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NUMERICAL INVESTIGATION OF HEAT TRANSFER
FROM A HEATED OSCILLATING RECTANGULAR
CYLINDER IN A CROSS FLOW

Suh-Jenq Yang
Department of Industrial Engineering and Management, Nan Kai Institute of
Technology, Nantou, 542, Taiwan, Republic of China

Wu-Shung Fu
Department of Mechanical Engineering, National Chiao Tung University,
Hsinchu, 30056, Taiwan, Republic of China

A numerical simulation is performed to study the � ow structures and heat transfer charac-
teristics of a heated transversely oscillating rectangular cylinder in a cross � ow. The
variations of � ow and thermal � elds are classi� ed into a class of the moving boundary
problems. The moving interfaces between the � uid and rectangular cylinder have been
considered. An arbitrary Lagrangian–Eulerian ( ALE) kinematic description method is
adopted to describe the � ow and thermal � elds. A penalty consistent � nite element for-
mulation is applied to solve the governing equations. The subsequent developments of
the vortex shedding and heat transfer characteristics around the heated rectangular cyl-
inder are presented in detail. The effects of Reynolds number, oscillating amplitude,
oscillating speed, blockage ratio, and aspect ratio on the � ow structures and heat transfer
characteristics are examined. The results show that the interaction between the oscillating
rectangular cylinder and vortex shedding from the rectangular cylinder dominates the state
of the wake. The � ow and thermal � elds may approach a periodic state with time. The heat
transfer around the rectangular cylinder performance is enhanced remarkably .

INTRODUCTION

A phenomenon of vortex shedding induced by a £ow passing through a station-
ary or an oscillating circular cylinder is frequently encountered in engineering
applications, such as a hot-wire anemometer, heat exchanger tube, and nuclear
reactor fuel rod. Doubtless, the heat transfer mechanism of the circular cylinder
in the £ow of vortex shedding is also interesting and important in the above engin-
eering applications. Several researchers have investigated the £ow structures and
heat transfer characteristics of the above subject.
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NOM ENCLATURE

A aspect ratio …A ˆ w2/h2†
B blockage ratio …B ˆ h2/h†
f vortex shedding frequency ‰s¡1Š
fc oscillating frequency of the

rectangular cylinder ‰s¡1Š
Fc dimensionless oscillating frequency

of the rectangular cylinder
…Fc ˆ fch2/uo†

h dimensional height of the channel
[m]

H dimensionless height of the channel
…H ˆ h/h2†

Lc dimensionless oscillating amplitude
of the rectangular cylinder
…Lc ˆ ic/h2†

Nu overall Nusselt number around the
rectangular cylinder

Nux local Nusselt number on the top and
bottom surfaces of the rectangular
cylinder

NuX average Nusselt number on the top
and bottom surfaces of the
rectangular cylinder

NuY local Nusselt number on the front
and rear surfaces of the rectangular
cylinder

NuY average Nusselt number on the
front and rear surfaces of the
rectangular cylinder

p dimensional pressure ‰N m¡2Š
p1 referential pressure ‰N m¡2Š
P dimensionless pressure

…P ˆ …p ¡ p1†/ru2
0†

Pr Prandtl number …Pr ˆ n/a†
Re Reynolds number …Re ˆ u0h2/n†
sc dimensional oscillating speed of the

rectangular cylinder ‰s s¡1

Sc dimensionless oscillating speed of
the rectangular cylinder
…Sc ˆ sc/u0†

St Strouhal number or dimensionless
vortex shedding frequency
…St ˆ fh2/u0†

t dimensional time [s]
T dimensional temperature ‰ CŠ
Tc dimensional temperature of the

rectangular cylinder ‰ CŠ
T0 dimensional temperature of the inlet

£uids ‰ CŠ
u, v dimensional velocities in x and y

directions ‰m s¡1

U, V dimensionless velocities in X and Y
directions …U ˆ u/u0, V ˆ v/u/u0†

u0 dimensional velocity of the inlet
£uid ‰m s¡1Š

vc dimensional oscillating velocity of
the rectangular cylinder ‰m s¡1Š

Vc dimensionless oscillating velocity of
the rectangular cylinder
…Vc ˆ vc/u0†

v̂ dimensional mesh velocity in
y-direction ‰m s¡1Š

V̂ dimensionless mesh velocity in Y
direction …V̂ ˆ v̂/u0†

w dimensional length of the channel
[m]

W dimensionless length of the channel
…W ˆ w/h2†

w1 dimensional length from the inlet to
the rectangular cylinder [m]

W1 dimensionless length from the inlet
to the rectangular cylinder
…W1 ˆ w1/h2†

w2 dimensional width of the
rectangular cylinder [m]

W2 dimensionless width of the
rectangular cylinder …W2 ˆ w2/h2†

w3 dimensional length from the
rectangular cylinder to the outlet
[m]

W3 dimensionless length from the
rectangular cylinder to the outlet
…W3 ˆ w3/h2†

x, y dimensional Cartesian coordinates
[m]

X , Y dimensionless Cartesian
coordinates …X ˆ x/h2, Y ˆ y/h2†

k absolute value
ic dimensional oscillating amplitude

of the rectangular cylinder [m]
a thermal diffusivity ‰m2 s¡1Š
f computational variables
l penalty parameter
n kinematic viscosity ‰m2 s¡1Š
y dimensionless temperature

…y ˆ …T ¡ T0†/…Tc ¡ T0††
r density ‰kg m¡3Š
t dimensionless time …t ˆ tu0/h2†
tp dimensionless time of one

oscillating cycle
C dimensionless stream function
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For a £ow passing through a stationary circular cylinder [1^4], the Strouhal
number of vortex shedding was about 0.2 over a range of Reynolds numbers varying
from 2 102 to 104. The unsteady £ow of vortex shedding from the circular cylinder
caused the heat transfer on the circular cylinder to be unsteady, and the maximum
local heat transfer rate was found near the front stagnation point.

For a £ow passing through an oscillating circular cylinder, Sreenivasan and
Ramachandran [5] studied the effect of vibration on the heat transfer of a horizontal
cylinder normal to air stream by an experimental method. The results showed that no
appreciable change in the heat transfer coef¢cient was observed. Saxena and Laird
[6], Leung et al. [7], Karanth et al. [8], and Gau et al. [9] investigated the £ow struc-
ture and heat transfer around a heated oscillating circular cylinder. The results found
that the enhancement of heat transfer was proportional to the magnitude of
oscillating frequency and amplitude of the circular cylinder. Cheng et al. [10, 11]
adopted numerical and experimental methods to study the effect of transverse
oscillation on the £ow patterns and heat transfer from a circular cylinder. The results
indicated that the heat transfer was increased remarkably as the £ow approached the
lock-in regime, which occurs when the circular cylinder oscillating frequency is near
the natural vortex shedding frequency; however, outside the lock-in regime the heat
transfer was almost unaffected by the oscillation of the circular cylinder. Patnaik
and colleagues [12] adopted a Galerkin weighted residual formulation to simulate
a £ow passing over an isolated circular cylinder. The effects of aiding and opposing
buoyancy forces on the £ow and thermal ¢elds had been studied, and the mechanisms
of vortex shedding were investigated in detail.

Instead of the circular cylinder mentioned above, a rectangular cylinder, such
as building, bridge, heat exchangers, ¢ns, and electronic components, also is a typical
structure used in the investigation of vortex shedding for engineering and industrial
applications. Some numerical and experimental studies [13^17] paid attention to
this subject and focused on the unsteady £ow of vortex shedding and the heat
transfer of a stationary rectangular cylinder. The results indicated that the aspect
ratio and attack angle of the rectangular cylinder were the major factors to affect
the £ow and thermal ¢elds. The heat transfer of the stationary rectangular cylinder
may be enhanced due to the vortex shedding.

However, most studies mentioned above focused on stationary circular and
rectangular cylinders and an oscillating circular cylinder with a small oscillating
amplitude. The £ow of vortex shedding and the heat transfer of a rectangular cyl-
inder affected by an oscillating rectangular cylinder with a relatively large oscillating
amplitude and speed and blockage is seldom investigated. These could be applied in
the £uid machinery, moving machine, heat transfer promoter, active eddy promoter,
and so on.

The object of this work, therefore, is to investigate the variations of unsteady
£ow and thermal ¢elds as a £ow passes over a heated transversely oscillating
rectangular cylinder. Because of the interaction between the £ow and oscillating
rectangular cylinder, the variations of the £ow and thermal ¢elds become time
dependent and belong to a class of the moving boundary problems. In the past,
a structure oscillating or moving in a £owing £uid was conveniently regarded as
a stationary one in the £ow, or a noninertial reference frame moving with the struc-
ture was considered to analyze the above problem. However, because of the con-
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tinuity of £ow, the £uid near the structure will simultaneously replenish the vacant
space induced by the movement of the structures. For simulating the problem more
realistically, the interfaces between the £uid and rectangular cylinder under a moving
situation have been taken into consideration, and this problem has hardly been
analyzed solely by either the Lagrangian or Eulerian kinematic description method.
An ALE kinematic description method [18], which combines the characteristics
of the Lagrangian and Eulerian kinematic description methods, is an appropriate
kinematic description method to describe this problem. In the ALE method, the
computational meshes may move with the £uid (Lagrangian), be held ¢xed
(Eulerian), or be moved in a prescribed way. The detail of the kinematic theory
of the ALE method is delineated in Hughes et al. [19], Donea et al. [20], Ramaswamy
and Kwahara [21], and Ramaswamy [22].

Consequently, the ALE method is used to analyze the variations of the £ow and
thermal ¢elds induced by the heated transversely oscillating rectangular cylinder in a
cross £ow. A consistent penalty ¢nite element method is applied to solve the
governing equations. The subsequent developments of the vortex shedding and
the heat transfer characteristics around the heated rectangular cylinder are presented
in detail. The effects of Reynolds number, blockage ratio, aspect ratio, oscillating
speed, and oscillating amplitude of the rectangular cylinder on the £ow structures
and heat transfer characteristics are investigated.

PHYSICAL M ODEL

A two-dimensional channel with height h and length w as shown in Figure 1 is
used. A heated rectangular cylinder with width w2 and height h2 is set within this
channel. The distances from the inlet and outlet of the channel to the rectangular
cylinder are w1 and w3, respectively. The inlet velocity u0 and temperature T0 of
the £uid are uniform. The heated rectangular cylinder is maintained at a constant
temperature Tc, which is higher than T0. Initially …t ˆ 0†, the rectangular cylinder

Figure 1. Physical model.
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is stationary at the position of the center of the channel and the £uid £ows steadily.
As the time t > 0, the rectangular cylinder is in oscillating motion normal to the
inlet £ow with a constant oscillating speed sc. Because of the interaction between
the £ow and oscillating rectangular cylinder, the variations of the £ow and thermal
¢elds become time dependent and the situation could be catalogued as a class of
the moving boundary problems. As a result, the ALE method is properly utilized
to analyze this problem.

For facilitating the analysis, the following assumptions are made.

(1) The £uid is air and the £ow ¢eld is two-dimensional, incompressible, and
laminar.

(2) The £uid properties are constant and the effect of the gravity is neglected.
(3) The no-slip condition is held on the interfaces between the £uid and

rectangular cylinder.

Based upon the characteristic scales of h2, u0, ru2
0, and T0, the dimensionless

variables are de¢ned as follows:

X ˆ x
h2

Y ˆ y
h2

U ˆ u
u0

V ˆ v
u0

V̂ ˆ v̂
u0

Vc ˆ vc

u0
Sc ˆ sc

u0
P ˆ p ¡ p1

ru2
0

t ˆ tu0

h2
y ˆ T ¡ T0

Tc ¡ T0
Re ˆ u0h2

n
Pr ˆ n

a
…1†

where v̂ is the mesh velocity, and vc and sc …ˆ jvcj† are the oscillating velocity and
speed of the rectangular cylinder, respectively.

According to the above assumptions and dimensionless variables, the
dimensionless ALE governing equations [20^25] are expressed as the following
equations:

Continuity

¶ U
¶ X

‡ ¶ V
¶ Y

ˆ 0 …2†

Momentum

¶ U
¶ t

‡ U
¶ U
¶ X

‡ …V ¡ V̂ †
¶ U
¶ Y

ˆ ¡ ¶ P
¶ X

‡ 1
Re

¶ 2U
¶ X 2 ‡ ¶ 2U

¶ Y 2 …3†

¶ V
¶ t

‡ U
¶ V
¶ X

‡ …V ¡ V̂ †
¶ V
¶ Y

ˆ ¡
¶ P
¶ Y

‡
1

Re
¶ 2V
¶ X 2 ‡

¶ 2V
¶ Y 2 …4†

Energy

¶ y
¶ t

‡ U
¶ y
¶ X

‡ …V ¡ V̂ †
¶ y
¶ Y

ˆ 1
Re Pr

¶ 2y
¶ X 2 ‡ ¶ 2y

¶ Y 2 …5†

As the time t > 0, the boundary conditions are as follows:
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On the inlet surface AB

U ˆ 1 V ˆ 0 y ˆ 0 …6†
On the walls BC and AD

U ˆ V ˆ 0 ¶ y/¶ Y ˆ 0 …7†

On the outlet surface CD

¶ U/¶ X ˆ ¶ V/¶ X ˆ ¶ y/¶ X ˆ 0 …8†

On the interfaces between the £uid and rectangular cylinder

U ˆ 0 V ˆ Vc y ˆ 1 …9†

NUM ERICAL FORMULATION

The governing equations are solved through the consistent penalty ¢nite
element method. An implicit scheme is adopted to deal with the time terms of
the governing equations. The pressure is eliminated from the momentum equations
using the consistent penalty model [26]. The velocity and temperature are
approximated by quadrilateral elements and a nine-node quadratic Lagrangian
interpolation function. The nonlinear terms in the momentum equations are
simpli¢ed by a Newton^Raphson iteration algorithm. The discretization processes
of the governing equations are similar to the one used in Fu et al. [27]. The details
of the numerical method and solution procedures are delineated in Fu and Yang
[23^25].

The mesh velocity V̂ is linearly distributed and inversely proportional to the
distance between the nodes of the computational elements and rectangular cylinder.
The relative errors of each variable to examine the convergence of solutions are
de¢ned as follows:

fm‡1 ¡ fm

fm‡1
t‡Dt

< 1.0 10¡3 where f ˆ U , V , y …10†

Besides, the conservative residual of the continuity equation

Residual ˆ ¶ U
¶ X

‡ ¶ V
¶ Y

…11†

is used to check for each element at each time and to ensure that the mass con-
servative law is satis¢ed. In the computing process of this study, the residual of
the continuity equation for each element is smaller than 5.0 10¡7. The numerical
computations for the governing equations are carried out until quasi-periodic sol-
utions are obtained.

RESULTS AND DISCUSSION

The working £uid is air with Pr ˆ 0.71. The main parameters of Reynolds
number Re, oscillating speed Sc, oscillating amplitude Lc …ˆ ic/h2†, blockage ratio
B …ˆ h2/h†, and aspect ratio A …ˆ w2/h2† are examined and the combinations of these
parameters are tabulated in Table 1.
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The dimensionless oscillation frequency of the rectangular cylinder Fc and
Strouhal number St (dimensionless vortex shedding frequency) are de¢ned as
Fc ˆ fch2/u0 and St ˆ fh2/u0, respectively, where fc and f are the oscillation fre-
quency of the rectangular cylinder and vortex shedding frequency, respectively.

The local Nusselt number NuX and average Nusselt number NuX on the top
and bottom surfaces of the rectangular cylinder are de¢ned as follows, respectively:

NuX …X , t† ˆ ¡ ¶ y
¶ Y

…12†

NuX …t† ˆ 1
W2

W2

0
NuX dX …13†

Similarly, the local Nusselt number NuY and average Nusselt number NuY on the
front and rear surfaces of the rectangular cylinder are de¢ned as follows,
respectively:

NuY …Y , t† ˆ ¡
¶ y
¶ X

…14†

NuY …t† ˆ 1
H2

H2

0
NuY dY …15†

The overall Nusselt number Nu around the rectangular cylinder is de¢ned as

Nu…t† ˆ
1

2W2 ‡ 2H2

W2

0
NuX top dX ‡

W2

0
NuX bottom dX

‡
H2

0
NuY front dY ‡

H2

0
NuY rear dY …16†

Mesh and Time Step Tests

For matching the boundary conditions at the inlet and outlet of the channel
mentioned above, the lengths from the inlet and outlet to the rectangular cylinder
are determined by numerical tests and are equal to 8.0 and 26.0, respectively.

Table 1. Computed parameter combinations

Re Sc Lc tp Fc B A

Case 1 250 0.333 0.5 6.0 0.167 0.1 1.0
Case 2 500 0.333 0.5 6.0 0.167 0.1 1.0
Case 3 250 0.5 0.125 1.0 1.0 0.1 1.0
Case 4 250 0.5 0.25 2.0 0.5 0.1 1.0
Case 5 250 0.5 0.5 4.0 0.25 0.1 1.0
Case 6 250 0.5 0.75 6.0 0.167 0.1 1.0
Case 7 500 0.5 0.5 4.0 0.25 0.1 1.0
Case 8 500 1.0 0.5 2.0 0.5 0.1 1.0
Case 9 500 0.5 0.333 6.0 0.167 0.2 1.0
Case 10 500 0.5 0.333 6.0 0.167 0.1 2.0
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To obtain an optimal computational mesh, three different nonuniform distributed
elements, which provide a ¢ner element resolution near the rectangular cylinder
and walls, are used for the mesh tests. Figure 2 shows the velocity and temperature
pro¢les along the line MN as indicated in Figure 1 at the steady state under
Re ˆ 500, B ˆ 0.1, and A ˆ 1.0. Based upon the results, the computational mesh
with 3,672 elements, which corresponds to 15,016 nodes, is used for all cases.

In addition, an implicit scheme is employed to deal with the time differential
terms of the governing equations. Three different time steps Dt ˆ 0.05, 0.01, and
at Re ˆ 500, Sc ˆ 0.5, Lc ˆ 0.5, tp ˆ 4.0, Fc ˆ 0.25, B ˆ 0.1, A ˆ 1.0 and are
executed for the time step tests. The variations of the overall Nusselt number
Nu around the rectangular cylinder with time are shown in Figure 3, and the smallest
time step Dt ˆ 0.005 is chosen for all cases in this study.

The dimensionless stream function C is de¢ned as

U ˆ ¶ C
¶ Y

and V ˆ ¡ ¶ C
¶ X

…17†

For clearly indicating the variations of the £ow and thermal ¢elds, only the
streamlines and isothermal lines in the vicinity of the rectangular cylinder are pre-
sented. Besides, the arrow in the subsequent ¢gures indicates the moving direction
of the rectangular cylinder.

Effects of the Oscillating Rectangular Cylinder on the Flow and
Thermal Fields

Figure 4 shows the velocity vectors of the overall computational domain and
the isothermal lines around the rectangular cylinder at the steady state …t ˆ 0† under
Re ˆ 250, B ˆ 0.1, and A ˆ 1.0. The rectangular cylinder is stationary and the £ow
is steady. The £ow separates from the leading edges of the rectangular cylinder
and large recirculation zones are observed behind the rectangular cylinder. The
distributions of the isothermal lines are denser near the front surface of the
rectangular cylinder than those of the other surfaces of the rectangular cylinder.
The overall Nusselt number Nu around the rectangular cylinder is about 5.44.

Figure 5 shows the transient development of the streamlines for case 1
(Re ˆ 250, Sc ˆ 0.333, Lc ˆ 0.5, tp ˆ 6.0, Fc ˆ 0.167, B ˆ 0.1, and A ˆ 1.0). As
the time t > 0, the rectangular cylinder starts to oscillate with a constant oscillating
speed Sc ˆ 0.333 and oscillating amplitude Lc ˆ 0.5. At ¢rst, as shown in
Figure 5a, the rectangular cylinder moves upward. The £uid near the top surface
of the rectangular cylinder is pressed by the top surface of the rectangular cylinder.
Conversely, the £uid near the bottom surface of the rectangular cylinder simul-
taneously replenishes the vacant space induced by the movement of the rectangular
cylinder because of the continuity of the £ow. As a result, a new recirculation zone
is formed around the bottom surface of the rectangular cylinder. Afterward, the
rectangular cylinder moves upward continuously until the amplitude Lc is equal
to 0.5. The new recirculation zone around the bottom surface of the rectangular
cylinder enlarges gradually and pushes the original large recirculation zones behind
the rectangular cylinder, as shown in Figure 5b.
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Figure 2. Comparison of the velocity and tempera-
ture pro¢les along the lines MN at the steady state
under Re ˆ 500, B ˆ 0.1, and A ˆ 1.0 situations
for various computatonal elements.
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Figure 3. Comparison of the variations of the over-
all Nusselt number around the rectangular cylinder
with time for different time steps Dt under
Re ˆ 500, Sc ˆ 0.5, Lc ˆ 0.5, tp ˆ 4.0, Fc ˆ 0.25,
B ˆ 0.1, and A ˆ 1.0 situations.

Figure 4. The £ow and thermal ¢elds at steady state under Re ˆ 250, B ˆ 0.1, A ˆ 1.0 situations. (a)
Velocity vectors of overall computational domain, (b) isothermal lines distribution around the rectangular
cylinder.
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FIGURE 5

HEAT TRANSFER FROM AN OSCILLATING CYLINDER 579

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 2

3:
12

 2
7 

A
pr

il 
20

14
 



FIGURE 5
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The rectangular cylinder turns downward immediately as it reaches the maxi-
mum upper amplitude. As shown in Figures 5c^5d, the rectangular cylinder is
on the way to move downward. The £uid near the top surface of the rectangular
cylinder simultaneously replenishes the vacant space induced by the movement
of the rectangular cylinder. Consequently, a new recirculation zone is formed around
the top surface of the rectangular cylinder. In the meantime, the £uid near the
bottom surface of the rectangular cylinder is pressed by the bottom surface of
the rectangular cylinder. As a result, the recirculation zone around the bottom sur-
face of the rectangular cylinder is pressed by the bottom surface of the rectangular
cylinder and then shed from the rectangular cylinder. Afterward, the new rec-
irculation zone around the top surface of the rectangular cylinder enlarges gradually
and pushes the vortex shedding away from the rectangular cylinder, as shown in
Figures 5e^5f.

Figure 5. The transient developments of streamlines for case 1 (Re ˆ 250, Sc ˆ 0.333, Lc ˆ 0.5, tp ˆ 6.0,
Fc ˆ 0.167, B ˆ 0.1, A ˆ 1.0). (a) t ˆ 0.5, (b) t ˆ 1.5, (c) t ˆ 2.0, (d) t ˆ 3.0, (e) t ˆ 4.0, (f) t ˆ 4.5,
(g) t ˆ 5.0, (h) t ˆ 6.0, (i) t ˆ 7.0, (j) t ˆ 8.0, (k) t ˆ 10.0, (l) t ˆ 12.0, (m) t ˆ 15.0, (n) t ˆ 18.0, (o)
t ˆ 33.0, (p) t ˆ 36.0, (q) t ˆ 42.0, (r) t ˆ 43.0, (s) t ˆ 44.0, (t) t ˆ 46.0, (u) t ˆ 47.0, (v) t ˆ 48.0
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As the rectangular cylinder reaches the maximum downward amplitude, the
rectangular cylinder returns upward immediately. As shown in Figures 5g^5i,
the rectangular cylinder is on the way to move upward. The variations of the £ow
¢eld around the rectangular cylinder are similar to the descriptions mentioned
above.

Because of the vortex shedding and the oscillating motion of the rectangular
cylinder, it is dif¢cult for the large recirculation zones behind the rectangular cyl-
inder to maintain their original situation. As a result, the large recirculation zones
behind the rectangular cylinder split into small vortices and £ow to the downstream,
as shown in Figures 5j^5l.

As the time increases, because the rectangular cylinder is in oscillating motion,
the recirculation zones are formed around the top and bottom surfaces of the
rectangular cylinder alternatively and then shed from the rectangular cylinder,
and £ow to the downstream gradually. Because of the drastic swinging of the £ow
and the addition of vortices in the region behind the rectangular cylinder, the vortices
are contracted and entrained in the £ow gradually, and the £ow becomes a wavy
motion, as shown in Figures 5m^5p. The interaction between the oscillating
rectangular cylinder and shedding vortex dominates the state of the wake.

Figures 5q^5v show the variations of the streamlines during one cycle of the
oscillation motion as the £ow ¢eld reaches a regular type. The streamlines at the
time t ˆ 42.0 (Figure 5q) are identical to those at the time t ˆ 48.0 (Figure 5v),
which means that the variations of the £ow ¢eld become a periodic motion with
time. As the variations of the £ow patterns become a periodic state, the Strouhal
number, St, is equal to 0.167, which is identical to the oscillation frequency of
the rectangular cylinder. These phenomena are similar to entrainment processes [28]
and the £ow ¢eld is in a lock-in state.

Figure 6 shows the time history of the velocity V at the position of X ˆ 10.0
and Y at the center of the rectangular cylinder for case 1. After the time
t > 30.0, the variations of the velocity V become a periodic function of time
and the Strouhal number is about 0.167, which is consistent with that mentioned
above. The results show that the vortex shedding frequency gradually changes to
match the oscillation frequency of the rectangular cylinder.

Figure 7 shows the transient developments of the isothermal lines for case 1.
The variations of the thermal ¢eld usually correspond to the variations of the £ow
¢eld. In Figures 7a^7b, the rectangular cylinder moves upward. Since the top surface
of the rectangular cylinder presses the £uid near the top surface of the rectangular
cylinder, the isothermal lines near the top surface of the rectangular cylinder become
dense gradually, and the heat transfer is enhanced on the top surface of the
rectangular cylinder. Conversely, because of the movement of the rectangular
cylinder, the recirculation zone, which is disadvantageous to the heat transfer, is
observed around the bottom surface of the rectangular cylinder. Thus, the
isothermal lines near the bottom surface of the rectangular cylinder become sparse
and extend to the neighborhood.

As shown in Figures 7c^7f, the rectangular cylinder is on the way to move
downward. As mentioned above, the variations of the £ow ¢eld are opposite to
the rectangular cylinder moving upward. Thus, the isothermal lines gradually
become dense near the bottom surface of the rectangular cylinder and sparse near
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the top surface of the rectangular cylinder. As for the front and rear surfaces of the
rectangular cylinder, the variations of the isothermal lines near the front surface
are slight; but the isothermal lines near the rear surface become denser gradually
during the transient developments. In Figures 7g^7h, the rectangular cylinder is
on the way to move upward. The variations of the thermal ¢eld are similar to
the descriptions mentioned earlier.

Because the rectangular cylinder is in oscillating motion, the recirculation
zones are formed around the top and bottom surfaces of the rectangular cylinder
alternatively. Figures 7i-7n show the variations of the isothermal lines during
one cycle of the oscillation motion as the £ow ¢eld becomes a periodic state.
The isothermal lines at the time (Figure 7i) are identical to those at the time
t ˆ 48.0 (Figure 7n), which means the variations of the thermal ¢eld become a peri-
odic state with time as well as the £ow ¢eld. Furthermore, the distributions of
the isothermal lines around the rectangular cylinder are denser than those of the
steady state (Figure 4b), which implies that the heat transfer around the rectangular
cylinder is enhanced.

The variations of the average Nusselt numbers NuX and NuY on each surface
of the rectangular cylinder with time for case 1 are shown in Figure 8. Based upon
these reasons mentioned above, the variations of the average Nusselt numbers would
approach a periodic state. The enhancement of heat transfer on the top and bottom
surfaces is remarkable and is slight on the front surface.

The variations of the overall Nusselt number Nu around the rectangular cyl-
inder with time for case 1 are indicated in Figure 9a. In comparison with the heat
transfer of the stationary rectangular cylinder (Nu ˆ 5.44), the heat transfer is
enhanced about 35% for this case.

Figure 9b shows the variations of the overall Nusselt number Nu around the
rectangular cylinder with time for case 2 (Re ˆ 500, Sc ˆ 0.333, tp ˆ 6.0,
Fc ˆ 0.167, Lc ˆ 0.5, B ˆ 0.1, and A ˆ 1.0). Basically, the variations of the £ow

Figure 6. History of velocity V behind the rectangular cylinder as function of time for case 1 (Re ˆ 250,
Sc ˆ 0.333, Lc ˆ 0.5, tp ˆ 6.0, Fc ˆ 0.167, B ˆ 0.1, A ˆ 1.0).
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FIGURE 7
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and thermal ¢elds for this case are similar to the above case. Because of entrainment
processes, the vortex shedding frequency is synchronized with the oscillation fre-
quency of the rectangular cylinder. Consequently, the variations of £ow patterns
and thermal ¢eld become a periodic motion with time. In the computing region,
the heat transfer around the oscillating rectangular cylinder is increased about
45% than that of a stationary rectangular cylinder under Re ˆ 500, B ˆ 0.1, and
A ˆ 1.0 situation …Nu ˆ 7.72†. In a comparison of the variations of the overall
Nusselt number between case 1 and case 2, we see the enhancement of heat transfer
increases with the increment of Reynolds number.

Figure 7. The transient developments of isothermal lines for case 1 (Re ˆ 250, Sc ˆ 0.333, Lc ˆ 0.5,
tp ˆ 6.0, Fc ˆ 0.167, B ˆ 0.1, A ˆ 1.0). (a) t ˆ 0.5, (b) t ˆ 1.5, (c) t ˆ 2.0, (d) t ˆ 3.0, (e) t ˆ 4.0, (f)
t ˆ 4.5, (g) t ˆ 5.0, (h) t ˆ 6.0, (i) t ˆ 42.0, (j) t ˆ 43.0, (k) t ˆ 44.0, (l) t ˆ 46.0, (m) t ˆ 47.0, (n)
t ˆ 48.0.
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Effects of the Oscillating Amplitude on the Heat Transfer

Figure 10 shows variations of the overall Nusselt number Nu around the
rectangular cylinder with time for various oscillating amplitudes under
Re ˆ 250, Sc ˆ 0.5, B ˆ 0.1, and A ˆ 1.0 situations. The heat transfer rates around
the rectangular cylinder are increased about 13%, 40%, 54%, and 55% for the
oscillating amplitude Lc ˆ 0.125 (case 3), Lc ˆ 0.25 (case 4), Lc ˆ 0.5 (case 5),
and Lc ˆ 0.75 (case 6), respectively. As the oscillating amplitude of the rectangular
cylinder is increased, the £ow is disturbed more drastically and the heat transfer
is enhanced more remarkably, which is consistent with the literature [6^9] for a
circular cylinder oscillating in a £ow.

Figure 8. The variations of the average Nusselt number on the surfaces of the rectangular cylinder with
time for case 1 (Re ˆ 250, Sc ˆ 0.333, tp ˆ 6.0, Fc ˆ 0.167, Lc ˆ 0.5, B ˆ 0.1, A ˆ 1.0). (a) Top surface,
(b) bottom surface, (c) front surface, (d) rear surface.
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Effects of the Oscillating Speed on the Heat Transfer

The effects of the oscillating speed of the rectangular cylinder on the heat
transfer are shown in Figures 9b and 11 for Re ˆ 500, Lc ˆ 0.5, B ˆ 0.1, and
A ˆ 1.0. The heat transfer rates around the rectangular cylinder are increased about
45%, 62%, and 115% for the oscillating speed Sc ˆ 0.333 (case 2), Sc ˆ 0.5 (case 7),
and Sc ˆ 1.0 (case 8), respectively. As the oscillating speed of the rectangular cyl-
inder is increased, the variations of the £ow become more drastic. Consequently,
the heat transfer rate is enhanced remarkably with the increment of the oscillating
speed.

Effects of the Blockage Ratio on the Heat Transfer

Figure 12a indicates the variations of the overall Nusselt number Nu around
the rectangular cylinder with time for case 9 (Re ˆ 500, Sc ˆ 0.333, Lc ˆ 0.5,
tp ˆ 6.0, Fc ˆ 0.167, B ˆ 0.2, and A ˆ 1.0). In this case, the blockage ratio B is equal
to 0.2, which means that the height of the channel is lower than that of case 2
(B ˆ 0.1), and the £ow velocity is increased. The variations of the £ow and thermal
¢elds for this case are similar to those of case 2. Comparing the variations of
the overall Nusselt number of case 2 and case 9, the increment of the blockage ratio
causes the £ow and thermal ¢elds to more rapidly reach a periodic state. In the
computing region, the heat transfer around the rectangular cylinder is increased
by about 38% than that of a stationary rectangular cylinder under Re ˆ 500,
B ˆ 0.2, and A ˆ 1.0 situation (Nu ˆ 8.7)

Figure 9. The variations of the overall Nusselt number around the surfaces of the rectangular cylinder
with time. (a) Case 1 (Re ˆ 250, Sc ˆ 0.333, tp ˆ 6.0, Fc ˆ 0.167, Lc ˆ 0.5, B ˆ 0.1, A ˆ 1.0), (b) case
2 (Re ˆ 500, Sc ˆ 0.333, tp ˆ 6.0, Fc ˆ 0.167, Lc ˆ 0.5, B ˆ 0.1, A ˆ 1.0).
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Effects of the Aspect Ratio on the Heat Transfer

The variations of the overall Nusselt number Nu around the rectangular cyl-
inder with time for case 10 (Re ˆ 500, Sc ˆ 0.333, Lc ˆ 0.5, tp ˆ 6.0, Fc ˆ 0.167,
B ˆ 0.1, and A ˆ 2.0) are shown in Figure 12b. In this case, the aspect ratio A
is equal to 2.0 and the heat transfer area of the top and bottom surface of the
rectangular cylinder is larger than that of case 2 (A ˆ 1.0). The heat transfer around
the oscillating rectangular cylinder is increased by about 60% more than that of a
stationary rectangular cylinder under Re ˆ 500, B ˆ 0.1, and A ˆ 2.0 situation
…Nu ˆ 4.7†. As mentioned above, because the enhancement of heat transfer is

Figure 10. The variations of the overall Nusselt number around the surfaces of the rectangular cylinder
with time for various oscillating amplitudes under Re ˆ 250, Sc ˆ 0.5, B ˆ 0.1, A ˆ 1.0 situation.
(a) Case 3: Lc ˆ 0.125, tp ˆ 1.0, Fc ˆ 1.0; (b) case 4: Lc ˆ 0.25, tp ˆ 2.0, Fc ˆ 0.5; (c) case 5:
Lc ˆ 0.5, tp ˆ 4.0, Fc ˆ 0.25; (d) case 6: Lc ˆ 0.75, tp ˆ 6.0, Fc ˆ 0.167.
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remarkable on the top and bottom surfaces of the rectangular cylinder, the heat
transfer rate for this case is larger than that of case 2.

CONCLUSIONS

Numerical simulation is performed to study £ow structures and heat transfer
characteristics of a heated transversely oscillating rectangular cylinder in a cross
£ow. Some conclusions are summarized as follow.

Figure 11. The variations of the overall Nusselt number around the surfaces of the rectangular cylinder
with time for varoius oscillating speeds under Re ˆ 500, Lc ˆ 0.5, B ˆ 0.1, A ˆ 1.0 situation. (a) Case
7: Sc ˆ 0.5, tp ˆ 4.0, Fc ˆ 0.25; (b) case 8: Sc ˆ 1.0, tp ˆ 2.0, Fc ˆ 0.5.

Figure 12. The variations of the overall Nusselt number around the surfaces of the rectangular cylinder
with time. (a) Case 9 (Re ˆ 500, Sc ˆ 0.333, Lc ˆ 0.5, tp ˆ 6.0, Fc ˆ 0.167, B ˆ 0.2, A ˆ 1.0), (b) case
10 (Re ˆ 500, Sc ˆ 0.333, Lc ˆ 0.5, tp ˆ 6.0, Fc ˆ 0.167, B ˆ 0.1, A ˆ 2.0).
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1. The interaction between the oscillating rectangular cylinder and vortex
shedding from the rectangular cylinder dominates the state of the wake.
Because of the entrainment process, the vortex shedding frequency is
changed to match the rectangular cylinder oscillation frequency gradually.
The £ow and thermal ¢elds would approach a periodic state with time.

2. The heat transfer rates are enhanced remarkably as the oscillating ampli-
tude and speed of the rectangular cylinder are increased.

3. Increasing the blockage ratio results in the £ow and thermal ¢elds more
rapidly reaching a periodic state, and the heat transfer is also enhanced.

4. Increasing the aspect ratio causes the enhancement of the heat transfer to
be increased.
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