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This research reports the outcome of a numerical investigation of convection in ventilation
square cavities contains parallel insulated baffles. The left and right walls of the cavity are
kept at the high temperature. Whereas the top, bottom cavity walls, parallel baffles are
adiabatic. The opening slots are positioned at the top, bottom corners of the hot vertical
walls. The governing Navier-Stokes equations are formulated in the form of vorticity-
stream functions. The finite difference method is used to find the values of the primitive
variables. The effects of baffles size (Sp — 0.25, 0.50, 0.75), 3 various positions of the
parallel baffle, Rayleigh number (102 — 10°), Reynolds number (30, 300, 600) are discussed
with the flow fields, isotherms, and Nusselt number. It is found that the behavior of
ventilation cavities does not only depend on the size of the baffles and its positions. It
highly depends on the configuration of the ventilation cavity too. Further, the flow fields

are restricted by the largest baffles size of Sp = 0.75.

1. INTRODUCTION

Buoyancy induced flow and natural convection of a sealed
cavity with protruding object has many industrial applications.
Such as microelectronics fabrication, solar collectors, crystal
growth, nuclear reactor, radioactive waste containers. The
extensive review work is done by Catton [1] and Ostrach [2].
They noticed that the many advantages of the convection in
enclosures in their review. Frederick [3] considered an
inclined square cavity and a partition fixed at the cold wall for
study. He furnished a result that the considerable length of the
partition enhances the heat transfer. Natural convection of
partially heated below on the rectangular cavity was
investigated by Hasnaoui et al. [4]. Kandaswamy et al. [5]
conducted a numerical study on the square cavity with a heated
plate. They found that the efficient heat transfer happened with
the vertical heated plate than the horizontal. Haghighi and
Vafai [6] studied the effect of the different aspect ratio of the
cavity with partition numerically. They reported that the heat
transfer suppressed by the adiabatic vertical partition whereas
it is increased by the adiabatic horizontal partition. Convection
of square enclosure filled with the nanofluid along with the hot
block was studied by Sheremet et al. [7]. Recently, the square
cavity contained Al,Osz - water with parallel vertical heaters
under magnetic field is numerically analyzed by Solghar [8].
In literature [9-14], the various shape of the enclosure, the
protruding object and the different condition on the inside
object have been investigated.

Although sealed enclosure is useful in many industrial
applications, the uses of ventilation cavity are unavoidable.
The ventilation cavity along with the protruding object has a
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vast application in nature and industries. Such as human
respiration, energy conservation in the buildings, ventilation
in rooms, material processing, food processing. Shuja et al.
[15] examined the mixed convection in an open square cavity
along with the protruding solid body of the different aspect
ratio. They found that the changes in the exit port location
affect the flow field mode. Bhoite et al. [16] investigated a
series of heat-producing components in a shallow enclosure.
They revealed that the buoyancy effect becomes insufficient
beyond Reynolds number 600. The heat-generating rod placed
inside an open rectangular enclosure was investigated
numerically and experimentally by Radhakrishnan et al. [17].
They have found a good compromise between their numerical
and experimental results. Bilgen and Balkaya [18] examined
the natural convection of an open cavity contains discrete
heaters. In their study, they maintained the open ports at the
right vertical wall and used different sizes of vertical fins
attached in the left vertical wall. The heat-generating solid
blocks in a ventilation square cavity were explored by Shuja
et al. [19]. They noted that thermal performance depends on
the location of the ports, the conducting body size and
orientation. Rahman et al. [20] reported the effects of physical
parameters on a solid circular block situated in an open cavity.
Their results indicate that the thermal performance, flow field,
drag force in the cavity depends on the physical parameters.
Kalidasan et al. [21] considered an open square cavity contains
a vertical mid partition for their study. They recorded that the
heat transfer rate increases with the Reynolds number.
Selimefendigil and Oztop [22] studied the convection of
ferrofluid in an open square cavity with the adiabatic rotating
cylinder. They reported the increasing Reynolds enhances the
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value of the average Nusselt number. Hussain et al. [23]
performed the computational analysis in a horizontal open
cannel filled with the hybrid nanofluid having adiabatic square
obstacle inside the channel. In their study they focused the
performance of the entropy generation. Kalidasan and Rajesh
Kanna [24] made their investigation on an open square cavity
filled with the hybrid nanofluid, the diagonally placed heaters
and an adiabatic square block. They reported that
comparatively, the right wall experienced a higher heat
transfer rate.

The aforementioned literature survey reveals that sufficient
studies have been accomplished on the sealed and ventilation
cavity with a single protruding body. Further, the attention is
required on the ventilation cavity with multiple protruding
objects. Therefore, our present research focuses on the open
cavity with multiple baffles. Besides, we concentrate on how
the open cavities performance affected by the various sizes,

locations of the obstacles and the locations of the opening slots.

2. MATHEMATICAL FORMULATION

Physical model of the current problem is demonstrated in
Figure 1 with the open square cavity named as BT. Where the
first letter “B” refers to the position of the inlet, the second
letter “T” refers to the position of the outlet. Here we
considered 4 different types of cavities named as BT, BB, TT,
and TB. We vary the position of the inlet, outlet only at vertical
left, right wall respectively. Each cavity contains a pair of the
parallel vertical/horizontal baffle in it. The vertical walls are
maintained at the hot temperature. The horizontal walls and
baffles are adiabatic. The width of the openings is fixed as 15%
height of the cavity. The height of the vertical hot walls
without opening is denoted by hi. The cold fluid enters into the
cavity via the inlet then occupies the enclosure. The parallel
baffles are disrupted the incoming fluid flow. The cold fluid
optimizes the enclosure’s temperature. Finally, exits from the
enclosure via the outlet port. The two-dimensional, laminar,
incompressible flow is assumed here. The Boussinesq
approximation is valid here. The non-dimensional governing
equations of the problem are given below.
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Figure 1. Schematic diagram of an open square cavity with
parallel baffles
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where, U and V are velocity components in X and Y direction
respectively, P and T represents the pressure and temperature.
And the fluid properties are density p, kinematic viscosity v,
the coefficient of volumetric expansion g and thermal
diffusivity a. The gravity g acts downwards normal to the x-
axis.

The non-dimensional vorticity-stream function formulation
of the Eqns. (1) - (4) can be written as follows:
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The non-dimensional variables occur in the above equations
are defined as:
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And the parameters are Prandtl number Pr = K, Reynolds
(24
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2.1 Boundary conditions

The non-dimensional boundary conditions of the present
problem are follows:

e Attheinlet: u=1 v=0;0=0;, =0

e At the outlet: a—U:O; @:0; %:0; 6_5020
OX 1) OX OX

e On the parallel baffles: u=0; v=0;

a0

5)/

e On the cavity walls: u=0; v=0;

=0 for horizontal; % =0 for vertical

0=1 for x=0,1; % —ofory=0,1

e To evaluate the wall vorticity the following Thom’s [25]
relation is used.

2 _
CUW:_ (l//wﬁz l/lw)

c,, forthewallslocated above theinlet port
* V= c,, forthewalls located below theinlet port

where, ¢; and ¢, are arbitrary constant with ¢; — ¢, equals to
the mass flow rate which enters into the cavity across the
opening.

2.2 Heat transfer analysis

In order to estimate the heat transfer rate along the vertical
hot walls, it is required to observe the variations of the local
Nusselt number on those walls. The local Nusselt number
calculated along the cold walls excluding the ventilation ports.
They are defined as

Nu =—% (10)
Left OX -0
o6
NURight =~ 5|, _, (11)

The comparison of the cooling efficiency between the
different configured cavities are measured by the average
Nusselt number.

1 1 12
Nuavg = (j) (NuLeft + NuRight)dy 12)
y
L) L2 dy  (13)
an 2 0 6X x=0 OX x=1

where, h; denotes the height of the vertical walls without
ventilation ports.
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3. COMPUTATIONAL PROCEDURE

The governing non-dimensional partial differential
equations along with the boundary conditions are solved
numerically by using the finite difference (Wilkes and
Churchill [26]). The alternating direction implicit method
(Roache [27]) is employed to vorticity transport, energy
equation. To solve the stream function the successive over
relaxation method (Patankar [28]) is used. The over relaxation
parameter value is taken as 1.3. The convergence criteria to
obtain a steady-state solution is

4,10, 1)~ ¢, G, J)|

_ <10°®
|¢n+1(|’ J)l

(14)

where, ¢ denotes the temperature (), vorticity (), stream
function () and n represents the time. The time step 107 is
used in the computation.

3.1 Grid refinement test

The uniform grid system is used for the current computation.
The grid test is done with the various grid sizes of 21x21,
41x41, 61x61, 81x81, 101x101 and 121x121. The average
Nusselt number on the BT open cavity with the parameters Ra
=103, Re = 300, P2, S, =0.50 is taken for the test. The test
result is shown in Figure 2. From that 81x81 grid system is
sufficient for the current study.
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Figure 2. Grid independent study
3.2 Code validation

The accuracy of the present computational code is validated
against past benchmark results. For that, the differentially
heated square cavity filled with air is taken. The comparison
made with the value of average Nusselt number on the heated
wall. Our present result is compared with the results of De
Vahl Davise [29], Barakos et al. [30] and Khanafer et al. [31]
and Arefmanesh et al. [32] in Table 1. The good agreement is
found with other’s results. Further, one more validation is done
against the experimental, numerical results of Corvaro and
Paroncini [33]. For this study, we chose an air-filled square
cavity with the heated baffle placed at the bottom wall. The
obtained results are in satisfactory agreement with their
experimental and numerical results (Figure 3).
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Figure 3. Comparison results of Streamlines and Isotherms
on a closed cavity with length of 0.5L centrally placed heat
source on the cavity bottom wall for Ra=1.3x10°

4. RESULTS AND DISCUSSIONS

The square ventilation cavities with  parallel
horizontal/vertical baffles are carried out for the numerical
simulation. To optimize the heat transfer inside the cavity, we
allowed the cold air to flow into the cavity. The adiabatic
baffles also playing an important role in it. So, the study is
mainly considered with the size of the baffles (S,=0.25, 0.50,
0.75), positions of the parallel baffles (P1, P2, P3) in 4 models
of the open cavities. The computations are carried out with the
various Rayleigh number (10°-10%), Reynolds numbers (30,
300, 600) and Prandtl number (0.71). The parallel baffles are
placed vertically as well as horizontally. The distance between
the two adiabatic baffles is fixed as 0.25L. The positions of the
baffles are denoted by P/ - bottom left of the open cavity, P2
- a center of the cavity, P3 - top right of the cavity. The position
points of the parallel horizontally and vertically placed baffles
with S, =0.50 is given in Table 2. The position points denoted
at the center point of the parallel baffles. The computed results
are discussed graphically.

Table 1. The comparison result of Nuayg on the air filled
closed square cavity

Ra=10° Ra=10* Ra=10° Ra=10°
De Vahl Davis [29] 1.118 2243 4519 8719
Barakos et al. [30] 1.114 2.245 4510 8.806
Khanafer et al. [31] 1.118 2.245 4.522 8.829
A”Sfm?g‘;h etal. 4118 2270 4644 9047
Present study 1.137 2.263 4.549 8.862

614

Table 2. The position point values

Orientation of the

P1 P2 P3
parallel baffles
Horizontal (0.375,0.25) (0.50,0.50) (0.625,0.75)
Vertical (0.25,0.375)  (0.50,0.50) (0.75,0.625)

The values of the parameters are Ra = 10°, Re = 300, P2, S,
=0.50, Pr=0.71 and the distance between the baffles = 0.25.
The above said parameters are fixed unless otherwise specified.

4.1 Effects of the horizontal parallel baffles

Flow behavior and isotherms of four cases of the open
cavity with parallel horizontal baffles can absorb from Figure
4. Close examination of these streamlines and isotherms
reveals that the general behavior of the mainstream line flows
above the parallel baffles. The isotherms are more packed near
the vertical walls. There is no vortex formed near the inlet
region because of the immense momentum around that region.

Figure 4. Streamlines and Isotherms for variously configured
cavities with horizontal baffles

All the cases except TB, fewer vortexes are formed only
below the mainstream. The cold air transfers the heat from left
to right. Figure 5 depicts the effects of various sizes of the
baffles in the BT ventilation cavity. When we increase the size
of the heaters, the number of vortexes also increased. The
streamlines are condensed near the left vertical walls. Due to
the higher temperature gradients, the isotherms are stronger



near the left wall. And it can be seen clearly from the right wall
that the slope of the isotherm is increased. This is evident in
the improvement of conduction to convection. Hence the
augmentation of the convection can achieve in the increasing
size of the baffle.

Figure 5. Streamlines (Left) and Isotherms (Right) for BT
open cavity with different sizes of the horizontal parallel
baffles

Figure 6. Streamlines (Left) and Isotherms (Right) for TT
open cavity with various positions of the horizontal parallel
baffles
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Figure 6 shows the streamlines and isotherms of TT cavity
with various positions of the baffles. At the bottom (P/) and
centre (P2) positions, the mainstream flows down and gets
interacted with the baffles, create a vortex then change its way
to the outlet. When the baffles placed at the position of the top
(P3), it disturbs the main fluid stream to go out in addition
condensed the streamlines right top corner of the cavity. It also
creates a clockwise vortex below the baffles and the counter-
clockwise vortex in between the baffles, left side of the cavity.
The various position of the baffles how affects the thermal
field is clearly shown in the isotherms. At P3 position, the
baffle blocks the fluid flow significantly. There is a
disturbance happened to bring out the inside cavity heat to out.
So, the isotherms are steeper above the baffles, near the right
wall of the cavity.

Ra=103

Ra=10*

Ra=10°

Ra=10°

Figure 7. Effect of variable Rayleigh number on the TB
configured cavity with horizontal parallel baffles

Effects of variable Rayleigh number on TB configured
cavity presented in Figure 7. Streamline reveals that when the
low buoyancy (Ra <= 10%) it forms a counter-clockwise vortex
in between the baffles and the clockwise vortex below the
baffles. Further, the increase of Ra 103, the counter-
clockwise vortex prolonged to the left wall and flows
downwards. When Ra = 10 the buoyancy is further increased.
It makes a discernible change in the mainstream flow. The
counter-clockwise vortex separated into two intensified
vortexes. The concentrated clockwise vortex also appeared
above the main flow stream. Due to the lack of convection
isotherms are stratified vertically along the hot walls. When



Ra increases, due to convection the isotherms are started to
move around the cavity. Figure 8 displays the various
Reynolds number effects on the BB open cavity. For Re = 10,
the main flow bifurcates with one stream flows from inlet to
outlet directly along the bottom area of the cavity wall. The
other one occupies almost the entire cavity. Further an increase
in Re, the flow raises along the vertical hot wall, travels above
the baffles then finds its way to out. Some vortexes are formed
around the area of the parallel baffle. Whereas, the isotherms
are moving top of the cavity and settle along vertical walls.

Figure 9 illustrates the variation of local Nusselt number on
the four cases of the ventilation cavity. In Figure 9(a), all
configured cavities experienced the same amount of heat
transfer at the vertical left wall. From Figure 9(b), the transfer
of heat in the right heated wall varies significantly in all
configured cavities. In general, the adjacent areas near the
openings have experienced more heat transfer. Effects of the
various sizes of the baffles on the differently configured
cavities are demonstrated in Figure 10. Among four
configured cavities, the BT cavity produces higher heat
transfer rate. The TT and BB cavities are having the same rate
of heat transfer with the sizes of the baffles S, =0.75. The size
of the horizontal baffle is directionally proportional to the
overall heat transfer rate only on the BB case. How the various
position of the baffle changes the heat transfer rate in open
cavities is shown in Figure 11. The heat is transferred
effectively on the BT configured cavity in all position of the
baffle. The overall heat transfer rate is suddenly decreased in
the TT case when the position of the baffle changed from the
centre to top.
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Figure 9. Local Nusselt number on the vertical walls of the open cavities with horizontal baffles
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4.2 Effects of the vertical parallel baffles

Figure 12 illustrates the effects of vertical parallel plates on
the fluid flow and isotherms of the four configured cavities.
One can see that in every configuration other than the
mainstream the strong or weak vortex has formed. The
vortexes are formed below the mainstream. The parallel
baffles disturbed the heat transfer of the fluid. The dense
isotherms are found near the vertical walls due to higher
thermal variation. Figure 13 shows the streamlines, isotherms
of BT configured cavity with various size of the vertical
parallel baffle. The increase in the size of the baftle
compresses the streamlines in the top of the cavity. The
clockwise vortex on the right side of the baffle is also detached
from the main flow. Basically, heat is transferring from hot
walls to the entire area of the cavity. This process is blocked
by adiabatic parallel baffles. When the size of the baffles
increases, the spreading heat from the left wall is shrinking and
the heat from the right touches the right vertical baffle then
turns its way out.

Figure 14 reveals that the position of the baffle affects the
fluid behavior of the TT configured cavity. It is a TT
configured cavity so, the fluid flows horizontally top of the
cavity. Changes in the position of the baffles create a
recirculation cell in the remaining area of the cavity. Alter the
position form P/ - P3, the isotherms are more parallel along
the vertical heated walls. The streamlines, isotherms of the TB
open cavity show the effect of the Rayleigh numbers in Figure
15. The number of recirculation cells increases and gets
strengthened with the increasing Rayleigh number. Also, the
new cell formed in the top right corner of the cavity with Ra >=
10°. The vertical thermal stratification along the vertical walls
starts distributing the heat in the centre region of the cavity
with the increasing Ra. Effect of variable Reynolds number on
the BB configured cavity displays in Figure 16. The inflow is
not powerful for Re=10. Owing to the inflow stream is divided
into two. The strong streams are rising upwards then traveling
above the baffles finally turns toward the exit. The weak
streams are flowing bottom of the cavity to reach the outlet.
For the higher Re, the mainstream goes above the baffle then
returns downwards to reach the exit. The horizontal stratified
temperature distribution is absorbed for Re=10. Furthermore,
the increase in Reynolds number makes more dense-packed
isotherms in the vicinity of the vertical walls. The cold air
occupies the remaining region of the cavity.

Variation of the local Nusselt number along the vertical
walls of the four configured open cavities shown in Figure 17.
There is no significant difference in the local Nusselt number
of the left wall of all cavities, which is shown in Figure 17(a).
From Figure 17(b), the variation of the local Nusselt number
along the right wall of each cavity also has same values except
the middle region of the right vertical wall. It slightly varies in
the interval (2.2 - 2.8). Figure 18 portrays the various size
vertical baffles effects on all cases of the open cavity. Size of
the baffle is inversely proportional to the N, in TB case. The
performance of the TT case also has the same behavior of TB
case. Comparatively, the BT cavity has a higher heat transfer
rate with the increasing size of the baffle. At S, =0.25 the BB
has the least performance among all. Figure 19 elucidates the
effect of various positions of the baffles on open cavities. The
BT open cavity performs efficiently at P/, P2. At the position
P3, the TB cavity achieves the best heat transfer rate. The TT
cavity has a least heat transfer rate at P/, P3.
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Figure 12. Streamlines and Isotherms for variously
configured cavities with vertical baffles
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Figure 13. Streamlines (Left) and Isotherms (Right) for BT
open cavity with different sizes of the vertical parallel baffles
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5. CONCLUSIONS

The numerical simulation carried out to optimize the
thermal effects in the cooling equipment of the open square

cavity contains an adiabatic parallel vertical/horizontal baffles.

The air is used as a coolant inside the cavity. Further, the
study is concentrated on the size of the parallel baffles and is
locations. Depending on the current investigation the
following results are concluded.

(1) The increase in the size of the baffles and its variable
positions deliver a great impact on the performance of the open
cavities. However, it also depends on the configuration of the
cavity.

(2) When we are considering the special case no remarkable
divergence for the horizontal or vertical baffle.

(3) For the case of BT open cavity produces an outstanding
heat transfer performance.

(4) It is found that the heat transfer rate is decreased when
the vertical baffle size is increases.

(5) The alternating position of the horizontal parallel baffle
the BT case yields favorable results.

(6) The heat transfer effect is nonlinear for an effect of
various positions of the vertical baffles.
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NOMENCLATURE

P123
Ra
Re
Sh

gravitational acceleration m. s
height of the cavity, m

height of the hot wall without opening, m
length of the cavity, m

Nusselt number

pressure, N. m2

Prandtl number

Positions of the baffles
Rayleigh number

Reynolds number

Size of the parallel baffle
dimensionless time



T temperature, K b g dimensional stream function, m?. s
uv dimensional velocity components, m. s ] dimensionless stream function
u,v dimensionless velocity components p density, kg. m™
XY dimensional coordinates T time, s
X,y dimensionless coordinates 0 dimensionless temperature
d dimensional vorticity, s
Greek symbols
Subscripts
o thermal diffusivity, m?. s-
B thermal expansion coefficient, K™ avg average
v kinematic viscosity, m2. st in inflow
o) dimensionless vorticity w condition at wall
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