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Abstract: Free convection flow and heat transfer in a rectangular cavity with heated triangle and internal heat generation is
investigated numerically. A finite element analysis is performed to investigate the effects of uniform heating and is also used
for solving the Navier-Stokes and Energy balance equations. The horizontal bottom wall is divided into three equal sections.
The middle section of the horizontal bottom wall, bottom side of the triangle and left vertical left wall in the enclosure were
kept temperature at Ty,. The other two parts of the horizontal bottom wall and the other two sides of the triangle were kept
thermal insulation while the right vertical walls and the top wall of the cavity were maintained constant temperature T, with
Tp>T.. The physical problems are represented mathematically by different sets of governing equations along with
corresponding boundary conditions. The dimensionless Parameters in the equations are performed for Heat generation (1),
Rayleigh number (Ra) and Prandtl number (Pr). The streamlines, isotherms, average Nusselt number, velocity profiles and
temperature distribution of the fluid in the enclosure are presented graphically. The numerical results indicate that the Heat
Generation and Rayleigh number have strong influence on the streamlines and isotherms. Also the mentioned parameters have
significant effect on average Nusselt number at the hot wall and average temperature of the fluid in the enclosure.
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trapezoidal cavity is very weak because the viscous forces

1. Introduction

Natural convection in closed cavities is one of the most
important subjects of fluid flow and heat transfer. This
subject has received much attention in last few years due to
many energy-related applications, such as cooling of
electronic components, thermal insulation of buildings using
air gaps, solar energy collectors, semiconductor production,
furnaces and fire control in buildings. Convection due to
buoyancy forces is an important and often dominant mode of
heat and mass transport.

Ahmed Kadhim Hussein [1] developed finite volume
simulation of natural convection in a trapezoidal cavity filled
with various fluids and heated from the top wall. He found
that at low Rayleigh number, the circulation pattern in the

are dominating over the buoyancy forces. As Rayleigh
number increases, a clear confusion occurs in the shape of re-
circulating vortices, since the buoyancy forces are
dominating over the viscous forces. Azad et al. [2] analyzed
combined convection in an open cavity under constant heat
flux boundary conditions and magnetic field using finite
element method. They observed that Hartmann number
decreases the flow strength and convection. Thus, the heat
transfer regime becomes conduction for higher values of
Hartmann numbers even at high Rayleigh numbers. Bouabid
et al. [3] investigated irreversibility on MHD natural
convection in a square cavity for different Prandtl numbers.
Natural convection in a triangular top wall enclosure with a
solid strip was studied by Ahmed kadhim et al. [4]. It was
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concluded by them due to the presence of the solid adiabatic
strip, the lower portion of the cavity remains very cold
compared to the upper portion. Chowdhury et al. [5]
performed natural convection in porous triangular enclosure
with a circular obstacle in presence of heat generation. They
observed that the fluid flow and temperature field strongly
depend on the presence of the circular body obstructs the
flow and temperature fields. The heat generation effect is
negligible for large size of circular body. Nejad and Keshtkar
[6] developed entropy generation analysis of natural
convection in square enclosures with two heat source.
Khudheyer [7] developed MHD mixed convection in double
lid- driven differentially heated trapezoidal cavity. Aghaei et
al. [8] analyzed of magnetic field effects on distributed heat
sources in a nanofluid-filled enclosure by natural convection.
Basak et al. [9] investigated energy flows due to natural
convection within trapezoidal enclosures with hot bottom
wall and cold side walls in the presence of insulated top
walls. Jani et al.[10] developed magneto hydrodynamic free
convection in a square cavity heated from below and cooled
from other walls. Alam et al. [11] established finite element
analysis of MHD natural convection in a rectangular cavity
and partially heated wall. They found that heat transfer
mechanism, temperature distribution and the flow
characteristics inside the cavity depended strongly upon both
the strength of the magnetic field and the Rayleigh number.
Alam et al. [12] formulated numerical simulation of natural
convection in a rectangular cavity with triangles of different
orientation in presence of magnetic field. Where we found
the orientation of triangular heated body has an effect on the
flow and temperature fields. Alam et al. [13] investigated
numerical simulation of natural convection in a rectangular
cavity with corner heater in presence of magnetic field. Alam
et al. [14] analyzed effect of Prandtl number on magneto-
convection in a lid driven square cavity with a sinusoidal
vertical wall. They concluded that the Prandtl number
thermal diffusivity dominates, this means that conduction
dominates over convection. Alam et al. [15] performed mixed
magneto convection in a lid driven square enclosure with a
sinusoidal vertical wall and joule heating. Ali et al. [16, 17]
performed numerical study of mixed and free convection in
hexagonal and square enclosure in presence of magnetic
field. Later on, Sarkar [18] and Hossain [19] extended theses
analysis for the rectangular enclosure with different thermal
conditions. B. Xu, et al. [20] developed an experimental
study of thermally induced convection of molten gallium in
magnetic fields. They found that natural convection is
suppressed with an imposed magnetic field and the magnetic
damping effect increases with an increase in the applied field
strength.

The above literature review observed that no work has yet
been done on numerical simulation of natural convection in a
rectangular cavity with heated triangle and internal heat
generation. The dimensionless Parameters in the equations
are performed for Heat generation (L), Rayleigh number (Ra)
and Prandtl number Pr. The results are presented in terms of
streamlines and isotherms inside the cavity, vertical

component of the velocity along the horizontal centerline of
the cavity, local Nusselt number along the hot wall, and
average Nusselt number of the hot wall also.

2. Physical Model and Mathematical
Formulations

A schematic of the problem considered in present study is
shown in Figure 1. The system consist of a rectangular cavity
with a heated triangle is located inside the enclosure. The
middle section of the horizontal bottom wall, left vertical
wall and bottom side of the triangle in the enclosure were
kept temperature at T, and the other two parts of the
horizontal bottom wall and the rest two side of the triangle
were kept thermal insulation while the right vertical walls
and the top wall of the cavity were maintained constant
temperature T,, where T, is less than T,. The fluid is
considered as incompressible and the flow is assumed to be
laminar. The boundary conditions for velocity are considered
as no-slip on solid boundaries. The volumetric rate of heat
generation q[W/m’] is ¢=Qu(T-T,),forT 2T, and

q=0,forT<T, Where Q, is a heat generation constant

which may be either positive or negative. This source term
represents the heat generation when Qy>0and the heat
absorption when Q,<0. Steady two-dimensional laminar free
convective flow of viscous incompressible fluid having
constant properties is assumed; where buoyancy effect is
included through  Boussinesq approximation.  The
gravitational acceleration acts in the negative y-direction. All
solid boundaries are assumed to be rigid no-slip walls.
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Figure 1. Schematic diagram of the physical system.

Under these assumptions the equations of Continuity,
momentum and energy are:
Continuity Equation:

=0 (1)
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Momentum Equations
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where x and y are the distances measured along the
horizontal and vertical directions respectively; u and v are the
velocity components in the x and y directions respectively; T
denotes the fluid temperature and T, denotes the reference
temperature for which buoyant force vanishes, p is the
pressure and P is the fluid density, g is the gravitational
acceleration f is the volumetric coefficient of thermal
expansion, C, is the specific heat at constant pressure. The
above equations will be making dimensionless, we introduce
the following non-dimensional variables are as follows:
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where V[: E} the reference kinematic viscosity and 0 is the
non-dimensional  temperature.  After substitution of
dimensionless variables (5) into equations (1)-(4) the non-
dimensional governing equations for steady two-dimensional

free convection flow in the rectangular cavity are as follows:
Continuity Equation
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In the above equations Ra is the Rayleigh number, Pr is the
number and the heat generation parameter defined by the

following relations
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The non-dimensional boundary conditions under

consideration can be written as:
At the solid walls and triangular body surface:

U=0,V=0 g_]i =0. At the top and right vertical walls:

=0, V=0 and 8 =0 At the right and left section of the
bottom wall: % =0 At the heated walls’= 0, V=0 and 8 =1

where X and Y are dimensionless coordinates varying along
horizontal and vertical directions, respectively; U and V are
dimensionless velocity components in X and Y directions,
respectively; & is the dimensionless temperature where N is
the non-dimensional distances either along X or Y direction
acting normal to the surface. The local Nusselt number at the
heated surface of the cavity which is defined by the following

. o6
expression Nu; = Nu, = Nu, = Nu, = _O_N where n denotes

the normal direction on a plane.

3. Numerical Analysis

The numerical procedure used to solve the governing
equations for the present work is based on the Galerkin
weighted residual method of finite-element formulation. The
non-linear parametric solution method is chosen to solve the
governing equations. This approach will result in substantially
fast convergence assurance. A non-uniform triangular mesh
arrangement is implemented in the present investigation to
capture the rapid changes in the dependent variables. The
velocity and thermal energy equations (1)-(4) result in a set of
non-linear coupled equations for which an iterative scheme is
adopted. To ensure convergence of the numerical algorithm
the following criteria is applied to all dependent variables

1 -5
o ‘ <10™  where

over the i

Wrepresents a dependent variable U, V, P, and T the indexes i,
j indicate a grid point; and the index n is the current iteration
at the grid level. The six node triangular element is used in
this work for the development of the finite element equations.
All six nodes are associated with velocities as well as
temperature; only the corner nodes are associated with
pressure. This means that a lower order polynomial is chosen
for pressure and which is satisfied through continuity equation.
These residuals are reduced to zero in a weighted sense over
each element volume using the Galerkin method. Details of
the method are available in Taylor and Hood (1973) and
Dechaumphai (1999).

4. Grid Independent Test

In order to obtain grid independent solution, a grid
refinement study is performed for a rectangular cavity with
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Pr = 0.1, ¢ = 0" and Ra = 10°. Figure 2 shows the
convergence of the average Nusselt number, Nu,, at the
heated surface with grid refinement. It is observed that grid
independence is achieved with 2271 elements where there is
insignificant change in Nu with further increase of mesh
elements. Six different non-uniform grids with the following
number of nodes and elements were considered for the grid

refinement tests: 132 nodes, 230 elements; 241nodes, 409
elements; 374 nodes, 655 elements; 691 nodes, 1253
elements; 2271 nodes, 4300 elements; 80732 nodes, 16982
elements. From these values, 2271 nodes 4300 elements can
be chosen throughout the simulation to optimize the relation
between the accuracy required.

Table 1. Grid Sensitivity Check at Pr = 0.7, ¢p = 0, Ha = 50 and Ra = 10°.

Nodes 132 241 374 691 2271 8732
Elements 230 409 655 1253 4300 16982
Nu 2.2423 2.77928 3.43519 3.88108 4.62028 4.62003
0.y 0.31173 0.30403 0.29903 0.29431 0.28732 0.28272
Nu
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Figure 2. Graph of average Nusselt Number.

5. Comparison/Validation
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Figure 3. Comparison of present numerical result with experimental data of
B. Xu et al. [20].

The Figure 3: comparison of present numerical result with
experimental data of B. Xu et al. [20]. The present research
describes the numerical study and compares the finding results
with the experimental measurements. The experimental
investigation is on natural convection in a molten metal subject
to a uniform magnetic field. The working fluid is molten
gallium, which is contained in a rectangular box with the two
opposite vertical walls held at different temperatures. The left
and right vertical walls are constant different temperature T,
and T, hot and cold respectively. The hot temperature T}, =
339K and cold temperature T, = 328K, giving a temperature
difference AT = 11 K. The measured and computed
temperature profiles with applied magnetic fields 300 Gauss
are shown in the Figure 3. The temperature profiles across the
width of the cell are plotted for Y = 2.75 cm, 1.5 cm and 0.25
cm. The present study has also taken left and right vertical
walls are constant different temperature Ty, and T, hot and cold
respectively. The experimental and numerical results show a
good agreement.

6. Results and Discussions

Laminar natural convection heat transfer and fluid flow
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are studied in a rectangle enclosure for different parameters
Rayleigh number and heat generation parameter. Heater
position of the cavity is partially heated horizontal bottom
wall, horizontal side of the triangle and left vertical wall as
shown in Figure 1. The mentioned parameters having the
following ranges: Rayleigh number from 10* to 10° and
Heat generation parameter (4) are 0.1 5, 10 and 20. Air is
chosen as a fluid with Prandtl number 0.71. The results are
presented in terms of streamlines and isotherms inside the
cavity, the wvertical velocity component, dimensionless
temperature, the local Nusselt number along the horizontal
line y = 0.3 of the cavity. Moreover, the variation of the
average Nusselt number at the heated surface and average
fluid temperature in the cavity are also highlighted in
tabular form

6.1. Effect of Rayleigh Number

Figure 4 & Figure 6 and Figure 5 & Figure 7 depicted
Streamlines and isotherms respectively for variation of Ra =
1000, 10000, 100000 and 1000000. While Heat generation
parameter A = 0.0 and 1.5 are used for Figure 4 & Figure 5
and Figure 6 & Figure 7 respectively, and Pr = 0.71. It is
observed the effect of Rayleigh number in the flow field
and temperature distribution. For both values of Heat
generation (A = 0.0 and 1.5) two elliptic-shaped cells are
formed of stream lines for different values of Rayleigh
number. Cells are seen both sides of triangular block at the
inclined side in the cavity. For increasing of Rayleigh
number both cells changes their shape and position towards
middle part of the cavity. Stream function has symmetrical
value about vertical and horizontal wall. Isotherms lines are
often parallel among themselves about the vertical and top
wall. For higher values of Rayleigh number isotherms are
condensed to the top and right wall because of heated left
and bottom wall. In addition, a thermal boundary layer
starts to develop near the cold wall. This is because, at the
highest Rayleigh number, natural convection is more
effective than that of conduction. On the other hand, at the
lower values of Ra (= 10°, 10*) the isotherms near the left
wall are almost similar but dissimilar near the right wall.
The left elliptic vortex is about to absence at Ra (= 100000)
on both cases that is A = 0.0 and A = 1.5. Streamlines is
becoming stronger than higher values of Heat generation
parameter. Heat generation parameter has significance
effect in the flow and temperature field. Figure 8 & Figure
9 represent velocity, Figure 10 & Figure 11 represent
temperature and Figure 12 & Figure 13 representthe local
Nnusselt number. From Figure 8 & Figure 9 velocity profile
is observed. Highest and lowest velocity is observed in both
cases for Heat generation parameters A = 0.0 and 1.5. From
higher values of Heat generation temperature increases is
shown in Figure 10 & Figure 11. The rate of heat transfer
decreases for higher values of Rayleigh number is seen in
Figure 12 & Figure 13.

6.2. Effect of Heat Generation

Now we discuss the effect of the internal heat generation
parameter (A) on the flow and thermal fields in the cavity.
Figure 14 & Figure 16 and Figures 15 & 17 depicted
Streamlines and isotherms for variation of A = 0.1, 5, 10, and
20 while Rayleigh number Ra =10000 and 100000
respectively and Pr = 0.71. Two elliptic shaped vortex are
observed on both inclined side of the triangle in streamlines
in Figure 14 and 16 where Ra= 1000 to0.1000000. Vortexes of
the right side are becoming stronger as increasing of
Rayleigh number. On the other hand only one vortex on the
left side of the triangle in the streamlines is seen weaker in
Figure 16 where Ra=1000000. Figure 14 depicts the
streamlines for the values of heat generation parameter A =
0.0, 10, 15 and 20 at the Rayleigh numbers Ra = 10000.
From this figure it is seen that at the lower values of Ra (=
10% and A (= 0.0), a circle shaped circulation cell is found in
the cavity, due to domination of conduction effects. From this
figure, it is also seen that increasing values of heat generation
leads increasing value in the centre of the circulation cell at
the lower values of Ra (= 10°). Moreover, the flow strength
in the circulation cell also increases when the internal heat
generation increases in magnitude at the higher values of Ra
(= 10°). The effect of different values of heat generation
parameter on thermal field is depicted in Figure 14 for
considered Rayleigh number Ra, while flush heater placed at
middle part of the horizontal bottom wall.

The isotherms near the wall are almost parallel for all
values of heat generating parameter A, but isotherms near the
vicinity of the right vertical wall more concentrated with the
increasing values of A at lower value of Ra. The isotherm
pattern of Ra =10* for all values of A becomes more non
linear while it compares with the lower values of Ra, which
is expected. Besides, at higher Ra (=10°), a thermal spot is
developed near the right vertical wall and becomes stronger
but the concentrated isotherms near the heat source at the
right vertical wall disappear with the increasing values of A.
The effects of heat generation parameter on the heat transfer
rate along the hot wall is plotted as a function of Rayleigh
number Ra in Figure 10 (a) & (b) for the four different values
of heat generating parameters A. It is observed that average
Nusselt number increases very slowly with the increase of Ra
for the different values of heat generating parameters A. It is
also notes that Nu is always higher at 4 = 0.0, as expected.
This is due to the fact that, the heat generation mechanism
creates a layer of hot fluid near the hot surface as a result the
increasing rate of internal heat generation negates the heat
transfer from the hot surface. Figure 18 & Figure 19, Figure
20 & Figure 21 and Figure 22 & Figure 23 depicted the
velocity, temperature and local Nusselt number for variation
of heat generation parameter A while Ra = 10000 or 100000
and Pr = 0.71. For increasing values of heat generation
parameter rate heat transfer is increasing is observed in
Figure 22 & Figure 23.



International Journal of Theoretical and Applied Mathematics 2019; 5(3): 44-56 49

Ra = 100000 Ra = 1000000
Figure 4. Streamlines for variation of Ra = 1000, 10000, 100000 and 1000000, while /. = 0.0 and Pr = 0.71.

Ra = 100000 Ra = 1000000
Figure 5. Isotherms for variation of Ra = 1000, 10000, 100000 and 1000000, while 2 = 0.0 and Pr = 0.71.
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Ra = 10000

Ra = 100000 Ra = 1000000
Figure 6. Streamlines for variation of Ra = 1000, 10000, 100000 and1000000, while . = 1.5 and Pr = 0.71.

Ra = 100000 Ra = 1000000
Figure 7. Isotherms for variation of Ra = 1000, 10000, 100000 and1000000, while 2 = 1.5 and Pr = 0.71.
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A=10 A=20
Figure 14. Streamlines for variation of 2. = 0.1, 5, 10 and 20 while, Ra = 1 0" and Pr=0.71.

Figure 15. Isotherms for variation of 2 = 0.1, 5, 10 and 20 while, Ra = 10° and Pr = 0.71.
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=10 A=20

L=10 A=20
Figure 17. Isotherms for variation of A = 0.1, 5, 10 and20 while, Ra = 10° and Pr = 0.71
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7. Conclusion

An investigation for the distribution of streamlines
isotherms and local Nusselt number has been carried out
to analysis the effect of dimensionless parameter. The
study is considered the dimensionless parameter Heat
generation, Rayleigh number and Prandtl. The results have
been presented for the chosen fluid of Prandtl number Pr =
0.71, Rayleigh number Ra (= 10°, 10* 10° and 10°) and
heat generation parameter A (= 0.1, 5, 10 and 20.0). On the
basis of the observation the following conclusion may be
drawn:

1. Flow and temperature field are affected by Rayleigh
numbers. The average Nusselt number at the hot wall
and average fluid temperature in the cavity become
higher for the Rayleigh numbers considered.

2. Fluids flow and heat transfer characteristics inside the
cavity strongly depend upon the heat generation
parameter. The average Nusselt number at the hot wall
becomes higher and average fluid temperature in the
cavity become higher for the higher values of A
considered Rayleigh numbers.

3. The heat generation parameter has significant effect on
streamlines and isotherms at the higher values Rayleigh
number. The temperature of the fluid in the cavity also
increases dueto the increase of the internal heat
generation consequently, the rate of heat transfer from
hot wall increase.
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