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The flow and heat transfer past a heated cylinder of square cross section mounted horizon-
tally above a plane wall and subjected to a uniform shear flow is considered. The flow field is
considered for a moderate range of Reynolds number (based on the incident stream at the
cylinder upstream face and the height of the cylinder) and Grashof number at cylinder-to-
wall gap height 0.5 times the cylinder height. The flow field and heat transfer are computed
through a pressure-correction-based iterative algorithm with the QUICK scheme in convec-
tive terms. The code is tested for accuracy by comparing with published results for certain
values of the flow parameters. We examine the combined effects of buoyancy and shear flow
on the vortex shedding behind the cylinder in close proximity to a plane wall. A boundary
layer develops along the wall, and this interacts with the shear layer formed along the two
sides of the cylinder. The role of the thermally induced baroclinic vorticity production term
on the vortex shedding is examined. Our results show that the breakdown of vortex shedding
takes place beyond certain values of Richardson number (which depends on the Reynolds
number). The dependence of the average rate of heat transfer from the surface of the cyl-
inder on Reynolds number and Grashof number is also investigated.

1. INTRODUCTION

Study of heat transfer from a protruding bluff body which is subjected to vor-
tex shedding has several technical applications such as compact heat exchangers,
cooling of electronics components, drying of various materials (textiles, veneer,
paper, and film materials), cooling of glass, plastics, and industrial devices, and so
on. In most cases, the range of the Reynolds number (based on the diameter of
the protruding bluff body) of interest varies between l00 and 1000. For example,
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in analyzing the heat transfer from an electronic component in an integrated circuit
(IC) with height 6 mm and air as working fluid, the Reynolds number (based on the
height of the component) is 500. Within this range of Reynolds numbers, the flow
can be considered as laminar. Enhancement in heat transfer from the protruding
bluff body requires detailed examination of the convective transport phenomena
around the body. The convective heat transfer in the region downstream is con-
trolled by complex interactions among the boundary layer, vortex shedding, and
the bluff body wake. Recently, Chung and Tucker [1] studied the unsteady heat
transfer enhancement in laminar separated flows with reference to electronics cool-
ing. There they review several relevant articles.

A numerical study of the steady-state forced-convective cooling of a horizontal
printed circuit board (PCB) by flowing air under laminar flow condition has been
made by Leung et al. [2]. They documented the dependence of flow and temperature
fields on Reynolds number, obstacle size, and the separation between two obstacles.
The forced convection from a square cylinder has been studied by Yang and Fu [3].
They found that the heat flux of the rear side of the cylinder is much less than that of
the other sides. Results of Yang and Fu [3] show that the heat flux for the case of
flow with vortex shedding is higher than that without vortex shedding.

Noto and Matsumoto [4, 5] did a series of studies on the development of the
vortex cores in a Karman vortex street behind a heated cylinder placed in a vertically
upward free stream. They reported that the vortex shedding frequency increases
with increasing cylinder temperature. However, above a critical heat input, vortex

NOMENCLATURE

CL lift coefficient
CP pressure coefficient ð¼ p#= 1

2 qU2Þ
D height of the square cylinder, m
f frequency of vortex shedding ð¼1=TÞ
g gravitational acceleration, m=s2

Gr Grashof number
½¼gbT ðT#H & T#LÞA3=n2'

h gap height from the cylinder to the
plane wall, m

L nondimensional gap height from the
cylinder to the plane wall ð¼h=DÞ

Nu local Nusselt number ½¼ðah=ayÞlid'
Nuav facewise average Nusselt number of the

cylinder f
R 1

0 ½¼ ðqh=qnÞ' dlg
NuM mean Nusselt number of the cylinder

ð¼1=4RAB &Nuan Þ
p nondimensional pressure ð¼ p#=qU2Þ
Pr Prandtl number ð¼n=aÞ
Re Reynolds number ð¼UD=nÞ
Ri Richardson number ð¼Gr=Re2Þ
St Strouhal number ð¼ fD=UÞ
t nondimensional time ð¼ t#U=DÞ
T period of vortex shedding
u x component of velocity, m=s

U reference horizontal velocity, m=s
v y component of velocity, m=s
x horizontal distance, m
y vertical distance, m
a thermal diffusivity, m2=s
bT coefficient of thermal expansion, K&1

d boundary-layer thickness
h dimensionless temperature

½¼ðT# & T#LÞ=ðT#H & T#LÞ'
j thermal conductivity, W=m s
k prescribed slope of the incident velocity

profile
n kinematic viscosity coefficient, m2=s
q fluid density, kg=m

Subscripts
H high value
L low value
0 in the undisturbed fluid

Superscripts
# dimensional quantity
– time-average quantity
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shedding is suppressed. Input of heat causes these vortices to disappear, resulting in a
thermal plume. Chang and Sa [6] examined the buoyancy effect on vortex shedding
in the near-wake of a heated=cooled circular cylinder in vertical free stream. They
found that Nusselt number increases monotonically with the Grashof number when
the flow is steady with twin vortices and breakdown of vortex shedding by the
heating effect. Hatanaka and Kawahara [7] investigated the flow behavior behind
a heated=cooled circular cylinder to find a critical value of Richardson number, at
which flow changes from a periodic to a twin vortex pattern for Reynolds number
100. The effect of the angle between the main flow direction and the gravitational
vector was investigated numerically by Noto [8]. He found that the angle of attack
has a major influence on the vortex street characteristics. From this study it was
found that for angle of attack smaller than 90( the natural frequency becomes even
greater than for the unheated situation.

The wake structure behind a heated horizontal circular cylinder in nonvertical
cross-flow has been considered by Kieft et al. [9]. They investigated the variation of
Richardson number at a fixed Reynolds number and found a downward motion of
the shed vortices. Recently, Ren et al. [10] performed an experimental and numerical
study of the vortex formation process behind a heated cylinder exposed to a horizon-
tal stream.

When the cylinder is placed in proximity to a solid wall, the strength of the
upper and lower shear layers separated from the surfaces of the cylinder is not equal,
and the vortex shedding pattern is distorted. Practical examples where this type of
flow is observed include wind flow across free-spanning structures and buildings
and forced-air cooling of board-mounted electronic components. The form of the
wake and the vortex shedding behind a cylinder in proximity to a wall or when
the cylinder is exposed to a shear flow has been studied by several authors, including
Kiya et al. [11], Bearman and Zdravkovich [12], Bosch and Rodi [13], Lei et al. [14],
Zovatto and Pedrizzetti [15], and Bailey et al. [16]. It has been found that the
presence of shear in the flow has the effect of delaying vortex shedding.

Flow and heat transfer characteristics of a rectangular cylinder exposed to a
uniform flow with ground effect has been studied by Shuja et al. [l7]. They con-
sidered laminar flow and varied the gap height from 1.0 to 5.0. The forced convec-
tion from a square cylinder placed symmetrically in a channel was studied by Sharma
et al. [18]. Rosales et al. [19] considered the forced convection from a pair of cylin-
ders placed at various gap heights.

From the above discussion, it is clear that most of the previous experimental
and numerical studies on vortex shedding from a heated cylinder in cross-flow con-
sidered either the cylinder placed in a unbounded domain or the cylinder placed sym-
metrically within a channel. Wall proximity with nonuniform incident flow has not
been addressed previously. The presence of shear in the flow and the wall confine-
ment produces an asymmetry in the two separated shear layers emerging from the
upper and lower faces of the cylinder. Our objective is to investigate the effect of
the input of heat on the interaction of the separated shear layers. Vortex shedding
in the mixed-convection regime is physically more complicated owing to the buoy-
ancy effect added to the viscous phenomena. Several studies have been done on
steady-state mixed convection with the Reynolds number limited up to 40 (Badr
[20]). Our specific concern is with the case of a heated bluff body so close to the flat
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surface that the far field may be viewed as uniform shear flow. The cylinder-to-wall
gap height is taken to be 0.5 times the cylinder height for a range of Reynolds num-
ber (100–250) with Grashof number 0–105. In order to investigate the influence of
buoyancy on vortex shedding and heat transfer from the heated cylinder, we
considered cylinder-to-wall gap height 0.5 times the cylinder height, since a regular
vortex shedding occurs at this gap height. The governing equations of the flow
and energy transport are solved numerically through the finite-volume method with
a pressure-correction-based iteration algorithm. The flow and heat transfer charac-
teristics due to the ground effect are presented in terms of nondimensional quanti-
ties. Our results show that the addition of heat to the cylinder may lead to a
breakdown of vortex shedding, resulting in the wake becoming steady.

The configuration and governing equations are described in the next section.
Section 3 presents an outline of the numerical method used in this study. In Section
4, the numerical results for the flow and heat transfer characteristics are presented
and discussed for different values of Reynolds number, Grashof number (and hence
for different values of Richardson number), and for fixed value of cylinder-to-wall
gap height 0.5 times the cylinder height. Conclusions and further comments are pro-
vided in Section 5.

2. FORMULATION

We consider a plane wall lying along the x axis and a long cylinder of square
cross section of height D, placed parallel to the plane wall at a height h from the
plane wall (see Figure 1). The cylinder is so close to the wall that the wall appears
indefinitely long (the x axis) and the fluid appears to be of semi-infinite extent
normally, with uniform incident shear flow. We take the prescribed slope k of the
incident velocity profile at the surface multiplied by D, that is, U ¼ kD, as the velo-
city scale and the height of the cylinder D as characteristic length. The cylinder is
kept at a constant temperature T#H , while the plane wall is at a constant temperature
T#L. The ambient stream has a uniform temperature T#L, with T#L < T#H .

Figure 1. Schematic of the computational domain for the shear flow past a square cylinder placed near the
ground.
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The nondimensional Navier-Stokes equations with the energy equation gov-
erning the flow and heat transfer characteristics are given by

qu

qx
þ qv

qy
¼ 0 ð1Þ

qu

qt
þ qu2

qx
þ qðuvÞ

qy
¼ & qp

qx
þ 1

Re

q2u

qx2
þ q2u

qy2

 !

ð2Þ

qv

qt
þ qðuvÞ

qx
þ qv2

qy
¼ & qp

qy
þ 1

Re

q2v

qx2
þ q2v

qy2

 !

þ h Ri ð3Þ

qh
qt
þ qðuhÞ

qx
þ qðvhÞ

qy
¼ 1

Re Pr

q2h
qx2
þ q2h
qy2

 !

ð4Þ

The nondimensional variables are defined as

u ¼ u#

U
v ¼ v#

U
p ¼ p#

qU2
h ¼ T# & T#L

T#H & T#L

x ¼ x#

D
y ¼ y#

D
t ¼ t#U

D

ð5Þ

The variables with superscript # denote dimensional variables. In writing the
above equations, the usual Boussinesq approximation of neglecting the density vari-
ation (due to heating) in all terms except the buoyancy force term [represented by the
last term in Eq. (3)] is made.

At the far upstream, the transverse velocity component is set to zero, and
a sheared profile for the longitudinal velocity component is assumed, which is in
accord with the boundary-layer theory. At the plane wall and cylinder surface,
no-slip boundary conditions are applied. The cylinder is assumed to be heated with
uniform temperature.

u ¼ v ¼ 0; h ¼ 1 on the cylinder surface ð6Þ

u ¼ v ¼ 0; h ¼ 0 on the plane wall y ¼ 0 ð7Þ

Further,

u&!y; v&!0; h&!0 in the upstream ð8Þ

A zero-gradient boundary condition is applied at the outflow boundary, and a
symmetry boundary condition is prescribed on the top lateral boundary.
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The vorticity component, x, perpendicular to the plane is given by

x ¼ qv

qx
& qu

qy

The vorticity transport equation can be expressed as

qx
qt
þ ðu; vÞ *rx ¼ 1

Re
r2xþRi

qh
qx

ð9Þ

The second term on the right-hand side of (9) is the thermally induced baroclinic pro-
duction term, representing the production of vorticity within the flow domain due to
temperature gradients perpendicular to g (Steenhoven et al. [21]).

3. NUMERICAL METHOD

The computational domain is divided into Cartesian cells. A staggered grid
arrangement is used in which the velocity components are stored at the midpoints
of the cell sides to which they are normal. The pressure and temperature are stored
at the center of the cell. A pressure-correction-based iterative algorithm is employed
for solving the governing equations. This method involves integration of the conti-
nuity, momentum, and energy equations over a two-dimensional control volume
on a staggered grid system. A third-order-accurate QUICK (Quadratic Upstream
Interpolation for Convective Kinematics, Leonard [22]) is employed to discretize
the convective terms in the Navier-Stokes equations. An implicit first-order scheme
is used to discretize the time derivatives present.

The u-momentum equation after integration over the u-control volume
(Figure 2a) becomes

Feue & Fwuw þ Fnun & Fsus ¼ b ð10Þ

where Fe is the nonlinear coefficient of ue and b contains the source terms, diffusion
terms, and time-derivative terms. The convective term at any interface is estimated
by a quadratic interpolation of u. For example, at the east face (Figure 2b), we have

ue ¼
3

8
uE þ

3

4
uP &

1

8
uW

! "
if Fe > 0

ue ¼
3

4
uE þ

3

8
uP &

1

8
uEE

! "
if Fe < 0

which can be summarized as

Feue ¼
3

8
uE þ

3

4
uP &

1

8
uW

! "
½½Fe; 0'' &

3

4
uE þ

3

8
uP &

1

8
uEE

! "
½½&Fe; 0'' ð11Þ

The v-momentum equation is discretized in the similar manner.
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Thus, at any time step, a single iteration in this algorithm consists of the fol-
lowing sequential steps.

1. Implicit calculations of the momentum and energy equations are performed. The
equations are discretized through the scheme as discussed above. Due to coupling
of the energy equation with the momentum equations, we solve the system of
algebraic equations through a block elimination method.

2. The Poisson equation for pressure correction is solved using the successive under-
relaxation method.

3. The velocity field at each cell is updated using the pressure correction.

Iteration at each time step is continued until the divergence-free velocity field is
obtained. However, for this purpose, the divergence in each cell is towed below a pre-
assigned small quantity (E). In the present case, E is 0.5+ 10&4.

A time-dependent numerical solution is achieved by advancing the flow field
variables through a sequence of short time steps of duration dt. At the initial stage
of motion the time step dt is taken to be 0.001, which is subsequently increased to
0.005 after the transient state.

Figure 2. Shematic of (a) u-control volume and (b) quadratic upstream-based interpolation for u.

HEAT TRANSFER FROM A SQUARE CYLINDER 591



3.1. Grid Consideration and Algorithm Testing

The height of the top lateral boundary and the outflow boundary are chosen
large enough so that the influence of the boundary conditions on the wall shear stress
is very weak. Tests were made in order to determine the suitable distances of the top
boundary and downstream boundary. The outflow boundary distances are increased
with an increase of Reynolds number. For a typical computation at Re ¼ 250, for
example, the top lateral boundary and the outflow boundary are taken as 10 D from
the plane wall and 40 D from the cylinder rear face, respectively. Further changes on
outflow boundary and top lateral boundary distances do not produce any significant
changes in the results.

A nonuniform grid distribution in the computational domain is incorporated.
Figure 3 shows the grid distribution near the cylinder faces and the plane wall. The
grid is finer near the surfaces of the square cylinder and the wall, to better resolve the
gradients near the solid surfaces. To check the grid independence we performed com-
putations for four sets of grids, 338+ 210, 676+ 420, 338+ 210, and 169+ 105 with
the first and second number being the number of mesh points in the x direction and
in the y direction, respectively. The maximum distance of the first grid point from
each wall is 0.01 A, and it is 0.005 A for the coarse and fine grids, respectively.
The effect of grid size on Strouhal number (St) and the time-average drag coefficient
ðCDÞ experienced by the cylinder at various values of Richardson number (Ri ¼ 0–
1.5) at Re ¼ 250 for shear flow past a square cylinder placed near the ground is pre-
sented in Figures 4 and 5. The computed average drag coefficient and Strouhal num-
ber are almost identical at grid size 338+ 210 and 676+ 420, with the changes
occuring in the second and third decimal places in CD and St, respectively. The
maximum percent differences in CD and St are found to be 0.31% and 0.27% for
the 338+ 210 and 676+ 420 grids, respectively. Halving the grids from 338+ 210
to 169+ 105 produces maximum percent differences of 2.86% and 1.53% in CD

and St, respectively. The grid that best captures the flow field with the least computa-
tional time has been found to be 338+ 210 and hence is used for all the calculations
performed in this study.

In order to assess the accuracy of our numerical method, we have computed
the Strouhal number and the average drag coefficient for uniform flow past a square
cylinder in an unbounded domain at different values Re and compared with the
results due to Davis and Moore [23], Franke et al. [24], Arnal et al. [25], and Hwang

Figure 3. Nonuniform grid distribution in the vicinity of the cylinder and the ground.
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and Yao [26]. Our results are in excellent agreement with all of these. For the sake of
brevity, the results are not presented here.

We computed the Strouhal number, average drag coefficient, and the surface-
averaged Nusselt number ðNuMÞ for the case of forced convection past a cylinder
placed symmetrically within a channel and compared the results with those of
Sharma et al. [18]. Our results are found to be in excellent agreement with those
of Sharma (Figures 6a–6c).

Figure 4. Variation of St with Ri at Re ¼ 125, 200, and 250.

Figure 5. Variation of average drag coefficient with Ri at Re ¼ 125, 200, and 250. Grid size effect at
Re ¼ 250 is also included in Figures 4 and 5. Dotted line, Re ¼ 125; solid line, Re ¼ 200; dashed line,
Re ¼ 250.
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A comparison of our computed results (St and CDÞ when the cylinder of height
D is placed in a boundary layer of thickness d at a gap-height ratio L from a wall has
also been compared with those of Hwang and Yao [26], The boundary-layer flow is
generated from a uniform stream over a flat plate. Table 1 displays the comparison
for various values of d=D and L ¼ h=D at Re ¼ 1,000. Our results are in excellent
agreement with the results of Hwang and Yao [26].

All the numerical calculations were performed on a Sun Fire V250 server pow-
ered by a 1.28-GHz UltraSPARC IIIi processor. A typical calculation at Re ¼ 250
took a maximum CPU time of 6 h for a nondimensional time t ¼ 100.

4. RESULTS AND DISCUSSION

The present flow field is governed by three parameters: the Reynolds number
Re, the cylinder-to-wall gap height L, and the Grashof number Gr. The Richardson
number, Ri ¼ Gr=Re2, measures the relative importance of buoyancy-driven natural
convection to the forced convection. We have presented the numerical solutions at

Figure 6. Comparison of (a) Strouhal number, (b) average drag coefficient, and (c) mean Nusselt number
for different blockage ratios (B=H%) at Re ¼ 125 (dotted line), Re ¼ 200 (solid line), and Re ¼ 250
(dashed line) for the confined forced-convective flow past a square cylinder in a channel. The legend in
(a) is also applicable to (b).
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L ¼ 0.5 for Richardson number in the range 0"Ri" 1.6 at Reynolds numbers
Re ¼ 100, 125, 200, and 250 and hence for different values of Grashof number num-
ber (0"Gr" 105).

The critical Reynolds number for the onset of vortex shedding at different
Grashof numbers is presented in Figure 7. The heat input to the cylinder causes a
delay in vortex shedding and this critical value of Re increases monotonically with
Gr when Gr > 103. Heating the cylinder causes a stabilization effect in the shear
layer issuing from the lower side of the cylinder, and the fluid near the cylinder
moves in the upward direction. For Gr ¼ 0 (nonbuoyancy case), a steady wake
results for Reynolds number up to 100, and the wake is periodic at Re ¼ 125. For
Gr ¼ 104, we find that the wake is steady even at Re ¼ 125. At higher Richardson
number Ri ¼ 1.6, with Gr ¼ 105, a steady wake is observed for Reynolds number
up to Re ¼ 250.

Figure 7. Critical Reynolds number (Recr) for the onset of vortex shedding as a function of Grashof
number.

Table 1. Comparison of Strouhal number and time-averaged drag coefficient at Re ¼ 1,000 and for
boundary-layer thickness d=D ¼ 0.8, 5.0 at various gap heights L

Configuration
Strouhal number (St) Drag coefficient (CD)

Hwang Percent Hwang Percent
d=D L Present et al. [27] error Present et al. [27] error

0.8 5.5 0.121 0.122 1.64 1.99 1.98 0.50
3.5 0.121 0.124 2.41 1.97 1.97 0.00
1.5 0.132 0.135 2.22 2.13 2.14 0.46
1.0 0.144 0.140 2.86 2.10 2.15 2.36

5.0 5.5 0.122 0.121 0.82 1.97 1.94 1.54
3.5 0.106 0.111 4.50 1.64 1.66 1.21
1.5 0.086 0.088 2.27 0.80 0.79 1.26
1.0 0.083 0.080 3.75 0.52 0.50 4.00
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By increasing the Reynolds number (Re, 150) with fixed Grashof number
(Gr ¼ 104), the wake becomes unsteady and after a transition flow reaches a
periodic state. Time evolution of the lift coefficient (CL) on the cylinder is presented
in Figure 8 for different values Re (¼100, 125, 150, 250, and 300) when the gap
height is 0.5 for Gr ¼ 0, 104, and 105.

The variation of Strouhal number with the Richardson number is shown in
Figure 4. The shedding frequency increases monotonically with the Richardson
number. As Richardson number increases for fixed Reynolds number, the wall shear
layer along the surface of the cylinder is accelerated, which results in an increment in
Strouhal number. Our results show that the periodic vortex shedding behind the cyl-
inder disappears beyond a critical value of Richardson number for a fixed Reynolds
number. Beyond this critical Ri, which depends on Re, the flow becomes steady, with
twin vortices appearing behind the cylinder. The form of the steady wake will be
described later. We find that the vortex shedding suppression occurs for Ri > 0.6
at Re ¼ 125. This critical value of Ri increases as Re increased. This process has been
observed experimentally by Noto and Matsumoto [4] for a circular cylinder placed in
an upward stream in an unbounded fluid. They referred to this phenomenon as the
‘‘breakdown of the Karman vortex street.’’

Figures 9a–9d display the evolution of instantaneous vorticity during a cycle of
vortex shedding when Re ¼ 250 and L ¼ 0.5 with Gr ¼ 104 (i.e., Ri ¼ 0.16). The
development of the wake displayed in the figures is no longer symmetric. In the vicin-
ity of the cylinder and the plane wall, there are three separated shear layers. A sepa-
rated shear layer of negative vorticity develops along the upper face of the cylinder
and a shear layer of positive vorticity develops along the bottom face of the cylinder.
The shear layer that develops along the plane wall has negative vorticity. The forma-
tion and suppression of the vortex shedding results from the interaction of these

Figure 8. Time evolution of lift coefficient at various Gr and Re. Gr ¼ 0, Re ¼ 100, 125; Gr ¼ 104,
Re ¼ 125, 150, and Gr ¼ 105, Re ¼ 250, 300.
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three shear layers. At the starting of the shedding cycle t ¼ 79.54 (t ¼ 0, say), where
the cylinder experiences the maximum drag (minimum lift), the positive vortex
induced by the lower shear layer grows rapidly before being shed. A small, weaker
positive vortex is shed into the wake at t ¼ 80.178 (t ¼ T=4). This positive vortex
is pushed downward by the upper layer, induced strong negative vortex. At time
t ¼ 80.835 (t ¼ T=2), the negative vortex on the upper face of the cylinder grows rap-
idly. A strong, nearly circular negative vortex sheds from the upper shear layer dur-
ing the shedding cycle where the lift is near maximum. In the wake, the negative
vortex originates from the upper shear layer, which moves almost along the horizon-
tal direction. The wall shear layer (boundary layer) on the wall in the downstream of
the cylinder with negative vortex cancels part of the positive vorticity induced by the
lower shear layer of the cylinder, which weakens the lower shear layer. Thus a weak
positive vortex shedding occurs behind the cylinder. Figures 9a–9d show that as the
cylinder lower face induced positive shear layer grows, the boundary layer along the
wall thickens. Downstream of the cylinder, vortex-induced separation from the wall
occurs and an induced secondary vortex forms along the wall. This separation from

Figure 9. Time evolution of vorticity (a–d) and vorticity production (e–h) during a shedding cycle at
Re ¼ 250 and Ri ¼ 0.16 (Gr ¼ 104).
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the wall appears to be coupled in a periodic manner with vortex shedding from the
cylinder.

The instantaneous vorticity contours during a shedding cycle at higher Ri
(¼ 0.5) with Re ¼ 125 are presented in Figures 10a–10d. The results show that the
separated lower shear layer reattaches to the cylinder surface itself, without rolling
up. The magnitude of vorticty in the upper shear layer is increased. At higher Ri,
a strong upward motion occurs in the near-wake. This upward flow enhances the
formation of the upper vortices and induces a thermal plume in the near-wake, which
can be observed in Figures 11e–11h.

The instantaneous vorticity production due to baroclinic production during a
shedding cycle is shown in Figures 9e–9h for Re ¼ 250, Ri ¼ 0.16. The correspond-
ing distribution of baroclinic production for Ri ¼ 0.5 and Re ¼ 125 is shown in
Figures l0e–10h. The baroclinic production term ðRi qh=qxÞ is positive along the
upstream side of the cylinder, but negative in the downstream side. The negative
baro-clinic production strengthen the negative shear layer and reduces the strength
of the positive shear layer emerging from the cylinder. In the wake, a closed area
of negative and positive production is observed. The zone of positive production
appears just upstream of the zone of negative production. Thus the net contribution

Figure 10. Time evolution of vorticity (a–d) and vorticity production (e–h) during a shedding cycle at
Re ¼ 125 and Ri ¼ 0.5.
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of the baroclinic vorticity production in the far downstream of the cylinder is not
significant. It is clear from the figures that buoyancy produces further asymmetry
in the shear layer emerging from the two sides of the cylinder surface. We find, by
comparing Figures 9e–9h and Figures 10e–10h, that at higher Ri, the magnitude
of the production is large.

The instantaneous temperature field is presented at different time levels during
a vortex shedding cycle in Figures 11a–11d at Re ¼ 250 for gap height L ¼ 0.5 with
Grashof number Gr ¼ 104. As both vorticity and thermal energy are being trans-
ported by the flow in the wake, the contour lines of vorticity and temperature have
similar features. The plots of the temperature distribution show that heat is distrib-
uted within the flow field as isolated warm blobs. These warm blobs are captured
within the vortex structures and advected downstream without being influenced
too much by mixing with their surroundings. The thermal boundary-layer growth
starts almost symmetrically from the front face of the cylinder and becomes thicker
toward the rear. At higher Richardson number (Ri ¼ 0.5) at Re ¼ 125, the instan-
taneous temperature field shows (Figures 11e–11h) that a thermal plume in the hori-
zontal direction arises in the near-wake of the cylinder. In the plume, the warm fluid
lies below the cold one.

Figures 12a–12e and Figures 12f–12j show the effect of the rise of cylinder sur-
face temperature on the instantaneous flow and thermal field. The result are shown
for Re ¼ 125 at various Ri (¼0, 0.5, 0.75, 1.0, 1.5). The instantaneous temperature
field in the near-wake is shown in Figures 12f–12j. It may be noted that vortex shed-
ding occurs for 0-Ri < 0.6 at Re ¼ 125, but the regular vortex shedding is

Figure 11. Isotherms during a shedding cycle: (a–d) Re ¼ 250 at Ri ¼ 0.16 (Gr ¼ 104); (e–h) Re ¼ 125 at
Ri ¼ 0.5.
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suppressed for Ri ¼ 0.75, 1, and 1.5. Our results show that the horizontal thermal
plume extends to a large distance downstream of the cylinder for higher values Ri.

We have seen that upon increasing the Richardson number from Ri ¼ 0.0 (i.e.,
Gr ¼ 0) with Re ¼ 125, the periodic vortex shedding behind the cylinder disappears
and the wake becomes steady for Ri > 0.6. The form of the wake beyond this critical
value of Ri is presented in Figures 12c–12e for Re ¼ 125 at Ri ¼ 0.75, l.0, and 1.5
(Gr ¼ 11,718, 15,625, 23,437). The wake consists of twin vortices of opposite sign
attached to the rear of the cylinder faces. For a fixed Reynolds number, the
increment in Richardson number is due to the increase of cylinder surface tempera-
ture. As suggested by Gerrard [27] for flow past a circular cylinder, for vortices to
shed, the wake cavity should open and form instantaneous ‘‘alleyways’’ for fluid

Figure 12. Instantaneous vorticity lines (a–e) and isotherms ( f–j) for the cylinder placed near the ground
at Re ¼ 125 for various Richardson numbers: (a, f) Ri ¼ 0 (unsteady); (b, g) Ri ¼ 0.5 (unsteady); (c, h)
Ri ¼ 0.75 (steady); (d, i) Ri ¼ 1.0 (steady); (e, j) Ri ¼ 1.5 (steady).
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to penetrate the cavity. For the case of a heated cylinder, the entrainment of the
ambient cold fluid into the wake diminishes and eventually vanishes at this critical
value of Richardson number. This leads to suppression of vortex shedding beyond
the critical Richardson number. The strong upward jet near the cylinder at higher
values of Ri (¼1, 1.5) is evident from the velocity vector plots (Figures 13a–13b)

Figure 13. Velocity vectors downstream the cylinder for Re ¼ 125 at (a) Ri ¼ 1; (b) Ri ¼ 1.5.

Figure 14. Variation of time-averaged lift coefficient ðCLÞ as a function of Richardson number at
Re ¼ 125, 200, and 250.

HEAT TRANSFER FROM A SQUARE CYLINDER 601



at Re ¼ 125. The strength of the upward jet increases with the rise of temperature of
the cylinder (i.e., increase of Ri at a fixed Re).

The lift experienced by the cylinder (refer to Figure 14) is upward for lower
values of Richardson number (Ri < 0.25) at all the Reynolds numbers considered,
but the cylinder experiences a downward force for higher values of Richardson
number. This negative lift increases monotonically with an increase of Richardson
number. At higher Richardson number, the buoyancy induces a stronger negative
vortex along the upper face of the cylinder, which leads to a lift directed from the
higher-velocity side to the lower-velocity side of the cylinder.

The effects of heat input to the cylinder on the time-averaged surface pressure
distribution at various Richardson and Reynolds numbers are shown in Figures 15a–
15b. As fluid enters the gap, it encounters an adverse pressure gradient. The magni-
tude of the adverse pressure gradient increases with increase of the temperature of
the cylinder surface at lower Re. However, the change in pressure distribution at

Figure 15. Time-averaged pressure distribution ðCpÞ on the faces of the cylinder at (a) Re ¼ 125 and
(b) Re ¼ 250 as a function of Richardson number.
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Re ¼ 250 with Ri is not prominent compared to the case of Re ¼ 125. The pressure
difference between the upper and lower sides produces net lift acting on the cylinder.

The variation of time-averaged drag coefficient ðCDÞ with Richardson number
is shown in Figure 5 for cylinder-to-wall gap height L ¼ 0.5 for various values of
Reynolds number (¼125, 200, and 250). The drag increases monotonically with
Richardson number for all values of Reynolds number. With increase of Richardson
number, the wall boundary layer becomes thinner, which leads to a substantial
increment in the skin friction, while the drag due to pressure drops marginally at

Figure 16. Effect of Richardson number on Nusselt number at the (a) front, (b) rear, (c) top,
(d) bottom faces of the cylinder, and (e) average Nusselt number of the cylinder at Re ¼ 125, 200, and
250. Subscripts: f, front; r, rear; t, top; b, bottom; M, cylinder average.
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low Reynolds number. Consequently, the sum of these two components, which
comprises the total drag, increases with increase of the Richardson number at the
Reynolds numbers considered.

Variation of time-averaged facewise Nusselt number at four faces of the
cylinder—the front, Nuf , rear, Nur, top, Nut, and bottom, Nub—with Richardson
number for gap height L ¼ 0.5 at Re ¼ 125, 200, and 250 is presented in Figures
16a–16d. At low Reynolds number (¼125), the heat transfer from the four faces var-
ies linearly with Richardson number. As Richardson number increases, heat transfer
from the front face increases slightly, since Richardson number has little influence on
the motion of incoming fluid on the front face of the cylinder. The heat transfer from
the upper and lower faces of cylinder increases monotonically with increase of Ri,
due to the increment of velocity as well as the temperature difference. The heat trans-
fer from the front face of the cylinder is much higher than the heat transfer from the
other three faces of the cylinder. Along the front face, the thermal boundary layer is
thinner and produces a higher heat transfer rate compared to the other faces. The
rate of heat transfer along the rear face is much lower due to the recirculation of fluid
close to the rear face of the cylinder.

Time-averaged Nusselt number of the cylinder (NuM) as a function of Richard-
son number is shown in Figure 16e for gap height L ¼ 0.5 at Re ¼ 125, 200, and 250.
NuM increases with increase of Ri for fixed Re (¼125, 200, and 250). The increase in
Richardson number for a fixed Reynolds number implies an increase of Grashof
number, which can be made by increasing the temperature difference between the
cylinder surface and the ambient fluid. The rate of increment in mean Nusselt num-
ber (NuM ) with increase of Richardson number is less than the corresponding rate of
increment due to Reynolds number.

5. CONCLUSIONS AND FURTHER COMMENTS

The flow and heat transfer characteristics of a horizontally mounted, heated
square cylinder placed within the boundary layer of a plane wall have been studied.
The flow field has been analyzed for various values of Reynolds number and
Grashof number with cylinder-to-wall gap height 0.5. The effect of buoyancy on
the vortex shedding and the breakdown of vortex shedding have been analyzed.
The major results of the present study can be highlighted as follows.

1. The onset of vortex shedding is delayed due to heating of the cylinder. Vortex
shedding occurs beyond a certain critical value of the Reynolds number, which
depends on Ri.

2. When the vortex shedding sets in, the shedding frequency increases with increase
of Ri at a fixed Re. Our results shows that the Strouhal number St depends
strongly on Re but relatively weakly on Ri. At low Reynolds number, the vari-
ation of Strouhal number, heat transfer, lift, and drag are almost linear with Ri.

3. Vortex shedding suppression can be achieved through the input of heat to the
cylinder. As the surface temperature increases, a strong vertical jet sets in, which
prevents the entrainment of ambient fluid penetrating into the wake cavity, and
the wake consists of two oppositely rotating vortices attached to the cylinder.
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Similar phenomena have been observed for the case of unbounded fluid by Kieft
et al. [9].

4. Our result shows that the positive vortices in the lower row are weaker than the
negative vortices shed along the upper row. The wall-induced boundary layer
cancels part of the positive vorticity along the cylinder lower shear layer. The
addition of heat to the cylinder further increases the difference between the posi-
tive and negative vortices. The thermally induced baroclinic vorticity production
of negative signs further produces an asymmetry in the shear layers. Our finding
agrees with the Kieft et al. [9] analysis for the case of a circular cylinder in an
unbounded domain.

5. The time-averaged mean Nusselt numbers (Nuf ;r;t;b) at each face of the cylinder as
well as the mean Nusselt number (NuM) of the cylinder are strongly dependent on
Reynolds number, but the influence on NuM due to the variation of Richardson
number is not significant at large Re. As the heat transfer from the front face is
the major part of total heat transfer from the cylinder, it is relatively little affected
due to variation of Richardson number at large Reynolds number.

The three-dimensionality of the wake has not been addressed in the present
study. Kieft et al. [28] observed through experimental analysis that the three-
dimensional transition of the two-dimensional vortex street is observed for Ri > 1.
Baielly et al. [16] however, found through experimental study that the vortex
shedding is more two-dimensional in the presence of a ground. We believe that
the three-dimensional effect should not severely contaminate the near-wake region
for the range of Reynolds number considered in this article.
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