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A numerical work was performed to examine the heat transfer and fluid flow due to natural convection in a
porous triangular enclosure with a centered conducting body. The center of the body was located onto the
gravity center of the right-angle triangular cavity. The Darcy law model was used to write the governing
equations and they were solved using a finite difference method. Results are presented by streamlines,
isotherms, mean and local Nusselt numbers for the different parameters such as the Rayleigh number, thermal
conductivity ratio, and height and width of the body. It was observed that both height and width of the body
and thermal conductivity ratio play an important role on heat and fluid flow inside the cavity.
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© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Porous media filled enclosures or channels were an important
subject of engineering. It had very wide application areas such as solar
collection, building insulation, oil distraction, building materials and
some geophysical or geological applications. Analysis of the flow field
and temperature distribution was also a topic in applied mathematics.
All of these were given in literature on porous media [1–4].

Natural convection in a triangular shaped enclosure was mostly
studied for a pure fluid filled enclosure due to its wide application for
roof-building, electronic equipment and some solar applications [5–9].

Porous media filled attic shaped building was firstly proposed by
Poulikakos and Bejan [10]. They proposed that the filling of attic shaped
building with porous media can be a control element for heat transfer
and fluid flow. Varol et al. [11] made a numerical work on natural
convection in porous media filled right-angle triangular enclosure by
adding a square object at different thermal boundary conditions. In this
article, they indicated that thermal conditions play an important role on
heat and fluid flow. Inserting of a passive element into a cavity or pipe
was an old technique to control heat transfer and fluid flow of purefluid
or fluid saturated porousmedia. In this context, Dong and Li [12]made a
numerical work to investigate the complicated flow and heat transfer
phenomena in a circle shaped body inserted thick walled enclosure. Ha
et al. [13] tested the different boundary conditions for the inserted body
to the enclosure. They reported that the presence of the body obstructs
the flow and temperature fields. Other related articles can be found in
Refs. [14–16].

Themain purpose of this work was to evaluate the dimensions and
thermal conductivity ratio of a body in porous media filled triangular
enclosures. Based on the previously mentioned literature survey and
the authors' knowledge there is no study in literature for considered
geometry.

2. Analysis

The schematic of the geometry with the coordinates and boundary
conditions is shown in Fig. 1(a). The problemwas considered to be two
dimensional. The vertical wall was insulated. The bottom wall was
maintained at a constant high temperature of Th whereas the inclined
wall was in a constant low temperature of Tc. A conducting body with
heightwy′, andwidthwx′was inserted to the center of the enclosure. Its
coordinatewas cx′and cy′. The conducting bodywas located far fromthe
origin with the distance of 0.33 in both directions (cx′=cy′=0.33). L
andH represented the bottom length and the height of the vertical wall,
respectively. Thus, anaspect ratiowasdefined asH/Lwhichwas taken as
unity in this paper. The grid distribution is also shown in Fig. 1(b). A
regular grid was used in the system.

The following assumptions are made to obtain the governing
equations: the properties of the fluid and the porous medium are
constant; the cavity walls are impermeable; the Boussinesq approxi-
mation and the Darcy law model are valid; and the viscous drag and
inertia terms of the momentum equations are negligible. With these
assumptions, the dimensional governing equations of continuity,
momentum, and energy can be written as

∂u
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∂v
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Nomenclature

cx′ location of the conducting body in x−direction
cy′ location of the conducting body in y−direction
g gravitational acceleration
H height of the triangle or cavity
k thermal conductivity ratio, ks/kf
K permeability of the porous medium
L length of the triangle or cavity
Nu mean Nusselt number
Nux local Nusselt number
Ra Rayleigh number
T temperature
u, v velocity components in x,y directions
x,y Cartesian coordinates
wx dimensionless width of the conducting body, wx′/L
wy dimensionless height of the conducting body, wy′/H

Greek Letters
αm thermal diffusivity of the porous medium
β thermal expansion coefficient
θ non-dimensional temperature
υ kinematic viscosity
ψ stream function
Ψ non-dimensional stream function

Subscript
c cold
f fluid
h hot
s solid

b)
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Fig. 1. a) Physical model, b) Finite-difference grid for a triangular enclosure.
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for the fluid-saturated porous medium and the energy equation for
the body wall is given by:

∂2Ts
∂x2

+
∂2Ts
∂y2

= 0 ð4Þ

where u and v are the velocity components along the x and y axes, Tf is
the fluid temperature, g is the acceleration due to gravity, Ts is the
temperature of the body wall, K is the permeability of the porous
medium, αm is the effective thermal diffusivity of the porous medium,
β is the thermal expansion coefficient and υ is the kinematic viscosity.
Introducing the stream function ψ defined as

u =
∂ψ
∂y ; v = −∂ψ

∂x ð5Þ

Eqs. (1)–(4) can be written in non-dimensional form as

∂2Ψ
∂X2 +

∂2Ψ
∂Y2 = −Ra

∂θf
∂X ð6Þ
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∂X −∂Ψ
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∂2θf
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∂2θf
∂Y2 ð7Þ

for the fluid-saturated porous medium and

∂2θs
∂X2 +

∂2θs
∂Y2 = 0 ð8Þ
for the body wall, respectively. Here Ra=gβK(Th−Tc)H/αmυ is the
Rayleigh number for the porous medium and the non-dimensional
quantities are defined as

X =
x
H
; Y =

y
H
; Ψ =

ψ
αm

; θf =
Tf−Tc
Th−Tc

; θs =
Ts−Tc
Th−Tc

ð9Þ

The boundary conditions of Eqs. (6)–(8) are:for all solid
boundaries

Ψ = 0 ð10aÞ

on the bottom wall (hot), 0≤X≤1

θf = 1 ð10bÞ
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Fig. 2. Streamlines (left) and isotherms (right) for different Rayleigh numbers at wx=0.3, wy=0.3, and k=1: a)Ra=100, b)Ra=250, c)Ra=1000.
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on the vertical wall (adiabatic), 0≤Y≤1

∂θf
∂X = 0 ð10cÞ

on the inclined wall (cold)

θf = 0 ð10dÞ

for the interface between solid and porous media,

kf
∂θf
∂n = ks

∂θs
∂n ð10eÞ
Physical quantities of interest in this problem are the local Nusselt
number Nux and the mean Nusselt number Nu, which can be
expressed as

Nux = −
∂θf
∂Y

 !
Y=0

; Nu =∫
1

0

NuxdX ð11a;bÞ

Eqs. (6)–(8) subject to the boundary conditions (10) were
integrated using the finite-difference method. Numerical simulations
were carried out systematically in order to determine the effect of three
main parameters of the problem, namely: Rayleigh number Ra, thermal
conductivity ratio k, width of the conducting body wx(=wx′/L)and
height of the conducting body wy(=wy′/H) on the flow and heat
transfer characteristics. The solution domain, therefore, consists of grid
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Fig. 3. Streamlines (left) and isotherms (right) for different thermal conductivity ratios at wx=0.3, wy=0.3, and Ra=500: a)k=1, b)k=10.
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points atwhich equationswere applied. The grid sizewas selected to be
similar to that used by 101×101 for the triangular cavity with uniform
grid spacing. The resulting algebraic equations were solved by
Successive under Relaxation (SUR) method. The iteration process was
terminated under the following condition:

∑
i; j

ϕm
i; j−ϕm−1

i; j

ϕm
i; j

�����
�����≤10−5 ð12Þ

wherem denoted the iteration step and ϕ stands for either θf, θs orΨ.
Due to lack of suitable results in the literature pertaining to the
present configuration, the obtained results have been validated
against the existing results for a square cavity filled with a porous
medium. Thus, the comparison of the present results for the mean
Nusselt number Nu, as defined by Eq. (11a,b), with those from the
open literature has been made for a value of Ra=1000. Comparison
results can be found in our earlier publications as Varol et al. [16].

3. Results and discussion

In this numerical study, buoyancy induced flow due to tempera-
ture difference in a closed triangular cavitywith solid conductive body
inserted was analyzed through a computer code written by the
author. Results are presented by streamlines, isotherms, mean and
local Nusselt numbers for the different parameters such as the
Rayleigh number, thermal conductivity ratio, height and width of the
body.

Fig. 2(a) to (c) illustrates the effects of the Rayleigh number on
heat and fluid flow in a square shaped solid body inserted. For all
studies, the center of the body sits in the gravity center of the
triangular enclosure. In this case, thermal conductivity values of solid
and fluid are equal to each other. Thus, thermal conductivity ratio is
taken as unity. In Fig. 2(a), two eddies were formed near the right
bottom corner of the triangle and top of the square body. The flow
strength (Ψmin=−1.79)was higher near the right bottom corner due
to a high temperature difference between the hot and cold surfaces
and the small distance between them. Both eddies turned in the same
clockwise direction. Due to the low values of the Rayleigh number, the
conduction mode of heat transfer became dominant onto convection.
Thus, insertion of the square body does not make a strong effect on
temperature distribution as shown in Fig. 2(a). This is due to the fact
that the thermal conductivity ratio is equal to unity. Further Rayleigh
numbers show that the direction of temperature distribution changes
due to the presence of the body as given in Fig. 2(b) to (c). For the
highest value of the Rayleigh number, multiple eddies were observed.
For a higher value than Ra=1000, two dimensional and steady state
solution may not be enough to obtain heat and fluid flow in the same
system. Thus, the Rayleigh number is restricted in this work.

Fig. 3(a) to (b) illustrates the streamline and isotherms for
Ra=500 and high thermal conductivity ratio as k=1 and k=10.
Multiple cells were observed for all values of thermal conductivity.
However, only the eddy at the right bottom corner was affected from
this change. It was seen that the body made small effects on
temperature distribution when thermal conductivity ratio became
high as given in Fig. 3(b). Effects of the aspect ratio of the inner body is
presented in Fig. 4(a) to (c) with streamlines and isotherms for
wx=0.3,wy=0.3 and Ra=500. In Fig. 4(a), the horizontal (wy=0.2)
and vertical (wx=0.2) rectangular body is inserted. In both cases,
multiple cells were observed. As given in Fig. 1 (physical model), the
cavity is heated from the bottom side and cooled from the inclined
wall. A cell was formed under the inserted body and a higher flow
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strength was formed when the body was inserted horizontally due to
the wide surface. Due to the narrow distance between the inserted
body and the vertical wall the fluid was accelerated. Fig. 5 illustrates
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Fig. 4 (continued).
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heat transfer increases from bottom to top. For XN0.4, thermal
conductivity ratio became insignificant due to the domination of
conduction. Fig. 6(a) and (b) shows the effect of the horizontal and
vertical position on the local Nusselt number at Ra=500 and k=1. As
seen from the figure that heat transfer was locally affected from the
change of position of the body. It got clear especially at the bottom
side of the wall. Heat transfer was first high at the bottom and it had a
minimum value between X=0.2 and 0.4. However, this minimum
point was a function of the shape of the body. The second minimum
point occurred around X=0.8. Both values of local Nusselt numbers
and the location of the minimum point were almost the same except
forwy=0.05. It was an interesting observation that a similar situation
occurred for the vertical position of the body in Fig. 6(b). Fig. 7 was
given to summarize these cases. In this figure, the effects of position
Fig. 5. The variation of the local Nusselt number along the horizontal bottom wall for
different thermal conductivity ratios at Ra=500,wx=0.3, and wy=0.3.
on the local Nusselt number was presented for k=0.1(on the left) and
k=10(on the right) at Ra=500. It was seen that the thickness of the
partition was effective on the variation of the local Nusselt numbers.
The trend of the local Nusselt number was independent from the
variation of the thermal conductivity ratio. In other words, the values
of the local Nusselt number had the highest value near X=1. At the
left corner of the triangle, the local Nusselt number had a higher value
when the body was located horizontally for wx=wy=0.02 and 0.05.
Effects of the thermal conductivity ratio on heat transfer became
clearer in Fig. 8. As seen from the figure, a linear increase occurred
with the Rayleigh number in terms of heat transfer. It also increased
with the increase of the thermal conductivity ratio. Fig. 9 shows the
variation of the mean Nusselt number as a function of thermal
conductivity ratio and position. In this figure heat transfer increased
with increasing thermal conductivity ratio due to increasing heat
interaction between solid and fluid. This increase was clear for
k=0.1 and 1. For further values, heat transfer became constant.
4. Conclusions

A numerical work was performed to analyze natural convection in
porous media filled and the conducting body inserted triangular
cavity. Some findings can be listed as follows:

• Both heat transfer and fluid flow was affected by the location of the
conducting body.

• Heat transfer increased with increasing thermal conductivity and
Rayleigh number due to incoming energy into the system.

• For a higher value of thermal conductivity, heat transfer became
constant. A huge difference occurred between k=0.1 and 1on heat
transfer.

• Location of the body becamemore effective than that of thickness of
the body.
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