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Abstract

In this article, we investigate the effects of the Darcy and Prandtl numbers on
steady-state natural convection in an isoceles porous triangular cavity whose
horizontal base is partially heated and whose upper walls are cooled. The uni-
form heat source is located centrally at the base wall. The isosceles triangular
geometry directly simulates the attics of buildings. This model is widely used
to optimise thermal insulation in the building sector. Darcy-Brinkman model
is used. It is also assumed the fluid used is incompressible and obeys the Bous-
sinesq approximation. The non-dimensionless governing equations, stream
function-vorticity, momentum and energy are discretized by finite differ-
ence method and solved using the successive over-relaxation (SOR) method.
Streamline and isotherm patterns were presented at different, length of heater

€ =0.5, Darcy number (10™* < Da<10?), Prandtl number (0.7<Pr<7)

and for different Rayleigh number (10° < Ra<10°). On the basis of the re-
sults, it is observed that the Darcy number has an effect on both the initiation
of convection and the average Nusselt number. The critical Rayleigh number
where convection becomes the dominant heat transfer mode decreases signif-
icantly with increasing Darcy number. The mean Nusselt number increases with
increasing Darcy number. The Prandtl number has a limited effect on overall
heat transfer in the present system, for the range of values used.

Keywords

Free Convection, Numerical Study, Partially Heating, Darcy and Prandtl
Numbers

1. Introduction

The natural convection in confined porous media saturated by fluid is fundamen-

DOI: 10.4236/0jfd.2026.163006 Sep. 17, 2026

91 Open Journal of Fluid Dynamics


https://www.scirp.org/journal/ojfd
https://doi.org/10.4236/ojfd.2026.163006
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/ojfd.2026.163006
http://creativecommons.org/licenses/by/4.0/

G. E. B. Malomar et al.

tal 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 ther-
mal energy, solar energy collectors, thermal design for the buildings, cooling of
electronic components (Alves ef al. [1]; Kuznetsov et al. [2]; Sheremet et al. [3]),
the underground spread of pollutants (Bagchi et al. [4]). The literature on the con-
vective flow in porous media is abundant. An excellent review of most of these
studies is in the books (Nield et al [5]; Pop et al. [6]; Vafai [7]; Ingham et 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 cavi-
ties, triangular cavities are of paramount importance in many applications, par-
ticularly in the building industry. Triangular cavities filled with air have been stud-
ied to simulate thermo-convective transfers in buildings [9]-[14].

Other, more recent studies focus on the dynamics of entrained cavities. In [15]
[16], the authors approach flow control from very different perspectives. In [15],
the authors favour a dynamic and analytical approach, demonstrating how an ex-
ternal force (the magnetic field) can slow down and structure viscous flow, whilst
in [16], they adopt a purely kinematic approach, exploring the behavioural limits
of a fluid subjected to movement constraints imposed across all its boundaries.

However, the number of studies on triangular cavities filled with a porous me-
dium is limited and generally focuses on right-angled triangular cavities [17]-[20],
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 isosceles triangular cavities. A few studies have been conducted in
such a configuration [21]-[25].

Malomar et al. [21] provides essential quantitative clarification on the optimi-
sation of heat source dimensions in porous media under the Darcy-Brinkman
model. It demonstrates that a restricted source improves the relative efficiency of
convective heat transfer at high Rayleigh numbers.

Basak et al. [22] 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 uni-
formly heated; (2) two inclined walls are maintained at a constant cold tempera-
ture while the bottom wall is heated non-uniformly. The numerical results are
presented in terms of current functions, temperature profiles, and Nusselt num-
bers. It is observed that for small Darcy numbers, heat transfer is mainly due to
conduction regardless of Pr . Asthe Darcy number increases, there is a shift from
the dominant conduction regime to the dominant convection regime. Non-uni-
form heating 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 overall heat transfer rate for non-uniform heating.
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In [23], Basak et al investigate numerically, the phenomena of natural con-
vection 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 isother-
mally 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 num-
ber increases, there is a change from conduction dominant region to convection
dominant region for ( Da =10"), and the critical Rayleigh number correspond-
ing to on-set of convection is obtained. Some interesting features of stream func-
tion and isotherm contours are discussed especially for low and high Prandtl
number limits.

Varol et al. [24] 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 com-
pared to the other cases.

In [25], Varol et al. investigated numerical analysis of the entropy production
has been performed due to natural convection heat transfer and fluid flow in
isosceles triangular enclosures with partially heated from below and symmetri-
cally cooled from sloping walls. It is observed that entropy production number
increases but Bejan number decreases with increasing of Rayleigh number.
However, both entropy production due to heat transfer and fluid friction irre-
versibility 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
source. The Darcy-Brinkman model in the Boussinesq approximation is used to
model the flow within the porous medium. The influences of the Darcy number,

Prandtl number, 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 Y’
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
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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.
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Figure 1. Schematic diagram of the physical model and coordinate system.

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 &
V.Y (1)
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where the Rayleigh, Darcy and Prandtl numbers are:
L/3 T!_T/
Ra = gﬂ ( h c) (4)
1421
K
Da:F (5)
pr=Y 6)
(04

The relationships between the dimensionless variables of equations (Equations

(1) - (3)) and their dimensional counterparts are:

Xl y/ u/L/ vlLV T’_TCI
’ === ’ =l —— T= 7
)-(EL) -y - o

a « .

The relationships between dimensionless stream fuction, v , vorticity, @

and velocity components u and v are:

N ®)

w =
oX oy
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u:a—l// and v:—a—l// 9)
oy OX
Equations (1) - (3) are associated with the following dimensionless boundary

conditions:

v =0; o=0; T =0 initial conditions
w =0 on three side
T=T,=0 onside ABand AC
_ (10)
T=T,=1 forleﬁxglJrTfon BC

8—T=O forOsxgl_TfanlerTfsxslon BC

’

where ¢ isthe dimensionless heat source length, defined by ¢ = % .

For calculate the vorticity values at the boundary points we use Thom’s formula
in Weinan et al. [26].

Heat Transfer

Once as the temperature field is known, we may define the heat transfer coeffi-

cient in terms of local Nusselt number, Nu from the heated portion of the base

oT
Nu=-| — (11)
5.

However, this local Nu is unbounded at the corners of triangular cavity

wall by

where the hot base meets the cold side walls when the bottom wall is completely
heated. Therefore, determination of an average NU characterizing the heat trans-
fer would be unbounded at the tip region.

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

1+e
Num = — li(ﬂ) dx (12)
2 ay y=0

2.2. Numerical Method

The governing equations (Equations (1) - (3)) associated with the boundary con-
ditions (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 fuction-vorticity and temperature formulation are then solved us-
ing successive over-relaxation (SOR) method. We note that, we have used the same
relaxation parameter when we update the stream function, vorticity and temper-
ature values. Uniform grids have been selected in both the x and Yy direction.
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 tempera-

ture:
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max(|Ry,|)slo’8 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:

_Via,j =2y Y N Wiin— 2% tViia

R‘// AXZ AyZ (] (14)
R, = gPr @i _Za)i,zj RELEN + @i j1 _2[0!,21' T
AX Ay
2 T .. =T ..
_ ¢ Pr o, " Ra¢zpr i+1,] i-1,j
Da 2AX (15)
15
. (l//i+l,j ~Viaj )(a)l,jﬂ —a),’H)
4AXAy
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4AXAy
R T 2T 4Ty T — 2T+ T
T = Ax Ay?
+(‘//i+1,j _l//i—l,j)(Ti,Hl _Ti,j—1> (16)
4AXAY
. (l//i,jfl _l//i,j+l)(Ti+l,j _Ti—l,j>
4AXAyY

Preliminary tests on the influence of the mesh have allowed us to retain a uni-
form mesh size of 120 x 60 for all simulation except simulation at high darcy
(Da=10"%) where we used 200 x 100. The present numerical code has been vali-
dated against the works of Basak et al [22].

3. Results and Discussion

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 remains symmetric with respect to
the geometric midplane (see figures in [21]). 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. This work builds on the research carried out by Malomar
et al. in [21] and, for the sake of convenience, the figures showing the hydrody-
namic and thermal fields have not been included.

Darcy number effect

In the present study, three Darcy numbers are considered: Da=10", Da=10"
and Da=10". Throughout this section the size of the heat sourceis ¢ =0.5.

By comparing the fluid flow and thermal behavior for the different Darcy num-

bers considered in this study, we observe that there is no great difference between
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them when Ra=10°. However, flow velocities increase with increasing Da .
This can be explained by the fact that a porous medium with a high Darcy number
offers lower resistance to fluid movement and therefore allows higher flow veloc-
ities. The structural analysis of the temperature field shows that heat transfer is
dominated by conduction at Ra =10°%.

For Da=10", we note that for the Ra range used, heat transfer is mainly by

conduction. As Ra increases to to 10* a convective flow regime dominates for
Da=10"° and Da=10". Flow velocities increase, and a thermal plume is ob-
servedat Da=10" and the beginning of plume formation at Da =10"°. As the
Darcy number increases to Da =107, significant changes are observed beyond
Ra=10°. As Ra increases, the intensity of the flow increases and the convec-
tive cells acquire a quasi-triangular shape. The thermal gradients show an increas-
ingly narrow thermal plume.

The global heat transfer results for the different Darcy numbers are shown in
Figure 2. As can be seen, the Darcy number has an effect both on the onset of
convection and on the average Nusselt number beyond the critical point. An in-
teresting aspect was noted: for the Da parameter range used, the critical Ray-
leigh number where convection becomes the dominant heat transfer mode de-
creases significantly with increasing Da . We also noted that the average Nusselt
number remains virtually constant when the conductive mode dominates, regard-
less of the Darcy number, as the size of the heating source is kept fixed. It should
be noted that beyond a certain Ra the average Nusselt number increases with
increasing Da . This result is to be expected, since for higher Da numbers, the
porous medium offers low resistance to fluid movement which causes increasing
convective heat transfer. The temperature profiles along the axis of symmetry of
the cavity, shown in Figure 3 also indicate that the temperature distribution varies

significantly from one Darcy number to the other.
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Figure 2. Evolution of Nuc as a function of Ra for different Da , Pr=7.
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Figure 3. Temperature profile along the vertical axis of cavity

symmetry for different Da, Ra=5x10°, Pr=7.

Effect of Prandtl number

In the present study, two different values of Prandtl number are considered:
Pr=0.7 et Pr=7.Theyareapproximately equal to the Prandtl numbers of air
(Pr=0.71 a25°C) and water (Pr=6.26 a25°C). These fluids were chosen for
two main reasons. On the one hand, they are generally used in many studies of
convection in fluid or porous media, and so there are several available in the lit-
erature to serve as a basis for comparison. On the other hand, for these two fluids,
there is no significant change of their viscosity with temperature, and conse-
quently of their Prandtl number.

An analysis of the flow patterns and temperature distributions reveals that for
the range of Prandtl numbers used, for a given Ra, the hydrodynamic structures
remain remarkably similar, as do the thermal fields. At Ra =10%, two slightly
rotating cells are observed, and the flow velocities are identical. The thermal field
confirm that the dominant mode of heat transfer is conduction. As Ra increases,
flow velocities increase and the temperature distribution indicates the rise of an
increasingly narrow thermal plume, confirming that the dominant heat transfer
mode is convection. Global heat transfer results for different Prandtl numbers are
shown in Figure 4. As can be seen, the two curves overlap perfectly, indicating
that the Prandtl number has a limited effect on the overall heat transfer of the
system. These results are in line with those found in both the Rayleigh-Benard and
Horton-Rogers-Lapwood problems.

The temperature profiles along the central line of symmetry, shown in Figure
5, show no difference between the two systems. Based on the above arguments,
we can conclude that the Prandtl number is a non-significant parameter in deter-

mining the global heat transfer characteristics in the present system.
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Figure 4. Evolution of Nuc as a fonction of Ra for
different Pr, Da=107°.
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Figure 5. Temperature profile along the vertical axis of cavity
symmetry for different Pr, Ra=10°, Da=10".

4. Conclusion

This study investigated the numerical analysis of natural laminar convection within
a porous isocele triangular cavity subjected to localized heat source (€ = 0.5). The
Darcy-Brinkman model in the Boussinesq approximation was used to model the
flow within the porous medium. The influences of the Darcy number, the Prandtl
number, and the Rayleigh number were studied. The main conclusions are as fol-

lows:
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It is observed that the Darcy number has an effect on both the onset of con-
vection and the average Nusselt number. The critical Rayleigh number at which
convection becomes the dominant mode of heat transfer decreases signifi-
cantly with increasing Darcy number.

The average Nusselt number increases with increasing Darcy number.

The Prandtl number has a limited effect on overall heat transfer in the present

system.
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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™
£ Coefficient of thermal expansion, K™!
v kinematic viscosity, kg-m™-s7!
¢ Porosity of porous media
€ dimensionless heat source length @ Vorticity
v Dimensionless stream function

o Reference density of fluid, kg-m™

Superscript

) Dimensional variables

(-) Average values

Subscript

C Cold
h Hot
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