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Abstract-Natural convection in a steady state of incompressible
air inside a cavity’s porous with a heated low wall of a sinusoidal
profile is investigated numerically in this paper. The upper
horizontal wall is kept cold while the two sides are thermally
insulated. The proposed physical model was developed and
studied with two-dimensional conditions, using the finite element
method and adapting the Darcy-Brinkman model. This paper
examines the laminar natural convection in a square porous
cavity for different Rayleigh numbers (10 < Ra < 10%, aspect
ratios (0.25 < AR < 1.0), and sinusoidal temperature amplitude
(0.25 < A £ 1.0). Moreover, the variation effect of Ra, AR, and A
on isotherms, streamlines, and the mean and local Nusselt
numbers has been presented and analyzed. The results showed
that an increase in the sinusoidal thermal amplitude, mean
Nusselt number, and AR reduced somewhat the Rayleigh
number. This provided a solution in which the mean Nusselt
number increased by increasing the sinusoidal thermal amplitude
and the Rayleigh number. On the other hand, it decreases slightly
by increasing the AR. In addition, the convection transfer
mechanism is the main mode when the Rayleigh number is high.
Thus, it was found that the Darcy number also has an effect on
heat transmission. The obtained results were compared with
those found in the literature and were found to be in good
accordance.
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1. INTRODUCTION

It is observed that the heat exchange can be improved by
using porous media. The term "porous medium" is generally
referred to the solid complex shape which contains cavities or
interstitial voids accessible to a fluid. In a porous medium
multiple physicochemical and transport phenomena take place.
It was often considered as a homogeneous and isotropic
medium, nevertheless, it was considered anisotropic in its
mechanical and thermal properties in various practical
applications. Indeed, the field of porous environments is a part
of a very spacious and quite complex research area which
requires detailed and reliable understanding and knowledge.
For a scientific survey on porous media, see [1-9]. The
interstitial fluid flow in a porous medium is caused by
convective heat transfer. This type of convection can be caused
by different natural forces like the gravity force and the
variation in density caused by the temperature difference. Low-
temperature gradients affect the mass and heat transport that
occurs in a porous medium. This type of convection is
particularly important in a wide range of industrial and natural
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processes. It is present in the exchange of moisture between the
soil and the atmosphere. As a result of the daily and seasonal
temperature variation of the surface, it is also present in certain
technical fields, but we can find it as well in some biological
and biotechnological systems [10]. Recently, authors in [11]
proposed a three-dimensional model to study the effect of
external vibrations on the drying process of a porous material.

In order to contribute to a more scientifically satisfactory
study of the mechanism of heat transmission in a porous
medium, numerical studies using the finite element method
where it uniformly heats one of the side walls have been
reviewed in [12-13]. Other researchers [14-16] applied heat
both uniformly and non-uniformly to the bottom wall, whereas
the sides were kept at a constant temperature and the top wall
was considered adiabatic. Their interest was to see the impact
of thermal boundary conditions that are both continuous and
discontinuous. The Rayleigh number and the Darcy number
have a wide range of values. It was discovered that when the
Rayleigh number grew larger, the convective transfer
mechanism took over as the major mode of transfer and that the
Darcy number has an effect on heat transmission as well. In a
similar model, authors in [17] heated both sidewalls with
sinusoidal temperature while making use of the Darcy-
Brinkman-Forchheimer model. Another shape was tested by
the authors in [18] who studied the impact of inclined and
sinusoidally heated wall in the trapezoidal cavity. The flow and
heat transfer also were affected by the inclination of the walls.
Authors in [19] investigated the convection of an inclined
porous cavity at various inclination angles. The laminar,
monophasic, and steady flows of water and air through cracks
with penetrable walls were investigated in [20]. In order to
describe heat and mass flows in porous media the authors in
[21] employed a CVFEM technique. Others heated the side
wall differentially [22-26] and the results were quite similar.
Authors in [27] used heat generation. They verified the impact
of porosity and heat generation on the streamlines and
isotherms. According to the authors in [28], the ratio of the
cavity's length to its width greatly influences streamlines and
isotherms. Authors in [29] numerically analyzed the influence
of the aspect ratios with Rayleigh numbers smaller than 10*.
They discovered that the heat transfer rate rises with the raising
of the aspect of the cavity. However, the authors in [30]
measured the partially heated porous enclosure and they
observed that raising the aspect ratio causes the flow function
to increase and the heat transfer rate to cut back on.

Although sinusoidal heating in porous surfaces has
important implications for research and engineering, there are
still gaps in this area. The purpose of the current study is to
improve the thermal performance by using a new temperature
function (4). It is much more logical, rational and realistic, it
can be found in different natural and industrial processes, such
as solar energy and cooling of electronic components, where
thermal heating takes the form of a cosine function, that is to
say, the heating is concentrated in the middle and then
distributed to the periphery. We will examine bottom-heated
heat transfer by natural convection. The cavity is cooled from
above, while the side walls are adiabatic. The main objective is
to test this function on heat transfer and streamlines as a
function of the Rayleigh number, the magnitude of the

temperature profile, and the aspect ratio. Our results are
compared with the ones in [16].

II.  MATHEMATICAL FORMULATION

The finite element method was utilized in laminar,
stationary and two-dimensional conditions. The natural
incompressible air circulation within a cavity of height H and
length L (see Figure 1), is simulated numerically. The cavity
with impermeable walls is filled by an isotropic porous
medium, homogenous and thermodynamically balanced with
the saturating fluid, where the high temperature of the cavity is
maintained cold (Tc). The low wall is sinusoidally heated (Th),
whereas the two vertical walls are considered adiabatic.

4
U=V=0 Tc=0

oT H

Th = Tc+ A(1 - cos(2mx))

Fig. 1. Boundary conditions of cavity geometry.

In the present investigation, the interactions between mass
and heat transfer (Soret and Dufour effects), as well as heat
transfer by radiation, are neglected. However, the thermal and
fluid's physical characteristics are expected to remain constant.
Boussinesq's approximation stands. Using these hypotheses and
the Darcy-Brinkman model, the dimensionless equations
governing this problem are [27]:
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where, 6, y, and Q are the dimensionless temperature, the
porosity parameter, and dimensionless vortices, respectively.
The other physical parameters are mentioned in the
nomenclature. The control parameters of this problem AR, Pr,
Ra, and Da are defined as follows:

AR:E, Pr:L, Ra:—gKﬂHAT =Gr.Pr,
L a vVa
and Daz%.

The stream function is defined as:

U:a—(// and V:—a—(//.
oY oX
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Dimensionless variables included in the

dimensionless equations:

Y=y/H,X=x/L,V=v/V,,U=ulU,,

T-T
Pziz,and 0= -~
U, T, -T.

arc  now

In order to improve the performance of heat transfer within
the porous medium, we have studied a new function totally
absent in the literature, and yet widely encountered in natural
and industrial processes, where thermal heating takes the form
of the cosine function, i.e. the heating is concentrated in the
middle and then distributed to the periphery. The boundary
conditions of the current research are:

For the vertical walls:
00

X =0and0<Y <H,U=V =0,—=0
oX
06

X =Land0<Y <H,U =V =0,—=0
oX

For the low wall:

Y =0 and0<X <L,U=V =0,

0 = A(1—cos(2mx))
For the high wall:
Y =H and0<X <L,U=V =0,0=0

The low wall is heated as the sinusoidal formula in (4).
0=2A(1 —cos(2n:x)) )

In the level of this wall, the average and local Nusselt
number are:

— 06
Nu :INu (X )dX and Nu (X )= >

0

III.  RESULTS AND DISCUSSION

In the experimental stage, we created an appropriate grid
for a numerical model of the natural convection of a square
cavity filled with porous material and saturated with
incompressible air. Four varieties of uniform grids were
designed, namely 30x30, 40x40, 50x50, and 60x60. The
values AR=1.0, 2=0.5, and Ra=1000 were fixed as well as the

tested function introduced in [16]: Th = Tc+ Asin (2nx). We

found that the evenly spaced 60%60 mesh grid is fine enough to
be used throughout the simulation. Our own result of the mean
Nusselt number was 12.03, however, the result found in [16]
was 13.56, giving a good agreement between the two. Then, we
calculated the Nusselt number using our function in (4), and we
found 18.91, which is it sufficiently larger than the one found
in [16]. The isotherms, the streamlines and the local Nusselt
number with fixed values of 1=0.5, 4R=1.0 and varying values

of the Rayleigh number 500 <Ra <1000 can be seen in
Figures 2-4. We have obtained the same results as in [16].

TABLE L. NUSSELT NUMBER COMPARISON

Reference | [13] [31] [16] | This study
Nux 15.80 | 14.06 | 13.56 12.03

Ra=500 Ra=1000

(2)

(®

Fig. 2. Isotherms for AR=1.0, 4=0.5 and 500<Ra <1000 : (a) [16], (b)
current study.

Ra=1000

(2)

(®

Fig. 3. Streamline isotherms for AR=1.0, 2=0.5 and 500<Ra <1000 :
500<Ra <1000 : (a) [16], (b) current study.

The numerical results obtained from the development of
laminar natural convection in steady-state when an isotropic
porous medium fills the square cavity, assuming that the lower
wall is heated in a non-uniform way whereas the upper wall is
cooled to a consistent temperature and the two vertical walls
are thermally insulated. As mentioned above, we fixed the
Prandtl number, porosity and permeability values, while we
tested various Rayleigh values, aspect ratios, and amplitudes of
the sinusoidal temperature. The temperature distribution and
streamlines due to the buoyancy force effect are analyzed
numerically, for different shape ratios 0.25 < AR <1.0.In each
cavity shape ratio, the influence of the temperature amplitude
0.25< A <1 and the Rayleigh number 10 < Ra <10000 were
studied regarding heat transfer and streamlines. The current
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line results are shown in Figures 5-7 and the isotherms in
Figures 8-10. It should be noted that the streamline contours
are defined by two symmetrical vortices that occupy the whole
cavity and rotate clockwise and counterclockwise for all the
cases of aspect ratio. The hot fluid is driven from down along
the bottom heated wall, under the influence of buoyancy.
Buoyancy leads to circulation inside the cavity. However, close
to the cavity's center, the circulation is more important in
relation to the boundary of the enclosure due to the condition of
non-slip.
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Fig. 4. Local Nusselt number. (a) [16], (b) this study.
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Streamlines for 10 < Ra <10000, 0.25<A<1,and AR=1.

=y

00001

Fig. 6. Streamlines for Ra =10000,0.25< A <1, and AR=0.5.
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Fig. 7. Streamlines for Ra =10000 ,0.25< A <1, and AR=0.25.
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Fig. 8. Isotherms for 10 < Ra <10000,0.25< A <1, and AR=1.
=
o
N
o
— — _ - g
¥ S

Isotherms for Ra=10000 , 0.25<A<1 , 025<4A<1, and

Fig. 9.

AR=0.5.
=
&
I
2

Fig. 10.
AR=025

Isotherms for Ra=10000 , 0.25<A<1 , 0.25<A<1 , and

The center of the two cells is almost in the middle. The
distance between the center and the hot wall is less than that
between the center and the cold wall. As the Rayleigh number
rises, the center of the cells shifts to the middle of the bottom
wall. As a result of the conduction mode's dominance, the
circulation force is very weak. The impact of the Rayleigh
number on natural convection flow is a critical parameter. The
flow convection is insignificant when the Rayleigh number is
low. Conduction is the primary mode of heat transmission in
the cavity. However, we notice a slight modification on the
streamlines when we change the value of the sinusoidal
temperatures amplitude. The flow forces as well as the values
of the function rise when the Rayleigh number is high, which
explains why the flow rate also increases. The current lines are
shown in Figures 5-7 for different shapes ratios. It is obvious
that the flow force becomes powerful and that the convection
heat transfer is the most dominant to conduction. The increase
in the value of the aspect ratio generates an increase in the flow
force. We observe that when the shape ratio is decreased, the
two cells become depressed. When the aspect ratio is high, the
flow velocity of the fluid is higher. As a result, when the
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distance between the two cold and hot walls is short, the heat
exchange rate in the cavity is higher. At low Rayleigh number
values, the temperature distribution is in the form of three sets
of undulations symmetrical with relation to the vertical median
of the cavity. Its amplitude in the middle is higher with a higher
temperature gradient by compared to the other two next to it.
On the other hand, we see a slight upward stretch of the ripples
as we increase the value of the sinusoidal temperature
distribution amplitude. The flow force increases as a result of
an increase in the Rayleigh number and the heat transfer by
natural convection becomes more dominant than the
conduction, which is greatly influenced by the decrease in the
boundary layer at the level of the wall hot. We notice that the
isotherms become denser near the hot wall and more uniform
in the central areas due to the enhanced free convection effect
with the increase in the Rayleigh number so that the heat
transfer is intensified and the temperature contour thins and
condenses at the bottom wall approximation while the ripple
turns into plumes.

Figure 11 depicts the effect of Ra and 4 on the local Nusselt
number Nux at the lower wall. In Figure 11(a) we considered
AR =1 and 4 = 1, and in (b) we considered 4R = 1 and
Ra = 1000. The plot shows the acquired local Nusselt numbers
as a function of Ra and A. The curves are negative and
divergent on the two edges and increase their value while going
towards the center X = [0,4-0, 6]. Then they concave to the
vertical mean where X = 0.5. The Nux is positive when the heat
is supplied from the cavity to the environment and negative
when heat is supplied from the enclosure to the environment. It
is also observed that the effect of the height/width ratio is really
negligible on Nux, The latter, on the other hand, is very
changeable depending to Rayleigh and the amplitude of the
sinusoidal function.
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Fig. 11.  Local Nusselt number (a) for 10<Ra<10000 , A=1, and 4R=1.0,
(b) for 0.25<1<1, Ra=1000, and AR=1.0.

Due to the effect of the heat transfer mode by convection,
we can observe that as the Rayleigh number grows, so does the
Nusselt number. Where we see that the curve takes a concave
and in the middle it becomes sinusoidal and increases its
amplitude when the value of Ra is increased. We can also see

this behavior when 1 is increased, which is why A has a
significant impact on heat transmission at the level of the
enclosure.

IV. CONCLUSION

The main objective of this paper was to study the impact of
the sinusoidal temperature on the heat flow and the current
lines in a porous cavity subjected to natural convection while
varying the Rayleigh number, the amplitude sinusoidal
temperature, and the cavity format ratio parameter. The two-
dimensional finite element method permitted us to model the
flow and heat transfer which allowed us to deduct the
following:

e For all height/width ratio values, the current lines take the
shape of two vortexes, hiding the entire cavity and the heat
transfer occurs in the form of three sets of ripples.

e The sinusoidal thermal amplitude has a minor impact on the
flow but has a significant impact on the heat transfer rate.

e  When the Rayleigh number is high, the convection flow is
dominated by natural convection.

e The flow and the heat transfer rate are intensified when the
Rayleigh number increases.

e Increase in the Rayleigh number causes a decrease in the
boundary layer.

e The relationship between the Nusselt and the Rayleigh
numbers can be expressed as a power function.

e The Rayleigh number has a great influence on the flow and
the heat transfer rate.

NOMENCLATURE
Cp Thermal capacity Jkg K
g Gravitational acceleration ms™
H Enclosure height m
k Thermal conductivity Wm' K™
K Porous media's permeability m?
L Enclosure length m
p Pressure Pa
T Temperature K
X,y Coordinates m
a Thermal diffusivity ms?
p Thermal dilatation coefficient K™
0 Dimensionless temperature, (T =7.)/(T, =T.)
P Density Kgm™
v Kinematic viscosity, u p,™' m s
4 Stream function
A4 Dimensionless stream function
/4 Porosity parameter
AR Aspectratio, H/L
Da Darcy number, K/H’
Gr Grashof number, Ra/ Pr
Nux Local Nusselt number
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