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The present numerical work is performed to analyze the heat transfer and fluid flow due to free convection in a porous
equilateral triangular enclosure with a heated square body in the presence of magnetic field and heat generation. The
left inclined wall of the enclosure is adiabatic while the horizontal wall is heated at a uniform temperature; the lower
portion of the right inclined wall is considered to be nonisothermal and the upper portion of the wall is cold. The square
body is maintained at a constant temperature. The governing equations are solved numerically subject to appropriate
boundary conditions by the finite element method using Galerkin’s weighted residuals scheme. Results are presented
by streamlines, isotherms, mean Nusselt numbers for the different parameters such as Hartmann number (Ha), heat
generation (λ), and size of the square body (lb). The Prandtl number (Pr) and Rayleigh number (Ra) are considered
fixed. It is observed that the size of the body plays an important role with regard to the heat and fluid flow inside the
cavity.

KEY WORDS: free convection, MHD, heat generation, equilateral triangular cavity, heated square body,
porous media

1. INTRODUCTION

Natural convection in porous media can be found in many
applications of engineering, such as building insulation,
grain storage, geothermal problems, geophysical prob-
lems, and solar collectors. These applications are well de-
scribed by Nield and Bejan (2006) and Ingham and Pop
(2005).

The phenomena of natural convection in porous en-
closures can be classified into two geometrical classes as
rectangular and nonrectangular enclosures. Rectangular-

shaped cavities (Ostrach, 1972; Hossain and Wilson,
2002; Khanafer and Chamkha, 1998) in porous media
have been chosen by most researchers due to simplicity
of solutions and practical importance. Some researchers
have investigated nonrectangular-shaped enclosures such
as triangular (Asan and Namli, 2000; Akinsete and Cole-
man, 1982; Chamkha and Ismael, 2013; Chamkha and Is-
mael, 2013a; Chamkha et al., 2010; Chowdhury et al.,
2015; Parvin and Hossain, 2012; Varol et al., 2006b),
trapezoidal (Baytas and Pop, 1999), and wavy shapes
(Varol and Oztop, 2006; Nasrin et al., 2012; Parvin et al.,
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NOMENCLA TURE

B0 appliedmagnetic field strength (T)
Cp specific heat at constant pressure (J kg−1K−1)
Da Darcy parameter
g gravitational acceleration (m s−2)
Ha Hartmann number
K permeability of the porous media (m2)
k thermal conductivity of the media

(W m−1 K−1)
L height of the triangle (m)
l length of the inclined wall (m)
Nu Nusselt number
Pr Prandtl number
p fluid pressure (Pa)
Ra Rayleigh number
T temperature (◦C)
t time (s)
U, V dimensionless velocity components
u, v velocity inx, y direction (m s−1)
U0 reference velocity,α/L
X, Y dimensionless coordinates

x, y Cartesian coordinates (m)

Greek Symbols
α thermal diffusivity (m2s−1)
β thermal expansion coefficient of fluid (K−1)
γ fluid ratio of specific heat
ε porosity
θ dimensionless temperature
l dimensionless length
λ dimensionless heat generation parameter
µ dynamic viscosity (Pa s−1)
υ kinematic viscosity,µ/ρ (m2 s−1)
ρ fluid density (kg m−3)
σ electrical conductivity of the fluid (S m−1)
τ dimensionless time

Subscripts
b square body
c cold
h hot

2011).In these studies they have shown that both flow and
temperature fields are affected by the geometrical param-
eters.

The triangular cavities approach with differentially
heated isothermal walls has received considerable atten-
tion because of its wide applications for roof building,
design of industrial equipment, cooling of electronic de-
vices, thermal storage systems, and furnaces, fire control
in buildings, and some solar applications.

A few recent studies on natural convection in triangu-
lar enclosures have also been carried out for various appli-
cations. Varol et al. (2006a), Ridouane et al. (2006), and
Joudi et al. (2004) numerically studied the performance
of a prism-shaped solar collector with a right-angled tri-
angular cross-sectional area. The effect of horizontal adia-
batic partitioning was studied. Tzeng et al. (2005) carried
out numerical simulation and parametric studies for trian-
gular enclosures. The aim of this study was to establish
efficient energy management.

The characteristics of heat and fluid flow for a config-
uration of isothermal vertical walls maintained at differ-
ent temperatures and with adiabatic horizontal walls are
well understood Ostrach (1972). The problem of natural
convection heat transfer in a triangular enclosure filled

with a porous medium was first considered by Bejan and
Poulikakos (1982). They found that the porous media can
be a control element for heat transfer and fluid flow. Varol
et al. (2006b) have studied natural convection in a right
angle triangular enclosure filled with a porous medium by
taking into account all possibilities of thermal boundary
conditions. More recently, Basak et al. (2008) have made
a numerical analysis using the finite element method to
investigate the effects of nonisothermal boundary condi-
tions on flow fields and temperature distribution in a tri-
angular enclosure filled with a porous medium.

Many authors have recently analyzed heat transfer in
enclosures with partitions, fins, and blocks, which manip-
ulates the convective flow phenomenon. A body can be
used as a control element for heat transfer and fluid flow,
which was investigated by Varol et al. (2007). Amine et al.
(2004) investigated thermal convection around obstacles
with different configurations. Ha et al. (1999) examined
the heat-generating conducting body inserted enclosure.
Similarly, Ha et al. (2002) 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. Oztop et al. (2001) analyzed the
effects of the location of the insulated body for a partially
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heated enclosure. Chowdhury et al. (2015a) investigated
natural convection in a porous triangular enclosure with a
circular obstacle in the presence of heat generation.

The buoyancy-driven convection in a rectangular en-
closure with a transverse magnetic field was studied by
Garandet et al. (1992). The geometry considered in the
numerical study of Oh et al. (1997) was that the conduct-
ing body generated heat within the cavity. Under these sit-
uations, the flow was driven by a temperature difference
across the cavity and a temperature difference caused by
the heat-generating source.

The effect of the magnetic field on the convective heat
transfer and the free convection flow of the fluid are of vi-
tal importance in engineering. Several numerical and ex-
perimental methods have been developed to investigate
flow characteristics inside cavities because these geome-
tries have practical engineering and industrial applica-
tions, such as in the design of solar collectors, the thermal
design of buildings, air conditioning, and cooling of elec-
tronic devices and furnaces. Oztop et al. (2009) numer-
ically investigated the magnetic field effects on natural
convection in an enclosure with a nonisothermal heater.
The problem of hydromagnetic convection with heat gen-
eration or absorption was studied by Chamkha (2002).

According to the knowledge of the authors and the
literature given above, there is no study on natural con-
vection heat transfer in an equilateral triangular enclosure
containing a heated square body and with both magne-
tohydrodynamic (MHD) effects and heat generation. The
main purpose of this study is to investigate the effect of
size of the square body and MHD on free convection heat
transfer in a porous-medium-filled equilateral triangular

enclosure with heat generation. The bottom wall of the
enclosure is heated uniformly, the left inclined wall is adi-
abatic and the right inclined wall is heated differentially.
The tests were performed for different Hartmann num-
bers, heat generation parameters, and size of the square
body.

2. PHYSICAL FORMULATION

The treated problem is an equilateral triangular cavity
of heightL filled with a fluid-saturated porous medium.
The physical system is considered in this study as shown
in Fig. 1(a) with the corresponding boundary conditions.
The bottom wall is heated isothermally with temperature
Th. The left inclined wall is adiabatic. The upper portion
of the right inclined wall is cold and maintained at tem-
peratureTc. The boundary condition at the lower portion
of the right inclined wall deserves some explanation:l1
is the length of a small gap (l is the length of the inclined
wall) where the temperature varies linearly fromTh toTc.
A heated square body with lengthlb is inserted to the cen-
ter of the enclosure and is maintained at a uniform temer-
atureTb such thatTc < Tb < Th. However, gravitational
force acts in a vertical direction and a magnetic field of
strengthB0 is effective in the horizontal direction normal
to the right side wall.

We also bring into account the effect of the
temperature-dependent heat-generating flow region. The
volumetric heat generationQ is assumed to be

Q =

{
Q0 (T − Tc) , T ≥ Tc

0, T ≤ Tc
(1)

(a) (b)

FIG. 1: (a) Schematic diagram of the enclosure with boundary conditions.(b) Mesh structure of elements for trian-
gular enclosure.
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whereQ0 is the heat generation constant. The above rela-
tion, as explained by Vajravelu and Hadjinicolaou (1997),
is valid as an approximation of the state of some exother-
mic process, which means that heat flows from the surface
to the cavity.

3. MATHEMATICAL FORMULATION

In the present problem, we assume unsteady, two-
dimensional, laminar flow of a viscous incompressible
fluid having constant properties. Under the Boussinesq
approximation the dimensionless equations describing the
flow are as follows:

∂U

∂X
+

∂V

∂Y
= 0 (2)

∂U

∂τ
+ U

∂U

∂X
+ V

∂U

∂Y
= − ∂P

∂X
+ Pr

(
∂2U

∂X2
+

∂2U

∂Y 2

)
− Pr

Da
U (3)

∂V

∂τ
+ U

∂V

∂X
+ V

∂V

∂Y
= −∂P

∂Y
+ Pr

(
∂2V

∂X2
+

∂2V

∂Y 2

)
− Pr

Da
V + RaPrθ− Ha2Prv (4)

∂θ

∂τ
+ U

∂θ

∂X
+ V

∂θ

∂Y
=

(
∂2θ

∂X2
+

∂2θ

∂Y 2

)
+ λθ (5)

where Pr = ν/α is the Prandtl number, Ra =
[gβ(Th − Tc)L

3]/(αν) is the Rayleigh number, Da =
1/ε = K/L2 is the Darcy number, Ha =B0L

√
σ/µ is

the Hartmann number, andλ = (Q0L
2)/(ρνCp) is the

heat generation parameter.
The above equations are nondimensionalized by using

the following dimensionless dependent and independent
variables:

X =
x

L
, Y =

y

L
, P =

p

ρU2
0

, l =
l

L
, l1 =

l1
L
,

lb =
lb
L
, τ =

tU0

L
, U =

u

U0
, V =

v

U0
,

θ =
T − Tc

Th − Tc
, θb =

Tb − Tc

Th − Tc
(6)

whereU0 = α/L is the reference velocity,X and Y
are the coordinates varying along the horizontal and ver-
tical axes, respectively,U andV are the velocity com-
ponents along theX andY directions, respectively,θ is

the dimensionless temperature, andP is the nondimen-
sional pressure. In the present investigation, the value of
the Prandtl number is chosen as 0.7, the Rayleigh number
is taken to be 105, and the Darcy number is 10−3.

The dimensionless initial and boundary conditions are
as follows:

All boundaries are rigid and no-slip:U = V = 0 for
τ = 0

On the bottom wall:θ = 1
On the left inclined wall:∂θ/∂n = 0
On the upper portion of the right inclined wall:θ = 0
On the lower portion of the right inclined wall:θ =

1− l1.
At the square body:

For all boundaries:U = V = 0; θ = θb, 0 < θb < 1.
Local and mean Nusselt numbers of the wall are calcu-
lated via Eqs. (7) and (8) respectively,

Nu =
hL

k
= −∂θ

∂n
L (7)

whereh represents the heat transfer coefficient,k thermal
conductivity, andn the coordinate direction normal to the
surface.

The dimensionless normal temperature gradient can be
written as

∂θ

∂n
=

1

L

√(
∂θ

∂x

)2

+

(
∂θ

∂y

)2

and

N̄u = (1/S)

∫ s

0

Nuds (8)

whereS is the total chord length of the wall ands is the
coordinate along the wall.

4. SOLUTION METHODOLOGY

The numerical procedure used in this work is based on
the Galerkin weighted residual method of finite element
formulation. The application of this technique is well de-
scribed by Taylor and Hood (1973) and Dechaumphai
(1999). In this method, the solution domain is discretized
into finite element meshes composed of nonuniform tri-
angular elements. Then the nonlinear governing partial
differential equations (i.e., mass, momentum, and energy
equations) are transferred into a system of integral equa-
tions by applying the Galerkin weighted residual method.
The integration involved in each term of these equations
is performed by using Gauss’s quadrature method. The
nonlinear algebraic equations so obtained are modified
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by imposition of boundary conditions. These modified
nonlinear equations are transferred into linear algebraic
equations by using Newton’s method. Finally, these linear
equations are solved by using the triangular factorization
method.

5. GRID SENSITIVITY TEST

In the finite element method, the mesh generation is the
technique to subdivide a domain into a set of subdomains
called finite elements, control volume, etc. The discrete
locations are defined by the numerical grid at which the
variables are to be calculated. It is basically a discrete rep-
resentation of the geometric domain on which the prob-
lem is to be solved. Mesh generation of elements for the
considered cavity is shown in Fig. 1(b). In order to de-
termine the proper grid size for this study, a grid inde-
pendence test is conducted with four types of mesh for
Pr = 0.7, Ra = 105, Ha = 0, Da = 10−3, λ = 0 andlb =
0.2, which are shown in Table 1. The extreme values of
average Nusselt number (Nu) are used as the sensitivity
measure of the accuracy of the solution and are selected as
the monitoring variable. Considering both the accuracy of
the numerical values and computational time, the present
calculations are performed with a 9055-node and 1087-
element grid system.

6. MODEL VALIDATION

The numerical simulation for pure fluid without the MHD
effect and a heated square body has been investigated by
Saha and Gu (2012) for various values of heat genera-
tion parameter with Ra = 105 and Pr = 0.7. A test has
made to contrast the results obtained by the current model
with earlier study Saha and Gu (2012). The results of
streamlines and isotherms are given in Figs. 2(a)–2(d) for
free convection in a porous triangular cavity. Figures 2(a)
and 2(b) present the results of Saha and Gu (2012), and
Figs. 2(c) and 2(d) show the results for the present study.
The comparison shows that the present results agree with
the numerical solution of Saha and Gu (2012). Also, a
comparison has been done with Parvin and Nasrin (2011)

TABLE 1: Grid sensitivity check at Pr = 0.7, Ra =1e5,
Ha = 0, Da = 10−3, andλ = 0

Nodes 3783 6650 9055 12682
(Elements) (413) (760) (1087) (1579)
Nu 8.2163 8.2123 8.2111 8.2111
Time (s) 60 85 105 190

for MHD free convection in an enclosure containing a
heated obstacle with Ra = 105, Pr = 0.7 and Ha = 50,
and good agreement was found between the present study
[Figs. 2(g) and 2(h)] and that of Parvin and Nasrin (2011)
[Figs. 2(e) and 2(f)].

7. RESULTS AND DISCUSSION

The hydromagnetic natural convection phenomenon with
heat generation effect inside an equilateral triangular ob-
structed cavity with a heated square obstacle is influenced
by different controlling parameters such as Ha, Ra, Pr,λ,
Da and the size of the square bodylb. The results are an-
alyzed by obtaining streamlines, isotherms, and average
Nusselt number for three parameters varied as 0≤ λ ≤
15, 0≤ Ha ≤ 60 and 0.1≤ lb ≤ 0.3, while the other
parameters Pr, Ra and Da are remained fixed at 0.7, 105,
and 10−3, respectively.

Figure 3 illustrates the effects of the size of the square
body with the four different values of heat generation pa-
rameterλ on streamlines as well as isotherms while Pr
= 0.7, Ra = 105, Da = 10−3, and Ha = 0. For the lowest
value ofλ andlb [Fig. 3(a)], a triangular-shaped flow dis-
tribution is formed. Asλ increases from 0 to 15, a vortex
is created at the left corner of the square body for fixedlb.
Moreover, the number of vortices present in the primary
flow pattern increases due to increasing heat generation.
The increase ofλ causes acceleration of the fluid motion
and enhancement in the maximum temperature. In fact,
the increase in the heat generation parameter indicates the
increase in heat acquired for the fluid which enhances the
natural convection flow. It must be noticed that the size
of the vortices increased dramatically forlb = 0.3. This
happened because of the increasing size of the solid body,
which gives rise to a decrease in space available for the
flow induced by the heat generation. An eddy is created
at just above the upper wall of the square body as the heat
generation increases. Thus streamlines change apprecibly
for both of the previously mentioned parameters.

Figure 4 shows that a heated boundary layer is formed
adjacent to the bottom surface as the surface is heated
uniformly. As a result of the buoyancy effect, the hot
fluid moves uphill from the bottom within the cavity. As
the square body is heated, a vortex is created around the
body with the increase of heat generation. The higher flow
strength can be shown at the right inclined wall of the cav-
ity when lb = 0.1 andlb = 0.2. This happens due to high
temperature differences between the hot and cold fluid.

The effects oflb and Hartmann number Ha on stream-
lines are represented in Fig. 5 while Pr = 0.7, Ra = 105,
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FIG. 2: A comparison for streamlines (left column) and isotherms (right column) with Saha and Gu (2012)(a, b) and
present study(c, d) for Ra = 105, Pr = 0.7, Da = 10−3, λ = 0 and Ha = 0 and Parvin and Nasrin (2011)(e, f) and
present study(g, h) for Ra = 105, Pr = 0.7 and Ha = 50.

Da = 10−3, andλ = 0. The flow field modifications for all
values of Ha are due to variation oflb. In Fig. 5(a), the
flow structure in the absence of magnetic field (Ha = 0) is
exposed. The flow with Ha = 0 andlb = 0.3 produces two
eddies just at the bottom part of the square obstacle. The
eddy moves at the right corner of the cavity with a mount-
ing magnetic parameter. This is because the applied trans-
verse magnetic field retards the fluid motion. Forlb = 0.1
andlb = 0.2, a vortex is created at the bottom of the square
body. The size of the vortex increases with the increase of
Hartmann number.

In Fig. 6, the corresponding isothermal lines are plot-
ted. For Ha = 0, the isothermal lines form a thin thermal
boundary layer near the bottom wall of the cavity which
are becoming linear and parallel with growing Ha. This
occurs because the magnetic field acts in the opposite di-
rection to that of the fluid flow.

The variation of Nu at the heated surface for differ-
ent Hartmann numbers Ha and heat generation parameter
λ along with size parameterlb is depicted in Figs. 7(a)
and 7(b). Here Nu is plotted as a function oflb. From
Fig. 7(a), it is observed that the rate of heat transfer de-
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FIG. 3: Streamlines for different sizes of the square cavitylb and heat generation parameterλ with Ra = 105, Pr = 0.7,
Da = 10−3, and Ha = 0.
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FIG. 4: Isotherms for different sizes of the square cavitylb and heat generation parameterλ with Ra = 105, Pr = 0.7,
Da = 10−3, and Ha = 0.
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FIG. 5: Streamlines for different sizes of the square cavitylb and Hartmann number Ha with Ra = 105, Pr = 0.7,
Da = 10−3, andλ = 0.
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FIG. 6: Isotherms for different sizes of the square cavitylb and Hartmann number Ha with Ra = 105, Pr = 0.7, Da =
10−3, andλ = 0.

creases due to the increase of Ha as the magnetic field
acts in the opposite direction of the flow and thus retards
the motion. In Fig. 7(b), we see that the rate of heat trans-
fer from the heated bottom surface decreases with the in-
crease in the value of the heat generation parameter. This
is expected, since the heat generation mechanism will in-
crease the fluid temperature near the bottom surface, re-

sulting in increased resistance to the transfer of heat in the
vertical direction.

8. CONCLUSION

A numerical work is performed to investigate the effect
MHD and heat generation on hydromagnetic free convec-
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(a) (b)

FIG. 7: Effect of size of the square bodylb on Nu with different values of(a) Hartmann number (Ha) and(b) heat
generation parameter (λ).

tion in a porous equilateral triangular cavity with a heated
square obstacle in the presence of heat generation. Some
findings can be listed as follows:

• Both heat transfer and fluid flow are affected by the
size of the heated square body. Fluid flow is ham-
pered with increasing of size of the body.

• The number of vortices in the streamlines increases
with the increase of size of the square body.

• The increase of Hartmann number hinders the flow
and consequently, the isothermal lines occupy al-
most the whole region.

• Fluid flow rate increased with the increase of the heat
generation parameter.

• The heat transfer rate at the heated wall was stepped
down with the stepping up of the Hartmann number,
as well as the heat generation parameter.
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