conductivity of nanofluid is expressed by the relation of Wasp.

(1)

(2)

(3)

(4)

(5)

(6)



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 76, Issue 1 (2020) 1-16

(2-2@)ke+(1+9)Ks (7)

Kot = Kt o oKy

The effective dynamic viscosity of nanofluid can be calculated by using the relation of Brinkman
for a mixture.

u
Mne = (1_;)2.5 (8)

The density of nanofluid is expressed by using the volume fraction.
(Pnr = (1 = @)(P)s + ©(P)s (9)
Eqg. (1) to (4) can be converted to the dimensionless forms by using the following parameters:

(X Y)

* (UV)+H « _ T-Ty « _ PxH®> H tan(y)
WV =T T =, P = f=14 (=2

xY") =

Therefore, using the above settings leads to dimensionless forms of the governing equations as
below

ou*  ov*

ox oy =0 (10)
v Z‘; v ZS - Z% (1—cp>2-5(ir-cp+ch,,) (Z;}: Zi?:) (11)
U S+ V' S = — S e (7 + 577) + et RaPr T (12)
U* + V* T (2-29)+(1+¢@)Rk (Z;TZ ZiTZ) 13)

T (@+)+(1-9R((1-0) +(®)Rpcp))
where figure the following dimensionless numbers and ratio.

BeH3(Th—T¢) K __ (pcp)s
Pr=2fL Rg=8_h" ¢ p =8 R = P
pras vr.af P Pf k= (pcp) = (pcp)s

The dimensionless boundaries conditions are given in Table 1.

Table 1

Dimensionless boundaries conditions

Upper wall Ur=v*=0 aT* 0
Yy

Lower wall inclined on both sides of the heat source Uur=v*=0 aT” _
on*

Left and right wall ur=v*= T"=0

At the heat source Uur=v*=0 T =1
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The Thermo-physical properties of water and solid nanoparticles [6] are given in Table 2.

Table 2
Thermo-physical properties of water and solid nanoparticles

Pr p Cp K B x 1075 ax1077
water 7 997.1 4179 0.613 21 1.47
Al,04 - 3970 765 40 0.85 131.7

3. Results and Discussion

The finite elements method is used in our model for discrediting the governing equations in Eq.
(10) to (13) along with the boundary conditions.

To describe the structure of the flow in the cavity we fix the following settings of the nanofluid
(Water-Al,05)

Pr=7 , Rp =3981 , R,=65 , R(pcp) =0.728
3.1 Thermal Fields

In Figure 2 to 5, the pivoting bottom of the cavity provided with a fixed heat source in the middle,
whose inclination y varied from 0 to 60 degrees and the Rayleigh number Ra from 103 to 10° in order
to see the influence of these parameters on the thermal field represented by the contours of the
isotherms, therefore on the heat transfer represented by the volume fractions ¢ varying from 0 to
10% (see the Figure 11(c), (d), and 13(e), (f)).

They show at the optimal angle (y = 60 °), for different values of the volume fraction and Rayleigh
number, the existence of an almost symmetry of the isotherms with respect to the median bottom
of the trapezoidal cavity considered.

For Ra = 103, almost all the isothermal contours are represented by elliptical curves concentrated
around the heat source where the transfer mode is practically conductive, this phenomenon loses its
existence from Ra = 10* giving rise to the distortion of the curves which are accentuated with the
increase in the number of Rayleigh Ra.

The increase in the number of Rayleigh Ra and more precisely from Ra = 10°, the thermal field
takes on a plume form and causes the deformation of the isotherms giving rise to the birth of the
convective phenomenon.

The convective phenomenon is intensified with the increase in the number of Rayleigh Ra where
it becomes most dominant for large Rayleigh values (Ra = 10°). This implies an increase in heat
transfer through the bottom of the cavity. The stratification of the isotherms is clearly observed and
the thickness of the thermal boundary layer decreases with the increase in the number of Rayleigh
Ra.

The highest temperature is that of the nanofluid which circulates in the hot region, while the
lowest temperature that which circulates parallel to the cold sides and therefore, he heats up in
contact with the heated area, cools down in contact with the cold sides.
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Fig. 3. Isotherms for Ra = 10* and y = 60°
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Fig. 5. Isotherms for Ra = 10° and y = 60°
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3.2 Dynamic Fields

Figure 6 to 9 show the contours of the stream lines with the same parameters already mentioned
in order to see again these influences on the dynamic field. For Ra = 103, the flow structure is formed
by a single cell which occupies the whole of the cavity.

From the Rayleigh Ra = 104, this cell is divided into two parts at the top and bottom of which the
bottom one occupies almost the entire cavity, just at the level of the Rayleigh Ra = 10°, that of the
bottom in turn decreases and subdivided into two, the other increases with the increase in the
number of Rayleigh, by finally obtaining three cells inside the cavity giving rise to a much more intense
acceleration of nanofluid particles.

0.06

0.00
0.00,

¢ =1%

Fig. 6. Stream lines for Ra = 103 and y = 60°

10



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Penerbit

Volume 76, Issue 1 (2020) 1-16 Akademia Baru

Fig. 8. Stream lines for Ra = 10° and y = 60°
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Fig. 9. Stream lines for Ra = 10° and y = 60°
3.3 Nusselt Number

Figure 10 to 14 show the change of the local and average Nusselt number along the cavity's height
H respectively for different inclination, solid volume fraction and the Rayleigh number.
they show the effect of the solid volume fraction ¢, the angle of inclination y of the pivoting lower
wall of the cavity and Rayleigh Ra on the heat transfer.

Because of these settings, the cavity is composed of two distinct zones: a hot and a cold one.
Keeping the number of Rayleigh unchanged, the hot zone increases with the increase of the solid
volume fraction (Figure 11(c), (d), and Figure 13(e), (f)) and the angle of inclination of the lower wall
of the cavity (Figure 10(a), (b), and Figure 14(h)).

In addition to a given solid volume fraction, the heat transfer rate increases with Rayleigh
number's increase (Figure 12, Figure 14(e)).

N =22 (35) (14)

The higher numbers of Rayleigh, cause stronger effects of solid volume fraction on thermal and
dynamic fields (Figure 11(d), and Figure 13(f)).

Changes in local Nusselt number in terms of volume fraction ¢, along the height H of the cavity,
have a maximum value that increases with the increase of the nanofluid concentration (Figure 11(d)).

The average Nusselt number varies almost directly according to the solid volume fraction (Figure
14(g)).

For a Rayleigh value less than Ra =103 and a concentration change from 0% to 10%, the heat
transfer rate increases by almost 25% (Figure 14(g)).

12
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4., Conclusion

The two-dimensional natural convection fluid flow and heat transfer in a cavity whose form is
subject to the mathematical relation A= H/L=1+( tan (y)/2 with a heat source placed at middle of its
bottom wall and filled with nanofluid water based have been simulated numerically.

This paper examines the heat transfer enhancement of this nanofluid (AL,0s+water) with
constant temperature heating numerically for arrange of inclination angles, solid volume fractions,
and Rayleigh numbers. The results show that

The rate of heat transfer increases with the increase in the volume fraction in nanoparticles
and the Rayleigh number.

The effect of nanoparticles on heat transfer is more important at low Rayleigh numbers.

The rate of heat transfer increases with increasing angle of inclination of the bottom of the
cavity which leads to good geometric design, good cooling of the heat source and this is the
case for the trapezoidal cavity at the optimal angle of inclination y = 60’ compared to a square
cavity of y = 0.
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