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Abstract

Experiments have been performed to investigate heat transfer enhancement from a heated square cylinder in a channel by pulsating
flow. For all the experiments, the amplitude of the pulsating flow is fixed at A = 0.05. The effects of the Reynolds number based on the
mean flow velocity (Re = 350 and 540), the pulsating frequency (0 Hz < fp < 60 Hz) and the blockage ratio of the square cylinder (b = 1/
10, 1/8, and 1/6) on convective heat transfer are examined. The measured Strouhal numbers of shedding vortices for non-pulsating
(A = 0) steady inlet flow are compared with the previously published data, and good agreement is found. The ‘‘lock-on” phenomenon
is clearly observed for a square cylinder in the present flow pulsation. When the pulsating frequency is within the lock-on regime, heat
transfer from the square cylinder is substantially enhanced. In addition, the influence of the Reynolds number and the blockage ratio on
the lock-on occurrence is discussed in detail.
� 2007 Published by Elsevier Ltd.
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1. Introduction

Flow over a bluff body has been of practical importance
in many engineering applications. Most researches have
focused on the flow over circular cylinders. Excellent
reviews on this configuration were given by Zdravkovich
[1] and Williamson [2]. For the flow over a square cylinder,
the separation mechanism and the dependence of the shed-
ding frequency on the Reynolds number are the major
issues. For a flow over a square cylinder, the separation
points are fixed at its leading or trailing edges. It is gener-
ally believed that the aerodynamic coefficients are less
dependent on the Reynolds number for a square cylinder.
In contrast to the large number of publications on the flow
past circular cylinders, the study on square cylinders has
not been numerous. Furthermore, most investigations were
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concerned with the flow characteristics without heat trans-
fers [3–8].

Several papers described the convective heat transfer
characteristics from square cylinders. Kelkar and Patankar
[9] discussed the overall heat transfer from a square cylin-
der in unsteady flow. Laminar channel flows with a square
cylinder were studied numerically and experimentally by
Suzuki and Suzuki [10]. They observed that induced vortex
near the heat transfer surface entrains cooler fluid from the
downstream region, and a this fluid motion contributes to
enhancement of heat transfer. Shuja et al. [11] showed that
a vortex attached to the body enhanced heat transfer while
a detached vortex lowered heat transfer.

For the flow past a stationary cylinder, it is known that
vortices are shed with a constant natural frequency, St, at a
particular Reynolds number. Within a narrow range of
externally forced frequency, vortex shedding can be con-
trolled by the oscillation of the cylinder (or flow pulsation).
In this case, remarkable increases in the lift and drag forces
are observed. This is referred to as ‘‘lock-on,” or ‘‘wake
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Nomenclature

A pulsating amplitude or cylinder displacement
B side length of a square cylinder (mm)
E heat transfer enhancement factor, Nup/Nus

f dimensional frequency (Hz)
fp pulsating frequency (Hz)
fs shedding frequency (Hz)
fso natural shedding frequency (Hz)
h convective heat transfer coefficient (W/m2 K)
H height of flow channel (mm)
k thermal conductivity of air (W/m K)
L length of flow channel (mm)
Nu Nusselt number
q input heat flux (W/m2)
qloss heat loss (W/m2)
Re Reynolds number, U0B/m
St Strouhal number, fB/U0

T local surface temperature (K)
Ti inlet air temperature (K)

Ui inlet air velocity (m/s)
U0 time-averaged inlet air velocity (m/s)
W channel width (mm)
X streamwise coordinate (mm)
Xd distance from the channel outlet to downstream

face of the cylinder (mm)
Xu distance from the channel inlet to upstream face

of the cylinder (mm)
Y transverse coordinate (mm)

Greek symbols

b blockage ratio, B/H
m kinematic viscosity (m2/s)
x angular frequency (rad/s)

Subscripts

p pulsating component
s steady-state component
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Fig. 1. Schema of a heated square cylinder in a channel.
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capture” or ‘‘vortex resonance” phenomenon. For trans-
verse oscillations, the lock-on occurs when the forced oscil-
lating frequency approaches the natural shedding
frequency resulting in a considerable increase in the drag
force with the vortices being shed at the same frequency
as the oscillation frequency. For in-line oscillations or in-
line flow pulsation, the lock-on is observed at the oscilla-
tion frequency which is twice the natural shedding fre-
quency. This implies that the vortex shedding occurs at
half the oscillation frequency [12–18]. The lock-on phe-
nomenon is observed in many practical engineering appli-
cations, i.e, the offshore exploration, the marine
hydrodynamics, and the power generation. Recently, this
phenomenon can be used to intensify the wake flow to
enhance heat transfer, mixing and combustion in the elec-
tronics devices, lab on a chip, fuel cell and so on.

Previous studies have delineated the effects of lock-on
phenomenon on the flow fields. The influence of the lock-
on phenomenon on mass and heat transfers has not been
studied in detail. Prior numerical and experimental endeav-
ors have shown that the flow pulsation over a circular cyl-
inder leads to increased heat and mass transfers when the
lock-on phenomenon takes place [12,19–21].

The present study aims to examine experimentally the
influence of flow pulsation on the convective heat transfer
from a heated square cylinder in a channel, as shown in
Fig. 1. The mean-flow Reynolds number, the flow pulsa-
tion frequency, and the blockage ratio of the square cylin-
der are the principal parameters. Based on the
experimentally obtained data, the lock-on phenomenon
for a square cylinder in a pulsating channel flow will be
depicted. In particular, it will be of interest to analyze the
effect of lock-on on the overall heat transfer from a square
cylinder.
2. Experimental apparatus and procedure

A schematic diagram of the present experimental appa-
ratus is shown in Fig. 2. The experiments were conducted
in a channel fabricated with 10 mm thick Plexiglas of width
W = 150 mm and length L = 960 mm. The height H was
varied in the range of 90–150 mm. This gives the blockage
ratio (b) from 1/6 to 1/10. A steady main airflow was sup-
plied by a DC fan (Sanyo Denki, 109E1724H543). A pre-
heater was installed behind the DC fan to keep the inlet
air temperature constant during the experimental runs.
Three-stage mesh screens and a honeycomb were installed
to produce a uniform inlet flow with low turbulence inten-
sity. The uniformity of inlet airflow was confirmed by mea-
suring the velocity distribution with a hot-wire anemometer
(Dantec StreamLine� System) (see Fig. 3). A DC power
supply (Agilent, E3634A) was connected to the DC fan,
which adjusted the airflow rate in the test section. The inlet
air velocity Ui tested ranged from 0.37 m/s to 0.57 m/s, and
the turbulence intensity at the inlet was less than 0.8%. The
side length of a square cylinder (B), made of aluminum,
was 15 mm. A square cylinder was installed at Xu = 60 mm
and Xd = 275 mm in the channel as shown in Fig. 1.
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A 300 mm diameter woofer speaker, mounted on a cubic
chamber, was used to produce an oscillatory flow. The
cubic chamber for the woofer speaker was connected to
an air-mixing plenum upstream of the channel with a flex-
ible tube. The flexible tube was employed to reduce
mechanical vibration. A function generator (HP, 33120A)
provided a sinusoidal signal with a setting frequency, and
the signal was amplified by a signal amplifier (Inkel,
AX7030G). The amplified signal was sent to the woofer
speaker via a digital oscilloscope (LeCroy, 9310A) to con-
firm the input frequency and voltage.

To generate uniform heat from the square cylinder, a
cylindrical cartridge heater was embedded into the square
cylinder using thermal compound (Electrolube, TCR75S).
The cartridge heater was controlled by a DC power supply
(Agilent, E3634A). For all the experimental runs, the
power input was kept at 3 W.

Temperatures were measured by T-type thermocouples
(Omega AWG36). The air temperature at the inlet and
the wall surface temperature of the square cylinder were
measured. Four thermocouples to measure the surface tem-
perature were groove-installed on the surfaces of the square
cylinder using thermal compound (Electrolube, TCR75S),
as shown in Fig. 2. The temperature at the surface was esti-
mated by analyzing one-dimensional conduction from the
groove. The wall surface temperature was determined by
the arithmetic mean of estimated temperatures.

The experiment was started by heating up the heater and
supplying air into the channel with no flow pulsation. The
thermally steady state was declared when the variation of
measured temperatures was less than ±0.1 �C for 10 min.
After reaching the steady state, all the temperature data
were recorded by a data logger (Yokogawa, DS 400). After
the steady state temperature data were collected, the pul-
sating flow was imposed by the acoustic woofer.

Figs. 3 and 4 illustrate sample velocity signals and their
power spectra. The time-varying flow velocity was mea-
sured at 60 mm upstream of the square cylinder. A hot-wire
anemometer was used to determine the pulsating velocity
amplitude and the mean-flow Reynolds number. These
results indicate that the acoustic woofer produces high-
quality flow pulsation in the channel. In the present exper-
iments, the pulsation frequency was varied in the range of
0–60 Hz, and the velocity amplitude of pulsation (A) was
fixed at 0.05. To measure the vortex shedding frequency
generated from the square cylinder, a hot-wire probe was
installed at X = 6 B and Y = 2 B. The measured time signal
of the fluctuating velocity was post-processed using the Fast
Fourier Transform to acquire the vortex shedding fre-
quency. After reaching the time-periodic steady state, the
temperature data were stored in the data acquisition system.

3. Data reduction

The mean-flow Reynolds number Re and the Strouhal
number St are defined as

Re ¼ U 0B
m

; ð1Þ
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Fig. 4. Exemplary plots of the measured velocity, Ui and its power spectrum at Re = 540, b = 1/10. (a) fp = 5 Hz; (b) fp = 15 Hz; (c) fp = 20 Hz.

Table 1
Experimental uncertainties

Parameters Values

Velocity ±0.5%
Temperature ±0.1 �C
Conductivity ±0.2%
Kinematic viscosity ±0.25%
Heat input ±1.7%
Nusselt number ±3.4%
Reynolds number ±3.5%
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St ¼ fB
U 0

; ð2Þ

where U0, B, and f are the time-averaged inlet flow velocity,
the side length of square cylinder, and the frequency,
respectively. The Nusselt number Nu is expressed in terms
of the actual heat input and the surface temperature. Thus,

Nu ¼ hB
k
¼ qwB=k
ðT w � T iÞ

; ð3Þ

qw ¼ q� qloss: ð4Þ

Here, q is total heat flux supplied by the cartridge heater,
and qloss is the heat loss conducted through the block side
walls.

The uncertainties in the present experiments were esti-
mated by the single-sample experimental analysis by Kline
and McClintock in Ref. [22]. The uncertainty in the Nusselt
number, dNu, is estimated as:
dNu
Nu
¼ dqw

qw

� �2

þ dðT w � T iÞ
ðT w � T iÞ

� �2

þ dB
B

� �2

þ dk
k

� �2
" #

:

ð5Þ
In summary, typical uncertainties for the Nusselt num-

ber and the Reynolds number were estimated to be 3.4%
and 3.5%, at the 95% confidence level, respectively (see
Table 1).
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Fig. 6. Power spectra of the measured velocity in wake at Re = 540,
b = 1/10 (fso = 4.1 Hz): �, pulsating frequency (fp); d, shedding frequency
(fs). (a) fp = 0 Hz; (b) fp = 10 Hz; (c) fp = 40 Hz (an arrow indicate the
natural shedding frequency fso).
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4. Results and discussion

In an effort to verify the reliability of the present exper-
imental setup and data reduction procedure, some preli-
minary experiments were carried out for a non-pulsating
steady flow (A = 0.0) with a square cylinder located in a
uniform flow. Fig. 5 shows the Strouhal numbers com-
puted using the natural shedding frequencies of the previ-
ously reported results [3,5,7]. Minor discrepancies are
attributed to the differences in the main flow turbulence
intensity, the blockage ratio [5], the cylinder side wall effect
and the sharpness of cylinder edges, among others.

Figs. 6 and 7 demonstrate ‘‘the lock-on” phenomenon.
When the incoming flow is non-pulsating (A = 0.0) as
shown in Fig. 6a, the vortex shedding pattern in the wake
is characterized by the natural shedding frequency,
Fig. 7. Power spectra of the measured velocity in wake at Re = 350,
b = 1/10 (fso = 3.2 Hz): �, pulsating frequency (fp); d, shedding frequency
(fs). (a) fp = 0 Hz; (b) fp = 5 Hz; (c) fp = 40 Hz (an arrow indicate the
natural shedding frequency fso).
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fso � 4 Hz. When fp is far away from fso (see Fig. 6c), one
peak is clearly seen at the natural shedding frequency fso

(the arrow indicates the natural shedding frequency for
the non-pulsating flow). The vortex shedding frequency
marked by the solid circle is identical to the natural shed-
ding frequency. Another peak at the external pulsating fre-
quency of fp = 40 Hz is noted for the wake flow. As fp

approaches twice the natural shedding frequency fso, how-
ever, the ‘‘lock-on” phenomenon is evident, as seen in
Fig. 6b. The vortex shedding in the wake is characterized
by the frequency fs � 5 Hz, which is 1

2
fp. The original vor-

tex shedding frequency of fso � 4 Hz (marked by the
arrow) disappears. These features of lock-on have been
reported for unsteady fluid dynamics for circular cylinders
[12–18]. A similar trend is found in Fig. 7 for a smaller
Reynolds number.

The iso-lines of turbulence intensity (�Urms/U0) for var-
ious pulsating frequencies fp are exhibited in Fig. 8. When
the pulsating component is added to the incoming flow, the
iso-lines reveal a substantial change of the turbulence
intensity in the near-wake of the cylinder. The turbulence
intensity increases, and a high turbulence intensity zone
appears in the central part of the wake when the lock-on
occurs, i.e., fp = 6–10 Hz (see 8b and c). This is due to
the shrinking of vortex size at the lock-on. A similar phe-
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nomenon has been reported in the previous studies for cir-
cular cylinders [12–15].

Fig. 9 shows the relationship between the vortex shed-
ding frequency fs and the pulsation frequency fp for various
blockage ratios (b = 1/10, 1/8 and 1/6) at Re = 540. When
fp/fso is less than 1.5, fs is slightly reduced from fso. In the
intermediate range of fp/fso = 1.5–3.5, the lock-on phenom-
enon prevails [12–18]. In this range, as the pulsation fre-
quency fp increases, the vortex shedding frequency fs

increases linearly with fp. As fp increases beyond this range,
however, fs displays a smooth transition toward the origi-
nal value of fso. Qualitatively similar trends are observed
for all the blockage ratios.

Fig. 10 exhibits the regime diagrams in the plots of pul-
sating amplitude and frequency. The lock-on limits
obtained in the present experiments are added to the previ-
ous results for in-line cylinder oscillations [17,18] and the
flow pulsation for stationary circular cylinders [13,16].
The ordinate represents two different measures of the per-
turbation amplitude. For an in-line cylinder oscillation,
the amplitude parameter is defined by the ratio of the peak
to peak amplitude of cylinder displacement 2A and the cyl-
inder diameter B. For flow pulsations, the normalized peak
to peak velocity pulsation is given as 2A/xB. As the
Reynolds number increases, the lock-on regime broadens.
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A similar trend was found in the previous results [13,17].
When the blockage ratio b increases from 1/10 to 1/6,
the lock-on regime shrinks. It is attributed to the effect of
confining walls [5].

The effect of Re on heat transfer enhancement factor E

for various pulsating frequencies fp at a fixed blockage
ratio is displayed in Fig. 11. When the pulsating compo-
nent of A = 0.05 is superimposed on the main incoming
flow, heat transfer is substantially enhanced by interaction
between the pulsation components and the vortices in the
wake. It is noted that, when the pulsating frequency fp is
about twice the natural shedding frequency fso, the heat
transfer enhancement factor E shows a peak, which is
indicative of lock-on. Outside this lock-on regime, the heat
transfer enhancement is insignificant. This implies that the
lock-on phenomenon is crucial in augmenting convective
heat transfer from a heated cylinder [16,17]. As reported
in the previous studies [13,15,18], when the lock-on hap-
pens, the vortices in the rear portions of the cylinder are
more closely attached to the cylinder surface. Conse-
quently, this results in heat transfer enhancement by flow
pulsation. It is consistent with the finding in Fig. 8 about
the changes in turbulence intensity level in the near-wake
under the lock-on. As Re increases in Fig. 11b, the heat
transfer enhancement factor increases [5,8].

Fig. 12 shows the influence of the blockage ratio on the
heat transfer enhancement factor. As the blockage ratio
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decreases, the heat transfer enhancement factor E is more
pronounced. As described in Fig. 10, this is due to the
expansion of the lock-on regime as the blockage ratio
decreases.
5. Conclusion

An experimental study was carried out to investigate
convective heat transfer enhancement from a heated square
cylinder in a pulsating channel flow. The effects of the pul-
sating frequency (0 Hz < fp < 60 Hz), the Reynolds number
based on the mean velocity (Re = 350 and 540) and the
blockage ratio (b = 1/10, 1/8 and 1/6) on heat transfer
enhancement were examined. In addition, the influences
of the Reynolds number and the blockage ratio in the
lock-on regime diagrams were discussed.

In summary, the following conclusion is drawn from the
present study:

(1) The occurrence of lock-on for a square cylinder was
observed in the pulsating channel flow.

(2) As the Reynolds number increased and the blockage
ratio decreased, the lock-on regime covered a wider
parameter space.

(3) Heat transfer from the square cylinder increased
within the lock-on regime. When the pulsating fre-
quency was about twice the natural shedding fre-
quency, i.e., under lock-on, the heat transfer
enhancement factor E showed a peak.

(4) The heat transfer enhancement factor E was more
pronounced with the increase of the Reynolds num-
ber and the decrease of the blockage ratio.
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