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Abstract—Heat transfer characteristics and the flow behavior of cross flow over a transversely oscillating
cylinder are investigated. The lock-on phenomenon has been predicted numerically and its influence on the
heat transfer performance of the cylinder is evaluated. The SOLA method is employed to solve the unsteady
velocity field in a non-inertial reference frame, and the energy equation is solved by a finite-volume method.
Transient variations of the Nusselt number and the drag and lift coefficients are calculated for various
oscillation conditions. The ranges of the dominant parameters considered in this study are 0 < Re < 300,
0<S,.<03and0 < 4A/D < 0.7. The Prandtl number is considered to be 0.71 or 7.0. In the lock-on regime,
an appreciable heat transfer increase caused by the oscillation is observed ; however, outside this regime,
the heat transfer is almost unaffected by the oscillation. A correlation formula expressing the dependence
of heat transfer on these dominant parameters in this lock-on regime is presented. The numerical predictions
have been compared with the existing information, and good agreement has been found. © 1997 Elsevier
Science Ltd. All rights reserved.

INTRODUCTION

The convective heat transfer from a stationary circular
cylinder has been extensively studied. The applications
range from hot-wire anemometers to nuclear reactors.
It is recognized that the Reynolds number is a domi-
nant parameter governing the flow pattern and the
heat transfer characteristics. Periodic drag and lift
forces exerted on the cylinder, which accompany the
periodic vortex shedding in the wake behind the cylin-
der, can be observed at Reynolds numbers higher than
about 50 [1-11]. The predominant frequency of vortex
shedding has been measured and referred to as the
natural shedding frequency (f). The Strouhal
number, defined by fD/u,, represents the dimen-
sionless natural shedding frequency and is essentially
a function of the Reynolds number. The unsteady
flow close to the cylinder surface causes unsteady heat
transfer on the cylinder. Previous numerical analyses
and experimental studies have shown that the tem-
perature field changes periodically at the same fre-
quency and that the maximum local heat transfer rate
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may be found in the area near the stagnation point
[11-21].

As the cylinder is forced to oscillate transversely in
the direction normal to the flow stream, a nonlinear
interaction occurs particularly as the cylinder oscil-
lation frequency (s.) gradually approaches the natural
frequency of vortex shedding (/). This interaction
leads to two major flow phenomena. First, in the
wake, the frequency of vortex shedding suddenly shifts
from the natural frequency to the cylinder oscillation
frequency. A resonance between the vortex shedding
and the cylinder oscillation is maintained over a range
of oscillation frequency. As the oscillation frequency
of the cylinder is elevated to a threshold value, the
frequency of vortex shedding changes to the natural
frequency again and is independent of the oscillation
of the cylinder. Secondly, the drag force is appreciably
increased to attain a peak value at the mid-point of
the resonance regime. This regime is termed the ‘lock-
on’ or ‘wake capture’ regime that has been studied by
many authors [22-25].

Considering the effect of the oscillation of the cyl-
inder on forced convection, Kezios and Prasanna [26]
reported a 20% increase in the average heat transfer
coefficient from a transversely oscillating cylinder.
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A amplitude of oscillation of cylinder

Cy drag coefficient, equation (12)

Cy time-averaged drag coefficient,
equation (17a)

Cyp  peak value of time-averaged drag
coefficient in the lock-on regime

. life coefficient, equation (13)

D cylinder diameter

i natural shedding frequency

Nu  overall Nusselt number, equation (16)
Nu, local Nusselt number, equation (14)
Nu  time-averaged overall Nusselt number,
equation (17b)

peak value of time-averaged overall
Nusselt number in lock-on regime

Nup

Nu, time-averaged overall Nusselt number
_ for stationary cylinders
Nu, time-averaged local Nusselt number,

equation (19)
p pressure
D pressure at far field
p dimensionless pressure
Pr Prandtl number
cylindrical coordinates
dimensionless cylindrical coordinates
Re Reynolds number, u,D/v
frequency of oscillation of cylinder
S, dimensionless frequency of oscillation
of cylinder, s.D/u,

NOMENCLATURE

S, dimensionless natural shedding
frequency or dimensionless
oscillation frequency at the peak of
lock-on regime

St Strouhal number or dimensionless

natural shedding frequency, fD/u,

time

dimensionless time

dimensionless cycle period of

oscillation of cylinder

arbitrary time start

temperature

wall temperature

temperature at far field

dimensionless temperature

velocity component in

r-direction

U, free stream velocity

U dimensionless velocity component in
R-direction

v velocity component in
f-direction

V dimensionless velocity component in
0-direction.

LY
=]

SN

kel

NN

Greek symbols
o thermal diffusivity of fluid
v kinematic viscosity
p fluid density.

Saxena and Laird [27] considered a 22 mm diameter
cylinder transversely oscillating in an open water
channel for a flow at Re=3500 and observed a 60%
increase in heat transfer. However, in an earlier study
by Sreenivasan and Ramachandran [28], no appreci-
able change in the heat transfer coefficient was found
to accompany cylinder oscillation in air flow. Leung,
Ko and Ma [29] found that for Re < 15000, the heat
transfer may be enhanced as either the oscillation fre-
quency or amplitude is increased ; however, the oscil-
lation effect becomes weaker as the Reynolds number
is increased. Recently, Cheng, Chen, and Aung [30]
performed an experimental study for flows with
0<S,<065 0< A4/D<0.628 and 0 < Re < 4000.
According to their experimental data, the lock-on and
the turbulence effects are two major mechanisms that
could significantly enhance the forced convection. A
maximum 34% increase in heat transfer was reached
when the flow became turbulent ; however, for a cyl-
inder oscillating in a laminar cross flow, the increase
in heat transfer coefficient was found only in the
lock-on regime, and a 16% increase due to the
lock-on effect was observed. In ref. [30], the lock-on
phenomenon was also observed by flow visualization
technique.

Numerical analyses, although restricted to laminar
flows at low Reynolds numbers, offer another valuable
tool to understanding the structure of the oscillation-
influenced flow fields and provide insight not easily
obtainable with experimental techniques. So far, how-
ever, almost all the previous numerical studies have
been conducted to evaluate the effects of oscillation
on the flow fields [9, 23, 24]. Only a few reports deal
with the heat transfer problem. As a result, the theor-
etical information on the oscillation-enhanced heat
transfer is still insufficient. The numerical approach
becomes necessary to provide further understanding
and to clarify some inconsistency in the experimental
data reported by the various authors [26-30]. Before
the conclusion of the present study, a numerical work
presented by Karanth, Rankin, and Sridhar [31]
comes to our attention. These authors provide the
data for the flow over a transversely oscillating cyl-
inder that exactly lies within the lock-on regime at
Re = 200, which are seemingly the only available
numerical solutions for the heat transfer behavior of
an oscillating cylinder. However, in their study, the
Reynolds number is limited at 200 and the cylinder
is considered to oscillate exactly at a fixed lock-on
frequency. The solution at other Reynolds number is
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Ui

— ¥
oscillation

direction
Fig. 1. An oscillating cylinder in a uniform flow.

not available, and the difference between the lock-on
and the unlock-on flows has not been discussed. To
have a deeper insight into the lock-on behavior, a
more general study is definitely necessary.

The purpose of the present study is to develop a
theoretical model for numerical predictions of con-
vective heat transfer on an oscillating cylinder for
various oscillation conditions and Reynolds numbers.
The lock-on and unlock-on phenomena are predicted
numerically. The influence of the lock-on effects on
the heat transfer performance of the cylinder is also
evaluated to verify the experimental data previously
obtained by Cheng, Chen and Aung [30].

The SOLA method proposed by Hirt, Nichols and
Romero [32] is modified and adopted to solve the
unsteady velocity field in a non-inertial reference
frame. The energy equation is solved for the solutions
of temperature distribution by a finite-volume method
similar to that employed by Cheng, Luy and Huang
[33].

The physical model of the present problem is shown
in Fig. 1. A circular cylinder of diameter D is main-
tained at a uniform temperature 7,, and is oscillating
transversely in a uniform fluid stream. The vortices
shed downstream in the wake of the cylinder are indi-
cated. Also shown is the grid system for numerical
computation. Four major parameters are considered
in the analysis. The Reynolds number ranges from 0
to 300. The second parameter is the dimensionless
frequency of the oscillation of the cylinder
(S. =s.Djuy) which is varied in the range
0 < S, < 0.3. The third parameter, the dimensionless
oscillation amplitude (4/D), is in the range
0 < A4/D < 0.7. In addition, the Prandtl number is
assigned to be 0.71 or 7.0.

THEORETICAL ANALYSIS

The properties of the fluid are assumed constant,
and the buoyancy force is assumed to be relatively
small compared with the inertial force. The non-
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inertial reference frame moves with the oscillating
cylinder with

v = Asin(2ns,f). 1)

In the cylindrical coordinate on a non-inertial ref-
erence frame, the dimensionless governing equations
for a laminar flow are expressed as:

U ¢U 13ar
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The dimensionless parameters are defined by

r fug v P—Du
R=— =2 U=—" py=— =
D D 0 Uy pu(z)
7 -7, p v S s.D R uyD I A
= y = — = = = —
TM _Tar L Uy ¢ v D

where s, and A4 represent the frequency and the ampli-
tude of the oscillation of the cylinder, respectively.
Note that the velocity components in r- and 6-direc-
tions, u and v, are actually the velocity components
relative to the cylinder. The reference frame trans-
formation produces two acceleration terms, 4n’
S2Asin(2nS.f)sinf and 4n2S2Asin(2nS,t) cos 6, in
equations (3) and (4), respectively.

Boundary conditions

As a result of the reference frame transformations,
a no-slip boundary condition and an oscillating fluid
stream are specified on the cylinder surface. The no-
slip and the isothermal conditions on the surface of
the cylinder are given as

U=0,V=0, and T=1, atR=1/2. (6)

At the far field, the boundary conditions are pre-
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scribed by a potential flow solution with superimposed
oscillating motion. That is, at R — oo,

_ 1
U =(cos 0+2nS, Acos(2nS,t)sinf) { | — —
( ( ) sin 0) ( iR 2)
(7a)
V =(—sinf+2xS,4 cos(2nS.t) cos §) <l + 47%)

(7b)

and

~h
I
o

(70)

NUMERICAL METHODS

The SOLA method [32] is adopted in this study for
efficiently dealing with the unsteady velocity fields. A
staggered grid system shown in Fig. 1 is employed in
the computation. The grid nodes for the pressure and
other scalar quantities are placed at the centers of the
cells, whereas those for the velocity components are
located at the boundaries of the cells.

For each time step, the momentum equations are
solved explicitly for a tentative velocity field. The ten-
tative velocity components will not, in general, satisfy
the continuity equation. These velocities are suc-
cessively recalculated based on a relaxation of the
pressure field until the continuity equation is satisfied
at each cell. The computation proceeds to the next
time level when the convergence of the adjustment is
achieved. Detailed information for the iterative
adjustment in the pressure and the velocity is available
in ref. [32].

The finite difference form of the energy equation is
derived by applying the control-volume integration to
the equation over discrete cells, as described by Cheng,
Luy and Huang [33]. The power-law scheme,
recommended by Patankar [34], is used to handle
the convective terms.

In addition, the present analysis uses a log-
arithmically spaced radial grid system which provides
a finer grid size near the cylinder surface and a coarser
grid at the far field. That is

R = R_7]+e((iA2)r'23 7-~3.396) (8)

where i is the index grid point in the R-direction. The
distance from the cylinder surface to the far edge of
the solution domain is longer than fifty times cylinder
diameter. Typically, a grid system of 100 x 100 grid
points is employed in the analysis. The computation
starts from the initially guessed velocity and tem-
perature fields and is terminated when a periodically
stable solution is attained.
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RESULTS AND DISCUSSION

The solutions of velocity and temperature dis-
tributions enable the drag and lift coefficients and the
Nusselt number to be further evaluated. The drag and
lift coefficients are calculated by the equations

Cy= —f P|r_»,cos0dO

0

L 2"6_V infdé 9
Re J, OR|z_\p . ®
and
2n
CL = —J Pli_,sin0do
0
+—1— oy 046 (10
Re |, OR Rzmcos (10)

respectively.
The local Nusselt number around the cylinder sur-
face is defined by

-D IT oT

Nug(0, 1) = - == ~ =5

(1

R=1/2

Integration of the local Nusselt number over one
cycle of the oscillation of the cylinder leads to the
time-averaged local Nusselt number

_ 1 [
Nu0(6)=t—f Nuydt (12)

PJoO

where ¢, is the period of the oscillation of the cylinder.
On the other hand, the overall Nusselt number may
be defined with the integration of Nu, around the
cylinder surface as

dé. (13)

R=1/2

1 [*#oT
Nu(t) = —2-75 ﬁ
0

The time-averaged drag coefficient and the time-
averaged overall Nusselt number may then be cal-
culated with

__ 1 (%
Cd=~J C,dt (142)
IP

(14b)

respectively.

Stationary cylinders

Since the stationary-cylinder case has been inves-
tigated extensively [1-21], a comparison may be made
between the present numerical data and the existing
information for this special case to check the validity
of the numerical schemes.
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Fig. 2. Strouhal number as a function of Reynolds number

for stationary-cylinder cases, compared with existing studies
[1-6, 9].

Figure 2 shows the data of Strouhal number as a
function of Reynolds number. The natural shedding
frequency (/) can be detected directly from the period-
ically alternating velocity components at any points
within the wake area. Some existing data [1-6, 9] are
also given in this figure. It is observed that the present
solution matches the existing data closely.

The time-averaged drag coefficient as a function
of the Reynolds number for stationary cylinders is
displayed in Table 1. The information from the pre-
vious studies [I-10], including experimental and
numerical works, is reviewed and provided for com-
parison. Note that the existing data for the drag
coefficient are somewhat scattered. Nevertheless, the
predicted values are located within the ranges defined
by the existing information.
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Fig. 3. Distribution of time-averaged local Nusselt number
on the surface of a stationary cylinder at Re = 200, compared
with existing studies [11-13].

Plotted in Fig. 3 is the distribution of the time-
averaged local Nusselt number, in the form of
Nug/Re'"*Pr'”, around the surface of a stationary cyl-
inder at Re = 200. The shadowed area indicates the
data from the previous studies [11-13]. The maximum
local heat transfer rate is found at the front stagnation
point (6 = 180°). However, the vortex shedding
downstream improves the local heat transfer on the
rear face; therefore, a local peak value is found at
8 = 360°. Figure 4 shows the dependence of the time-
averaged overall Nusselt number on the Reynolds
number for the stationary-cylinder cases and at
Pr=0.71. Close agreement between the present
numerical data and the existing information [12-21]
may be observed.

Table 1. Time-averaged drag coefficient (a) as a function of Reynolds number for stationary-cylinder cases, compared with
existing studies [1-10]

Ref. Ref. Ref. Ref. Ref. Ref. Ref. Ref. Ref. Ref. Present
Re (1] (2] B3] (4] [3] (el Y (8] [9 {10] study
50 1.3818 — — — — — — — 1.405 1.40
1.4!50
80 — — — — 1.235 — 1.270 — — — 1.33
1 ‘2|80
100 1.24 — — 1.28 — — 1.205 1.3618 — 1.2318 1.32
1,2|636 1.2‘25
200 -— 1.30 1.166 — 1.176 1.2665 0.98 1.3818 1.25 1.1273 1.312
1.I$76 l.2l735 1.(;6 1.|33
Exp. Exp. Num. Num. Num. Num. Num. Num. Num. Num. Num.
1959 1960 1969 1972 1976 1979 1986 1986 1989 1991

Exp.—experimental study; Num.—numerical study.
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Fig. 4. Time-averaged overall Nusselt number as a function
of Reynolds number for stationary-cylinder cases at
Pr = 0.71, compared with existing studies [12-21].

Oscillating cylinders

To clearly display the predicted lock-on phenom-
enon, Fig. 5(a) and (b) is provided to show the flows
located inside and outside the lock-on regime, respec-
tively. At Re =80, Pr=0.71, and 4/D = 0.14, two
dimensionless frequencies of the oscillation of the cyl-
inder, S, = 0.155 and 0.3, are considered. The velocity
and temperature fields are shown by means of the
streamlines and the isotherms, respectively. Five plots
showing the periodic variation of the velocity and
temperature fields at five consecutive instants within
one cycle of the oscillation of the cylinder are given in
each of Fig. 5(a) and (b). Note that at Re = 80, the
predicted Strouhal number is approximately 0.155.
Therefore, by letting S, = 0.155 in Fig. 5(a), the lock-
on resonance is clearly observed. Notice that in Fig.
5(a) when the cylinder experiences one cycle, from
t =1, to t = ty+1t, and moves back to the starting
position, the entire flow field also resumes its initial
pattern. This implies that the vortices are shedding at
a frequency exactly equal to the oscillation frequency
of the cylinder. Also notice that the temperature field
oscillates at the same frequency as the flow field.

When the value of S, is elevated to 0.3, which is
associated with an unlock-on flow, a rather different
flow behavior is seen. As shown in Fig. 5(b), when the
cylinder returns to the initial position after one cycle,
the flow and temperature fields do not resume the
initial state. The frequency of vortex shedding is now
different from the frequency of the cylinder oscillation.

Numerical data for the increase of the time-aver-
aged drag coefficient due to the lock-on effects are
given in Fig. 6. Since the data at Re =80 and
A/D = 0.14 are available in the previous studies [22—
24), a comparison for this particular case becomes
possible. In this figure, an increase in drag coefficient
is clearly observed in the lock-on regime. The cal-
culations predict lower drag coefficient increase than
that measured in the experiment of Tanida et al. [22] ;
however, the numerical results closely agree with the
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predicted values of Hurlbut ef a/. [23] and Chilukuri
[24].

Figure 7 shows the lock-on effects by providing the
time histories of overall Nusselt number and overall
drag and life coefficients (Nu, Cy, and C,) at Re = 200
and Pr=0.71. The data of fluid temperature and
velocity component in §-direction (T and V) at point
(R = 5,8 = 0) are also given. The point (R = 5,0 = 0)
is located in the wake area. Figure 7(a) provides the
predictions of these quantities for a stationary-
cylinder case. Note that the natural shedding fre-
quency is detected from the oscillating velocity data.
The overall Nusselt number is found to be varying
with a small amplitude at twice the natural shedding
frequency, as was also discussed by Karanth, Rankin
and Sridhar [31]. The life coefficient is oscillating at
the natural shedding frequency, whereas the drag
coefficiency is varying at twice the natural shedding
frequency like the Nusselt number.

In comparison with the convective heat transfer
from a stationary cylinder, an increased time-averaged
Nusselt number was predicted with the lock-on oscil-
lation at S, = 0.192 and 4/D = 0.14, as shown in Fig.
7(b). The time-averaged drag coefficient and the
amplitude of the oscillation of the life coefficient are
both elevated appreciably by the oscillation of the
cylinder.

Detailed information for the effects of lock-on on
the heat transfer behavior of an oscillating cylinder
is presented in Fig. 8. The dependence of the time-
averaged overall Nusselt number, in the form of
NZ;/’NT@, on the dimensionless frequency of the oscil-
lation of the cylinder at Re = 200, Pr = 0.71, and
A/D = 0.14 is examined. The experimental data pre-
sented by Cheng, Chen and Aung [30] are also given
in this figure for comparison. Both the predicted and
the experimental data show that it is only when the
cylinder oscillates at a frequency close to the natural
shedding frequency, that the Nusselt number is appre-
ciably increased. Outside this regime, the heat transfer
is almost unaffected by the oscillation. This implies
that the lock-on effect is the dominant factor that
enhances the heat transfer for laminar flows. The peak
value in the lock-on regime (Nupy) is found to be
a function of the Reynolds number as well as the
amplitude of oscillation of the cylinder.

Based on the numerical results obtained in this
study, a correlation formula expressing the depen-
dence of Nup, on these physical parameters is obtained
as

Nutgy, = 0.68Re"*¥5 PrO4[1 +0.0944(4/D)

+0.118(4/D)}]  (15)

which is valid for 80 < Re < 300,0 < 4/D £ 0.7, and
0.71 < Pr< 7 with 5% error compared with the
numerical solutions. Table 2 displays the values of
Nupy /Nuy at Re = 200 predicted by the numerical cal-
culations and those derived from equation (15), for
various oscillation amplitudes. Meanwhile, the exper-
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(a)

(b)
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Fig. 5. Unsteady velocity and temperature fields for lock-on and unlock-on flows at Re = 80, Pr = 0.71,
and A4/D = 0.14 (a) lock-on flow, at S, = 0.155 (1, = 6.45) ; (b) unlock-on flow, at S, = 0.3 (1, = 3.33).

imental data presented by Cheng, Chen and Aung [30]
and the numerical solutions of Karanth, Rankin and
Sridhar [31], at this Reynolds number, are also gath-
ered here to integrate the existing information. Results
show that the lock-on effect on heat transfer is not
significant at low amplitude ; however, as the ampli-
tude of the oscillation of the cylinder is elevated, the
heat transfer enhancement becomes appreciable.
Approximately a 13% increase in heat transfer may
be achieved due to the lock-on effects when A4/D is

elevated to 0.7. All the data from various sources
display a similar amplitude-dependence trend. The
values calculated from equation (15) basically agree
with the experimental data reported by Cheng, Chen
and Aung [30]. However, it is noted that more exper-
imental data concerning the turbulence effects resuit-
ing from the oscillation of the cylinder at higher Rey-
nolds number or larger amplitude are still needed.
Accompanying the enhancement in heat transfer
due to the oscillation effect, an increase in the drag
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Fig. 6. Lock-on effects on time-averaged drag coefficient at
Re = 80 and A/D = 0.14, compared with existing studies
[22-24].

coefficient is expected. Figure 9 shows the influence of
A/D on the peak values of the time-averaged drag
coefficient (Cgpr) and the Nusselt number (Nupy) in
the lock-on regime at Re = 200 and Pr = 7.0. In this

Re—-200
Prmo.71
Sc—0

8.06 [
8.02 |

Nu kL
794 F 3

0.92F ;
- o09f :
0.9 f
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Wliaa s
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-0.05 |
015 |

s lon

1.35
1.3

§ ””
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1.25F ]
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(a) t
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S¢/Seo

Fig. 8. Lock-on effects on time-averaged overall Nusselt
number at Re = 200, Pr = 0.71, and A/D = 0.14.

figure the value of Cgp, is varied from 1.312 to 2.08 as
A/D is elevated to 0.7.

CONCLUDING REMARKS

The heat transfer characteristics and flow behavior
of a cross flow over a transversely oscillating cylinder

82 |

Nu  gj

7 0.95 ]
0.9 /S

v Oo1Ff .
-0.1 §
1.8[ ]

cg 6F \
1.4 .

1.2 N

0 4 8 12 16 20
{b) t

Fig. 7. Time histories of several physical quantities at Re = 200 and Pr = 0.71 (Nu, Cy and C;, on cylinder
surface; T and V, at point (R, 8) =(5,0)): (a) S, = 0 (stationary cylinder); (b) S.=0.192, 4/D =0.14
(lock-on oscillation).
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Table 2. Peak value of time-averaged overall Nusselt number

in lock-on regime as a function of dimensionless oscillation

amplitude at Re=200 and Pr=0.71, compared with existing
studies (30, 31] and with equation (15).

MPL/MO
Present
Ref. Ref. numerical
A/D [30] [31] data Equation (15)
0 i 1 1 1
0.14 1.03 — 1.016 1.0155
0.2 — 1.016% - 1.0236
0.3 1.04 — 1.0388 1.0389
04 — 1.05+ — 1.0566
0.5 — — 1.075 1.0767
0.7 — — 1.125 1.124
t Values taken from Fig. 8 of ref. [31].
2.8 T T T T 25
T | B in
24l Sc=0.192 Nust 1%
42
—19
-7
15
1.0

Fig. 9. Peak values of time-averaged drag coefficient and

overall Nusselt number in lock-on regime as functions of

dimensionless oscillation amplitude, at Re =80 and
Pr=10.71.

are investigated. Lock-on phenomenon has been pre-
dicted numerically and its influence on the heat trans-
fer performance of the cylinder is evaluated. Numeri-
cal solutions of the unsteady flow and temperature
fields, time-averaged overall Nusselt number, and
time-averaged drag lift coefficients under various
physical and oscillation parameters are presented. The
parameter ranges considered in this study are
0<Re<300, 0<5.<03, and 0<4/D<0.7.
Prandtl numbers assigned are 0.71 and 7.0 pertaining
to different fluids. The numerical predictions have
been compared with the existing experimental and
numerical information for the flow over a stationary
or an oscillating cylinder, and good agreement has
been found.

Lock-on resonance can be predicted and observed
by the numerical calculation when the cylinder oscil-
lates at a frequency close to the natural shedding fre-
quency. Appreciable increase in the Nusselt number
may result from the oscillation particularly in this
lock-on regime. The peak value of the time-averaged
overall Nusselt number in the lock-on regime (Nup,)
is found to be a function of the Reynolds number as
well as the dimensionless amplitude of the oscillation
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of the cylinder. Based on the present numerical results,
a correlation formula expressing the dependence of
Nup, on these physical parameters has been obtained.

For the particular case at Re = 200 and Pr = 0.71,
an approximate 13% increase in heat transfer may be
achieved due to the lock-on effects when A/D is elev-
ated to 0.7. However, accompanying the enhancement
in heat transfer due to cylinder oscillation, an increase
in the drag coefficient from 1.312 to 2.08 is also found.

The numerical predictions of the lock-on effect on
the heat transfer basically agrees with the exper-
imental data provided by Cheng, Chen and Aung [30].
However, more experimental studies concerning the
turbulence effect resulting from the oscillation of the
cylinder are still needed.
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