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I. Introcduction

Over the past years considerable
research efforts have been devoled o the
study  of  natural  conveclion  in
rectangular and square ¢ross section
cnclosures. The literature is vast on this
subject, both when the enclosure is filled
willh a single fluid or filled with a fluid
saluraled porous medium. An excellent
overview of such body of work can be
found in [1-3). The search for efficient
thermal systems has led to different
strategies, which include, among others,
partitioned enclosures [4-6], enclosures
wilh triangular cross-sections [7-8] or
with trapczoidal cross-sections [9], fins
altached lo the aclive enclosure walls
[10-16].

Buoyancy-driven convection in a
scaled  enclosure  with  differentially
heated isothermal vertical walls is a
prototype of many industrial applications
such as ventitation of rooms, solar
energy collection, dispersion of wasle
heat in reactor insulation and cooling of
radioactive waslc container.
Enhancement of heat transfer by adding
extended surfaces with good thermal
conductivily on the heated surface for
- the purposc of cooling, as in cleclronic
packages has received some
consideration in recent ycars. Fu ef al.
[10) cmployed penalty [finite-element
mcthod  with  a  Newion-Raphson
itleration dlgorithm o solve transient
natural convection in an enclosure
partitioned by an adiabatic baffle. The
results indicated that the steady time and
the strength of stream function strongly
depend on the location of the baffle and
the Rayleigh number. Natural
convecltion in a differentially heated
reclangular  cavity  with  multiple
conducting baffles on the coid wall was
reported by Scozia er ol [11] for
different values of Rayleigh number. As
the inter-baffle ralio was varied from

0.25 1o 20, the low patterns evolved
considerably and the average Nusselt
number  exhibited  maximum  and
mimmum  values, whose locations
depended on the value of Rayleigh
nuomber. Natural convection in lhe
central micro-cavities of vertical, finned
cavilies of very high aspect ratios was
numerically investigated by Frederick e/
al. [12]. Equally spaced baffles, located
on both active walls, were considered.
The dependence of  micro-cavity
circulation rates and heat transfer on
Rayleigh number, dimensionless fin
length, and micro-cavity aspect ratio is
discussed. The average Nussell number
in a region comprising {wo consecutive
micro-cavities was higher than the one
observed when the baffles were attached
to only one of the active walls, Yucel ef
al. [13] investigated numerically the
nalural convection in an enclosure with
perfectly conducling horizontal end
walls and finitely conducting baffles.
Resulls  were obtained using the
Boussinesq model for density variation,
showed pood agreement with reported
measurements of natural convection in a
partitioned enclosure. Sezai et al. [14]
investigated the effect of attaching poor
conductor ribs on a vertical heated plate.
The effects of rib heighl o span ratio
and Rayleigh number are investigatcd
experimentally and numerically for air
as the working fluid. 1t was found that,
adding ribs on the surface can reduce the
rate of {ree convection heat transfer by
as much as 75% compared with a bare
plate. Rather, complex recirculation flow
pattern was predicied n the space
between the ribs at high Rayleigh
numbers. The effects of baffle height,
length and Rayleigh number on heat
transfer performance was investigated
numerically by Tasnim ef al. [15]. It was
found that adding baffle on the hot wall
increase Lhe heat transfer by as much as
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21.4% compared with a bare wall lor
Ra=10". Silva ef al. [16] investigated the
effect of the aspect ratio and horizontal
length of a high conductivity rectanguiar
fin allached to the hot wall of a three-
dimensional differentially heated cubic
enclosure in laminar natural convection.
The numerical results showed that for an
enclosure assisted by a large volume
fraction fin, the fin aspect ratio does not
play an important role and the average
heat  NMux transferred o0 the  fluid
increases  monofonically with the bin
horizontal length.

in the present study a detailed
analysis was performed to check the
effect of length and height of a
conductive single and multiple baffle of
finite thickness, which is attached to hot
verlical wall, on heat transfer of a square
cnclosure, Rayleigh number in the range
of 10%-10% is considered for air as
working {luid. BaMe length varics fram
0.1 (o 0.9. Dimensionless baftle position
varies from 0.2 to 0.8 respectively,
considering single baffle configuration.
The numbers of aliached baffles, which
equally divided hot wall, are varied up to
4 haffles considering multi  bafTles
configuration.

2. Problem formulation

The  studied  configuration,
depicted in figure (1), 15 a square
enclosure of length L. It is assuined that
the third dimension of the enclosure is
large enough so that the fluid flow and
heal and mass transfer can be considered
two-dimensional.  The top and bottom
walls are thermally insulated, whereas
the left wall is maintained hot at high
temperature  (Tp) and right wall is
maintained cold at low temperature (T.).
A hovizonlal baffie is attached (o
different positions on the hot active wall
considering single baffle problem. In
addition, equal divided baffles are

attached to hot active wall considering
multi-baffle problem. The enclosure
vertical walls and baffles are made of
conductive material. Both left hot wall
and baffles are considered maintained at
the same temperature. Where, W and H
are represented the dimensionless length
and the height of the baffle from the
bottom insulated wall respectively.
Rayleigh number, W, H and number of
attached baffles are considered problem

paramelers.
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3. Mathematical Modeling

The air properties were assumed
to be constant and evaluated at a
reference lemperature, T, = (Ty + T)/2,
except for the density, which is treated
with the Boussinesq approximation. To
put the governing equations and their
boundary and initial conditions in
dimensionless form, one introduces the
following dimensionless independent
and dependent variables as {15,17];
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Variables u, v, T and p are the velocity
components in X, y directions,
temperature and pressure respectively.
Using the foregoing defined
dimensionless variables and with the
assumption of two-dimensional steady-
stale condition, the governing equations
take the following form;

86 50 89 '8
pZ 22 7,27
X oY &P OoY?
- Where, P and Ra arc the Prandtl and
Rayleigh numbers, which are defined
according to the following equations;
Pr =" & Ra ___g_ﬁ(&,__—i) (6)
a a.v
The dimensionless forms of boundary
conditions are;
al X=0, for0<Y <l
U=V=0and 0=
at X=1, forg<y <1
U=V=0and0=0
al Y=0,] for0< X<

U=V=0and £?f‘—=0
aY

at the baffle surface Y=H, 0 < X < W
U=V=0and0=1 (N

From the engincering point of view, the
most important characteristic of the flow
is the rate of heat transfer across the
enclosure; this is the local and average
Nusselt number (Nug,, Nu). Both, the
local and average Nusselt number are
calculated as;

o6
Nu, =| - 8
u, [ on l ®
Mu=1L [N, ds )
S x

Where, s is the surface of left hot wall
and bafflegs.

4. Numerical Technique

The governing equations are
discretized according to the central finite
divided difference scheme. The first and
second derivatives with respect to X and
Y are approximated by centered finite
difference, The partial differential forms
of governing equations are transformed
to sels of linear algebric equations.
Solving these sets of equations, using
Gauss-Siedle iterative procedure, the
hydrodynamic and thermal flow fields
can be obtained. Consequently, local and
average Nusselt number can be derived
with the aid ol their definibions. A non-
uniform gnd of 150 x 150 was used,
considering intense grid near the walls
and baffles as shown in figure (2).
Comparison of the Nussell number
values with those obtained at higher grid
size give nearly identical results,
Variations by fess than 10 over afl grid
poinis were adopted as a convergence
criterion. The code was checked using
the resuits reported in the references 1],
[15]. Tables 1 gives the values of
average Nusselt number for the hot wall
for Ra = 10", 10° and 10° for a square
enclosure without attached baffles.
These values are found to be in good
agreement with references [i] AND
[15].
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Table 1: Code vatlidation test with references
[1 and 15].

Ra 10° 10° 10
1(_‘meshilllsll 2234 | 4521 | 8.798
HETA I
a1 12044 | 45236 | 8.854
"1 2285 | 4583 | 8.684

5. Results and discussions
5.1 Stream lines

Figures 3(a) to 3(d) show the
stream lines for the case of Ra = 10°
with a single baffle Jenglh of W = 0.6 for
different baffle position of H = 0.2, 0.4,
0.6 and 0.8 respectively. The plots are
arranged going from left to right with the
ascending of H values. For ail baffle
positions a large clockwise rotating cell
was observed. The fluid that is heated
next to hot wall rises and replaces the
Muid cooled next 1o cold wall that is
falling, thus giving rise to a clockwise
rotating vortex. Also it is clear that, a
baffle altached to near the middle of the
hot wall has the most remarkable effect
on the fluid flow inside enclosure. A
baffic placed at H < 0.2, redirects the
movement of the fluid and weakens the
fluid motion within the area under the
baffle whereas baffle at H = 0.6 it
wceakens the fluid motion within the area
above the baffie [15].

(Y H=0.2,y,=0021
Fig. (3) Stream lines with single baffle.

(b} 2 baffles, y,,= 0.021
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(d} 4 haffles, vy, = 0.009
Fig. (4} Stream lines with single baffle
and multi-bafTles

Figures 4(a) to 4(d) show the
stream lines for the case of Ra = [0°
with baffle length of W = 04 for
different numbers of attached baffles.
The baffles which equally divided the
hol wall have the values of | (single), 2,
3 and 4. For single baffie, the presence
and character of clockwise rotating
vorlex is unaltered with a shorter baffie
as shown in figure 4 (a). Considering 2
and 3 baffles configuration, the air flows
smoothly, contouring the cavity formed
by the balfles, espccially lower ones,
with no recirculation in between as
shown in figure 4 (b) and 4 ({(c).
[ncreasing the number of baffles
altached to hot wall leads to suppress the
flow, and vortex flow zone is formed
directly at the baffles tips as shown in
figure 4 (d).

5.2 Temperature distribution

Figures 5 and 6 show the
temperature distribution, 9 {T-TJ/Ty-To),
as a function of the distance, X (x/L),
(rom the hot wail to the cold wall of the
enclosure. The dimensionless
temperature profife [or a given vertical
position, Y {y/L) arc plotted for Y= 0.2,
0.4,0.6and 0.8.
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Fig. (5) Temperature distribution for single
baffle at different vertical positions.

For single baffle configuration
with baffle length W = 0.6 and baffle
position of H=10.2, 0.4 and 0.8 at Ra =
t0°, the temperature profiles disclose a
steep drop of temperature along the hot
and cold walls with a slightly linear
temperature increase in the central core
as shown in figures S(a) to s(c). This
result indicates that in addition to the
heat transported by natural convection
along the surface of hot, cold and baffle
walls, there is heat conduction through
the central core of the layer. The
increase of temperature in the core is
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atiributed to the presence of hot baffle.
As the values of H increased (H > 0.5),
the fluid motion in the area above the
baffle is weaken and thus decrease heat
transfer capabilities is expected. The
values of temperature under the baffie
are decreased with the increase of baffle
height H. this implies better heat transfer
on the bottom of the baffle than on the
top surface when H > 0.5 and vice versa.
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Fig. (0) Temperature distribution for multi
baffies configuration.

Considering multi baffles
configuration, figure 6(a) to 6(c) show
temperature distribution for baffle length
W = 0.2 and Ra = 10° with different

number of baffles attached to the hot
surface. It is observed that, a steep drop
of temperature in the region immediately
adjacent to both hot and cold walls and
an  almost horizontal temperature
distribution is found in the central core
of the enclosure.

5.3 Local Nusselt number on the left
hot wall

It is necessary to observe the
variations of the local Nusselt number on
the hot wall in order to evaluate the
cffects of baffles attached to the hot
wall. Figure (7) shows distribution of
local Nusselt number (Nu.} along the
left walf for Ra = 10° and W = 0.4, the
single baffle configuration at different
positions and the multi  baffles

configuration.
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In general from figure (7), one can
observe Lhat placing baffles on the hot
wall always reduce local Nusselt number
on this wall compare with bare wall.
This is because the baffte blocks the
flow near it, thus giving rice to different
flow patlerns on the top and bottom of
the baffle depending on length, position
and numbcer of the used baffle [9. [5].
For single bafile configuration shown in
figure 7(a), as the value of H increased
the boundary layer on the hot wall is
altered (referring to figure 3) and
significant separated region is observed.
While the development of the boundary
layer on the left wall under the baffle is
unaltered. The variation of local Nusselt
number on these two parts of the hot
wall arc directed linked to the iwo
distinct flow patterns causing significant
heat transfer reduction below the baffle.
At lower values of H, Nusselt number
increases ot the top region of the baffle
compared with the bottom region of the
baffle. These results are achieved
considering multi baffle configuration as
shown in figure 7(b). For any number of
baffles atlached to the hot wall, higher
valucs of local Nussclt number arc
-obtained in the region to the bottom of
first baffle and deteriorated elsewhere
{14]. Even though a baffle attached to
hot wall always reduces the heat transfer
on this wall, this does not mean that the
heat flux through the enclosure will be
reduced because the conductive baffle
also transfers heat into the enclosure.
5.4 Average Nusselt number

To evaluate the effect of attaching
conducting baffles on the average heat
transfer, the average Nusselt number
(Nu) is plotted as a function Rayleigh
number for single and multi baffles
configurations as shown in figures 8 and
9. For single baffle configuration,
figures 8(a) to 8(c) are plotied for
different vafues of baffle length W with

baffle position H =0.2, 0.4 and 0.6
respectively. It observed that, the
average Nusselt number is increased
with the increase of the Rayleigh number
or the baffle length W. The data appear
to be nearly independent of baffle
position. At values of Ra up to 10, the
values of the average Nusselt number
are, almost, the same since the clockwise
rotating vortex is unaltered. As seen as,
the average Nusselt number increases
with the increase of Ra.
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configuration.

These results are the same for
multi baffle configuration as shown in
figures 9(a) to 9(c). For Ra > 10°, it is
clear that, as the numbers of attached
baffles increase the Nusselt number is
decreased. This is attributed to the flow
blockage which. formed by introducing
baffles. For Ra < 10° and long baffle
length, increasing the number of baffles
increases the average Nusselt number.

M. 9

Since the long baffles acts as bridge
between hot and cold wall, in addition,
they partially divided the enclosyre to
several adjacent cavities.

Finally, the average Nusselt
number is plotted as a function of baffle
length W as shown in figures 10(a) to
10{c) for three different baffle positions
and for different values of Rayleigh
number  considering  single  baffle
configuration. It is clear that, the average
Nussclt number increases with the
increase of W. The longest baffle gives
the best results and it 1s independent of
baffle position as early explained. For
longest baffle and Ra = [0° the increase
in the rate of heat transfer is 11.52 %
higher that in enclosure without baffle.
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Fig. (10) Average Nussell number distribution
as a function of baffle length, single baffle
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Considering muiti baffles, figures
11(a) to 11(c} show the average Nusselt
number as a function of W under the
above mentioned conditions. At Ra =
10* and baffle length W < 0.4, Nu is the
same for all baffle positions H. But for
W > 0.4, the average Nusselt number
increases sharply with the increase of
baffle length. Increasing numbers of
baffles mounted on hot wall and the
values of Rayleigh number, the average
Nusselt number becomes independent of
baffle length.

6. Conclusions

The flow and heat transfer in a
square enclosure with thin horizontal
conductive baffles on the hot wall are
theoretically  investigated.  Rayleigh
number, baffle length, baffle position
and the numbers of attached baffles are
proposed as problem  parameters.
Generally, the attached baffle modifies
the clockwise rotating vortex that is
established because of differentially
heated walls. The blockage effect of the
baffle depends on baffle length.
Depending on Rayleigh number, length
of baffle, baffle position and number of
baffles, a number of recirculation
regions can be formed above and under
the baffle. Placing baffles on the hot wall
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always reduce local Nusselt number on
(his wall compare with bare wall. On the
other hand, the extra heating effect
which offered by the baffie is promoted
as he Rayleigh number increases. It
obscrved that, the average Nusselt
number is incrcased with increasing

baffle length while it is independent ol

balfe position. For fongest baffle and Ra
= 10" (he increase ol heat transfer is
11.52 % higher than that ingrease in
enclosure without balMle considering
single baffle configuration.
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