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Abstract

The effect of channel-confinement of various degree (blockage ratio of 10%, 30% and 50%) on the upward flow and
heat transfer characteristics around a heated/cooled square cylinder is studied by considering the effect of aiding/
opposing buoyancy at �1 6 Ri 6 1, for Re = 100 and Pr = 0.7. With increasing blockage ratio, the minimum heating
(critical Ri) required for the suppression of vortex shedding decreases up to a certain blockage ratio (=30%), but there-
after increases. The influence of buoyancy and channel-confinement on the recirculation length, drag and lift coefficient,
pumping power, Strouhal number and heat transfer from the cylinder, is also investigated.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Heat and fluid flow are generally either external
(unconfined) or internal (confined). Some problems have
several of the characteristics of both unconfined and
confined flows. An example of such a case is the flow
across a cylinder located on the centerline of a two-
dimensional channel with fixed walls which will be re-
ferred to here as channel-confined flow. The confined
flow configuration is a natural one for heating and cool-
ing fluids in many engineering applications. The flow
and heat transfer characteristics are strongly influenced
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by the buoyancy force when the flow velocity is not very
high and the temperature difference between the body
surface and ambient fluid is large. The free and forced
convection effects are comparable under such situations.
The vortex shedding also becomes more complicated.
Most previous investigations of combined flow and heat
transfer in such situations have focussed on circular
cylinders. However, flow around the square cylinder is
also an important fundamental problem of engineering
interest and is investigated here.
In comparison with the unconfined flow case, two

new parameters have to be taken into account for an up-
ward channel-confined flow case, i.e., the inflow profile
and the blockage ratio (�B/L, where B is the width of
the cylinder and L is distance between the channel
walls). Most of the previous heat transfer studies on
channel-confined flow across a square cylinder was done
ed.
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Nomenclature

B width of the square cylinder
cp specific heat of the fluid
CCCD total drag coefficient for the channel-con-

fined flow, Eq. (1)
CDcyl cylinder drag coefficient, Eq. (2)
CDch channel drag coefficient, Eq. (2)
CL lift coefficient ½¼ F L= 12 qv

2
1B�

f frequency of vortex shedding
FL lift force on the cylinder
Gr Grashof number [=gb(TW � T1)B

3/m2]
H height of the computational domain and the

channel
HD non-dimensional distance between top sur-

face of cylinder and exit plane
HU non-dimensional distance between inlet

plane and bottom surface of cylinder
L distance between the channel walls
Lr non-dimensional recirculation length
n cylinder surface normal direction
Nu average Nusselt number [=oh/on]
p pressure
P non-dimensional pressure ½¼ p=qv21�
Pr Prandtl number [=lcp/k]
Re Reynolds number [=v1B/m]
Ri Richardson number [=Gr/Re2]
St Strouhal number [=fB/v1]
T temperature
T1 free-stream or inlet temperature
u cross-stream velocity
v1 free-stream velocity and the mean-channel

inlet velocity
v stream-wise velocity

_w pumping power, Eq. (4)
X non-dimensional cross-stream dimension of

coordinates [=x/B]
Y non-dimensional stream-wise dimension of

coordinates [=y/B]

Greek symbols

d size of the clustered CV
U pumping power coefficient, Eq. (3)
m Kinematic viscosity of the fluid
h non-dimensional temperature [=(T � T1)/

(TW � T1)]
s non-dimensional time [=t/(B/v1)]

Subscripts

b bottom face of the cylinder
c cylinder average
cl lower critical value
cu upper critical value
l left face of the cylinder
r right face of the cylinder
rms root mean square
t top face of the cylinder
W surface of the cylinder

Superscripts

CC channel-confined
FC forced convection
MC mixed convection
UC unconfined
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for the forced convection case [1–5]. In our earlier study
[5], a detailed examination of the effect of channel-con-
finement on the flow structure and heat transfer from
the cylinder at various Reynolds number was done for
both constant uniform heat flux and constant cylinder
temperature boundary conditions. With increasing
blockage ratio, the Reynolds number for the onset of
vortex shedding was found to increase and then de-
crease. An increase in Strouhal number, drag coefficient,
pumping power and cylinder Nusselt number was also
observed with increasing blockage ratio.
For the mixed-convection case, the buoyancy param-

eter Ri � Gr/Re2, which is known as the Richardson
number, provides a measure of the influence of free con-
vection in comparison with the forced convection.
Chang and Sa [6] did a detailed numerical study of the
effect of buoyancy on the flow past a hot/cold circular
cylinder, at Re = 100 for �1 6 Ri 6 1 and found sup-
pression of vortex shedding at a critical Ri of 0.15.
The critical Richardson number found by different
researchers for free-stream flow across a circular cylin-
der have been compared in our earlier study [7]. The
suppression of vortex shedding into steady twin vortices,
previously observed experimentally for the circular
cylinder, was also found [7] for the more bluff square
cylinder beyond a certain heating (Ri = 0.15) of the
cylinder for Re = 100 and Pr = 0.7.
Most of the study on the effect of channel-confine-

ment and buoyancy on flow across a cylinder have been
done for the circular cylinder [8–11]. Farouk and Güceri
[8] initiated the numerical simulation of the effect of
aiding buoyancy on flow across a circular cylinder main-
tained at constant temperature within adiabatic channel
walls but restricted their study to steady flows. Ho et al.
[9] also studied the aiding buoyancy in the steady flow
regime with uniform inlet velocity profile for both
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channel-confined vertical-flow problem and the associated
parameters.
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unconfined and channel-confined (adiabatic channel-
wall) upward flow across a circular cylinder at Re =
20, 40 and 60, 0 6 Ri 6 4, and blockage ratio of 50%,
25%, 16.67% and 0%. They developed a forced and a
mixed convection heat transfer correlation for the steady
flow.
Nakabe et al. [10] studied the effect of buoyancy on

the channel-confined (channel walls maintained at ambi-
ent temperature) flow across a heated or a cooled circular
cylinder with parabolic inlet velocity profile, by a finite
difference method. Three cases of the flow configurations
were calculated: (1) aiding buoyancy at Re = 80 and 120,
0 6 Ri 6 1.6 and blockage ratios of 30% and 15%, (2)
opposing buoyancy at Re = 50, �1 6 Ri 6 0 and a
blockage ratio of 15%, and (3) cross-stream buoyancy
at Re = 80 and a blockage ratio of 30%. For the aiding
buoyancy case, the authors found three main results:
first, at constant Re, the value of Ri at which the vortex
shedding degenerates (into twin vortices) decreases with
increasing blockage ratio; second, at constant blockage
ratio, the value of Ri at which vortex shedding degener-
ates increases with Re; and third, at constant Ri, the
value of Re at which vortex shedding starts goes on
increasing with the increasing blockage ratio.
Singh et al. [11] numerically studied steady and un-

steady periodic mixed convection heat transfer for flow
of air around a hot/cold circular cylinder in a vertical
adiabatic channel, with parabolic inlet velocity profile
at Re = 100, �1 < Ri < 1 and a blockage ratio of 25%.
They found the ‘‘breakdown’’ of Karman vortex street
at Ri = 0.15. All the work discussed above on the chan-
nel-confined mixed-convective flow are for the circular
cylinder. Virtually no analogous results have been found
for the square cylinder other then those of Biswas et al.
[12] who numerically investigated the effect of cross-
stream buoyancy on the channel-confined flow.
The present work is continuation of our previous

work [5,7,13]. The objective of this investigation is to
study the effect of aiding and opposing buoyancy, as well
as the effect of the proximity of the adiabatic bounding
(channel) walls on the flow and heat transfer character-
istics across a heated/cooled square cylinder for various
Reynolds number, Richardson number and blockage ra-
tios. The study attempts to understand how the channel-
confinement of various degree at a constant Re and
increasing Re at a constant blockage ratio effects the
buoyancy induced breakdown of Kármán vortex street
for the square cylinder. For a Reynolds number (=50)
where there are normally steady twin vortices in the
wake of the cylinder for the channel-confinement case
(B/H = 30%), we investigate whether vortex shedding
is triggered after a certain minimum cooling of the cylin-
der. Furthermore, the objective is to generate a numeri-
cal database for the flow and heat transfer parameters
with respect to Richardson number and blockage ratio
for Re = 100.
2. Physical description of the problem, governing

equations and boundary conditions

The geometry and the relevant dimensions consid-
ered for analysis are schematically shown in Fig. 1. A
fixed two-dimensional square cylinder with side B

(which is also the non-dimensionalising length scale)
heated or cooled to a constant temperature TW is
exposed to a constant free-stream upward velocity v1
and temperature T1, as shown in Fig. 1(a). In order
to make the problem computationally feasible, artificial
confining boundaries are placed around the flow where
‘‘free-slip’’ boundary conditions are used. The channel-
confined flow case is obtained when ‘‘no-slip’’ boundary
conditions are applied to the two adiabatic channel walls
of finite length placed vertically at a distance of L/2 on
either side of the center of the cylinder, as shown in
Fig. 1(b). We assume that the fluid enters the channel
under fully developed conditions, i.e., a parabolic velo-
city profile (with the average velocity, vav = v1) and
temperature T1. The results in this case is also applica-
ble for the channel of infinite length with a constant v1
inlet velocity profile, as this flow will be fully developed
before it reaches the cylinder. This allows us to compare
the confined flow cases with the unconfined flow cases
(where the inlet velocity profile is constant). The various
degree of confinement (B/L) is obtained by varying the
distance L between the channel walls.
A preliminary study was done to fix the position of

artificial confining boundaries (for the free-stream flow),
inlet and outlet boundary relative to the cylinder de-
noted by L, HU and HD, respectively (Fig. 1). It was
found [5,7,13] that there is negligible change in the re-
sults with further increase in L = 30, HU = 5 and
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HD = 34 for the unconfined flow; and HU = 8.5 and
HD = 16.5 for the channel-confined flow.
The unsteady, conservative, and dimensionless form

of the Navier–Stokes equations [7] in two dimensions
for the incompressible flow of a constant viscosity fluid
is numerically solved in the present study. In these equa-
tions, the velocity is non-dimensionalised with v1
(which is the constant inlet velocity for the unconfined
flow and is the mean-channel inlet velocity for the chan-
nel-confined flow case), the spatial coordinates with
cylinder width B and the pressure by qu21. The dimen-
sionless temperature variable is given by h � (T � T1)/
(TW � T1). The Reynolds number, Prandtl number
and Richardson number are the governing flow param-
eter for this problem. The boundary conditions are dis-
cussed in our earlier work [5,7].
3. Numerical details

The non-uniform grid structure, with a grid of size
d = 0.01 clustered around the cylinder over a distance
of 1.5 units, and the grid independence results for the
unconfined case was discussed in our earlier investiga-
tion [7]. For the confined flow case, the grid structure
is similar in the X-direction and the details can be found
elsewhere [5]. Uniform clustered grid size of d has been
used over the entire height of the channel (in the Y-direc-
tion) for a blockage ratio of 30%, 40%, and 50% to
adequately capture increased cylinder-channel wall
interaction resulting in a grid size of 323 · 334,
323 · 250 and 323 · 200, respectively. Grid indepen-
dence tests were accomplished satisfactorily [14] for the
channel-confined flow using four grid sizes (169 · 48,
222 · 96, 323 · 200 and 363 · 240) at the largest block-
age ratio of 50% and Ri = �1. It is found that the rms
value of lift coefficient, as compared to the other param-
eters, has the greatest sensitivity to the number of grid
points in the domain and its value has a maximum dif-
ference of 12% and 3% on the first two grid sizes when
compared to the finest grid size. The percentage change
of this quantity between the final two grid sizes is 0.26%.
The time step was set at 8 · 10�4, since a smaller time
step had no significant influence on the results. The
impulsive flow initial condition has been used.
A solution methodology (Semi-Explicit method)

using finite volume method on a non-staggered non-
orthogonal grid, applicable to complex geometries, has
been developed by Eswaran and Prakash [15]. However,
the code has been substantially modified here to remove
some of the features required only for non-orthogonal
grids and was made strictly two-dimensional, to avoid
excessive computation for the two-dimensional orthogo-
nal geometry problem attempted here. Furthermore, the
third-order upwind QUICK convection scheme has been
consistently implemented in the code. The details of the
method have been presented by Sharma and Eswaran
[16].
4. Results and discussion

In this study, the following range of parameters are
considered: blockage ratio, B/L = 0%, 10%, 30% and
50%, and Richardson number, Ri = ±0.25, ±0.5,
±0.75 and ±1 (positive values for the aiding and nega-
tive values for the opposing buoyancy case) for Rey-
nolds number, Re = 100, and Prandtl number, Pr =
0.7 (as for air). The unconfined flow case corresponds
to B/L = 0% although free-slip confining wall with a
blockage ratio of 3.34% is used here to make the prob-
lem computationally feasible. Other Richardson num-
bers have been investigated for the aiding buoyancy
case to determine the critical Ri for the breakdown of
Kármán vortex street, at various blockage ratios. Fur-
thermore, Re = 50 and 150 have been investigated for
B/L = 30%.
The accuracy of the simulation is validated in our

earlier work [5] for the Strouhal number and Drag coef-
ficient dependence on Reynolds number for various
blockage ratio at Ri = 0.

4.1. Flow and isotherms pattern

Figs. 2–4 shows the vorticity contours for B/L =
10%, 30% and 50%, respectively, under the influence of
aiding and opposing buoyancy at Re = 100. The vortic-
ity contours show a wavering motion which increases
with increased cooling (decreasing Ri < 0) of the cylinder
and decreases with increased heating(increasing Ri > 0)
before it ceases at Ri = 0.4, 0.25 and 0.5 for B/L =
10%, 30% and 50%, respectively [shown in Figs. 2(f),
3(f) and 4(f)]. Ricl corresponds to the upper limit of
the unsteady periodic flow whereas Ricu to the break-
down of Kármán vortex street. Thus, the breakdown
of Kármán vortex street occurs between a lower and
upper value of critical Richardson number, Ricl = 0.35,
0.2 and 0.45 and Ricu = 0.4, 0.25 and 0.5 for B/L =
10%, 30% and 50%, respectively. These results for the
square cylinder on the effect of buoyancy are in accor-
dance with the physics that are well known in the circu-
lar cylinder wake [6] in an unconfined flow. Chang and
Sa [6] discussed that the strength of the shear layer
increases and the roll-up process is more activated with
increased cooling of the circular cylinder because the
velocity in the wake region is reduced by the negative
buoyancy force of the cold air. They also mentioned that
heating imparts stability to the vortex street with an in-
crease in the velocity in the wake region. With increased
channel spacing from B/L = 10% to 30%, the channel-
wall tries to confine the streamlines near to the cylinder
and an increase in the velocity of the fluid in the wake
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Fig. 2. Instantaneous vorticity contours for different Ri, under the influence of aiding and opposing buoyancy, at a blockage ratio of
10% and Re = 100. Note that the solid and dashed lines represent the positive and negative vorticity, respectively.
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region imparts channel-wall induced stability to the vor-
tex street and thus less heating is required to stabilize the
flow. However, with further increase in blockage ratio,
the velocity of the fluid emanating from between the side
faces of the cylinder and the channel wall increases. This
flow jets outward sending particles into the wake cavity
and thus, more heating is required to diminish the
entrainment till it eventually vanish for the breakdown
of Kármán vortex street at B/L = 50%. The results on
the decrease in the stability of the flow when the block-
age ratio increases from 30% to 50% has not been re-
ported before for both circular and square cylinders.
For the unsteady cases, Fig. 2 show an almost sym-

metric distribution (about the channel centerline) of
the vorticity generated at the channel walls. However,
this symmetry is lost for B/L = 30% and 50%, shown
in Figs. 3 and 4. Thus, for a heated/cooled cylinder at
the blockage ratio of 10%, the time-dependent flow mo-
tion is only noticeable near the cylinder and the flow in
the region near to the channel wall is close to the one
observed for the steady flow regime. However, as the
blockage ratio increases to B/L P 30%, the near wall
(channel) flow also becomes unsteady.
The instantaneous isotherms (figures not included)

for the same cases showed that the roll-up or wavering
motion of the isotherms increases with increased cooling
of the cylinder and decreases with increased heating of
the cylinder before it ceases at certain Ri. Furthermore,
the roll-up decreases with increasing blockage ratio at a
constant Ri. Thus, the isotherms plots have a close
resemblance with the vorticity contours shown in Figs.
2–4, indicating that the energy convected away from
the cylinder surface is bound tightly inside the vortices.

4.2. Flow parameters

The time-averaged flow field in a periodic flow (ex-
cept at Ri = �0.75 and �1 for B/L = 0%) is similar to
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steady flow with a twin-vortex recirculating region. The
recirculation length is defined as stream-wise distance
from the top surface of the cylinder to the re-attachment
point along the wake centerline. With increased cooling
(decreasing Ri < 0), Fig. 5(a) shows that the mean recir-
culation length decreases at B/L = 0 and 10% in contrast
to its increasing trend at B/L = 30% and 50%. The alter-
nate generation of vortex on the wall of the cylinder and
its shedding is due to the periodic variation of pressure
acting on the side faces of the cylinder. With increased
cooling at B/L = 10%, the roll-up of the vorticity (gener-
ated on the side faces of the cylinder) on the top surface
of the cylinder increases (Fig. 2(a)–(c)) which results in
the decrease in the mean recirculation length. Further in-
crease in the blockage ratio (B/L P 30%) suppresses the
roll-up with a reduced entrainment of the far away fluid
into the wake region due to stronger interaction between
the channel boundary layer and the cylinder shear layer,
shown more prominently for Ri = �1 in Figs. 2–4 and
thus, increases the mean recirculation length with in-
creased cooling. However, with increased heating the
recirculation length increases monotonically in the peri-
odic flow regime, in contrast to its decreasing trend in
the steady flow regime, shown in the figure by open
and filled symbols, respectively. Furthermore, with
increasing Ri in the periodic flow regime, the figure show
a local minimum at Ri = 0 for B/L = 30% and 50%. For
fixed Ri, Fig. 5(b) show a local maximum for Ri 6 0.25
and a local minimum for the steady flow cases at
Ri P 0.5, both at B/L = 30%.
For the aiding and opposing buoyancy cases,

Fig. 6(a) shows that the Strouhal number increases
monotonically with increasing Ri at a constant blockage
ratio before it suddenly becomes zero due to the break-
down of the Kármán vortex street. The figure also shows
that the Strouhal number increases monotonically with
increasing blockage ratio due to the acceleration of the
cylinder-wall boundary layer.
The drag force acting on the square cylinder inclu-

des pressure drag FDp and viscous drag FDv, which
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correspond to the power needed to pump the fluid
through the cylinder. For the channel-confined flow,
the total drag coefficient includes cylinder as well as
channel drag coefficients:

CCCD ¼ CDcyl þ CDch ð1Þ

where

CDcyl ¼ 2

Z 1

0

PdX þ 2

Re

Z 1

0

oV
oX
dY and

CDch ¼ 2
 2

Re

Z H=B

0

oV
oX
dY ð2Þ

and the non-dimensional pumping power coefficient [5]
can be expressed as

U ¼ CCCD Re2 ð3Þ

from which the pumping power (per unit length of the
cylinder) is obtained by

_w ¼ U 
 1
2

qm2 
 v1
B

ð4Þ

Fig. 6(b) shows the effect of buoyancy on the various
drag coefficients at various blockage ratio for H/B =
26. We can draw the following conclusions: (1) At a con-
stant Ri, the CCCD (and thus, the pumping power), CDcyl,
and CDchð� CCCD � CDcylÞ increase with the blockage
ratio; (2) at the same blockage ratio, the minimum CDcyl
occurs at Ri = 0 for unconfined flow whereas for the
channel-confined flow, it can be observed to occur for
the largest value of Ri (Ricl) at which the vortex shedding
occur (except at B/L = 50%, where CDcyl does not
change appreciably with increasing Ri); (3) the channel
drag coefficient decreases with increased heating and
increases with increased cooling; (4) the total drag
coefficient/pumping power decreases monotonically
with increasing Ri at B/L = 30% and 50%, is higher at
) 0.25 (f) 0.45 (g) 0.5 (h) 1

uence of aiding and opposing buoyancy, at a blockage ratio of
e positive and negative vorticity, respectively.
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B/L = 10% and lower at B/L = 0% for a cooled cylinder
when compared with one heated by the same tempera-
ture difference.
Fig. 7(a) shows that the variation of rms value of lift

coefficient decreases monotonically with increasing Ri
Ri

S
t
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Fig. 6. Effect of buoyancy on (a) Strouhal number and (b) total and c
Note that filled and unfilled symbols in (b) represent CCCD and CD
coefficient.
before it vanishes at certain Ri (for the aiding buoy-
ancy). With increasing blockage ratio for the channel-
confined flow, Fig. 7(b) shows a monotonic decrease in
CLrms for the opposing buoyancy case whereas a local
minimum can be seen at B/L = 30% for the aiding buoy-
ancy cases at Ri = 0 and 0.25.
The vortex shedding is obtained by long time compu-

tations automatically initiated by computer round-off
errors, thus eliminating the need to perturb the solution.
Fig. 8 shows the temporal variation of lift coefficient and
confirms that the degeneration of vortex shedding oc-
curs between Ricl = 0.35, 0.2 and 0.45 and Ricu = 0.4,
0.25 and 0.5 at B/L = 10%, 30% and 50%, respectively.
Fig. 8(b), (d) and (f) also shows a monotonic decay in
the amplitude of variation of lift coefficient in the
zoomed view on the top-right corner whereas a mono-
tonic rise can be seen for the vortex-shedding cases in
the other figures.

4.3. Average Nusselt number

Fig. 9 compares the average Nusselt number for the
cylinder and each of its faces versus blockage ratio at
a constant Richardson number. The figure show a
monotonic increase in the Nusselt number for the cylin-
der and its faces with increasing blockage ratio, except at
the top face for Ri 6 0.25. As compared to the uncon-
fined flow, the top face Nusselt number is shown to be
more for the channel-confined case at B/L = 10%. With
further increase in blockage ratio, three different trends
of variation of top face Nusselt number can be observed
in the figure. First, Fig. 9(a) and (b) show a monotonic
decreasing trend for Ri 6 �0.75, second, Fig. 9(c)–(e)
show a local minimum at B/L = 30%, and third,
Fig. 9(f)–(h) show an increasing trend in the steady flow
regime for Ri P 0.5. With increasing Ri, the figure show
a monotonic increase in the Nusselt number for the
cylinder at a constant blockage ratio.
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4.4. Breakdown of Kármán vortex street

The effect of channel-confinement of various degree
at Re = 100 and increasing Re at B/L = 30% on the
breakdown of Kármán vortex street is shown in
Fig. 10 with a stability envelope. The envelope has two
boundaries, lower and upper as shown in the figure.
The lower boundary corresponds to the observed Ri
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bound of the vortex-shedding flow and the upper one
corresponds to the observed Ri bound for the break-
down of Kármán vortex street. These bounds, respec-
tively, are the lower and upper value of critical
Richardson number, Ricl and Ricu.
With increased heating, stability is imparted to the

wake flow with a reduced entrainment of the far away
fluid into the wake region. In our earlier work [5] for
the forced-convective (Ri = 0) channel-confined flow, it
was found that the critical Reynolds number for the
onset of vortex shedding increases for 10% 6 B/L 6

30% and decreases for B/L P 40%. Thus, with increas-
ing blockage ratio, the stability of the wake is enhanced
by the channel-wall for 10% 6 B/L 6 30% and reduced
for B/L P 40%. Therefore, as the blockage ratio in-
creases from 10% to 30% for a Reynolds number in
the vortex shedding regime, say, it is reasonable to ex-
pect that less heating (Ri) is required to stabilize the flow
to steady state due to increase in the channel induced
stability, whereas, as the blockage ratio increases from
40% to 50%, more heating (Ri) should be needed due
to decrease in the channel induced stability. Precisely
this expected pattern is shown in Fig. 10(a) where a local
minimum can be observed at B/L = 30%. The increase
in the stability of the flow when the blockage ratio in-
creases from 10% to 30% is due to suppression of the
propagation of disturbances causing wake instability
by the channel wall [17]. Strykowski and Sreenivasan
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[18] suggested that at low Reynolds number, the vortic-
ity pumped into the wake from the boundary layers on
the cylinder can be diffused away from the shear layers
merely by viscous action. The classical view is that as
the flow Reynolds number increases viscous diffusion
alone cannot keep up with the increased vorticity pro-
duction in the upstream boundary layers, and vortices
break away at regular intervals, constituting vortex
shedding. Here, for B/L P 40%, the cylinder wall shear
layer also needs to diffuse the vorticity produced by the
channel-wall in addition to that generated from the
cylinder and thus, there is a decrease in the stability of
the flow. The figure shows an increase in the critical
Richardson number for the channel-confined flow at
B/L = 10% as compared to the unconfined flow case.
This is due to decrease in the stability of the wake for
the confined flow case, which requires lower Re for the
onset of vortex shedding at Ri = 0 [5] and here more
heating (Ri) to weaken to the breakdown of Kármán
vortex street at Re = 100. As mentioned in our earlier
work [7], better similarity is found here also between
increasing Re at a constant Ri (=0 [5]) and increasing
1/Ri at a constant Re (=100, here).
The effect of varying Reynolds number on the break-

down of Kármán vortex street is shown in Fig. 10(b) for
the channel-confined flow at B/L = 30%. It shows that
the critical Richardson number for the breakdown of
Kármán vortex street increases with increasing Reynolds
number at the constant blockage ratio. The figure also
shows that vortex shedding can occur for the Reynolds
number (=50), at which the flow is normally steady
[5], when the cylinder is cooled with Ri 6 �0.35.
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4.5. Enhancement/suppression of heat transfer from the

cylinder

Now, the attention is focussed on the enhancement/
suppression of the average heat transfer from the cylin-
der caused by buoyancy and channel-confinement. To
this end, the ratio of the average Nusselt number for
the mixed convection (MC) case to that for the force
convection (FC), NuMCc =NuFCc , and the ratio for the chan-
nel-confined (CC) flow to that for the unconfined (UC)
flow, NuCCc =NuUCc , are plotted in Fig. 11 for various
Richardson numbers and blockage ratios.
The effect of buoyancy on the heat transfer from the

cylinder is a monotonic enhancement for the aiding
(Ri > 0) and a monotonic suppression for the opposing
buoyancy (Ri < 0) case, as shown in Fig. 11(a). How-
ever, the figure shows that the enhancement when the
cylinder is heated is more than the suppression when it
is cooled by the same temperature difference except for
B/L = 50%. With increasing blockage ratio, Fig. 11(b)
show that the enhancement decreases monotonically
with increasing blockage ratio at Ri P 0.75. For other
Ri, the enhancement/suppression when compared to
the unconfined flow decreases at B/L = 10%, thereafter,
it increases at B/L = 30% and decreases again at
B/L = 50%.
The effect of channel-confinement is an enhancement

of heat transfer which decreases monotonically with
increasing Ri and increases with increasing blockage ra-
tio, shown in Fig. 11(c). The largest enhancement occurs
for B/L = 50%, which decreases from about 69% to less
than 34% for the range of buoyancy parameter
(�1 6 Ri 6 1) investigated.
5. Conclusions

The effect of channel-confinement on the vertical flow
and heat transfer characteristics around a square cylin-
der maintained at a constant temperature has been stud-
ied, considering the effect of aiding and opposing
buoyancy, between �1 6 Ri 6 1 for B/L = 10%, 30%
and 50% at Re = 100. At the constant Re, the minimum
heating (critical Ri) required for the suppression of vor-
tex shedding decreases with increasing blockage ratio up
to a certain B/L (=30%) value, but thereafter increases.
At a constant blockage ratio (=30%), the value of Ri at
which vortex shedding degenerates increases with Re. At
Re = 50 and B/L = 30%—where there is normally
steady twin vortices for the isothermal flow—the onset
of vortex shedding is found after a certain minimum
cooling of the cylinder. For the opposing buoyancy case
at a constant Ri, both the width of the wake and entrain-
ment of the fluid into the wake cavity decreases with
increasing blockage ratio.
With increasing blockage ratio, a local maximum is
found in the variation of mean recirculation length for
Ri 6 0.25 and a local minimum for the steady flow at
Ri P 0.5, both at B/L = 30%. The Strouhal number in-
creases monotonically with increasing Ri and increasing
blockage ratio. The pumping power increases with
increasing blockage ratio at a constant Ri whereas with
increasing Ri, it decreases monotonically for B/L = 30%
and 50% and has a local minima for B/H = 0% and 10%.
With increasing Ri, the minimum cylinder drag coeffi-
cient for the channel-confined flow occurs at the largest
value of Ri for which vortex shedding is found. With
increasing blockage ratio, the rms value of lift coefficient
decreases monotonically for the opposing buoyancy
whereas a local minimum is found at B/L = 30% for
the aiding buoyancy (Ri = 0 and 0.25) case. The cylinder
Nusselt number increases with increasing blockage ratio
and increasing Ri. The heat transfer enhancement due to
channel-confinement decreases with increasing Ri and
increases with increasing blockage ratio.
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