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Abstract

In this study, numerical simulations have been carried out to investigate the influence of transient flow field structures, and the heat
transfer characteristics of heated blocks in the channel with a transversely oscillating cylinder. To solve the interaction problems between
liquid and solid interface in the simulations, a Galerkin finite element formulation with Arbitrary Lagrangian–Eulerian method (ALE) is
adopted.

The main parameters in the study are Reynolds numbers (Re = 800–8000), dimensionless oscillating frequencies (F = 0.1–0.4), dimen-
sionless amplitudes (L = 0.05–0.4). The results of numerical simulations show that the oscillating cylinder induces the flow vibration.
This phenomenon disturbs the flow and thermal fields in the channel flow, and the heat transfer rate in the channel would be enhanced.
Furthermore, the resonance effect of channel flow and oscillating cylinder can be observed as the oscillating frequency of the cylinder
approach to the vortex shedding frequency. Due to the phenomenon of resonance in the channel flow, the heat transfer rate is enhanced
more remarkably. In the studied ranges, the results show that the optimum dimensionless cylinder oscillating frequency and dimension-
less amplitude value are 0.21 and 0.1 and that the heat transfer from heated blocks is enhanced as the oscillating frequency of the cylinder
is in a lock-in region.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Forced convection in a channel flow with heated blocks
has been investigated due to its practical importance and
has been widely considered in the design problem. The vast
majority of these investigations has been carried out for the
heat transfer and flow characteristics in a channel with
heated blocks. Furthermore, vortex generators or turbu-
lence promoters installed in the channel are often used to
enhance the heat transfer, Fiebig et al. [1–3]. Liou et al.
[4–6] investigated a series of numerical and experimental
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studies on the turbulent flows in a channel with turbulence
promoters. The results indicated that the pitch ratio, the
Reynolds number and the eccentric ratio affect the phe-
nomena of separation, reattachment and the heat transfer
rate.

Sekar and Nath [7] studied the effect of flow oscilla-
tions on the axial diffusion of a solute in a pipe and is
analyzed by the boundary element method. The bound-
ary and the domain were generated as in the finite ele-
ment method, and these integral equations were solved
with linear variations. Flow variables such as velocity
and skin friction were calculated. Valencia [8] presented
the heat transfer enhancement in a channel with a
built-in rectangular cylinder. The transient heat transfer
by laminar natural convection in a square cavity partially
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Nomenclature

A oscillating amplitude of cylinder
Cl;Ce1;Ce2 turbulent constant
d diameter of cylinder
fc oscillating frequency of cylinder
F dimensionless oscillating frequency of cylinder

(F = fcd/uin )
k turbulent kinetic energy
K dimensionless turbulent kinetic energy
L dimensionless oscillating amplitude
Nuoverall average Nusselt number of overall heated sur-

face
Nusurface average Nusselt number of one surface of a

block
Nux local Nusselt number
p dimensional pressure
P dimensionless pressure
Pr Prandtl number
p1 reference pressure
Pk generation rate of turbulent kinetic energy
R dimensionless radial coordinate (R = r/d)
Re Reynolds number (Re = uind/m)
t time
tp dimensionless time of one oscillating cycle
T temperature

Tb temperature of block
u; v velocity in x and y directions
U,V dimensionless velocities in X and Y direction
uin inlet velocity
vc oscillating velocity of cylinder
Vc dimensionless velocity of cylinder
v̂ mesh velocity in y direction
V̂ dimensionless mesh velocity in y direction
x; y Cartesian coordinate
X ; Y dimensionless Cartesian coordinate

Greek symbols

a thermal diffusivity
h dimensionless temperature
q density
m kinematic viscosity
mt turbulent viscosity
e dissipation rate of turbulent energy
�e dimensionless dissipation rate of turbulent en-

ergy
rk,re,rT k–e turbulence model constants
s dimensionless time
sij turbulent shear stress
dij Kronecker delta
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heated from below was studied numerically using a finite
difference procedure by Lakhal et al. [9]. The temperature
of the heating element was uniform, but its magnitude
varied sinusoidally with time, oscillating about a fixed
mean value. The transient solutions obtained were all
periodic in time. Cheng et al. [10,11] and Gau et al.
[12] studied the heat transfer around a heated oscillating
circular cylinder using experimental and numerical meth-
ods. The results presented that the enhancement of the
heat transfer was proportional to the magnitude of the
oscillating frequency and the amplitude of the circular
cylinder and that the heat transfer increased remarkably
as the flow approached the lock-in regime. Ju et al. [13]
developed an improved numerical model for simulating
the oscillating flow and detailed dynamic performance
of a pulse tube cryocooler. Detailed time-dependent axial
wall temperature distribution, transient gas temperature,
mass flow rate, and dynamic pressure variations in the
oscillation pulse tube cryocooler have been obtained.
Wu and Perng [14] indicated the effects of an oblique
plate on the heat transfer enhancement of mixed convec-
tion over heated blocks in a horizontal channel flow. Tsui
et al. [15] studied the flow and the heat transfer in a tube
with a multilobe vortex generator and showed that the
multilobe induced secondary vortices. Liou et al. [16]
adopted the transient liquid crystal thermography to
study the heat transfer and the flow in a square duct with
12 different shaped vortex generators. A numerical simu-
lation was performed to study the flow structures and the
heat transfer characteristics of a heated transversely oscil-
lating rectangular cylinder in a cross flow by Yang and
Fu [17]. The moving interfaces between the fluid and
rectangular cylinder have been considered. The results
shown that the interaction between the oscillating rectan-
gular cylinder and vortex shedding from the rectangular
cylinder dominated the state of the wake. The heat trans-
fer characteristics of a heated wall in a channel with a
transversely oscillating cylinder in cross flow were investi-
gated numerically by Fu and Tong [18]. An arbitrary
Lagrangian–Eulerian kinematic description method was
adopted to describe the flow and the thermal fields.
The results presented that not only the region relating
to the heat transfer is enlarged substantially, but also that
the heat transfer rate of this region is enhanced remark-
ably. Yang [19] adopted numerical simulations to study
the unsteady flow and heat transfer in a channel with
an oscillating bar. The results indicated that the unsteady
flow of transverse vortices is active and large formed
behind the bar as the bar oscillated in the channel. Fu
and Tong [20] studied the influence of an oscillating cyl-
inder on the heat transfer from heated blocks in a chan-
nel flow. The results presented that the heat transfer from
heated blocks is enhanced remarkably as the oscillating
frequency of the cylinder is in the lock-in region. Wan
and Kuznetsov [21] utilized the perturbation technique
under the assumption that the oscillation amplitude was
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much smaller than the channel width and the Reynolds
number, which was defined by the oscillating frequency
and the standing wave number. It was found that the
streaming velocities approach constant values at the
edges of the boundary layers and thus provided slip
velocities for the streaming field in the core region. Cheng
and Hung [22] investigated the effects of wall vibration
on a natural convection in a rectangular enclosure con-
taining air. The solution method was based on a two-
stage pressure-correction scheme, which was applied to
determine the absolute pressure, the density, the temper-
ature, and the velocity components of the compressible
flow in enclosures. The comparison of control volumes
and Galerkin finite element methods for diffusion-type
problems were discussed by Banaszek [23]. It gave a sim-
ple, physically justified way for setting up a computation-
ally convenient lumped mass matrix model in high-order
finite element grids. Nishimura and Kawamura [24] dem-
onstrated the effects of an elements size and a formula
used for the calculation of temperature gradients on the
local and the average Nusselt numbers of natural convec-
tion for the widely used Galerkin finite element method.
The numerical error in the Nusselt numbers decreases
with decreasing element size. Comini et al. [25] solved
the two-dimensional heat conduction equation by con-
trol-volume and Bubnov–Galerkin finite element meth-
ods. The comparison concerned the calculation of the
temperature distribution and the computation of nodal
heat flow rates over external and internal boundaries.
Syrjälä [26] studied the performance of a penalty-Galer-
kin finite element method with quartic triangular ele-
ments when applied to laminar natural convection in a
square cavity with differentially heated vertical wall and
adiabatic horizontal walls. The computational results
were presented in terms of the velocity components, the
temperature, the stream function, and the Nusselt num-
ber. A numerical simulation of a slider bearing load sup-
port has been accomplished using the streamline upwind
Petrov-Galerkin finite element method by Kumar et al.
[27]. The study revealed that the consideration of the
inlet pressure or thermal boosting or lubricant with low
viscosity coefficient can increase the load carrying capac-
ity of the bearing. Nithiarasu [28] proposed a locally con-
servative Galerkin finite element approach for transient
Fig. 1. Physic
conservation equations using linear triangular elements.
Both diffusion and convection–diffusion problems were
solved in one and two dimensions and compared with
analytical solutions. In order to analyze this problem
more realistically an arbitrary Lagrangian–Eulerian
(ALE) kinetic description method presented by Hirt
et al. [29] was adopted. Most of the above mentioned
studies focused on the flow vibration induced by an oscil-
lating cylinder set in an infinite space and the heat trans-
fer rate of the oscillating cylinder. The motivation for the
present study is the obvious lack of information concern-
ing the turbulent fluid flow and the heat transfer charac-
teristics of heated blocks in the channel with an
oscillating cylinder. This study is a kind of moving
boundary problem, and the arbitrary Lagrangian–Eule-
rian (ALE) method is used to describe the variations of
the flow and the thermal fields induced by the oscillating
cylinder in the channel. A numerical method of Galerkin
finite element formulation with moving meshes is applied
to solve the governing equations. The effects of Reynolds,
the oscillating amplitude, and the oscillating frequency of
the cylinder on the flow structures and the heat transfer
characteristics are investigated in detail.

2. Mathematical formulation

A schematic diagram of the physical model used in this
study is shown in Fig. 1. It involves the two-dimensional
heat transfer and the fluid flow characteristics of the turbu-
lent flow in the channel with a transversely oscillating cyl-
inder. Initially, the cylinder is stationary at the position of
the center of the channel and the fluid flows steadily. As the
time t > 0, the cylinder is in oscillating motion normal to
the inlet flow with the dimensionless oscillating amplitude
L. Due to the oscillating motion, the flow field becomes
time-dependent and is classified into a moving boundary
problem. The Arbitrary Lagrangian–Eulerian (ALE)
method is applied to analyze this problem. Numerical sim-
ulations of transient incompressible turbulent flow with
constant properties are considered. The two-dimensional
assumption is valid if the channel aspect ratio is large
and if buoyancy effects do not dominate. The no-slip con-
dition is proposed on the interfaces between the fluid and
cylinder.
al model.
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The following dimensionless variables are introduced:

X ¼ x
d
; Y ¼ y

d
; U ¼ u

uin

; V ¼ v
uin

;

V̂ ¼ v̂
uin

; V c ¼
vc

uin

; P ¼ p � p1
qu2

in

;

s ¼ tuin

d
; h ¼ T � T in

T b � T in

; Re ¼ uind
m
;

Pr ¼ m
a
; K ¼ k

u2
in

; �e ¼ ed
u3

in

;

ð1Þ

Based on the above assumptions and dimensionless vari-
ables, the dimensionless ALE governing equations for a
turbulent flow under the Boussinesq assumption can be
written in the following non-dimensional form in the
Cartesian coordinate system.

Continuity equation:

oU
oX
þ oV

oY
¼ 0 ð2Þ

X-axis momentum equation:

oU
os
þ U

oU
oX
þ ðV � bV Þ oU

oY
¼ � oP

oX
þ 1

Re
o2U

oX 2
þ o2U

oY 2

� �
þ os11

oX
þ os12

oY
ð3Þ

Y-axis momentum equation:

oV
os
þ U

oV
oX
þ ðV � bV Þ oV

oY

¼ � oP
oY
þ 1

Re
o2V

oX 2
þ o2V

oY 2

� �
þ os12

oX
þ os22

oY
ð4Þ

where U and V are dimensionless horizontal (X) and verti-
cal (Y) velocity components, respectively; P is the dimen-
sionless pressure; s is dimensionless time; Re (uind/m) is
the Reynolds number defined by the inlet velocity and
the diameter of the cylinder; m is molecular kinetic viscosity
and sij (i; j ¼ 1 and 2) is the dimensionless turbulent shear
stress. Boussinesq assumption is used to determine the tur-
bulent stress by introducing the eddy viscosity mt, which is
related to the turbulent shear stress by

sij ¼ mt

oUi

oX j
þ oU j

oX i

� �
� 2

3
dijK ð5Þ
Table 1
Case studies

F(fcd/uin) L(A/d) Re(uin d/m)

Case 1 0.1 0.1 800
Case 2 0.21 0.1 800
Case 3 0.4 0.1 800
Case 4 0.21 0.05 800
Case 5 0.21 0.2 800
Case 6 0.21 0.4 800
Case 7 0.21 0.1 2000
Case 8 0.21 0.1 4000
Case 9 0.21 0.1 8000
where K is dimensionless turbulent kinetic energy, and dij is
Kronecker delta.

Turbulent kinetic energy equation:

oK
os
þ U

oK
oX
þ ðV � V̂ Þ oK

oY

¼ 1

Re
o2K

oX 2
þ o2K

oY 2

� �
þ o

oX
mt

rk

oK
oX

� �
þ o

oY
mt

rk

oK
oY

� �
þ P k � �e ð6Þ
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Fig. 2. Grid independent test of the velocity profile along the line through
the center of the cylinder for different mesh: (a) u velocity distribution; (b)
v velocity distribution and (c) the overall Nusselt number variations for
various computational elements.
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Fig. 4. Transient developments of streamlines for case 8 (Re = 4000, F = 0.21,
s = 222.80 and (f) s = 273.92.
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Dissipation rate of turbulent kinetic energy:

o�e
os
þ U

o�e
oX
þ V � bV� � o�e

oY

¼ 1

Re
o

2�e

oX 2
þ o

2�e

oY 2

� �
þ o

oX
mt

re

o�e
oX

� �
þ o

oY
mt

re

o�e
oY

� �
þ Ce1

�e
K

P k � Ce2
e2

K
ð7Þ

Here P k ¼ mt 2
oU
oX

� �2

þ 2
oV
oY

� �2

þ oU
oY
þ oV

oX

� �2
" #

ð8Þ

and the turbulent viscosity mt is obtained from

mt ¼ Cl
k2

e
ð9Þ
L = 0.1), (a) empty channel, (b) s = 17.12, (c) s = 34.24, (d) s = 68.48, (e)
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Energy equation:

oh
os
þ U

oh
oX
þ ðV � bV Þ oh

oY
¼ m

Pr
þ mt

rT

� �
o

2h

oX 2
þ o

2h

oY 2

� �
ð10Þ

The empirical constants appear in the above equations are
given by the following values :

Cl ¼ 0:09; rk ¼ 1:0; re ¼ 1:3; rT ¼ 1:0;

Ce1 ¼ 1:44; Ce2 ¼ 1:92

The boundary conditions for the flow field and thermal
boundary are stated as follows. For the near-wall region
the law of the wall is assumed to be valid for both the flow
and temperature fields. A no-slip boundary condition is ap-
plied at all the wall surfaces. As the times > 0, the bound-
ary conditions adopted in the present study are written as
follows,

(1) Inlet boundary
F F F FT T T TB B B B
0
U ¼ 1; V ¼ 0; h ¼ 0; K ¼ 1; �e ¼ 1 ð11Þ
Block I Block IVBlock IIIBlock II

(2) Wall boundary
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Fig. 5. The variations of local Nusselt number of each block for various
Reynolds number for F = 0.21, L = 0.1, (a) Re = 2000 (b) Re = 4000 and
(c) Re = 8000.
3. Numerical computation

The governing equations and boundary conditions are
solved by using the Galerkin finite element formulation.
A backward difference implicit method is adopted to deal
with the time differential terms. The pressure is eliminated
from the governing equation using the consistent penalty
method. The velocity and temperature terms are expressed
as quadrilateral and four-node quadratic isoparametric ele-
ments, and the shape function is used as the weighting
function. The nonlinear terms in the momentum equations
are simplified by Newton–Raphson iteration algorithm.
The mesh velocity v̂ is assumed to be linearly distributed
and inversely proportional to the distance between the
nodes of the computational element and the cylinder.

4. Results and discussion

In this study, the working fluid is air with Pr = 0.71 and
the Reynolds numbers varied from 800 to 8000. The oscil-
lating amplitude, the oscillating frequency and the Rey-
nolds number are examined to investigate the flow
structures and the heat transfer characteristics. The combi-
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nations of these parameters are listed in Table 1. In order
to obtain an optimal computational mesh, three different
nonuniform distributed elements are used for the mesh
tests as shown in Fig. 2. Fig. 2a and b shows that the veloc-
ity profiles along the line through the center of the cylinder
and parallel to the Y-axis at the steady state for Re = 8000,
respectively. Fig. 2c shows the overall Nusselt number var-
iation for various computational elements. In order to
obtain an optimal computational mesh, three different non-
uniform distributed elements were carried out for the mesh
tests. Based on the computational results, 13,182 elements
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are used for all cases in this study. In addition, an implicit
scheme was employed to deal with the time differential
terms of the governing equations. In Fig. 3, the time step
test is shown for Re = 8000, F = 0.21, and L = 0.1, where
F is the dimensionless oscillating frequency of cylinder,
F = fcd/uin (fc is the oscillating frequency of cylinder), L
is the dimensionless oscillating amplitude, L = A/d (A is
the oscillating amplitude of cylinder). The time step
Dt = 0.001 s was chosen for all cases in this study. In order
to understand the phenomena around the oscillating cylin-
der and heated block, the flowfield characteristics close to
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the oscillating cylinder for Re = 4000, F = 0.21, and
L = 0.1 are presented in Fig. 4a–f. It clearly demonstrated
that the streamlines deflect upstream and the fluid is accel-
erated due to the effect of the first block. Between the
heated block, weak clockwise vortices are observed, which
are similar to the cavity flow. The other larger vortex
downstream of the last heated block is observed. Due to
the effect of contraction, the fluid is accelerated. The
streamline pattern has significant differences after the first
and last blocks.

Fig. 5a–c shows the time variations of the local Nusselt
number distribution of each block for case 7, case 8 and
case 9. These three cases have the same oscillating fre-
quency and amplitude, F = 0.21, L = 0.1, but with different
Reynolds numbers, Re = 2000, 4000 and 8000. Due to the
high Reynolds number cases, the local Nusselt numbers are
much higher than those of the laminar cases of Fu and
Tong [20]. It is apparent that the overall increment of heat
transfer is greatly augmented with the increased inlet flow
rate. Fig. 6 shows the time variations of the averaged Nus-
selt number of the heated regions of the channel. These
cases have the same Reynolds number (Re = 800), but with
different oscillating frequencies and amplitudes. It can be
observed that as the oscillating frequency is in the lock-in
regime (F = 0.21), the heat transfer is greater than those
of other frequency situations obviously. When F = 0.1
and 0.4, because of the flow in the unlock-in flow, the
enhancement for the heat transfer of those flows is not as
significant as that in the lock-in regime. The effect of the
oscillating amplitude on the heat transfer of the heated
regions is shown in Fig. 7. The effect of the oscillating
amplitude on the heat transfer from the heated block is
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remarkable as the oscillating amplitude is larger than 0.1.
The effect of oscillating frequencies of the heat transfer
for Re = 800, L = 0.1 is shown in Fig. 8. It is clearly shown
that the heat transfer rate is enhanced remarkably with an
oscillating frequency F = 0.21.

Table 2 shows the comparison of the time average over-
all Nusselt number with the oscillating cylinder and with-
out the oscillating cylinder. The effects of the oscillating
frequency on the heat transfer enhancement are significant
for case 1 (F = 0.1), case 2 (F = 0.21) and case 3 (F = 0.4)
at L = 0.1 and Re = 800. But for a fixed frequency and a
change of the amplitude for case 4, case 5 and case 6, the
heat transfer enhancement is not obvious than the above
cases. When the frequency and amplitude are fixed
(F = 0.21, L = 0.1) and the Reynolds number is changed
(Re = 2000, 4000 and 8000), the significant heat transfer
enhancement is at Re = 4000 under this study condition.
The results show the heat transfer could be improved by
the oscillating cylinder and the optimum condition is the
oscillating frequency which is in the lock-in region,
F = 0.21, L = 0.1. Fig. 9 shows the time variations of the
overall Nusselt number of the heated regions of the channel
for case 2 (Re = 800,F = 0.21, L = 0.1), case 4 (Re = 800,
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Table 2
Comparisons of heat transfer enhancement with and without the
oscillating cylinder

ðNuoverallÞwith oscillating cylinder � ðNuoverallÞwithout oscillating cylinder

ðNuoverallÞwithout oscillating cylinder

Case 1 14.07%
Case 2 17.07%
Case 3 13.37%
Case 4 9.34%
Case 5 8.82%
Case 6 8%
Case 7 16 %
Case 8 16.87%
Case 9 7.93%
F = 0.21,L = 0.05), case 5 (Re = 800, F = 0.21,L = 0.2)
and case 6 (Re = 800,F = 0.21, L = 0.4). These cases have
the same Reynolds number and oscillating amplitude
(Re = 800,F = 0.21) but with different oscillating ampli-
tudes. In the beginning, the difference between case 5 and
case 6 is small. As the time increases, the effect of oscillat-
ing on the heat transfer of these cases is apparent signifi-
cantly. In case 2, F = 0.1, the variation of the overall
Nusselt number is not obvious. The maximum overall aver-
age Nusselt number occurs at tp = 0.5. In the same oscillat-
ing frequency, the heat transfer increases with increasing
oscillating amplitudes of the cylinder. The reason is that
the transverse vortices behind the cylinder could be more
drastic as the cylinder oscillates with larger amplitudes.
The overall increment of heat transfer for different Rey-
nolds number at F = 0.21, L = 0.1 is shown in Fig. 10. It
is apparent that the heat transfer rate is enhanced remark-
ably with the increment of the Reynolds number.

5. Conclusions

This work presents numerical computations of the heat
transfer characteristics of the heated blocks in the channel
with transversely oscillating cylinders. Present results show
that the heat transfer could be improved substantially as
the cylinder oscillates in the lock-in region. The heat trans-
fer is strongly dependent on the oscillating amplitudes and
oscillating frequencies. The overall increment of heat trans-
fer is greatly augmented with the increased inlet flow rate.
The numerical results reveal that the oscillating cylinder is
efficient to enhance the heat transfer in the channel.
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