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ABSTRACT

This computational work is exploited in an isosceles right triangular cavity to delineate the effect of different
shapes of base hot wall i.e. smooth, triangular zig-zag (TZ) and caterpillar shape (CS) on natural convection
cooling. The side and inclined wall of the enclosure is presumed as cold walls. The two dimensional mass,
momentum and energy equations are solved by finite volume method based on SIMPLE algorithm. The
results are drawn for different types of hot wall with varying aspect ratio () and Rayleigh number (105-107).
From the investigation, it is found that the heat transfer rate is increased for both triangular zig-zag and
caterpillar curve shape walls and with the increase of their aspect ratios but the maximum rate of heat transfer

is obtained for caterpillar shape.
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1. INTRODUCTION

The heat transfer process associated with natural
convection is extensively involved in numerous engineering
applications due to its diverse applications in geophysics,
nuclear reactor system, energy efficient buildings, cooling of
electronics system, solar system etc. Ample literatures are
available on various geometrical shaped enclosures such as
square, rectangular, trapezoidal, quadrantal etc. heated or
cooled from the enclosure walls [1-7]. Heat transfer analysis
in triangular enclosures heating from side or below are
substantially employed in various domestics and industrial
applications [8-11]. Varol et al. [12] have numerically
investigated the natural convection in triangular enclosure
with heater. It was reported that the aspect ratio and height of
the heater shall be higher and heater must be placed at the
center of the bottom wall for high heat transfer. Mahmudi et
al. [13] studied the natural convection in a square cavity
filled with nanofluid. It was found that the heat transfer was
linearly increased with the increase of nanoparticles
concentration. Triveni et al. [14] performed a numerical work
in a right triangular enclosure for partially heating and
cooling. They found that the heat transfer rate was more
pronounced at the Left-Bottom (LB) position compared to
other positions. Triveni et al. [15] have again investigated the
natural cooling of partial hot wall through different
configurations of cold walls. It was concluded that the the
higher heat transfer rate was found for the cold wall
configuration AB when the partial hot wall was placed at the
left side on the base wall. Bouabdallah et al. [16] investigated
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the natural convection in a rectangular cavity. They reported
that the average Nusselt number was increased with the
increase of Rayleigh number. There are plenty of studies
informed that the heat transfer rate is augmented for irregular
surface than the plane surface. Dalal et al. [17] examined the
natural convection in a square cavity with the wavy wall on
the right side. Numerical results explored that the average
Nusselt number was increased on wavy wall at low Rayleigh
number while decreased with the increase of Rayleigh
number. Bhardwaj et al. [18] studied the heat transfer and
entropy generation in right triangular cavity with wavy wall.
It was observed that the undulation on the left wall was
increased the Nusselt number by 53%, at Da = 102 and Ra =
105 as compared to the no-undulation case. Rahman et al.
[19] studied the heat transfer in a corrugated triangular
enclosure. Results revealed that the both heat and mass
transfer were enhanced with the increase of the wave length
and Rayleigh number. Hatmi and Safari [20] studied the free
convection in wavy enclosure filled with nanofluid with a
heated cylinder located inside. They found that the heat
transfer was higher when the cylinder was located at the
center. Cho [21] numerically examined the naturl convection
in wavy enclosure filled with nanofluid. Results reported that
the Nusselt number was decreased with the increase of wave
amplitude and increased with Rayleigh number. Sheremet et
al. [22] numerically investigated the natural convection in a
porous wavy enclosure filled with nanofluid. They stated that
heat transfer was enhanced with the increment of Rayleigh
number and decrease of undulation number. Shirvan et al.
[23] investigated the natural convection in a wavy square




cavity filled with nanofluid. It was observed that the heat
transfer rate was increased for wave amplitude and
wavelengths at fixed Rayleigh number. However, Nusselt
number was increased with the increase of volume fraction.
Sheremet et al. [24] investigated the natural convection in a
wavy triangular cavity. It was reported that the average
Nusselt number was decreased with the increase of
undulation number.

The brief literature survey provides evidence that studies
on enclosures with the corrugated structure of the wall plays
significant role in the heat transfer enhancement. The
irregular shapes have many practical applications in flat-plate
solar collectors, refrigeration systems, and microelectronic
devices [19, 25]. Triangular enclosures with irregular wall
have received very little attention however right triangular
cavity with corrugated wall as shown in Fig. 1 has not been
explored so far. Thus, the main objective of this study is to
examine the effect of different geometrical configuration of
the base wall of a right triangular cavity on heat transfer rate.

2. DESCRIPTION OF THE PHYSICAL MODEL AND
MATHEMATICAL FORMULATION

Cold walls

Hot wall

Smooth hot wall

bh = 0.01H to 0.03H

w =021

Triangular zig-zag hot wall

h = 0.01H to 0.03H

w = 0.2L

Caterpillar curve hot wall

Figure 1. Schematic diagram of the physical models of
triangular cavity

A physical model of isosceles right triangular cavity of
length L and height H has been drawn with the coordinate
system for the present study and presented in figure 1. The
base wall of the enclosure is considered as hot wall and
maintained at constant temperature Tx. The side and inclined
walls are maintained at temperature T, which lowers than the
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temperature of base wall. The shape of the base wall is
altered from one smooth to triangular and caterpillar curve
shape with different heights. The width of the shape (w) is
fixed at 0.2L and the height (h) of the shape is changed from
0.01H to 0.03H. Thus, the aspect ratio (¢ = h/w) of the curve
is ranged from 0.05 to 0.15 and o = 0 is considered for
smooth wall (SW). The cavity is made of copper that
presumes impermeable and water is filled inside the cavity as
working fluid. The fluid is incompressible and the flow
caused by temperature difference is assumed to be laminar.
The radiation heat exchange and viscous effects are
considered to be ineffective. All the fluid properties are
supposed to be constant except the variation of density in y-
momentum that changes because of difference of temperature
(Boussinesq approximation). Based on these suppositions,
the dimensional governing equations are written as:
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and dimensionless boundary conditions of the cavity hot wall
0=1,U=V=0atY=0at0<X<1
For vertical cold wall:

0=0,U=V=0atX=0and0<Y <1 (6)

For inclined cold wall:

0=0,U=V=0at0<X<land0<Y<l1

3. NUMERICAL APPROACH

The above governing equations (1-5) in conjunction with
the corresponding boundary conditions (6) are discretized
using finite volume method which available in commercially
software FLUENT 6.3 [26]. The SIMPLE algorithm and
second order upwind technique are espoused for pressure
velocity coupling and for convection and diffusion terms in
momentum and energy equations respectively. The converge
criteria of the solution has been set below 10 for all
variables. The variation in heat transfer is postulated in terms
of Nusselt number (Nu = hl/k) but a modified Nusselt number
has been adopted to short out the singularity problem in
triangular cavities proposed by Yesiloz and Aydin [27]:
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4. RESULTS AND DISCUSSIONS

4.1 Numerical test and validation

Figure 2. Recommended grid structures for present model

Fig. 2 displays the numerical model with recommended
grid. The grids aptness for the physical computational
domain is assessed by consisting five different uniform grid
systems such as 60>60, 80>80, 100x100, 120>120 and
140>140. The independency on mesh structure is evaluated
through less deviation of non-dimensional stream function
(W) and average Nusselt number (Nu). The influence of
number of grid points on stream function and average Nusselt
number have been presented in Table 1. From Table 1, it is
clear that the deviation in W and Nu are less between the
mesh sizes 120x<120 and 140x140. Therefore, 120><120 grid
system recommended to the present problem to obtain the
accurate results.

Tablel. Grid independency examination result

Grid numbers in | . Error Nu Error
X-Y (%) (%)
60>60 36.04 14.95

80>80 34.62 3.94 15.01 0.40
100>100 33.05 4,53 15.02 0.07
120x120 31.90 3.50 15.05 0.19
140140 31.85 0.16 15.14 0.59

A two dimensional triangular enclosure filled with air is
considered to validate the present study. The study has been
examined for Ra = 2772 and the data is calculated in terms of
local Nusselt number. The obtained numerical data is
validated with the published numerical data of Akinsete and
Coleman [28], Asan and Namli [29], Tzeng et al. [30] and
Varol et al. [31] as shown in Fig. 3. The presented results
exhibited quite good agreement with the published results.
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Figure 3. Assessment of the present work with other
published data for triangular cavity at Ra = 2772

4.2 Effects of hot wall aspect ratio

This section delineates, shown in Fig. 4, the behavior of
streamlines (left) and isotherms (right) caused by aspect ratio
of the caterpillar shape hot wall at fixed Rayleigh number; Ra
= 5 x 10° It can be seen from the figure that the three
vortexes of streamline are formed inside the cavity for all
aspect ratio of the hot wall. The bigger cell is shaped near the
side cold wall and the contour is covered the utmost part of
the cavity while the remaining cells however one at the right
corner and another to the middle of the inclined wall. The
smaller cells are rotated in clockwise while the larger one in
counter clockwise direction. It is remarkable to note that the
shapes of all three vortexes of the streamlines and the
structure of the isotherms lines are seems relatively
analogues with each other for all aspect ratio of the hot wall.
But, the maximum flow rate of the fluid decreases with the
increase of o. It describes that the flow motion of the fluid is
getting reluctant because of the curvilinear shape yet it
enhances the intensity of rate of heat transfer as the fluid
particles are contacted with the hot part for longer duration.
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Figure 4. Variation in streamlines (left) and isotherms (right)
for caterpillar hot wall at a) 6 =0, b) 6 =0.05,¢) 6 =0.1,
d)o=0.15forRa=5x10°



Fig. 5 displays the local Nusselt number with non-
dimensional distance X and Fig. 6 shows the average Nusselt
number with aspect ratio of the hot wall and both are
presented for the same Rayleigh number 5x 10° for better
comprehension. The local Nusselt number, in Fig. 5, is
presented the assessment of heat transfer for triangular and
curvilinear hot wall with the smooth hot wall at ¢ = 0.05. In
case of smooth hot wall, the local Nusselt number values are
mounted constantly up to X = 0.7, after that it increases
abruptly. It means the high heat transfer rate is occurred
merely at the right corner. However when the smooth wall
replaced from triangular zig-zag and caterpillar curve, the
local Nusselt number escalated at every crest because the
additional numbers of fluid particles come in contact with the
hot wall due to the irregularity in the shape. In triangular
heating, the fluid particles are moved in a zig-zag way which
made the circulation flow sluggish while this situation is not
occurred in curvilinear heating. Also, the curvilinear curve
shape increase the surface area compare to other. That’s why,
the higher value of local Nusselt number is found to be more
for curvilinear hot wall in contrast of triangular and smooth
hot walls.
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Figure 5. Variation in local Nusselt number with distance X
for different shapes of the hot wall at 6 = 0.05 and
Ra = 5x10°

The global variation of the heat transfer can also be
analyzed from the average Nusselt number plot which shown
in Fig. 6. In case of triangular heating the average Nusselt
number is increased linearly with the aspect ratio however it
is enhanced nonlinearly for curvilinear wall.
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Figure 6. Average Nusselt number variation with aspect
ratios of the hot wall for different profiles of the hot
wall at Ra = 5x10°
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The average Nusselt number, Nu, of triangular zig-zag
wall for 6 = 0.05, 6 = 0.1 and 6 = 0.15 is 4.21%, 8.79% and
13.43% respectively higher than plane wall. On the other
hand, the average Nusselt number, Nu of curvilinear wall for
06 =0.05,06=0.1 and o = 0.15 is 7.5%, 18.1% and 37.3 %
respectively higher than smooth heating. Nevertheless, if we
compare the average Nusselt number between triangular and
curvilinear heating, the average Nusselt number of
curvilinear heating at 6 = 0.05, 6 = 0.1 and 6 =0.15 is 3.5%,
8.51% and 21% respectively higher than triangular heating.
Hence, it is clear that the caterpillar curve wall is better that
the triangular and smooth wall.

4.3 Effect of Rayleigh number

Ra = 1x10°

5x10°

Ra

1x108

Ra

Ra = 5x108

1x107

Ra

Wrax = 9052

Figure 7. Streamlines (left column) and Isotherms (right
column) for C-curve hot wall with n = 0.1 at a) Ra = 1x10° b)
Ra = 5x10° ¢) Ra = 1x10° d) Ra = 5x10° and e) Ra = 1x107

This part enlightens the streamlines and isotherms as
shown in Fig. 7 for triangular zig-zag hot wall at ¢ = 0.1 for
different Rayleigh numbers. It is known that the temperature
gradient of the fluid in increased with the increment in
Rayleigh number. A strong buoyancy force is being buildup
inside the cavity with the increment in the temperature
gradient and hence the flow pattern of the fluid is changed
significantly. From streamlines, it is observed that the two
vortexes at Ra = 1x105, three at Ra = 5x10° and 1x10° and
four vortexes are formed at Ra = 5x106 and 1x107. At low
Rayleigh number, the smaller temperature gradient is unable
to setup a strong buoyancy force and thus the heat carrying
capacity by the fluid particles is less. Two asymmetric



circulating cells are formed such that the larger one on the
left side whereas the another on right side at lower Rayleigh
number. The left cell rotates in anticlockwise and the right
cell, on the contrary, in clockwise direction. The central cell
of eddies are circular which indicates about the sluggishness
of the fluid movement. The rotational cells split into three
cells and later on in to four cells at higher Rayleigh number.
This detachment of the circulation eddies are signifies the
increment in the movement of the flow with the increase of
Rayleigh number. The motion of the flow can also be
comprehend through stream function values which shown
under each figures in Fig. 7. The —ve sign of the stream
function shows the rotation of fluid in clockwise and +ve
sign in anticlockwise direction. The magnitude of the mean
stream function is found, Wmax = 15.25 at Ra = 1x10°, Wimax =
27.50 at Ra = 5x10% Wma = 39.18 at Ra = 1x10°, Wrax =
72.50 at Ra = 5x10° and Wmax = 90.52 at Ra = 1x107.
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Figure 8. Variation in local Nusselt number with distance X
for triangular hot wall (left side) and caterpillar curve hot
wall (right side) at different aspect ratio for increasing
Rayleigh number

Fig. 8 illustrates the influence of triangular heating (left
column) and caterpillar curve shape heating (right column)
on local Nusselt number for different Rayleigh number. The
fluid particles get heat energy input from the base hot wall,
get heat up and move because of the buoyancy driving force.
The cold fluids pushed the hot fluids towards the right side
and acquired their places as the density of hot fluid is less
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than the cold fluid. This phenomenon continues, sets fluids
circulating throughout the whole cavity and transports the
heat from hot wall to cold walls. In case of smooth hot wall,
the local Nusselt number distributed gradually up to X = 0.6
after that the large variation in the local Nusselt number is
found. It happens in the right triangular cavity because of the
constriction between hot and cold walls. At the right corner
of the cavity, conduction is more dominated over convection
since some fluid particles got trapped due to the compactness
along with this the heat transfer is convection dominant
beside the corner of the cavity. Thus, it can be said that both
mode of the heat transfer is actively possessed to extract heat
from the right side of the cavity. In contrast, the local Nusselt
number is mounted at every peak point of the triangular and
curvilinear walls as the more numbers of fluid particles
participated in the heat transport process due to their shapes
and it also increases with the increment of their aspect ratio.
The higher value of the local Nusselt number is calculated at
6 = 0.15 for both cases. It is remarkable to note that the local
Nusselt number wvalue for curvilinear heating is
approximately more than double then the triangular heating
for each aspect ratio. In triangular heating, the fluid particles
moves up and down because of its corrugated structure and
generate a back flow which decrease the flow rate of the fluid
however this phenomena is not occurred in case of caterpillar
curvilinear hot wall. So, the heat transfer rate is higher in
curvilinear heating than the triangular heating.
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Figure 9. Variation in average Nusselt number with Rayleigh
number for triangular hot wall of different aspect ratio

It is also noticed that the heat transfer significantly
enhances with the increasing Rayleigh number which can be
seen in the Fig. 9 and 10. At low Rayleigh number the heat
energy input to fluid from the base hot wall is less due to
which a weak buoyancy force is occurred and hence the heat
transfer is not full of convection dominant. As the Rayleigh
number increases, the temperature gradient of the fluid is also
increases. The increment in the temperature gradient
increases the heat energy input to the fluid which sets the
strong buoyancy force inside the cavity. This augmentation in
the buoyancy force establishes a strong regime of convection
heat transfer inside the cavity which leads to the
enhancement of the average Nusselt number. For triangular
heating, at Ra = 1x10°, the average Nusselt number, Nu, is
5.04%, 11.1% and 17.3% for 6 = 0.05, 6 = 0.1 and 6 = 0.15
respectively more than smooth heating. Furthermore, at Ra =
1x107, the average Nusselt number, Nu, is 2.65%, 4.85% and
6.76% for 6 = 0.05, 6 = 0.1 and o = 0.15 respectively more
than smooth heating. On the other hand, for curvilinear
heating, at Ra = 1x10°, the average Nusselt number, Nu, is



9.81%, 22.7% and 46.42% for 6 = 0.05, 6 = 0.1 and 6 = 0.15
respectively more than smooth heating. Whereas, at Ra =
1x107, the average Nusselt number, Nu, is 5.07%, 11.4% and
23.18% for 6 = 0.05, 6 = 0.1 and o = 0.15 respectively more
than smooth heating. Nevertheless, if we compare the
average Nusselt number between triangular and curvilinear
heating, the average Nusselt number for curvilinear heating,
Nu, is 24.82%, 21.02%, 19.32%, 17.06% and 15.38% at Ra =
1x10°, 5x10° 1x108, 5x10° and 1x107 respectively higher
than triangular heating. Hence, from the data it can be
conclude that both the shapes of the hot wall is performed
better than the smooth hot wall at lower Rayleigh number
than compare to the higher values of Rayleigh number. Even
though if we compare between them, caterpillar curve hot
wall is performed better than the corrugated shape hot wall at
lower Rayleigh number.
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Figure 10. Variation in average Nusselt number with
Rayleigh number for caterpillar curve hot wall of different
aspect ratio

5. CONCLUSION

Table 2. Average Nusselt number for different shapes of hot

wall
Ra=1E5 [Ra=5E5 [Ra=1E6|Ra=5E6Ra=1E7
SW 18.03 21.60 23.53 28.60 30.93
c=0.05 [18.94 22.51 24.46 29.45 31.75
TZ |6=0.10 20.03 23.50 25.40 30.14 32.43
c=0.15 21.15 24.50 26.40 30.84 33.02
c=0.05 19.80 23.22 25.17 30.16 32.50
CS [©=0.10 2.12 25.51 27.42 32.20 34.46
c=0.15 26.40 29.65 31.50 36.10 38.10

The numerical study of natural convection heat transfer
has been analyzed in a right angle triangular cavity. The
cavity has been heated isothermally from bottom through
smooth, triangular shape and caterpillar shape curve wall and
cooled from vertical and inclined walls. The aspect ratio of
the triangular and curvilinear hot wall is changed from ¢ = 0
to 0.15. The sole purpose of the present investigation was to
examine the influence of the different shapes of hot wall with
different heights on heat transfer rate. The problem has been
examined for Rayleigh number (Ra = 10° — 107). From the
analysis it has been found that the placing the corrugated
shape wall and caterpillar shape curve wall instead of smooth
wall affects the fluid rotation and enhances the local and
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average Nusselt number. Both, triangular and curvilinear wall
can be used as base hot wall based on the design of system
component and rate of cooling. The heat transfer rate
increases with the increase of aspect ratio and found higher at
6 = 0.15 for both triangular and curvilinear hot walls. Also,
the heat transfer rate is enhanced with the increase in
Rayleigh number for all the cases. But, the caterpillar curve
shape hot wall bestows the higher heat transfer rate than the
others which is shown in table 2. The admirable percentage
increment in the heat transfer rate is found at low Rayleigh
number compare to other Rayleigh number.
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NOMENCLATURE

S v r-TQ

pee]

gravitational acceleration

cavity height

cavity width y

hypotenuse of the cavity

height of triangular zig-zag and caterpillar curve
shapes

shape width

pressure

dimensionless pressure
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velocity components
dimensionless velocity components
co-ordinates system
dimensionless co-ordinates system
temperature

hot wall temperature

cold wall temperature

prandtl number

Rayleigh number

local Nusselt number

average nusselt number

Greek symbols

o

thermal diffusivity
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coefficient of thermal expansion
dimensionless temperature
conduction coefficient
density
curve aspect ratio (h/w)
dynamic viscosity
kinematic viscosity
stream function
dimensionless stream function

K€ ST AaD X o™

Subscripts

h hot wall
c cold wall





