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Abstract

Buoyancy driven convection in a square cavity induced by two mutually orthogonal and arbitrarily located baffles is studied numer-
ically. The baffles are of different sizes and the flow is two-dimensional. The coupled governing equations were solved by finite difference
method using Alternating Direction Implicit technique and Successive Over-Relaxation method. The steady state results are presented in
the form of streamline and isotherm plots. It is found that buoyancy force plays a key role and overall heat transfer in the cavity is
enhanced for higher values of both baffle–cavity ratios. Flow inhibition emerges as a deciding factor and diminishes heat transfer when
the horizontal baffle is located above the center of the cavity.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Various cooling techniques are currently being used to
meet the reliability requirements of micro-electronic com-
ponents [1]. Among them buoyancy induced natural con-
vection has proved its superiority and has been accepted
as a viable alternative to forced cooling in many circum-
stances. Natural convection provides simple, low-cost, reli-
able, maintenance free and electronic-interference free
cooling. Motivated by the design of modern electronic
packages this paper describes natural convection in an
air-filled cavity with isothermal walls and two mutually
orthogonal heated baffles of different sizes.

Many investigators have studied natural convection in
various two-dimensional closed cavities. Simple rectangu-
lar cavities with differentially heated vertical walls and adi-
abatic top and bottom have been examined both
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theoretically and experimentally for wide ranges of Ray-
leigh number and aspect ratios [2–6]. Natural convection
in cavities with partially active walls has been analyzed
by some researchers [7,8]. In general, the aspect ratio and
position of the partition play a vital role in the overall heat
transfer rate. Ciofala and Karyiannis [9] investigated natu-
ral convection in a cavity with partitions protruding cen-
trally from the top and bottom adiabatic walls for
different lengths of the partitions. They found that short
partitions do not affect the flow pattern but could enhance
the heat transfer rate. Frederick and Valencia [10] studied
the natural convection of air in square cavity with a dia-
thermal divider for varying lengths and thermal conductiv-
ity. Keyhani et al. [11] made an experimental investigation
of natural convection in a rectangular cavity with multiple
protruding heaters for different aspect ratios. The effect of
mounting isothermal fins on the active hot wall was ana-
lyzed by Tasnim and Collins [12] and Shi and Khodadadi
[13]. They found that the degree of the flow patterns get
modified due to blockage of the fin and it augments the
overall heat transfer for increasing length of the fin.
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Nomenclature

Ai baffle–cavity ratios = 2hi/L
d1 distance between center of cavity and the hori-

zontal plate (m)
D1 dimensionless d1

d2 distance between center of cavity and the verti-
cal plate (m)

D2 dimensionless d2

g acceleration due to gravity (m/s2)
Gr Grashof number = gb(hh � hc)L

3/m2

h1 height of the horizontal plate (m)
h2 height of the vertical plate (m)
J(w,f) Jacobian of W, f with respect to X1, X2

L length of the cavity (m)
Nu local Nusselt number = oT/oXi

Nuwall average Nusselt number =
R 1

0 Nu dX i

Nu average Nusselt number
Pr Prandtl number = m/a
t time (s)
T dimensionless temperature
x1 vertical coordinate (m)
X1 dimensionless vertical coordinate
x2 horizontal coordinate (m)

X2 dimensionless horizontal coordinate
a thermal diffusivity of fluid (m2/s)
b volumetric coefficient of expansion of fluid

(1/K)
h temperature (K)
w stream function (m2/s)
l dynamic viscosity of fluid (Pa s)
m kinematic viscosity of fluid = l/q (m2/s)
q density of fluid (kg/m3)
s dimensionless time
x vorticity (1/s)
W dimensionless stream function
f dimensionless vorticity

Subscripts

c cold
h hot
i 1, 2
B bottom
L left
R right
T top

Fig. 1. Physical configuration.
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Another problem of interest is to extract heat from hotter
bodies contained in closed cavities. Oztop et al. [14] have
addressed such an issue with a thin heated plate built in
vertically or horizontally and found that heat transfer is
enhanced by about 20% when the plate is located vertically.
Dagtekin and Oztop [15] have dealt with the heat removal
from two heated vertical partitions of different heights
placed on the bottom of a cavity and observed the enhance-
ment of heat transfer with an increase in spacing between
the two partitions and also increase in the height of the
partitions.

Both cavity–chip and chip–chip aspect ratios play vital
role in modeling the optimal heat exchangers and electronic
packaging design. Heat transfer in an enclosure with two
mutually orthogonal heated plates has received limited
attention though such configurations are encountered in
microelectronics industry. Papanicolaou and Jaluria [16]
and Icoz and Jaluria [17] have considered such cases in
their design and optimization of cooling systems for elec-
tronic equipments. Having this in mind natural convection
in a square cavity induced by two mutually orthogonal
heated plates has been recently studied by the authors
[18]. This paper extends the above study when the two
plates are of different sizes.

2. Mathematical analysis

The square cavity of length L under consideration is
shown schematically in Fig. 1. It contains two isothermally
heated horizontal and vertical thin baffles of lengths h1 and
h2, respectively. The horizontal and vertical baffles are at
distances d1 and d2 from the center O of the cavity. All
the four walls of the cavity are isothermally maintained
at a constant temperature hc, which is lower than that of
the baffles. The cartesian co-ordinates (x1, x2) with the cor-
responding velocity components (v1, v2) are chosen. The
gravity g acts downwards normal to the x2 direction.

The nondimensional equations governing the laminar
two-dimensional incompressible flow of the fluid under
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Boussinesq approximation in an environment described
above are

of
os
þ Jðw; fÞ ¼ Gr

oT
oX 2

þr2f ð1Þ

oT
os
þ Jðw; T Þ ¼ 1

Pr
r2T ð2Þ

r2w ¼ �f ð3Þ

with the initial and boundary conditions

s ¼ 0;
ow
oX 2

¼ ow
oX 1

¼ 0; T ¼ 0;

at � 1

2
6 X 1 6

1

2
;� 1

2
6 X 2 6

1

2

s > 0
ow
oX 2

¼ ow
oX 1

¼ 0 T ¼ 0; at X 1 ¼ �
1

2
; X 2 ¼ �

1

2
ow
oX 2

¼ ow
oX 1

¼ 0 T ¼ 1 on the baffles

ð4Þ

The dimensionless variables are defined as X1 = x1/L,
X2 = x2/L, s = tm/L2, T = (h � hc)/(hh � hc), W = w/m and
f = xL2/m. The nondimensional parameters appearing in
the above equations are the Grashof number
Gr = gb(hh � hc)L

3/m2 and the Prandtl number Pr = m/a.
In order to measure heat transfer rate in the cavity, it is
necessary to define wall Nusselt numbers at the four walls
as Nuwall ¼

R 0:5

�0:5
Nu dX i, where the local Nusselt number

Nu ¼ oT
oX i

. The average Nusselt number Nu is then calculated
by averaging the wall Nusselt numbers at the four walls. If
one of the baffles lies on a cavity wall, only the remaining
part of that wall is taken into account in calculating Nuwall.
In addition to these, we define two nondimensional num-
bers A1 = 2h1/L and A2 = 2h2/L to study the influence of
relative sizes of the horizontal and vertical baffles with re-
spect to the cavity.

The equations are solved numerically using finite differ-
ence method with a regular and uniform cartesian space
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Fig. 2. (a) wmax as a function of the grid size and (b) c
grid. The grid is chosen in such a way that the thin baffles
coincide with the grid points. An Alternating Direction
Implicit technique and Successive Over-Relaxation method
are employed to solve the discretized equations as reported
in [4]. The results obtained by the code developed were val-
idated against those of Zhong et al. [3] and Oztop et al. [14]
(see Fig. 2b). In order to determine a proper grid size for
this study, a grid independency test was conducted for
Gr = 106, Pr = 0.71, A1 = A2 = 0.5 and D1 = D2 = 0. Five
different grids 41 � 41, 61 � 61, 81 � 81, 101 � 101 and
121 � 121 were chosen. The maximum value of the stream
function of the primary vortex (Wmax) was used as a sensi-
tivity measure of the accuracy of the solution. Fig. 2a
shows that the two grids 101 � 101 and 121 � 121 give
nearly identical results. Hence considering both the accu-
racy and the computational time, the computations were
all performed with a 101 � 101 grid.
3. Results and discussion

A numerical analysis was made to predict natural con-
vection arising in a square cavity due to two mutually
orthogonal heated baffles of different sizes. The computa-
tions were carried out with Pr = 0.71, corresponding to
air and Gr = 106. We fixed h1 and h2 to be half of the cavity
length while varying A2 and A1, respectively. When D2 = 0,
the problem is symmetrical about X2 = 0 and hence in this
case we have plotted both the isotherms and streamlines in
a single plot. Fig. 3 shows the temperature distributions
and flow patterns for the cases when either a vertical
(A1 = 0) or horizontal (A2 = 0) baffle is placed at the center
of the cavity. These clearly indicate two counter rotating
moderate convection cells both rising at the center of the
cavity. It should be noted that when A2 = 0 each cell has
a stronger primary eddy above and a secondary weaker
one below the baffle. We find that the heat transfer rate
is more for the case A1 = 0 compared to A2 = 0, in agree-
ment with the observation of Oztop et al. [14]. We study
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orrelation of present numerical results with others.



Fig. 3. Isotherms and streamlines for A1 = 0 and A2 = 0 (a)
Wmax = 22.7903 and (b) Wmax = 19.1984.
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the effects of A1 and A2 by keeping D2 = 0 and D1 = 0,
respectively.

The isotherms and streamlines for different values of A1

are shown in Fig. 4 keeping D2 = 0. When D1 = 0 an increase
Fig. 4. Isotherms and streamlines fo
in A1 from 0.5 to 1.0 starts dividing the counter rotating cells
into primary eddies at the top and secondary ones at the bot-
tom of the cavity. Further increase in A1 to 1.5 completely
divides the cells and results in a pair of strong counter rotat-
ing cells at the upper half of the cavity and another pair of
weak counter rotating cells at the bottom of the cavity. When
D1 = 0.25 an increase in the length of the horizontal baffle
pushes the primary eddies slightly below and ultimately
results in a pair of counter rotating cells below the heated
baffle and a pair of small and weaker cells near the top of
the cavity. But in the case of D1 = � 0.25, the cells are
pushed above the horizontal baffle and the transport in the
fluid below the baffle is conduction-dominated. We found
no significant change in the flow characteristics for the
extreme wall mounted cases D1 = 0.5 and �0.5 except the
change in Nu and hence they are not displayed.

When D1 = 0, the problem is anti-symmetric about
X2 = 0.0. Hence we have considered only positive values
r different values of A1 and D1.
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of D2 for studying the effect of A2 on the isotherms and
streamlines (Fig. 5). We find that the effect is to strengthen
convective heat transfer. We also notice that the isotherms
get crowded in the vicinity of bottom of the vertical plate
for increasing values of A2 and this supplies more energy
to the secondary eddies or vortex arising there. Now we
discuss the situation when one of the baffles is mounted
on a wall. The temperature and flow characteristics for
D2 = 0.5 are displayed in Fig. 6. It is observed that an
increase in A2 affects the symmetrical thermal emanating
(a) D1 = D2 =0.0 and A1 = 1.0
(i) ) A2 = 0.5, max = 20.0858 2 = 1.0, ma

(i)A2 = 0.5, max = 29.1120 
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Fig. 5. Isotherms and streamlines fo
from the center of horizontal baffle and hence disturbs
the symmetrical streamlines. It makes the left cell to grow
in size suppressing the right one and occupy the top of
the cavity.

Fig. 7 depicts the extreme cases when both the baffles are
wall mounted. Fig. 7a clearly shows the behaviour towards
a more stable background state for an increase in A1 as
expected. Shown in Fig. 7b is the flow pattern for
D1 = D2 = 0.5. It should be noted that the minimum heat
transfer rate was achieved for this configuration among
x = 21.9351       2 = 1.5 max = 22.9571

1.
0
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6

(iii) A

r different values of A2 and D2.



 
(i) A2 = 0.5, max = 21.8991 

 
(ii)  A2 = 1.0, max = 29.1865 
 D1 = 0.0, D2 = 0.5 and A1 = 1.0 

Fig. 6. Isotherms and streamlines for different values of A2.
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various locations of the baffles [17]. We notice that the vor-
tex appearing at the top right corner of the cavity for
A2 = 0.5 disappears and a single cell pattern with higher
momentum is promoted for an increase in A2.

Fig. 8 shows the average Nusselt number for different
relative sizes of the heated baffles placed at different loca-
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Fig. 7. Streamlines for differ
tions. In general more amount of fluid is exposed to heat
and this proportionately produces large buoyancy force
for larger values of both A1 and A2. But at the same time
an increase in A1 starts blocking the upward free fluid
flow, with a magnitude depending on the position of the
horizontal plate (see Fig. 8a) whereas that in A2 no way
inhibits vertical flow and thereby promotes large uninter-
rupted buoyancy force. Similar mechanisms have been
recently noticed by Shi and Khodadadi [13]. Thus we
observe heat transfer enhancement for an increase in A2

independent of the value of D2 (see Fig. 8b). Let us
now see the combined effect of A1 and D1. An examina-
tion of Figs. 4c and 8a reveals that conduction effect
becomes significant below the horizontal plate and results
in higher Nu even though there is a slight decrease in Wmax

for negative values of D1. But when D1 is positive flow
inhibition is the only observed phenomena. For example
when A1 increases from 0.5 to 1 a less vigorous flow is evi-
dent. Shown in the inset of Fig. 8(a) are the wall Nusselt
numbers corresponding to D1 = 0.5. This clearly indicates
a drop in NuT and a substantial increase in wall Nusselt
numbers measured at the vertical walls against A1. This
is the cause for the fall and then a rise in Nu against A1

when D1 is positive.
In order to have a complete understanding we have plot-

ted the average Nusselt number in Fig. 8c when both the
baffles are wall-mounted. In general an increase in Nu is
expected for an increase in A2 for both D1 = ±0.5. When
D1 = 0.5 and A2 = 0 a stable situation arises in which only
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(a) Different values of D1 and A1 when D2 = 0.0 and A2 = 1.0 
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the conduction mechanism is operative and hence Nu is 1.
An increase in A2 produces a proportionate increase in
the buoyancy force inducing convection. Thus a monotonic
increase in Nu is observed. But the situation is different
when D1 = �0.5 and A2 = 0. Here a pair of well known
counter rotating bicellular pattern occurs and the excess
heat is removed symmetrically through the surrounding
walls. An increase in A2 affects the symmetry in the flow
pattern and develops an anticlockwise rotating single cell.
But the favourable temperature gradients are not strong
enough to allow the cell reaching the top right corner of
the cavity for smaller values of A2. This thermally inactive
top right corner of the cavity is responsible for a drop in Nu
when A2 = 0.5.
4. Conclusion

Numerical computations were performed to understand
buoyancy induced flow and heat transfer inside a square
cavity due to two mutually orthogonal isothermal baffles.
The baffles were of different sizes and located at various
positions within the cavity. The study leads to the following
important conclusions.

1. The net heat transfer in the cavity can be enhanced by
increasing the vertical baffle length regardless of its
position.

2. On the other hand, an increase in the horizontal baffle
length can promote heat transfer only when it is located
below the center of the cavity.

3. Upward movement of horizontal baffle leads to flow inhi-
bition and hence the average Nusselt number experiences
a drop. This effect gets compensated and the average
Nusselt number again builds up for large horizontal baf-
fle even when it is located above the center of the cavity.
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