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Abstract

In this work, a numerical study of free convection in an isoceles porous trian-
gular cavity with a partially heated horizontal base and cooled upper walls is
analysed. The uniform heat source is located centrally at the base wall. Darcy-
Brinkman model is used; it is also assumed that the fluid used is incompressi-
ble and obeys the Boussinesq approximation. The non-dimensionless govern-
ing equations, stream function-vorticity, momentum and energy are discre-
tized by finite difference method and solved using the successive over-relaxation
(SOR) method. Streamline and isotherm patterns were presented at different
lengths of heater ( 0.25<e<1), Darcy number ( 10* < Da<10?), Prandtl
number (0.7 <Pr<7) and for different Rayleigh number (10° < Ra<10°%).
On the basis of the results, it is observed that the presence of a localized heat
source may slightly accelerate the flow, but does not change the fundamental
mode of convection. Beyond the critical value of Rayleigh number, the average
Nusselt number characterizing overall heat transfer increases rapidly with de-
creasing source size.
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1. Introduction

The natural convection in confined porous media saturated by fluid is fundamental
in the fields of engineering and physics. This interest arises from the importance of
this heat transfer mode in various engineering fields such as storage of the thermal

energy, solar energy collectors, thermal design for the buildings, cooling of elec-
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tronic components (Alves and al. [1]; Kuznetsov and al. [2]; Sheremet and al. [3]),
the underground spread of pollutants (Bagchi and al. [4]). The literature on the
convective flow in porous media is abundant. An excellent review of most of these
studies is in the books (Nield and al. [5]; Pop and al. [6]; Vafai [7]; Ingham and al.
[8]) that give a complete overview of the current state of research in this area.

In many studies, rectangular enclosures have been chosen for the study of nat-
ural convection in both fluid and porous media. In addition to rectangular cavities,
triangular cavities are of paramount importance in many applications, particu-
larly in the building industry. Triangular cavities filled with air have been studied
to simulate thermo-convective transfers in buildings [9]-[14]. However, the num-
ber of studies on triangular cavities filled with a porous medium is limited and
generally focuses on right-angled triangular cavities [15]-[18], with Darcy’s model
often being used. These studies have highlighted the impact of the cavity’s aspect
ratio and Rayleigh number. In our work, we examine natural convection in isos-
celes triangular cavities. A few studies have been conducted in such a configura-
tion [19]-[22].

Basak ef al [19] used finite element analysis to study the effects of uniform and
non-uniform heating of the base wall on natural convection flows in isosceles tri-
angular enclosures filled with porous media. The detailed analysis was performed
in two cases based on different thermal boundary conditions: 1) two inclined walls
are maintained at a constant cold temperature while the bottom wall is uniformly
heated; 2) two inclined walls are maintained at a constant cold temperature while
the bottom wall is heated non-uniformly. The numerical results are presented in
terms of current functions, temperature profiles, and Nusselt numbers. It is ob-
served that for small Darcy numbers, heat transfer is mainly due to conduction
regardless of Pr . As the Darcy number increases, there is a shift from the domi-
nant conduction regime to the dominant convection regime. Non-uniform heat-
ing of the lower wall produces a higher heat transfer rate at the center of the lower
wall than uniform heating, but the average Nusselt number indicates a lower over-
all heat transfer rate for non-uniform heating.

In [20], Basak et al. investigate numerically the phenomena of natural convec-
tion in an isosceles triangular enclosure filled with a porous matrix. A penalty
finite element analysis with bi-quadratic elements is used for solving the Navier-
Stokes and energy balance equations. The detailed study is carried out in two cases
depending on various thermal boundary conditions; Case I: two inclined walls are
uniformly heated while the bottom wall is isothermally cooled and Case II: two
inclined walls are non-uniformly heated while the bottom wall is isothermally
cooled. It has been found that at low Darcy numbers, the heat transfer is primarily
due to conduction irrespective of the Ra and Pr. As Rayleigh number in-
creases, there is a change from conduction conduction-dominant region to con-
vection dominant region for ( Da=10"), and the critical Rayleigh number corre-
sponding to on-set of convection is obtained. Some interesting features of stream
function and isotherm contours are discussed especially for low and high Prandtl

number limits.
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Varol et al. [21] examined heat transfer by natural convection in triangular en-
closures filled with porous media and subjected to different boundary conditions.
Six different cases were tested based on all possible boundary conditions for tem-
perature on the vertical, bottom, and inclined walls of the enclosure. Based on the
results, they observed that when the heating device was located on the bottom wall,
multiple vortices formed, and the highest heat transfer was achieved compared to
the other cases.

In [22], Varol et al. investigated numerical analysis of the entropy production
has been performed due to natural convection heat transfer and fluid flow in isos-
celes triangular enclosures with partially heated from below and symmetrically
cooled from sloping walls. It is observed that entropy production number in-
creases but Bejan number decreases with increasing of Rayleigh number. However,
both entropy production due to heat transfer and fluid friction irreversibility are
affected by higher inclination angle of triangle and length of heater.

The main objective of this study is to numerically examine the effects of natural
convection within a porous isocele triangular cavity subjected to localized heat
sources. The Darcy-Brinkman model in the Boussinesq approximation is used to
model the flow within the porous medium. The influences of the heat source size

and Rayleigh number were studied.

2. Materials and Methods
2.1. Basic Equations

A schematic geometry of the problem is shown in Figure 1, where X' and Yy’
are the cartesian coordinates, H' is the height of the cavity, L' the length of
the base of the cavity and ¢' the length of heater isothermal source. This is a
triangular porous cavity two-dimensional and the rest of the non heated portions
of the base wall are assumed to be thermally adiabatic. All walls of the cavity are
assumed to be impermeable. At the same, bottom wall is partially or completely
heated with a centrally located isothermal heat source T, and inclined walls are
isothermally cooled at a constant temperature T,. The Boussinesq approxima-
tion is employed. Isotropy, homogeneity and local thermal equilibrium in the po-
rous medium are assumed.

Under these assumptions, the dimensionless forms of governing equations for

steady free convection flow in porous medium are (see Nield and Bejan [5]):

o’y 6
Y Y- (1)
ox: oy
2 2 2
oy oo Oy do _ . [0 C;ﬁ © _PP i RagtPr L @)
oy Ox Ox oy ox~ oy Da OX
%i_a_‘/’ﬂ_ﬂJrﬂ 3)
oy x ox oy ox oy’
where the Rayleigh, Darcy and Prandtl numbers are,
LB T!_T!
Ra: gﬂ ( h C) (4)
va
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Da= (5)

Pr=

Q= I_R)|x

(6)

The relationships between the dimensionless variables of equations (Equations

(1)-(3)) and their dimensional counterparts are:
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Figure 1. Schematic diagram of the physical model and coordinate system.

The relationships between dimensionless stream function,  , vorticity,
and velocity components u and v are,
_ov du

w—&—a (8)
u=Y and v=-¥ ©)
oy OX

Equations (1)-(3) are associated with the following dimensionless boundary
conditions
v =0, ®=0; T =0 initial conditions
w =0 on three side

T =T,=0 onside ABand AC

B (10)
T=T,=1 1‘or1763xs1+76 on BC

ﬂ=0 forOsxsl_TeanlerTesxsl on BC

’

where ¢ isthe dimensionless heat source length, defined by €= % .
For calculating the vorticity values at the boundary points, we use Thom’s for-
mula [23].

Heat Transfer
Once as the temperature field is known, we may define the heat transfer coeffi-
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cient in terms of local Nusselt number, Nu from the heated portion of the base

or
Nu=-|— (11)
(ayjyo

However, thislocal Nu is unbounded at the corners of triangular cavity where

wall by

the hot base meets the cold side walls when the bottom wall is completely heated.
Therefore, determination of an average Nu characterizing the heat transfer
would be unbounded at the tip region. So, to get an idea of the evolution of the
average Nusselt number when the base is fully heated, we determined it when the
base is almost fully heated (e =0.95 ), and Figure 8 confirms that our approach is
acceptable.

On the hot wall, the average Nusselt number is determined by:

1te
Num=—|,2 [ﬂ) dx (12)
I-e o

2

2.2. Numerical Method

The governing equations (Equations (1)-(3)) associated with the boundary condi-
tions (Equation (10)) are discretized by a finite difference scheme, centred and
forward accurate to the second order and first order, respectively. The three equa-
tions in stream function-vorticity and temperature formulation are then solved
using successive over-relaxation (SOR) method. We note that we have used the
same relaxation parameter when we update the stream function, vorticity and
temperature values. Uniform grids have been selected in both the x and y di-
rection. We have developed a numerical code with Fortran 95.

During iterations, the calculation stops when between two iterations, the fol-

lowing conditions are satisfied by the stream function, vorticity and temperature,

max(|R,|)<10® and max(|R,[)<10° and max([R;[)<10°  (13)

Here, R,, R, and R; are the residual of the steady state stream function,

vorticity and temperature equations (Equations (1)-(3)). We define this residual

as the following,

_Yiaj —2y i Vi +‘/’i,j+1_2‘//i,j Vi o

R(// AX? Ay2 i (14)
R, =¢Pr Wiy, _Za)i,j T Wiy + @ i _Za)i,j +o
! AXZ Ayz
’ T.oT.
_wwi ,+Rag?Pr| —2L__=L
Da = 2AX
(15)
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R — Ti+1,j _2Ti,j +Ti—l,j Ti,j+l_2Ti,j +Ti,j—l
T — AXZ + AyZ
N ('//i+1,j Vi )(Ti,j+l _Ti,j—l) (16)
4AxAy
N (l//i,jfl _‘//i,j+1)(Ti+1,j _Ti—l,j )
4AXAy

Preliminary tests on the influence of the mesh have allowed us to retain a uni-
form mesh size of 120%60 for all simulation. The present numerical code has been
validated against the works of Basak and al. [19].

Figure 2. Streamline and isotherm for e¢=1, Ra =10°, Da=10"%, Pr=0.7. (a) Basak;
(b) Our work.

3. Results and Discussion

3.1. Symmetric Flow and Temperature Field

In the field of control parameters of the problem cited above, we have noticed that
the computed flow and temperature field remain symmetric with respect to the
geometric midplane (see Figures 2-6). The flow rises in the center of the cavity
and falls along each cold inclined side creating mirror image structures that rotate
clockwise in the right half and counterclockwise in the left half. It is noted that the
horizontal component of velocity is zero everywhere along the vertical centerline

of the cavity.

3.2. Effect of Heat Source Size

In order to clearly understand the effects of having a localized heat source at the
bottom wall and the effects of the Rayleigh number, we represented in Figures 3-
6 streamline and isotherms patterns for ¢=1,0.950.5 and 0.25, Da=107,
Pr=7 respectively at different Rayleigh numbers ( Ra =10* -10°).
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For e=1, when the bottom wall is uniformly heated, there is no convective
motion at Ra=10° and the system is in the conduction mode. It is observed that
the gradient of the stream function is extremely low. Structure of isotherms con-
firms that heat transfer is primarily due to conduction. When Ra increases to
10° convective motion begins, streamline patterns show that the gradient of the
stream function is small but not negligible, which indicates that a circulatory fluid
motion with low velocity exists. However, there is competition between the con-
ductive and convective modes at this Rayleigh number, and this fluid movement
does not significantly improve the overall rate of heat rate, as shown in Figure 7.
The structure of the isotherms shows a slight rise of a thermal plume. When Ra
increases to 2.5 x 10°, convective motion dominate as illustrate by the gradient of
the stream function who is relatively high. The corresponding isotherms show a
rising thermal plume. With further increasein Ra to 10° the convective motion
becomes intense and the isotherm patterns show a narrow thermal plume rising
along the centerline of the cavity.

When the size of the heating source covers only half the base, 7e. ¢=0.5,
Figure 5 shows that the stream functions are similar to those in case those of the
e=1 case, exceptat Ra= 10° and Ra=10°, where the maximum values of the
stream function are higher. This phenomenon can be explained by the fact that at
the ends of the heating source, there is a horizontal thermal gradient which acceler-

ates fluid circulation. This phenomenon has also been observed in the convection

Figure 3. Streamline and isotherm for e¢=1, Da =102, Pr=7. (a)
Ra=10°%, (b) Ra=10°%, (c) Ra=25x10°,(d) Ra=10°.
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Figure 4. Streamline and isotherm for ¢=0.95, Da =102, Pr=7. (a)
Ra=10°, (b) Ra=10°, (c) Ra=2.5x10°,(d) Ra=10°.

(@)

Figure 5. Streamline and isotherm for ¢=0.5, Da =102, Pr=7, (a)
Ra=10%, (b) Ra=10%, (c) Ra=25x10°,(d) Ra=10°.
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(a)

(®)

Figure 6. Streamline and isotherm for ¢=0.25, Da =102, Pr=7, (a)
Ra=10%, (b) Ra=10°, (c) Ra=2.5x10°,(d) Ra=10°.

35 L L
~* =095
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Figure 7. Evolution of Nuc as a function of Ra for different «.
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Figure 8. Temperature profile along the vertical axis of cavity symmetry for
different ¢, Ra=10°, Da=10", Pr=7.

in porous layers with localized heat sources, [24]. We also noticed that with the
increasein Ra , the thermal plume rising above the heat source becomes narrow,
as in the case of e=1 case.

A further decrease in the size of the heat sourceto ¢ =0.25 shows largely sim-
ilar characteristics to those described above, ie. for ¢=0.5. As Ra increases,
the isotherm profile shows a rising thermal plume and quantitatively similar
streamlines to those for ¢ =0.5. We have noted that, for high values of Ra, what-
ever the streamlines remain quantitatively similar, which shows that the flows are
not affected by the size of the heating source at high Rayleigh numbers. In view of
the results, we can say that the presence of the localized heat source may slightly
accelerate the flow but does not change the fundamental mode of convection. The
effect of the localized heat source on overall heat transfer is illustrated in Figure
7. When the base is almost completely heated, the critical Rayleigh number for the
onset of convection is approximately of Ra, = 7.10°. Below this critical value of
Rayleigh number, heat transfer is by conduction. We also note that below this
value, the value of Nusselt number remains almost constant. However, when the
heat source is localized, at low Ra numbers, the Nusselt numbers obtained re-
main close to those obtained when the base is almost uniformly heated. At
Ra =10°, the presence of the discrete heat source initiates a circulatory movement
of the fluid due to the existence of a horizontal thermal gradient at the ends of the

source.
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However, this circulatory movement remains weak, resulting in a domination
of the conductive mode, as illustrated by the structure of the isotherms, Figure 5
and Figure 6. Figure 7 also shows that even for discrete heat sources, the Nusselt
number remains approximately constant until the critical point is reached. At
Ra=10°, regardless of ¢ heat transfer takes place by conduction. Beyond the
critical point Ra,, we note an interesting aspect, average Nusselt number on the
hot end increases rapidly with decreasing heat source size. This can be explained
by the fact that in the case of a discrete heat source, the major part of the heating
zone is included in the central region, through which the heat is discharged, and
consequently almost all of the heat input is removed by convection.

With a further reduction of €, almost all the energy supplied is dissipated by
convective flow. As a result, with a further decrease in the size of the source, the
energy input at the base is transferred upwards by convection. We can therefore
deduce that a localized heat source is more efficient at channeling energy input to
the heat source via the thermal plume, leading to higher average Nusselt numbers
for shorter heating lengths beyond the critical point.

Finally, to conclude on the effects of a localized heat source, the temperature
profiles along the vertical axis of symmetry of the cavity are shown at Ra=10°,
Da=10", Pr=7 and for different ¢ asshown in Figure 8. It can be seen that
as the size of the heating source decreases, the temperature profiles along the axis
of symmetry of the thermal plume change significantly from e¢=0.5 to ¢=0.25.
We note that for a given y; the temperature decreases as the size of the heat source
decreases and this is true for temperatures throughout the cavity. These results
can be understood by analyzing the structure of the isotherms. As the size of the
heat source decreases, a large part of the temperature drop along the plume oc-
curs very close to the heating source, while in the rest of the plume, the temper-
ature changes progressively. This is due to the fact that decreasing size of the
heat source, the plume takes up more and more of the heat which is supplied to

the system.

4. Conclusions

This study investigated the numerical analysis of natural laminar convection

within a porous isocele triangular cavity subjected to localized heat sources. The

Darcy-Brinkman model in the Boussinesq approximation was used to model the

flow within the porous medium. The influences of the size of the heat source and

the Rayleigh number were studied. The main conclusions are as follows:

* Itisobserved that the presence of a localized heat source can slightly accelerate
the flow but does not change the fundamental mode of convection.

* Beyond the critical point, the average Nusselt number which characterizes the
overall heat transfer, increases rapidly as the size of the source decreases.

* A localized heat source is more effective at channeling energy to the heat
source via the upward thermal plume, leading to higher average Nusselt num-

bers for shorter heating lengths beyond the critical point.
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Nomenclature
g Gravity intensity, m-s™
K Permeability of the porous medium, m?
T Dimensionless temperature
(X, y) Dimensionless coordinates
(u,v) Dimensionless velocitu components along xand yaxes
Ra Rayleigh number for porous medium
Da Darcy number
Pr Prandtl number
Nu local Nusselt number, at the heated base wall
Nuc Average Nusselt number, at the heated base wall
Greek Symbols
a Effective thermal diffusivity, m?s™
yij Coefficient of thermal expansion, K™!
v kinematic viscosity, kg-m™-s™!
@ Porosity of porous media
€ dimensionless heat source length @ Vorticity
W Dimensionless stream function
Lo Reference density of fluid, kg-m™
Superscript
@) Dimensional variables
(-) Average values
Subscript
Cold
h Hot
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