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a b s t r a c t

The effects of the Reynolds and Prandtl numbers on the rate of heat transfer from a square cylinder are
investigated numerically in the unsteady two-dimensional periodic flow regime, for the range of condi-
tions 60 6 Re 6 160 and 0.7 6 Pr 6 50 (the maximum value of Peclet number being 4000). A semi-explicit
finite volume method has been used on a non-uniform collocated grid arrangement to solve the govern-
ing equations. Using the present numerical results, simple heat transfer correlations are obtained for the
constant temperature and constant heat flux conditions on the solid square cylinder. In addition, the var-
iation of the time averaged local Nusselt number on the each face of the obstacle and representative iso-
therm plots are presented to elucidate the role of Prandtl number on heat transfer in the unsteady flow
regime.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The cross-flow and heat transfer from bluff bodies represents a
problem of both considerable theoretical and practical significance.
The flow over a circular cylinder represents one of the classical
problems in fluid mechanics and a satisfactory understanding of
the associated rich variety of flow phenomena is of intrinsic inter-
est for the overall picture of bluff body fluid dynamics. On the other
hand, such model flows also represent an idealisation of several
industrially important flows; typical examples include flow in
tubular and in pin-type heat exchangers, the use of thin cylinders
as measuring probes and sensors, in the design of support struc-
tures and flow dividers in polymer processing applications, etc.
Further applications are found in the continuous thermal treat-
ment of food particles (such as slices and chips of carrots and pota-
toes) in viscous fluids (high Prandtl number) wherein not only the
rate of heat transfer to particles is important, but a knowledge of
the detailed temperature field is also vital to ensure uniform prod-
uct quality [1–3]. The most commonly studied shapes include cyl-
inders of circular and square cross-sections. While there is a great
degree of commonality between these two geometries, they also
differ significantly in a number of ways. Firstly, both configurations
exhibit substantial wake regions and the flow induced unsteadi-
ness which lead to improved mixing and enhanced rates of heat/
mass transfer between the obstacle and the fluid. The two config-
urations also exhibit qualitatively similar instabilities characteris-
ll rights reserved.

x: +91 512 259 0104.
tics, but the mechanisms of flow separation and the scaling of
the vortex shedding frequency with the Reynolds number in the
two cases are quite different. Furthermore, the separation points
are fixed at the corners for a square cylinder, unlike in the case
of a circular cylinder where the separation point keeps moving for-
ward with the increasing Reynolds number. Thus, the square shape
is more of a bluff body than the circular shape. In view of the fore-
going, over the years, a significant amount of information dealing
with different aspects of the flow and heat transfer, including the
transition from one regime to another, wake characteristics, global
flow and heat transfer parameters, wall effects, etc. has been added
to the literature, a great majority of these studies relating to the
flow over a circular cylinder (e.g., see Zdravkovich [4,5]). More re-
cently, heat transfer results for the flow of air over an isothermal
circular cylinder in unsteady laminar flow regime have been pre-
sented by Baranyi [6]. The heat transfer characteristics from a cir-
cular cylinder in steady flow regime has extensively studied by
Bharti et al. [7] for the Prandtl number varying from 0.7 to 400.
Similarly, a study in steady flow regime for two circular cylinders
in tandem arrangement at four different Prandtl numbers 0.1, 1,
10 and 100 has been reported recently by Juncu [8]. Evidently, an
improved understanding of the basic flow and thermal fields will
lead to sound process engineering design and operations.

In contrast, the corresponding body of knowledge for a square
cylinder is much less extensive. Since thorough accounts of the
pertinent literature have been presented elsewhere recently (Shar-
ma and Eswaran [9], Dhiman et al. [10,11]), only the salient points
and the subsequent studies are detailed here, with a special refer-
ence to the 2D, unsteady flow regime for an unconfined cylinder.
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Nomenclature

B side of the square cylinder (m)
CD drag coefficient; CD ¼ FD=

1
2 qu2

1B

Cp specific heat of the fluid (J/kg K)
FD drag force per unit length of cylinder (N/m)
h local convective heat transfer coefficient (W/m2 K)
jh Colburn factor for heat transfer (Eq. (11))
k thermal conductivity of the fluid (W/m K)
L length of the computational domain (m)
H height of the computational domain (m)
n unit normal vector on the surface of the cylinder
M number of grid points in the x-direction
N number of grid points in the y-direction
Nu Nusselt number; Nu = hB/k
p pressure; p ¼ p0=qu2

1
Pe Peclet number; Pe = Re � Pr
Pr Prandtl number; Pr = cpl/k
qw constant heat flux on the surface of the cylinder (W/m2)
Re Reynolds number; Re = Bu1q/l
S surface of domain
t time; t = t0/(B/U1)
T dimensionless temperature; T ¼ T 0�Tw

Tw�T1

� �
or T 0�Tw

qwB=k

� �
u component of the velocity in x-direction; u = u0/u1
Uc average dimensionless stream-wise velocity
v component of the velocity in y-direction; v = v0/u1
x stream-wise coordinate; x = x0/B
LD downstream face distance of the cylinder from the

outlet (m)

LU upstream face distance of the cylinder from the inlet
(m)

y transverse coordinate; y = y0/B

Greek symbols
b blockage ratio, b = B/H
d size of the CV clustered around the cylinder (m)
D size of the CV far away from the cylinder in x-direction

(m)
e rate of deformation tensor
l viscosity of the fluid (Pa s)
X volume of domain
/ dependent variable in convective boundary condition
q density of the fluid (kg/m3)
s extra stress tensor (Pa)

Subscripts
1 inlet condition
c cylinder
f front face of the square cylinder
r rear face of the square cylinder
t top face of the square cylinder
w surface of the square cylinder

Superscript
0 dimensional variable
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Broadly speaking for an unconfined square cylinder, the flow re-
mains attached to the cylinder up to about Re 6 1 and then it tran-
sits to the so-called (two-dimensional) steady symmetric flow
which is characterized by the formation of a wake in the rear of
the obstacle. This flow pattern persists up to about Re = 40 and
with the further increase in the value of the Reynolds number,
the symmetry of the flow about the mid-plane is destroyed.
Though the flow is still two dimensional but it is no longer steady,
as the vortex shedding occurs under these conditions. This regime
continues up to about Re = 200 before making way for the onset of
three-dimensional flow. This work is concerned with the two-
dimensional unsteady flow regime, the maximum Reynolds num-
ber being limited to Re = 160. It is now readily agreed that while
the flow and temperature fields in the steady and unsteady
regimes can differ significantly, the time-averaged values of the
global parameters like drag coefficient and Nusselt number are
relatively insensitive to the time-dependent nature of the flow
(Kelkar and Patankar [12], Sharma and Eswaran [9]), at least for
the flow of air, i.e., a Prandtl number value of 0.7. Similarly, some
investigators have studied the role of confinement on flow and
heat transfer from a square cylinder placed in a channel in forced
and mixed convection regimes (Turki et al. [13], Rahnama and
Hadi-Moghaddam [14]). A few, e.g., Bhattacharyya and Mahapatra
[15] have studied the effect of buoyancy on vortex shedding and
heat transfer characteristics. It needs to be emphasized here that
most of these studies have not only dealt with the case of an iso-
thermal square cylinder, but are also restricted to a single value
of the Prandtl number (usually air). Ji et al. [16] have done exper-
iments with air to show the effect of flow pulsation on the heat
transfer from a uniformly heated square cylinder in a channel for
two values of Reynolds number 350 and 540 and three different
blockage ratios 1/10, 1/8 and 1/6. In an extensive study, Sharma
and Eswaran [9] investigated the flow and heat transfer character-
istics from a square cylinder in the steady and unsteady flow re-
gimes up the Reynolds number values of 160 isothermal and
constant heat flux boundary conditions on the surface of the
square cylinder, but again only for air.

However, many liquids encountered in chemical, petroleum and
process engineering applications have Prandtl number values in
the range of 50–100 and clearly the aforementioned results for
air cannot be extrapolated to such large values of Prandtl numbers.
From a numerical standpoint, the thermal boundary layer thins
with the increasing values of the Prandtl number and therefore
very fine grids are needed to resolve the flow satisfactorily under
these conditions. The effect of the Prandtl number on the heat
transfer from unconfined and confined square cylinders has been
studied only recently by Paliwal et al. [17], Gupta et al. [18] and
Dhiman et al. [10,11], but are limited to the steady flow regime
(Re 6 40). The heat transfer coefficient showed the usual scaling
with Pr1/3 up to about Pr = 100. On the other hand, many investiga-
tors have reported experimental results on heat transfer from
cylinders to fluids with high values of the Prandtl numbers. The
oft-quoted correlation of Whitaker [19] which brings together
the experimental results from various studies, and for various
geometries, unfortunately does not include the case of a square
cylinder. In view of the new experimental results, this correlation
has been re-visited recently by Sanitjai and Goldstein [20] who
presented a new correlation which is claimed to offer a degree of
improvement over the original equation of Whitaker [19].

From the foregoing description, it is perhaps safe to conclude
that no prior numerical results are available on the role of Prandtl
number on the rate of heat transfer from a square cylinder in the
unsteady flow regime. This study aims to fill this gap in the litera-
ture. In particular, extensive numerical results are presented for an
unconfined square cylinder over the following ranges of conditions
60 6 Re 6 160 and 0.7 6 Pr 6 50. In addition to the detailed results
on the time-dependent behaviour of the Nusselt number, the time-
averaged values for the individual surfaces of the cylinder and from
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Fig. 1. Schematics of the flow around a square cylinder.
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the whole cylinder are discussed and correlated with the Reynolds
and Prandtl numbers.

2. Problem statement and mathematical formulation

The physical problem considered in this study is the two-
dimensional flow of an incompressible flow around a square
cylinder placed in an uniform stream having velocity u1 and tem-
perature T1 (Fig. 1). In order to make the problem computationally
tractable, the square cylinder is located symmetrically in between
two artificial confining walls which are assumed to be free-slip
surfaces thereby exerting very little influence on the velocity and
temperature fields near the cylinder. The ratio of the width of
the cylinder, B, to that of the confining walls, H defines the block-
age ratio (b = B/H) for a confined flow. Extensive studies [e.g., see 9]
have shown that the confining boundaries have very little effect on
the characteristics of the flow in the vicinity of the cylinder for
H = 20B. Thus, this value has been used in the present work to sim-
ulate the unconfined flow condition. Similarly, based on the exten-
sive numerical experimentation [9–11], the non-dimensional
distance between the inlet plane and the front surface of the cylin-
der, LU, is 8.5, and that between the rear surface of the cylinder and
the exit plane, LD, is 16.5, with the total non-dimensional length of
the computational domain in the axial direction, L = 26. The surface
of the square cylinder is assumed to be subjected to either a
constant wall temperature Tw or an uniform heat flux qw. The ther-
mo-physical properties are assumed to be independent of temper-
ature and further there is no viscous dissipation [21]. Under these
conditions, the integral forms of the equations of continuity,
momentum and thermal energy in their non-dimensional forms
are written as follows:

Continuity:Z
s

V � dS ¼ 0 ð1Þ

x-Momentum:

o

ot

Z
X

udXþ
Z

S
uV � dS ¼ �

Z
S

p̂i � dSþ 2
Re

Z
S

exx̂iþ exyĵ
� �

� dS ð2Þ

y-Momentum:

o

ot

Z
X

vdXþ
Z

S
vV � dS ¼ �

Z
S

p̂j � dSþ 2
Re

Z
S

eyx̂iþ eyyĵ
� �

� dS ð3Þ
Energy equation:

o

ot

Z
X

T dXþ
Z

X
TV � dS ¼ � 1

RePr

Z
S

oT
ox

îþ oT
oy

ĵ
� �

� dS ð4Þ

where dS equals ndS (n is the unit normal vector to the surface dS)
and î; ĵ are the unit vectors in the x- and y-directions, respectively.
For an incompressible fluid, the stress tensor is related to the com-
ponents of the rate of deformation tensor, e as

sij ¼ 2geij where eij ¼
1
2
ðojV i þ oiV jÞ ð5Þ

The field variables appearing in the aforementioned equations are
rendered dimensionless using B, u1, B/u1 and qu2

1 as scaling vari-
ables for length, velocity, time and pressure, respectively. The tem-

perature is made dimensionless using T 0�Tw
Tw�T1

� �
for the constant wall

temperature case or T 0�Tw
qwB=k

� �
for the uniform heat flux condition.

The two dimensionless groups, Reynolds and the Prandtl num-
bers, appearing in Eqs. (2)–(4) are defined as:

Re ¼ qu1B
l

ð6Þ

Pr ¼ cpl
k

ð7Þ

The physically realistic boundary conditions (in their dimensionless
form) for this flow are:

� At inlet boundary

u ¼ 1; v ¼ 0; T ¼ 0

� At upper and lower bounding walls

ou
oy
¼ 0; v ¼ 0;

oT
oy
¼ 0

� On the surface of the square cylinder

u ¼ 0; v ¼ 0
case I: constant temperature case, T = 1 or
case II: constant heat flux case, oT

on ¼ �1.
� At the exit boundary, the convective boundary condition given

by o/
ot þ Uc

o/
ox ¼ 0 has been used, with the average non-dimen-

sional stream-wise velocity, Uc = 1 and / is a dependent variable,
u or v or T.
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The numerical solution of Eqs. (1)–(4) along with the above-
noted boundary conditions yields the velocity, pressure and
temperature fields and these, in turn, are processed further to
deduce the global characteristics like drag coefficients and Nus-
selt number. The local Nusselt number, Nux, is defined as (hB/k)
and is evaluated using the temperature field as follows:

For the top and bottom faces of the cylinder:

Nux ¼ �
oT
oy

����
w

ð8Þ

For the front and rear faces of cylinder:

Nuy ¼ �
oT
ox

����
w

ð9Þ

Eqs. (8) and (9) are applicable for the constant temperature condi-
tion at the solid cylinder. The analogous expression for the case of
the constant heat flux condition is:

Nux ¼ Nuy ¼
1

Tw
ð10Þ

for all the four faces of the cylinder, where Tw is the local fluid tem-
perature at the respective wall. The local Nusselt number values are
averaged over the whole cylinder to obtain the overall mean value
of the Nusselt number which can be used in process engineering
design calculations to estimate the rate of heat transfer from the
cylinder or the temperature of the cylinder.
3. Numerical details

In the present work, the general finite volume method of Esw-
aran and Prakash [22] and of Sharma and Eswaran [23] initially
developed for complex 3D geometries on a non-staggered grid
has been used here in its simplified form for 2D flows. In brief,
the semi-explicit method is used to solve the unsteady Navier–
Stokes equations in which the momentum equations are discret-
y
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Fig. 2. Non-uniform computational g
ized in an explicit manner, with the exception of pressure terms
which are treated implicitly. Two steps are implemented at each
time level: first, a predicted velocity is obtained from the discret-
ized momentum equation using the previous time-level pressure
field; the second corrector step consists of the iterative solution
of the pressure-correction equation and in obtaining the corre-
sponding velocity corrections such that the final velocity field sat-
isfies the continuity equation to the prescribed limit. The
convective terms are discretized using the QUICK [24] scheme
while the diffusive terms are discretized using the central differ-
ence scheme. Similarly, the energy equation has been solved
explicitly to obtain the unsteady temperature field using the calcu-
lated velocity field at each time level.

The grid structure used in the present work is shown in Fig. 2.
The grid is divided into five separate zones in both directions,
and uniform as well as nonuniform grid distributions are em-
ployed. The grid distribution was made uniform with a constant
cell size, D = 0.25B, outside a region around the cylinder that ex-
tended four units upstream, downstream and sideways. A grid of
much smaller size d, is clustered around the cylinder over a dis-
tance of 1.5 units to adequately capture wake–wall interactions
in both directions. The hyperbolic tangent function has been used
for stretching the cell sizes between these limits of d and D.

In order to obtain reliable and accurate results, it is important to
choose carefully the length and width of the computational do-
main and grid size. A thorough grid independence study for the
problem under consideration has been done by Sharma and Eswa-
ran [9] at Re = 160 and Pr = 0.7 and Dhiman et al. [11] at Re = 45
and Pr = 50. Based on these studies, in the present study, for the
highest Reynolds number of 160 and Prandtl number of 20, five
non-uniform grids (223 � 179, 246 � 200, 295 � 241, 325 � 271
and 365 � 303) were used to demonstrate the grid independence
of the results, as shown in Fig. 3. The percentage change in the val-
ues of the pressure and total drag coefficients and the average Nus-
selt number for the coarsest grid (M � N = 223 � 179) and the
finest grid (M � N = 365 � 303) are 3.3%, 3%, 2% (constant temper-
ature case) and 2.5% (constant heat flux case), respectively. The
x
15 20 25

rid with 325 � 271 grid points.
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corresponding percentage changes in the values of CD and average
Nusselt number between the last two grids sizes are only 0.05%,
0.4% (constant temperature case) and 0.3% (constant heat flux
case), respectively. One can thus conclude that the 325 � 271 grid
size is sufficiently refined to resolve the flow and heat transfer
fields and it has been used in all further computations reported
in this work. Based on the extensive experimentation by Sharma
and Eswaran [9] and Dhiman et al. [11], the upstream face distance
of the square cylinder from inlet, LU, is taken at 8.5 and the down-
stream face distance of the cylinder from the outlet, LD, is set at
16.5. The distance between the lower and upper slip boundaries,
H, is kept at 20. These choices are consistent with the other con-
temporary studies available in the literature.

It has been generally reported that the stable periodic flow
around a square cylinder at a given Reynolds number is indepen-
dent of the initial conditions [9]; only the time to achieve the sta-
ble periodicity depends upon the initial conditions. In the present
study, the calculations are started either from rest or from the con-
verged flow field relating to the lower Reynolds number, Re. The
time step is taken to be 8 � 10�4. The use of smaller values of
the time-step did not produce any significant change in the root
mean square (rms) and average values of the lift and drag coeffi-
cients and of the Nusselt number.

The numerical method used here has been extensively validated
and benchmarked by Sharma and Eswaran [9] for Pr = 0.7 in the
unsteady flow regime and by Dhiman et al. [11] for the larger val-
ues of Prandtl number in the steady flow regime for a square cyl-
inder. The present values of the key parameters including
pressure drag, CDp, total drag, CD, rms value of lift coefficient, CLrms,
and the Strouhal number, St, in the unsteady flow regime are com-
Table 1
Comparison of the CDp, CD, CLrms and St at Re = 60, 100 and 160 with the literature
value

Re Source CDp CD CLrms St

40 Present study 1.5112 1.7612 – –
Sharma and Eswaran [9] 1.5130 1.7649 – –

60 Present study 1.4525 1.5994 0.0907 0.1269
Sharma and Eswaran [9] 1.4557 1.6032 0.0914 0.1271

100 Present study 1.4410 1.4878 0.1880 0.1486
Sharma and Eswaran [9] 1.4462 1.4936 0.1922 0.1488

160 Present study 1.4831 1.4613 0.3066 0.1598
Sharma and Eswaran [9] 1.4896 1.4681 0.3183 0.1596
pared with those of Sharma and Eswaran [9] in Table 1. The heat
transfer results for high Prandtl numbers in the steady flow regime
are compared with that of Dhiman et al. [11] in Table 2. The excel-
lent agreement seen in Tables 1 and 2 inspires confidence in the
use of this solver to study the effect of the Reynolds and Prandtl
numbers on heat transfer from an unconfined square cylinder in
the 2D unsteady flow regime.

4. Results and discussion

Numerical computations have been carried out for Re = 60–160
in step of 20 and for a range of values of the Prandtl number vary-
ing from 0.7 to 50 for the two thermal boundary conditions. How-
ever, the maximum value of the Peclet number Pe = Re � Pr is
limited to 4000; i.e., Pe 6 4000 and therefore the range of Prandtl
number Pr is linked to the value of Reynolds number Re. This flow
is characterized by six dimensionless groups, namely, drag coeffi-
cient, Nusselt number, lift coefficient, Reynolds number, Prandtl
number and Strouhal number together with the type of thermal
condition. While the fluid mechanical aspects including the drag
and lift characteristics have been studied extensively by Sharma
and Eswaran [9], the effect of Prandtl number on the heat transfer
is explored here. It is appropriate to add here that prior to obtain-
ing the instantaneous and time-averaged thermal fields that were
used for the calculation of the heat transfer parameters, the un-
steady computations were carried out at least for 20 cycles after
the asymptotic shedding frequency of the Karman vortex had been
reached. This was done to ensure that the fully periodic regime was
attained.
Table 2
Comparison of the average Nusselt number with the literature value

Pr Re Present study Dhiman et al. [11] Sharma and Eswaran [9]

Constant wall temperature condition
0.7 40 2.6967 2.6969 2.7071

100 4.0254 – 4.0439
160 2.6967 – 2.7071

100 40 14.5023 14.2351 –

Constant heat flux condition
0.7 40 2.9785 2.9790 20.9894

100 4.4185 – 4.4392
160 5.3042 – 5.3436

100 40 17.9479 17.1410 –
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4.1. Isotherm patterns

Fig. 4(a)–(d) shows the instantaneous isotherms followed by
the streamlines at four different times within a cycle of the peri-
odic vortex shedding at Re = 100 and Pr = 20. The vortex is seen
to be breaking off from the top of the rear face shown in Fig. 4(a)
and (b) and subsequently from the bottom of the rear face
(Fig. 4(c) and (d)). This alternate breaking off from the upper and
lower sides gives rise to the periodic nature of the wake behind
the cylinder.
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Fig. 5 shows the representative time-averaged isotherm plots in
the vicinity of the square cylinder for Re = 60, 100 and 160 at differ-
ent Prandtl numbers. The isotherms for the constant temperature
and constant heat flux cases are shown above and below the hor-
izontal axis, respectively. The streamline representing the closed
near-wake is also included in these figures as a thick line. It is seen
from these figures that the front surface has the maximum crowd-
ing of the temperature contours, indicating the highest value of the
Nusselt number, as compared to the other surfaces of the cylinder.
It has been shown previously that an increase in the value of the
Reynolds number leads to the clustering of isotherms near the cyl-
inder [9]. This is so presumably due to the rolling of vortices close
to the cylinder. An increase in Prandtl number also increases the
crowding of isotherms. It can be seen in Fig. 5 that isotherms are
confined to a smaller region at high values of the Prandtl number
thereby suggesting the bulk of the resistance to heat transfer con-
fined to a thin layer of fluid. This is clearly due to the thinning of
the thermal boundary layer with the increasing Prandtl number.

4.2. Local Nusselt number

In this study, the local Nusselt number, Nu, is defined as
� oT

on

��
w and 1

Tw
for the constant temperature and constant heat flux
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4.2.1. Constant wall temperature case
A typical variation of the time-averaged local Nusselt for the

top half of the square cylinder (the other half is symmetric) for
the constant temperature condition at Re = 60 and at Re = 160
for different values of the Prandtl number is shown in
Fig. 6(a) and (c). As expected, the Nusselt number increases
with the increasing values of the Reynolds number and/or Pra-
ndtl number. Fig. 6 shows that the Nusselt number increases
along the top half of the front face (AB) of cylinder and reaches
its maximum value at the corner. For the top surface (BC), it
has a local minimum due to the turning of the isotherms near
the trailing edge of the cylinder. In the separated flow region
(CD), there is a weak local minimum near the corner of the cyl-
inder for higher values of Prandtl number at Re = 60 and all val-
ues of Prandtl number used in this study at Re = 160. Fig. 5
shows that isotherms in the separated region move closer to
each other as they approach the axis of symmetry, which re-
sults in an increase in the Nusselt number near the rear stagna-
tion point.
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4.2.2. Constant heat flux case
The corresponding representative variation of the time-aver-

aged local Nusselt for the top half of the square cylinder (the
other half is symmetric) for the constant heat flux condition at
Re = 60 and at Re = 160 for different Prandtl numbers is shown
in Fig. 6(b) and (d). For this condition, the local Nusselt number
at the top surface (BC) monotonically decreases from the leading
to the trailing edge for all values of Prandtl number at Re = 60
and for higher values of Prandtl number at Re = 160, it has a
minimum value near the corner of the cylinder. For the both
front and rear surfaces, the variation in the local Nusselt number
is seen to be qualitatively similar to that seen for the constant
temperature condition case. However, the quantitative values
in the two cases are quite different, as is to be expected given
that the Nusselt number itself is defined differently in the two
cases.

4.3. Average Nusselt number

The average Nusselt number for each surface of the square cyl-
inder is obtained by averaging the time averaged local Nusselt
number over the cylinder surfaces. The overall average Nusselt
number is obtained by further averaging these values for each sur-
face of the cylinder. Since the heat transfer area is the same for
each surface of the square cylinder, this is simply the mean of
the surface averaged values of the Nusselt number.
The variation of the surface average Nusselt number at each of
the four sides of the cylinder with Reynolds number and Prandtl
number is shown in Fig. 7. The front surface has the highest value
of the Nusselt number, followed by the top/bottom or the rear sur-
face depending upon the value of the Prandtl and/or of the Rey-
nolds number. At high Reynolds and Prandtl numbers, the rear
surface has a high value of the Nusselt number, as seen in Fig. 6
where the middle curve is at lower level than the last curve. This
is due to the thinning of the thermal boundary layer at the rear sur-
face at high Reynolds and Prandtl numbers, shown in Fig. 5. These
results further show that the front surface, the rear surface and the
cylinder average Nusselt numbers increase with the Reynolds and
Prandtl numbers whereas the top or bottom surface values show a
local maximum at higher values of Reynolds and Prandtl number.
It is further observed that the variation of the average Nusselt
number with the Reynolds and Prandtl numbers is qualitatively
similar for both types of thermal boundary conditions. As seen in
the steady flow regime [11], here also the average Nusselt number
is always higher for the constant heat flux condition than that for
the constant wall temperature condition (although the peak Nus-
selt number is higher in the constant temperature case, see Fig. 6).

4.4. Time history

Some further insights can be gained by examining the variation
of the Nusselt number and flow parameters with time. Representa-
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tive temporal variations of the flow and heat transfer parameters
are shown in Fig. 8. The frequency of vortex shedding is estimated
from the temporal variation of the lift coefficient and this is quan-
tified in terms of a Strouhal number St ¼ fB

u1

� �
. Fig. 8(a) shows that

the frequency of drag coefficient is twice of that of the lift coeffi-
cient. The temporal variation of the Nusselt number at each surface
of the cylinder and of the total Nusselt number at Re = 100 and
Pr = 1 is shown in Fig. 8(b). As expected, the Nusselt number at
the top and bottom faces is found to be oscillating with the fre-
quency of the lift coefficient whereas the total Nusselt number
oscillates at the frequency of the drag coefficient (Fig. 8(c)). The
frequency of the temporal variation of the rear and front surfaces
Nusselt number is same as the frequency of the total Nusselt num-
ber. Fig. 8(b) and (c) shows that the amplitude of the temporal var-
iation of the total, front and rear surface Nusselt numbers is very
small. The effect of Prandtl number on the rate of heat transfer
from the cylinder is shown in Fig. 8(d)–(f). As expected, an increase
in the value of the Prandtl number enhances the rate of heat trans-
fer at all Reynolds numbers.

From an application viewpoint, it is desirable to develop a sim-
ple correlating equation which can also be useful to interpolate the
results for the intermediate values of the Reynolds and Prandtl
numbers. Many authors have presented correlations for the Nus-
selt number as a function of the Prandtl and Reynolds numbers
for circular [25,26] and for square cylinders [9]. For instance, Shar-
ma and Eswaran [9] have proposed a correlation for the flow over a
square cylinder for both these thermal boundary conditions for
Re = 5–160 but for a single value of the Prandtl number, i.e., 0.7. Re-
cently, Dhiman et al. [11] have modified this correlation in terms of
the Colburn jh factor and the Reynolds number over the range of
conditions 5 6 Re 6 45 and 0.7 6 Pe 6 4000. The Colburn heat
transfer factor jh is defined as

jh ¼
Nuc

Re� Pr1=3 ð11Þ

The use of jh factor, reconciles the results for a range of the Reynolds
and Prandtl numbers on to a single curve. In the present work, it is
observed (Fig. 9) that the jh factor varies linearly with the Reynolds
number for the range of conditions 60 6 Re 6 160 and 0.7 6 Pr 6 50
for the constant wall temperature and the constant heat flux condi-
tions. The present numerical results are best described by the fol-
lowing fits:
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jh ¼ 0:706� Re�0:591 ð12Þ

for the constant wall temperature condition. Eq. (12) correlates the
present numerical data (39 data points) with the maximum and
average deviations of 4.34% and 1.60%, respectively. The corre-
sponding expression for the constant heat flux condition is given by

jh ¼ 0:971� Re�0:642 ð13Þ
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Eq. (13) has an average deviation of 1.7% which rises to a maximum
of 5.12%.

In summary, this is the first numerical study in which the effect
of the Prandtl number on the rate of heat transfer has been studied
in this flow regime. The future studies will address the influence of
the temperature-dependent physical properties and/or of the vis-
cous dissipation on the overall heat transfer process. Until these
results become available, it is suggested that these results can be
modified by the usual empirical correction factor involving the
ratio of the viscosities at the wall and the bulk conditions raised
to a small power of 0.14 in case of fluids exhibiting strongly
temperature-dependent viscosity. In any case, this correction is
expected to be small.
5. Conclusions

A numerical study on the heat transfer from a heated square
cylinder in the 2D unsteady cross-flow has been made for the range
of conditions 60 6 Re 6 160 and 0.7 6 Pr 6 50 (the maximum value
of Peclet number being 4000). The overall mean and surface aver-
aged Nusselt numbers have been calculated for the two commonly
used thermal boundary conditions, i.e., constant temperature and
constant heat flux, prescribed on the surface of the cylinder. The
present results show that the local Nusselt number over each face
of the obstacle increases with an increase in the Reynolds and
Prandtl numbers. Hence, the overall mean Nusselt number also
increases with the Reynolds and Prandtl numbers. The Nusselt
number profiles for the two boundary conditions are qualitatively
similar, though the constant heat flux case has numerically higher
mean Nu, for identical conditions. The front surface of the cylinder
exhibits the highest value of the surface average Nusselt number.
Due to the symmetry about mid-plane, the top and bottom sur-
faces have equal values of the local and average Nusselt numbers.
The average value of the Nusselt number at the rear face, however,
exceeds the values at the top or bottom surfaces at high Reynolds
and Prandtl numbers. Finally, the numerical results obtained in
this work are correlated in terms of the Colburn jh factor which
allows an easy estimation of the Nusselt number for the interme-
diate values of the Prandtl and Reynolds numbers.
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