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ABSTRACT

The effect of different configurations of partial cold walls on laminar natural convection heat transfer for a
right-angle triangular cavity heated from below has been studied numerically. The enclosure is filled with
water and heat transfer surfaces such as hot and cold walls are maintained at constant temperature. The side
and hypotenuse walls of the enclosure are detached from the middle and have been arranged in four different
configurations, namely AB, BC, AD and CD for cooling purpose. The finite volume method is used to solve
the dimensionless governing mass, momentum and energy equations. The problem has been solved to explore
the effects of the pertinent parameters i.e. different configurations of cold walls and variation of Rayleigh
number (10° < Ra < 107). Results are obtained from numerical simulation using commercial software
package, FLUENT and presented in the form of streamlines and isotherms. The thermal performance of the
enclosure has been expressed by local and average Nusselt numbers. From the analysis, it is observed that the
temperature distribution and flow field are significantly affected by these parameters. The high heat transfer
rate has been observed for the position AB while low for the position CD. Also, the heat transfer rate
enhances as the Rayleigh number (Ra) increases.

Keywords: Cold walls positions; Natural convection; Triangular enclosure; Rayleigh number.

NOMENCLATURE
width of the cavity X, Y co-ordinates
acceleration due to gravity X, Y  dimensionless co-ordinates

b
g
h hypotenuse of the cavity
H

height of the cavity o thermal diffusivity
Nux  local Nusselt number B thermal expansion coefficient
Nu average nusselt number 0 dimensionless temperature
p pressure k thermal conductivity
P dimensionless pressure P density
Pr Prandtl number u dynamic viscosity
Ra Rayleigh number v kinematic viscosity
T temperature i stream function
Te cold wall temperature v dimensionless stream function
Th hot wall temperature
U,V  dimensionless velocity components Subscripts
u, v velocity components h hot wall

c cold wall

field etc. But the free convection heat transfer in

1. INTRODUCTION

A lot of work has been conducted on Natural
convection  heat  transfer in  fluid-filled
enclosuresusing square, rectangular, rhombus,
triangular enclosures, experimentally or
numerically or both,due to its wide applications in
cooling of electronic equipments, heating and
cooling of building, solar collectors, geophysical

triangular enclosure heating from below is
substantially related to building attics and cooling

of electronic equipments(Varol et al. 2008).Flack
et al. (1979, 1980) were the first researchers who
investigated natural convection heat transfer on
triangular enclosure. After that so many studies
have been carried out in triangular enclosures.
Akinsete and Coleman (1982) performed a heat
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transfer analysison pitched roofs with horizontal
suspended ceiling in a horizontal right-angled
triangular cavity. Results reported that the heat
transfer across the base wall increases towards the
hypotenuse/base wall intersection. Asan and Namli
(2000) have executed a numerical study for
laminar natural convection in a pitched roof cross
section under summer day boundary conditions.
Problem was solved for different height — base
ratio and Rayleigh number range, Ra = 10%-10°.
Ridouane et al.(2005) have numerically computed
laminar natural convection in a right-angled
triangular cavity filled with air. The study reported
that this wok might find the application in
electronic equipment’s. From the investigation it
was examined that the heat transfer enhancement
gets decreased when both apex angle and Rayleigh
number reduces. Tzeng et al.(2005) proposed a
numerical simulation aided parametric analysis to
solve the natural convection equations in
streamline-vorticity form. Varol et al.(2007) have
done a numerical analysis in triangular enclosure
with heater. The problem has been solved for
different Rayleigh number, aspect ratio, height,
width and location of heater. Results were
concluded that, for high heat transfer rate, heater
must be located at the center of the bottom wall
and aspect ratio and height of the heater should be
high. Koca et al. (2007) have investigated a
computational work in triangular enclosure with
localized heating from below. Computations were
carried out for dimensionless heater locations (0.15
<5 <0.95), dimensionless heater length (0.1 <w <
0.9), Prandtl number (0.01 < Pr < 15) and Rayleigh
number (10° < Ra < 106). The results have drawn
out from the analysis that the heat transfer
increases with the increase of heater length and Ra.
Varol et al. (2007) attached a thin solid adiabatic
fin in a porous right-angled triangular enclosure
and solved numerically using finite volume
method. They found that the Nusselt number is an
increasing function of Rayleigh number and with
the increasing dimensionless solid adiabatic fin
height, the heat transfer rate decreases. Varol et al.
(2008) solved natural convection heat transfer
numerically in a triangular enclosure filled with
porous media and heated non-isothermally from
the bottom wall. It was observed that the heat
transfer enhancement is found when vertical and
inclined walls are isothermal and bottom wall is at
non-uniform temperature. Varol et al. (2008)
performed a numerical investigation of entropy
generation due to partially heating in isosceles
triangular enclosure. It was stated that the entropy
production number increases but Bejan number
decreases with the increase of Rayleigh number.
Also, the Nusselt number increases with increasing
Rayleigh number and length of the heater. Kent
(2009) has conceded a numerical analysis in
isosceles triangular enclosure for cold base and hot
inclined walls. The base angles were varied from
15° to 17° and Rayleigh number (10% < Ra < 10).
The investigation reported that the enclosure with
low aspect ratio have higher heat transfer rate from
bottom surface of the triangular cavity. Basak et al.
(2009) used a triangular cavity for heat transfer. It
was found that the heatlines are conduction
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dominant at low Rayleigh number while
convection dominant for high Rayleigh number.
Kaluri et al.(2010) have solved a natural
convection in right-angled triangular enclosure
with various top angles and different thermal
boundary conditions for Ra = 103-10° via heat flow
analysis. They reported that the uniform heating
cases exhibit high heat transfer rate than linear
heating cases. Xu et al. (2010) carried out a
steady-state laminar natural convection heat
transfer around a horizontal cylinder in a
concentric triangular enclosure. They informed
that the flow intensity and overall heat transfer are
significantly enhancing with Rayleigh number.
S.C. Saha (2011) has examined heat transfer and
fluid flow in a triangular enclosure with
instantaneous heating on the inclined walls. It was
noticed that initially the Nusselt number was very
high due to conduction effect and after that it
decreases gradually and become steady state.
Rahman et al. (2012)examined the effects of
buoyancy ratio (Br) and Lewis number (Le) on
heat transfer in a triangular cavity with zigzag
shaped bottom wall. They observed that the
average Nu increases with increase of Br while it
decreases with the increase of Le. However,
Sherwood number is increasing with the increase
of both Br and Le. Basak et al. (2012) worked in
entropy generation due to natural convection in
right-angled triangular enclosures filled with
porous media. It has been observed that the total
entropy generation increases with the increase in
Darcy number. Bose et al. (2012) performed a
numerical work on quadrantal cavity heating from
side wall using adiabatic fin and cooled from the
base wall. From the investigation it was
summarized that the using an adiabatic fin on hot
wall enhances the flow strength and heat transfer
increases with the increase of Rayleigh number.
Walid and Ahmed (2012) have done a numerical
analysis on prismatic cavity for fluid flow and heat
transfer. The result reported that the heat transfer is
affected by aspect ratio and it increases with the
increase of Rayleigh number. Pullepu and Chamka
(2012) investigated the unsteady laminar natural
convection in a vertical cone, using non-uniform
surface heat flux. Results unfold that the values of
local and average Nusselt number reduce with the
increase of cone angle (@) or decrease in Pr.
Yesiloz and Aydin (2013)have executed the
experimental and numerical work in right-angled
triangular cavity heated from below and cooled
from the side wall. They introduce a new approach
to overcome the singularity at the corner joining.
The result concludes that the heat transfer rate
increases with the increase in Rayleigh number.
Bhardwaj and Dalal (2013)reported a numerical
investigation of two-dimensional porous right-
angled triangular enclosure. It was observed that
the heat transfer increases with the increase in
Darcy number.

The above brief literature survey reported that the
most of the appraisals have been carried out on the
triangular cavities heating from below and cooling
by either side or hypotenuse wallor using both
walls. But no study has yet been executed on
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Fig. 1. Physical model and boundary conditions for triangular cavity.
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triangular cavity heating from below, cooling from
both halves of the side and hypotenuse walls and
simultaneously,  other  halves are  kept
insulated.Hence, the main aim of this study is to
investigate the effect of various configurations of
cooling walls and Rayleigh number on the heat
transfer in a right-angled triangular cavity.Indeed,
this study has the potential application in cooling of
electronic devices where the complete wall (side
and hypotenuse) of the enclosure is not allowed for
cooling but a part of it is permissible due to the
geometric constrain.

2. PROBLEM DEPICTION AND
MATHEMATICAL
FORMULATION

The 2D right-angled triangular cavity ofbase b,
height H and hypotenuse h is shownin Fig.1lalong
with the confined boundary conditions. The side
and inclined walls are divided from the middle (A =
C = H/2 and B = D = h/2) and configured in four
different ways namely AB, AD, BC & CD. The
base wall of the enclosure is considered as hot wall
and maintained at constant temperature Th whereas
thepartitioned walls are considered as cold (T¢) and
adiabatic wall. Copper is used for active thermal
walls while Plexiglas as an insulating material for
adiabatic walls.The cavity is filled with water which
disperses inside the cavity by virtue of temperature
difference. The following assumptions have been
made for a steady laminar flow inside a triangular
cavity which is as follows:

All walls are impermeable.

Radiation effect is negligible.

The fluid is incompressible.

No external agency has been used for fluid
flow.

= The variation in fluid properties with
temperature is negligible except the density
variation in the body force term.

Based on the above assumptions, the non-
dimensional governing equations can be written by
using the dimensionless parameters

y
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and dimensionless boundary conditions are as
follows:

Hot wall:
#=1,U=V=0atY=0,0<X<1

Cold wall:
At the lower half of the side wall:
0=0,U=V=0forX=0and0<Y<1/2

(6)
At the upper half of the side wall:
0=0,U=V=0forX=0,12<Y<1

At the upper half of the hypotenuse wall
0=0,U=V=0for0<X<1/2and1/2<Y <1

At the lower half of the hypotenuse wall
60=0,U=V=0for1/2<X<land0<Y<%

Adiabatic wall
At the lower half of the side wall:
00/on=0,U=V=0for X=0,0<Y<1/2

At the upper half of the side wall:
00/on=0,U=V=0forX=0,12<Y<1

At the upper half of the hypotenuse wall
00/on=0,U=V=0for0<X<1/2and 112<Y<1

At the lower half of the hypotenuse wall
00/on=0,U=V=0for12<X<1and0<Y<¥%
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Fig. 3.Comparison of streamlines between the present results (right) and the experimental and
numerical results (left) of Yesiloz&Aydin for a) Ra = 10° and b) Ra = 5x10°.

results (left) of Yesiloz & Aydin for a) Ra = 10° and b) Ra = 5x10°.

3. NUMERICAL METHODOLOGY

The commercially available software FLUENT 6.3
is used to solve this problem numerically. The
governing equations (2-5) with the corresponding
boundary conditions (6) are solved by the control
volume formulation using SIMPLE algorithm.The
local Nusselt number is calculated by standard
definition of Nusselt number (Nux = hL/k) while the
average Nusselt number is calculated through new
definition of average Nusselt number(Nu =

ar 1 m . . .
pr Py 5) introduced by Yesiloz and Aydin

(2013) to overcome the singularity problem in a
triangular cavity.

The stream function is defined as

) P
u= E , V= —a (7)
And the non-dimensional stream function has been
calculate by

Y= y/a ®)

3.1 Grid Independency Test

The detailed grid independency test has been
conducted for the recommended mesh structure,

shown in Fig.2, for six different mesh sizes such as
60%60, 80x80, 100x100, 120%120, 140x140 and
160x160. The independency on grid has been
considered on the basis of less deviation in non-
dimensional stream function (¥) and average
Nusselt number (Nu) which was calculated by
relative error analysis. The less deviation in ¥ and
Nu has been found between 100x100 and 120x120
which is manifested in Table 1. Hence, 14400 grids
are recommended for better accuracy and less
convergence time to the problem.

Fig. 2. Recommended grid structures for
present investigation.

3.2 Validation

The simulatedresultshave been validated with the
published experimental and numerical results of
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Fig. 6. Streamlines (left) and isotherms (right) at Ra = 1x 10°for a) case AB,
b) case BC, c) case AD and d) case CD.

Yesiloz and Aydin(2013), shown in Figs. 3 & 4, by
considering the same boundary conditionsat Ra =
105 and Ra = 5x10° for right-angled triangular
enclosure filled with water.
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Present Study
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40 4 Asan and Namli (2000)
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Fig. 5.Comparison of local Nusselt number with
distancebetween the present work and the other
published results for a triangular cavity.
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Also, the variation in local Nusselt number with the
position for triangular cavity is validated with the
published data which displayed in Fig. 5. Both the
results are showing quite good agreement with the
published results.

The results of this present work computed through
numerical simulation for a right-angled triangular
cavity to demonstrate theinfluence of the physical
parameters such as cold walls’ configurations and
Rayleigh number on streamline and isotherms
contours as well as local and average Nusselt
number which are shown in Figs. 6-10.

4. Results and discussions

4.1 Flow Structure and Isotherms

4.1.1 Effect of Different Configurations of
Cold Walls

The effect of different positions of cold walls
onstreamlines and isotherms at Ra = 1x 10° are
displayed in Fig.6a-d. In position AB, two
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Fig. 7. Streamlines (left-hand) and isotherms (right-hand) intended for case AB at a) Ra = 1x105,
b) Ra = 5x10°%, ¢) Ra = 1x108, d) Ra = 5x10° and e) Ra = 1x10".

asymmetric vortices are formed; the primary cell
occupied the most of the enclosure’s space and
rotates in counter clockwise direction adjacent to
the side wall while the secondary cell was rotating
clockwise near the inclined wall. The formation of
large cell near the left wall signifies high flow
intensity which leads the convection current.
Whilenear the inclined wall, some part of the fluid
gets trapped and become stagnant due to the
narrowness.This restricts the flow circulation
(hydrodynamically inactive) and thus the heat
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transfer is taking place by conduction only.Same
phenomena occursfor the position BC except the
primary cell which gets elongated towards the upper
end of the cavity due to the change in position of
the side cold wall. The elongation of the cell
indicates the fluid particles carry a long path for
heat transportation. In the third and fourth cases,
shown in Figs. 6c&d, formation of single cell
streamlines depicts the slow motion of fluid
circulation and corresponding heat transfer rate. The
isotherms are suppressed towards the cold walls in



M. Triveni et al. / JAFM, Vol. 9, No. 1, pp. 185-193, 2016.

a b
12 4 M 0
—=— Case AB /i —8— Case AB "
-+ Case BC [ 1 #— Case BC V)
104 —&— Case AD [ A— Case AD IR
Case CD / \ 1 ¥ Case CD .
8 / 3 \
. ] 104 Vad 1
z . 1 =" /l i
z 1
6 \ 8 o
a——/ / \
/ \ . / \
4]
s \ »
7 | 44 /
. - B A 4 i
2 P , | gk :
AT e g A Ty o " i
- A -
0 & — T T T o ? T T T T T T \’\L
00 01 02 03 04 _05 06 07 08 09 10 00 01 02 03 04,05 06 07 08 09 10
c d
2
L]
164 —=— Case AB| M m
—+—Case BC / .‘\ “ o Cae AR /9
141 —A— Case AD ﬁ \ —=#— Case BC [\
#— Case CD| / \ 204 —4— Case AD| f \
12 / — Case CD [ |
ff \. [ |
104 / \ 164 [ i
- / 8" [
P / 3 /
E g ¥ . l z f WI
| 124 L] |
N / .\ ' |
/ 5 I |
, —g ! / \
T e | c /
2| A = A, 1 n A= ™ ]
o \ | P . g \ i
. A — A,
( 1 ns T 0. 9
00 01 02 03 04 .05 08 07 08 08 10 20 01 02 03 64y 05 05 07 08 09 10
30
—#— Case AB. |
254 ® Case BC \
—4— Case AD [
Case CD. ¢
204 {0
- [
z | 1
15 / J' i
/
fo
14 | ]
10 / /
/
. /
Ao A
e - R
2 i \

— T T T T T T T
00 01 02 03 DJXDS 08 07 08 09 10

Fig. 8. Variation in local nusselt number for different position of cold wall at a) Ra = 1x10°,
b) Ra =5x10%, ¢) Ra = 1x108, d) Ra = 5x10° and e) Ra = 1x10".

case of AB while in the remaining cases, it spreads
throughout the cavity.

4.1.2 Effect of Rayleigh Number

Fig. 7a-e presented for the single case AB to
demonstrate the effect of Rayleigh numbers on fluid
flow and temperature distribution. At Ra = 1x 10°,
the flow circulation splits into two asymmetric cells
which circulated near the side and inclined cold
walls. The vortex structure of the cell is circular at
the center, but it turns to an elliptic shape as the Ra
increases to 108. However, as the Rayleigh number
increases more than 108, the vortexes are divided
into three cells. The separation and deviation in the
structure of the vortex with increasing Rayleigh
number signify the penetration and elongation of
the vortex between the hot and cold walls. This
means, the flow strength is getting augmented with
the increase of Rayleigh number which is
responsible for the increment in convective heat
transfer coefficient. The intensity of flow is clearly
shown in Fig. 7a-e through stream functions. The
maximum value of non-dimensional stream
function are calculated as Wmax = 73.45 for Ra = 1x
107. Correspondingly, at low Rayleigh number the
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isotherms are distributed towards the cold walls and
found less intense. But, as the Ra increases the
thermal plumes are getting more intense and
suppressed to the cold walls. At high Ra, the
isotherms get stick to the cold walls. The increment
in Rayleigh number augments the convection
regime which leads to the enhancement of the heat
transfer rate.

4.2 Local and Average Nusselt number

Fig. 8a—e illustrates the variation of local heat
transfer rate (Nux) for bottom wall vs distance for
various cooling positions at different Rayleigh
number. The maximum local heat transfer rate (Nux
= 28.3) has been obtained near the inclined cold
wall because of the constriction at the bottom right
corner of the cavity where both convection and
conduction heat transfer are functioning. The high
value of local Nusselt number is computed for
positions AB and BC while low heat transfer rate
(Nux< 5) has been observed for cold walls positions
AD and CD for all Rayleigh numbers.

Fig. 9 demonstrates the variation of average nusselt
number (Nu) with Ra for different configurations of
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cold walls. It is interesting to note that the heat
transfer rate increases with the increase of Rayleigh
number. The heat transfer rate is obtained high for
case AB and BC because of the direct contact of the
isothermal hot wall with the cold walls. In case of
AD, one side of the cold wall is in direct contact
with the hot wall but due to counter-clockwise flow
circulation and position of the cold walls, the hot
molecules diffuse the heat to the adjacent molecules
at low temperature before coming in contact with
the cold walls. The same phenomenonoccurs in case
of CD. The heat transfer rates are less for the case
AD and CD compare to AB and BC, because the
upward moving hot fluid is carrying the less heat.
The highest value of average nusselt number is
observed for the case AB (Nu =29.33) and lowest
for the position CD (Nu = 12.23) for Ra = 1x 107.
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Fig. 9. Variation in average Nusselt number for
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5. CONCLUSION

A numerical study has been performed in a
triangular cavity filled with water for different
positions of cold walls and for variant Rayleigh
number. The results are validated qualitatively with
the published experimental and numerical results by
Yesiloz and Aydin (2013) and quantitavely by
Akinsete and Coleman (1982), Asan and Namli
(2000), Tzeng et al. (2005) and Varol et al. (2007).
The analysis has been conducted for Ra = 10°-107.
Fluid flow and temperature distributions have been
presented by streamlines and isotherms as well as
the heat transfer rate is calculated in term of local
and average Nusselt number. Based on the present
investigation following observations have been
made:

1. The values of streamfunction (flow strength) and
the heat transfer rate increases with the increase
of Rayleigh number.

. Both, fluid flow and temperature fields are
affected by the configurations of cold walls.

. The heat transfer rate is high for the case AB
compared to all other cases and low heat transfer
rate is observed for the case CD which is shown
in Fig. 10.

. For medium heat transfer rate BC position could
be preferred.
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