
AIAA JOURNAL

Vol. 42, No. 7, July 2004

Low-Frequency Modulations Associated with Vortex Shedding
from Flow over Bluff Body

J. J. Miau,∗ S. J. Wu,† C. C. Hu,‡ and J. H. Chou§

National Cheng-Kung University, Tainan 70101, Taiwan, Republic of China

The characteristic behaviors of low-frequency modulations embedded in the vortex shedding process behind
a trapezoidal cylinder were studied experimentally. Hot-wire signals and smoke-wire visualization images were
acquired simultaneously to examine the correlation between low-frequency modulations and the vortex formation
length. Wavelet analysis was performed to extract the instantaneous properties from the raw hot-wire signals
measured upstream of the trapezoidal cylinder model. Results show that the variations of instantaneous vortex
shedding frequency appear to be in negative correlation with the low-frequency modulations and that the cross-
correlation coefficient can reach −−0.5. This substantiates that the low-frequency modulations observed are linked
with the vortex shedding process.

I. Introduction

F LOW around a cylindrical bluff body involves the phenomena
of boundary-layer separation, free shear layer, and wake de-

velopment, which have been studied for decades. It is well known
that the phenomenon of periodic vortex shedding occurs at suffi-
ciently high Reynolds numbers. On the other hand, researchers also
noticed that amplitudes of velocity and pressure fluctuations mea-
sured in the vortex shedding process appear to contain modulations
whose timescale is significantly larger than the shedding period.
This phenomenon is referred to as the low-frequency modulation or
unsteadiness in many reports, and it has been observed with differ-
ent configurations of bluff bodies in different ranges of Reynolds
numbers.

Some of the earliest works concerning the low-frequency be-
havior of vortex shedding behind a bluff body include those of
Roshko,1 Tritton,2 Bloor,3 Gerrard,4 and Hanson and Richardson.5

Since then, a number of observations and interpretations were re-
ported in the literature, and many of them linked the low-frequency
fluctuations to the three-dimensional characteristics of the vortex
shedding structures. Roshko6 attributed the three dimensionality of
wake flows to the extrinsic and intrinsic effects. The extrinsic ef-
fects experimentally observed are often related to the aspect ratio of
a bluff body as reported by Graham,7 Fox and West,8 Szepessy and
Bearman,9 and Norberg.10 Discussions on the arrangement of end
plates can be seen in Refs. 11–13. On the other hand, the intrinsic
characteristics of three dimensionality can be found in the experi-
mental results by Williamson,14,15 Yang et al.,16 and Blackburn and
Melbourne,17 and on the numerical results by Henderson18 and Na-
jjar and Balachandar.19 Lisoski20 suggested that in reality, both of
the extrinsic and intrinsic effects be present in a wake flow. Further
detailed review on the papers just mentioned can be found in Ref. 21.

In studying the relation between the variations of vortex shedding
frequency and the modulations of signal amplitude, Gerrard4 found
that, in the stable range (Re = 85), the modulation of the hot-wire
signal is directly related to the difference in the vortex shedding
frequencies measured, and the modulation is a result of flapping

Presented as Paper 2003-1122 at the 41st Aerospace Sciences Meeting,
Reno, NV, 6–9 January 2003; received 31 March 2003; revision received 21
November 2003; accepted for publication 10 February 2004. Copyright c©
2004 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. Copies of this paper may be made for personal or internal
use, on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0001-1452/04 $10.00 in correspondence with the CCC.

∗Professor, Department of Aeronautics and Astronautics. Associate Fel-
low AIAA.

†Graduate Student, Department of Aeronautics and Astronautics.
‡Postdoctor, Department of Aeronautics and Astronautics.
§Professor, Department of Engineering Science.

of the wake. In the transition range (Re = 235), the relation found
at Re = 85, of maximum modulation coupled with minimum pe-
riod, is only roughly true. In the turbulent range (Re = 2 × 104), no
evidence available concerning the flapping of the wake or the corre-
lation between modulation of the signal amplitude and the shedding
periods has been reported. Analyzing the signals measured by the
flush-mounted thermal films on a circular cylinder at Reynolds num-
bers from 2 × 104 to 4 × 104, Blevins22 pointed out that the vortex
shedding process is a series of coherent strings of events whose
frequencies wander 1–2% about the nominal vortex-shedding fre-
quency. He also found that there is a tendency for the larger am-
plitude to have lower frequency. However, in the literature, there is
a lack of quantitative and instantaneous information describing the
relation between the vortex-shedding frequency and low-frequency
modulation.

The present work was motivated by an earlier study on the quality
of the vortex shedding signals for a vortex flowmeter. As noted by
Miau et al.,23 the pressure fluctuations measured on the surface of
a trapezoidal cylinder installed in a circular pipe contained a sub-
stantial component of low-frequency variations for the Reynolds
numbers were larger than 103, and the low-frequency variations
are associated with the unsteady variations of the vortex formation
length. Later, Miau et al.24 performed experiments with a trape-
zoidal cylinder and a circular cylinder, respectively, to examine the
relation between the low-frequency variations embedded in the base
pressure signals and the velocity signals measured in the near wake
region. The results of both cases showed that the unsteady varia-
tions of the vortex formation length and base pressure are closely
related in a real-time manner. As the base pressure is increased,
the vortex formation region is lengthened, and vice versa. Recently,
Miau et al.21 defined an optimal cutoff frequency for the purpose of
extracting the low-frequency fluctuations in the near wake region of
a trapezoidal cylinder. The integral timescale of the low-pass fluctu-
ations in reference to the optimal cutoff frequency was found to be
about two times the vortex-shedding period. Miau et al.21 also found
that the low-frequency fluctuations in the near wake region exhibit a
global characteristic, which could be linked to the spanwise motions
of the separated shear layer.

The present work aims to identify the linkage between the low-
frequency modulations and the instantaneous vortex-shedding fre-
quency measured for flow over a bluff body. At first, the hot-wire
measurements and the smoke-wire visualization were conducted
simultaneously to reveal the relation between the low-frequency
variations and vortex formation length. Second, the linkage be-
tween the low-frequency modulations and the instantaneous vortex-
shedding frequency reduced by wavelet analysis was examined with
a cross-correlation method. Finally, the integral timescale of the
low-frequency component was deduced for further comparison with
previous findings.21
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a)

b)

Fig. 1 Trapezoidal cylinder a) and the positions of hot-wire measure-
ments and b) with splitter plate.

II. Experimental Method
A closed-return low-speed wind tunnel was employed for the

present study. The test section was 150 mm × 150 mm in cross
section. Turbulence intensity measured at the centerline of the test
section was less than 1%, based on the mean velocity U0 in a range
between 2 and 20 m/s. Efforts were made to verify that no pecu-
liar fluctuating components were present in the freestream flow,
and the nonuniformity of the mean flow in the test section, exclud-
ing the boundary-layer regions along the walls, was less than 0.5%
of the mean velocity measured.

A trapezoidal cylinder was employed as the bluff body, with its
maximum width facing the incoming flow. The width, denoted as
D, was 32 mm. Based on D, the blockage ratio was about 21%.
As the trapezoidal cylinder was spanned between the two side-
walls, the aspect ratio of the cylinder, that is, the spanwise length
of the cylinder vs D, was 4.7. Figure 1a shows a cross-sectional
view of the trapezoidal cylinder at the midspan. Furthermore, a
10-mm-thick splitter plate of 2D in length could be placed at the
rear end of the trapezoidal cylinder, shown in Fig. 1b. The addition
of this splitter plate for comparison was motivated by an earlier
finding23 that the low-frequency variations in the vortex-shedding
signals measured could be successfully suppressed if a splitter plate
attached behind the trapezoidal cylinder was 2D long. Based on D
and U0, the Reynolds numbers Re were 1.8 × 103 for the smoke-wire
flow visualization experiments and up to 2.7 × 104 for the hot-wire
measurements.

The coordinate system employed for the present study is also
indicated in Fig. 1a. X denotes the streamwise axis pointing down-
stream, and X = 0 is located at 6.5 mm downstream of the frontal
face of the trapezoidal cylinder. Y denotes the vertical axis, and
Y = 0 is coincided with the centerline of the test section. Z de-
notes the spanwise axis, and Z = 0 is located at the midspan of the
cylinder.

Vortex-shedding signals were obtained by a single hot-wire probe,
Dantec 55P11. Moreover, a smoke-wire flow visualization technique
was employed to reveal the shedding vortical structures. With an
electronic trigger device, the data acquisition system and the charge-
coupled device (CCD) camera for flow visualization could work in
a synchronous manner.

III. Wavelet Analysis
Wavelet transform (WT) is a mathematical tool pertinent to the

study of the nonstationary signal. After Grossman and Morlet,25 WT

has been applied to a range of fields in science. Some applications
of WT in wake flow studies are briefly reviewed as follows. Kiya
and Abe26 plotted the time history of the fluctuating part of modulus
of wavelet coefficient at the scale of vortex shedding and then ob-
tained the representative frequency of the low-frequency unsteadi-
ness. Lewis and Gharib27 implemented a local frequency analysis
concerning the wavelet coefficient at the scale of vortex-shedding
structures to explore the frequency modulations in the wake. Hangan
et al.28 developed a wavelet pattern recognition technique (WPR)
to identify the primary and secondary structures of cylinder wakes.
Higuchi et al.29 employed conditional spectra to study the evolu-
tion of the vortex patterns in the wake behind a pair of flat plates.
On vortex dislocations in three-dimensional wake transition, Braza
et al.30 conducted a numerical study with wavelet analysis and au-
toregressive modeling of the time series. More papers on wavelet
analysis with turbulent flows can be found in Ref. 31.

In the present study, the instantaneous properties, including
vortex-shedding frequency and amplitude modulation, were of in-
terest and obtained by WT. On the other hand, it was clear that the
most direct method for determination of instantaneous frequency
is the Hilbert transform (HT) (see Ref. 32). Recently, Hu et al.33

successfully employed the empirical mode decomposition method
(EMD) developed by Huang et al.34 and applied HT to obtain the
instantaneous vortex-shedding frequency of the velocity signals in
a periodically varying flow. However it was realized that, if the
raw signal comprised intermittent fluctuations, the EMD technique
could not be applied straightforwardly.34 In the present study, WT
was chosen because the vortex-shedding signals measured contained
noiselike fluctuations.

WT of a signal g(t) with respect to a wavelet ψ(t) is defined by
a convolution integral25:

W (a, b) = 1√
a

∫
g(t)ψ∗

(
t − b

a

)
dt (1)

where a denotes the scale, b denotes the translation, and ψ∗ is
the complex conjugate of ψ . In this work, the continuous Morlet
wavelet, given hereafter, was employed for WT:

ψ(T ) = eikψ T e−T 2/2 (2)

where the parameter kψ was taken to be 6.0 to satisfy the admissi-
bility condition.31 The selection of Morlet wavelet was based on the
following considerations: a) to yield the most detailed multiscale
structure of the velocity fluctuations35 and b) to give the satisfactory
performance for the present signals measured.36 After the wavelet
function and the relative parameters were chosen, the computation
according to Eq. (1) could be carried out. Then, the wavelet co-
efficient W (a, b) in Eq. (1) could be transformed analytically into
W ( f, t) (Ref. 37), where f and t are frequency and time, respec-
tively. Namely, the present wavelet analysis is capable of providing
the modulus, |W ( f, t)|, at a specific time and frequency with re-
gard to the signal analyzed. The extraction of the instantaneous
vortex shedding frequency via WT was based on the detection of
ridges in the modulus of wavelet coefficients as follows38: 1) Find
fmax at which the modulus |W ( fmax, t)| is the maximum. 2) Apply
1 to all t and adjoin { fmax, t} pairs to compose the instantaneous
vortex-shedding frequency fw(t). On the other hand, the amplitude
modulation Aw(t), characterizing the low-frequency unsteadiness
of vortex-shedding signal is defined as |W ( fw(t), t)|.

Note that because WT is based on the concept of Fourier trans-
formation, large errors may occur at the beginning and end of the
finite length time series. Following Torrence and Compo,37 the cone
of influence is the region of the wavelet spectrum where the edge
effects become important. Thus, data inside the cone of influence
were rejected before the correlation analysis applied.

IV. Results and Discussion
A. Low-Frequency Modulations Embedded in Hot-Wire Signals

Figure 2a shows the hot-wire traces obtained at Re = 1.8 × 103

at four locations in the flowfield, whose coordinates are indicated
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a) b)

Fig. 2 Hot-wire measurements at points P1, P2, P3, and P4, respectively; Re = 1.8 ×× 103: a) time traces and b) corresponding FFT spectra.

in Fig. 1. Figure 2b presents the corresponding frequency spectra.
At point P1, in the near wake region, the hot-wire signals measured
are dominated by irregular fluctuations, where the frequency com-
ponent of vortex shedding can not be clearly identified. At point
P2, which is located roughly at the inner edge of the shear layer,
the hot-wire signals measured are dominated by the fluctuations
at the vortex-shedding frequency; however, the amplitude varies
significantly with time. This is explained by the shear-layer flap-
ping; as the shear layer gets close to the measured point, the signals
show, larger amplitude of fluctuations, and vice versa. Outside the
wake shear layer (point P3) and upstream the model (point P4), the
hot-wire signals measured are clearly characterized by the fluctua-
tions at the vortex shedding frequency, together with low-frequency
modulations. Based on the preceding observations, the signals ob-
tained at points P3 and P4 are considered for further analysis and
will be compared with the smoke-wire flow visualization images
obtained.

Preliminary examinations confirmed that the low-frequency un-
steadiness observed did not originate from the incoming flow. This
will be shown hereafter. The signals of the model without and with
a splitter plate are compared in Fig. 3, where both cases were mea-
sured at point P4, Re = 4 × 103. Obviously, the appearance of low-
frequency modulations is greatly suppressed in the case with the
splitter plate. Similar findings were reported by Miau et al.23 The
wavelet spectra corresponding to these two cases are also presented
in Fig. 3. In Fig. 3a, that is, the case without the splitter plate, the
isovalue contours in the neighborhood of the shedding frequency
appear in wavy patterns, in contrast to the flat appearance in Fig. 3b.
Note that in Fig. 3b, the vortex-shedding frequency, corresponding
to the maximum modulus at each time instant, appears to be rather
constant. This comparison suggests that significant variations of the
instantaneous vortex shedding in the case of Fig. 3a may be a result
of the geometry of the bluff body. After this clarification, only the
results of the model without the splitter plate will be presented and
discussed in the following.

Figure 4 presents a segment of the hot-wire signals obtained at
point P3 and the smoke-wire images of the wake flow structures.
Note that, in this case, at Re = 1.8 × 103, the vortex shedding fre-
quency was 6.0 Hz, obtained from the frequency spectral analysis.
The images shown were captured at a rate of 25 frames per sec-
ond, hence, about four images were obtained within one shedding
period.

The relation between the low-frequency modulations in shedding
signals and the variations of the formation length can be realized
from Fig. 4. As seen in Fig. 4a, the amplitude of hot-wire signal
fluctuations in time zone 1 is comparatively larger than that in time
zone 2. Also note that in Fig. 4c, the images corresponding to time
zone 2 show the separated shear layer rolling up closer to the model,
compared to the images corresponding to time zone 1, shown in
Fig. 4b. Similar flow behavior can also be seen in Fig. 5, in which
the hot-wire signals measured at point P4 and the smoke-wire images
obtained simultaneously are presented for comparison.

With the smoke visualization photographs given in Figs. 4 and 5,
further comments on a physical picture concerning the vortex for-
mation region swollen-and-shrunk in time can be made as follows.
As the separation region gets swollen, the separated shear layer rolls
up farther away from the model; thus, the vortex formation length
gets longer, and the amplitude of vortex shedding component in
the hot-wire signals measured increases and vice versa. Moreover,
the variations of the size of the separation region are associated
with the base pressure fluctuations.24 In Ref. 24, a correlation be-
tween the velocity signatures obtained by a split fiber and the base
pressure measurements made on the bluff cylinder evidences that the
unsteady variations of the vortex formation length and base pressure
are closely related. To sum up, the unsteady phenomenon involved in
the vortex-shedding process, understood from the preceding exper-
imental observations, is featured with two timescales, one of which
is associated with vortex shedding, and the other with the variations
of the size of the vortex formation region. The latter appears to be
of one order of magnitude larger than the former.

Note in Fig. 4 that low-frequency modulations associated with
the hot-wire signals measured at point P3 cause significant varia-
tions in the short-time averaged dc level, which might distract from
the present interest, for which the amplitude modulation associated
with unsteady vortex shedding is of primary concern. Because of
this concern, it is preferrable to employ the hot-wire signals mea-
sured at point P4, whose short-time averaged dc level is shown
to be influenced less by the low-frequency modulations, for later
analysis.

B. Correlation Between Low-Frequency Modulation
and Vortex-Shedding Frequency

Major efforts made in this study were to examine the variations of
the instantaneous vortex-shedding frequency fw(t) in conjunction
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a)

b)

Fig. 3 Time traces and wavelet spectra of hot-wire measurements at point P4 of a) trapezoidal cylinder model and b) trapezoidal cylinder with
splitter plate.

Table 1 Parameters for wavelet analysis at the Reynolds
numbers studied

Reynolds Sampling Sampling Frequency resolution
number rate, 1/s time, s fs , Hz at fs , Hz

1.8 × 103 200 20 6.0 0.029
4.1 × 103 200 20 12.1 0.060
5.2 × 103 250 16 15.1 0.061
7.7 × 103 500 8 22.0 0.044
9.8 × 103 500 8 28.8 0.057
1.6 × 104 1000 4 45.4 0.045
2.25 × 104 1000 4 63.5 0.064
2.7 × 104 1000 4 75.4 0.075

with the low-frequency modulations, Aw(t). The sampling param-
eters were adjusted for different Reynolds numbers to ensure the
relevant frequency resolution. Table 1 lists the frequency resolu-
tions of WT at the Reynolds numbers studied, which appear to be
no more than 0.5% of the corresponding mean vortex-shedding fre-
quencies fs .

Figure 6a shows the variations of fw(t) and Aw(t) obtained at
Re = 9.8 × 103. Given that the data shown were in the discrete form,
the cross correlation of fw(t) and Aw(t), denoted as R f A, and the
cross-correlation coefficient, denoted as ρ f A, are then defined as
follows:

R f A(r�t) = 1

N − r

N − r∑
n = 1

fn An + r (3)

ρ f A(r�t) = R f A(r�t)√
R f f (0)

√
RAA(0)

(4)

where �t denotes the data sampling time interval and r is an integer
signifying the time lag between fw(t) and Aw(t).

Consequently, Fig. 6b shows the cross-correlation coefficient of
ρ f A vs the time lag, in terms of τ/Ts , for fw(t) and Aw(t) given in
Fig. 6a. Note that Ts denotes the mean vortex-shedding period. The
negative correlation at τ/Ts = 0 is noted as being very significant,
given that the out-of-phase characteristic between fw(t) and Aw(t)
can be inferred from it. Moreover, the values of ρ f A(τ/Ts = 0) and
the values of the most negative ρ f A together with the corresponding
time lag τ/Ts for all of the Reynolds numbers studied, are presented
in Fig. 7. Each of the symbols shown in Figs. 7 indicates an average
of 25 sets of correlation coefficients, and each of the I bars denotes
the corresponding 95% confidence interval. It is shown by the solid
circles in Fig. 7 that the zero time-lag cross-correlation coefficients
appear to be between −0.4 and −0.5. These statistically determined
negative values strongly suggest that the vortex-shedding frequency
variations and the low-frequency modulations be out of phase most
of the time. Namely, when the amplitude of vortex-shedding com-
ponent increases the vortex-shedding frequency becomes lower, and
vice versa.

In descriptions of the characteristics of the wake flow behind
bluff bodies, the relations between the vortex formation length, the
shedding frequency, and its amplitude are frequently mentioned in
the literature. According to both previous studies and the present
results, these quantities were found to be well correlated in time. A
summary of these findings follows:

1) Variations of base pressure and vortex formation length are in
phase essentially, based on conclusions from the previous measure-
ments by the use of a pressure transducer and a split fiber.24

2) The low-frequency modulation and vortex formation length
appear in phase, which can be evidenced from the simultaneous
records of hot-wire signals and flow visualization obtained in the
present study.
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a)

b)

c)

Fig. 4 Comparison of the low-frequency modulations in the velocity fluctuations and the smoke-wire images: a) hot-wire signals measured at point
P3, Re = 1.8 ×× 103, b) longer formation length in time zone 1, and c) shorter formation length in time zone 2.

a)

b)

c)

Fig. 5 Comparison of the low-frequency modulations in the velocity fluctuations and the smoke-wire images: a) hot-wire signals measured at point P4,
Re = 1.8 ×× 103, b) shorter formation length in time zone 1, and c) longer formation length in time zone 2.
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a)

b)

Fig. 6 Illustration of correlation between fw(t) and Aw(t): a) instantaneous vortex-shedding frequency fw(t) and low-frequency modulation amplitude
Aw(t) extracted from the wavelet spectrum at Re = 9.8 ×× 103 and b) cross-correlation coefficient of fw(t) and Aw(t) in panel a.

a)

b)

c)

Fig. 7 Cross-correlation coefficients of fw(t) and Aw(t) obtained at Reynolds numbers from 1.8 ×× 103 to 2.7 ×× 104.

3) The modulation associated with the modulus of the vortex-
shedding frequency Aw(t) is correlated with the instantaneous shed-
ding frequency fw(t) in an out-of-phase manner, as evidenced by
the results presented in Fig. 7.

From the preceding findings, a physical picture concerning the
low-frequency modulations in the vortex-shedding process of a
trapezoidal cylinder at the present Reynolds numbers emerges. First
of all, the low-frequency fluctuations can be considered as associated
with the flapping of the separated shear layer. As the separated shear

layer moves outward, the vortex formation region is enlarged. This
process entrains more fluid from the freestream and takes longer
time to complete the formation of a vortical structure; thus, the am-
plitude of the measured signals increases and the shedding frequency
decreases. In contrast, as the separated shear layer moves inward,
the formation region is relatively smaller. This process entrains less
fluid from the freestream and takes less time to complete the vortex
formation; thus, the amplitude of the measured signals is decreased
and the shedding frequency is increased.



1394 MIAU ET AL.

Fig. 8 FFT power spectra of fw(t) obtained at Reynolds numbers from 1.8 ×× 103 to 2.7 ×× 104.

Moreover, an interesting finding revealed from Figs. 7b and 7c
is that the correlation coefficients reach the most negative values at
the time lags of about one vortex-shedding period. This appearance
seems to imply that the amplitude modulation is leading the varia-
tion of vortex-shedding frequency at the measured location. Further
investigation on this finding is needed in the future.

C. Characteristics of Low-Frequency Modulation
Fast Fourier transform (FFT) spectral analysis was further per-

formed on the fw(t) curves obtained in this study. The spectra results
are shown in Fig. 8. In each of the spectra, the horizontal axis is ex-
pressed with a nondimensional parameter:

F∗
f = f f w/ fs (5)

where f f w and fs denote the frequency associated with the vari-
ations of fw(t)and the mean vortex-shedding frequency, respec-
tively. All of the spectra shown in Fig. 8 reveal a feature in com-
mon that the values of E( f f w) in the frequency range of F∗

f < 0.1
are predominant, which implies that the variations of fw(t) are
characterized by the frequencies of one order smaller than the
vortex-shedding frequency. These appearances substantiate the pre-
vious observations concerning the characteristic behavior of low-
frequency modulations.6,16,20 To be more specific regarding this flow
characteristic, a parameter,F∗

f,0.99, is defined as follows:

∫ F∗
f,0.99

0 E( f f w) dF∗
f∫ ∞

0
E( f f w) dF∗

f

= 0.99 (6)

In Eq. (6), F∗
f,0.99 denotes the frequency below which the spectral

energy content is accumulated to 99% of the total. As seen in Fig. 8,
the values of F∗

f,0.99 obtained at the Reynolds numbers studied are
about 0.35.

Similarly, one can examine the characteristics of Aw(t) with the
parameters F∗

A and F∗
A,0.99, defined as

F∗
A = f Aw

fs
(7)

∫ F∗
A,0.99

0 E( f Aw) dF∗
A∫ ∞

0
E( f Aw) dF∗

A

= 0.99 (8)

The spectral distributions of Aw(t), that is, E( f Aw) vs F∗
A, and the

corresponding values of F∗
A,0.99, are shown in Fig. 9. The curves of

E( f Aw) corresponding to different Reynolds numbers studied also
show a feature in common, namely, that a pronounced transition
takes place at F∗

A between 0.1 and 1, which bear the similarity to the
appearances of E( f f w) shown in Fig. 8. Also note that the values
ofF∗

A,0.99 shown in Fig. 9 are around 0.27, somewhat less than those
of F∗

f,0.99 given in Fig. 8. Generally speaking, the spectral curves
presented in Figs. 8 and 9 confirm that the variations of fw(t) and
Aw(t) are characterized by the frequencies much lower than the
vortex-shedding frequency.

The characteristics of Aw(t) and fw(t) can be further examined
with the following expressions:

σ ∗
f = σ f / fw(t) (9)

σ ∗
A = σA/Aw(t) (10)

where σ f and σ A denote the standard deviations of fw(t)andAw(t),
respectively, and the upper bars denotes the time mean values. Ba-
sically, one can say that σ ∗

f and σ ∗
A represent the fluctuation levels

of fw(t) and Aw(t), respectively.
Figure 10a shows that the σ ∗

f values are about 2.5% for all of
the Reynolds numbers studied. This quantitative characteristic is
noted to be in good agreement with the observation reported by
Blevins.22 Because the frequency resolution of the present wavelet
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Fig. 9 FFT power spectra of Aw(t) obtained at Reynolds numbers from 1.8 ×× 103 to 2.7 ×× 104.

a)

b)

Fig. 10 Variation of a) σ∗
f and b) σ∗

A vs Re.

analysis is better than 0.5% of the mean vortex shedding frequency,
as seen in Table 1, the σ ∗

f values shown in Fig. 10a are physically
meaningful. On the other hand, in Fig. 10b, the distribution of σ ∗

A
vs Reynolds numbers shows that the σ ∗

A values increase from 25 to
30% for Reynolds numbers from 103 to 104.

D. Integral Timescale of Low-Frequency Modulation
The integral timescale It of Aw(t) can be expressed as follows:

It =
∫ τc

0

ρAA dτ (11)

where ρ AA is actually reduced from ensemble averaging over 25 sets
of the autocorrelation curves of Aw(t), and τ c denotes the first zero
crossing of ρ AA on the τ axis, where τ denotes the time delay in
the autocorrelation. It indicates a measure of the time interval over
which a fluctuating quantity is correlated with itself, or, equivalently
speaking, a time measure over which the quantity is dependent on
its past values.39

As seen in Fig. 11, It decays with the Reynolds numbers studied.
The trend can be indicated by a numerical curve. If one further nor-
malizes each of the It values by Ts , the results of different Reynolds
numbers appear to be about a constant value 2. In analyzing the
low-frequency modulations of the present wake flow configuration,
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Fig. 11 It and It/Ts vs Reynolds number.

Miau et al.21 employed a low-pass filter for processing the mea-
sured base pressure signals and found that the integral timescale
associated with the low-frequency modulations is about two times
the vortex-shedding period. Although the quantity measured and the
data reduction technique employed in the present study are differ-
ent from those reported by Miau et al.,21 the findings of these two
studies in this regard are in very good agreement. Thus, it is fair to
say that the integral timescale of the low-frequency modulations is
about two times the vortex-shedding period.

V. Conclusions
In this study, the relation between the low-frequency modula-

tions and the vortex formation length was examined first, in ac-
cordance with the hot-wire measurement and the smoke-wire flow
visualization obtained simultaneously. Second, the relation between
low-frequency modulations and instantaneous vortex-shedding fre-
quency was investigated by the use of the wavelet analysis and a
cross-correlation technique. Subsequently, the characteristic behav-
ior of low-frequency modulations was described in terms of the
integral timescale deduced.

The experiments were conducted at Reynolds numbers in a range
between 1.8 × 103 and 2.7 × 104. Major findings can be summarized
as follows:

1) The low-frequency modulations in the vortex-shedding pro-
cess are associated with the separation region behind the bluff body
swollen and shrunk in time. This is substantiated by the simultane-
ous smoke-wire images and the hot-wire signals measured.

2) The low-frequency modulation and the instantaneous vortex-
shedding frequency reduced are well correlated, as indicated by the
obtained negative correlation coefficient up to −0.5. Namely, the
larger the vortex formation length, the lower the vortex-shedding
frequency, and vice versa.

3) The undulation associated with the low-frequency modula-
tions, expressed in terms of a normalized quality A∗, shows a growth
from 25 to 30% for the Reynolds numbers increased from 1.8 × 103

to 2.7 × 104. This infers that the low-frequency modulations become
significant as the Reynolds numbers get higher. On the other hand,
the variations of vortex-shedding frequency are about 2.5% of the
mean value, for all of the Reynolds numbers studied.

4) The integral timescale of the low-frequency modulations is
found to be about two times the time-mean vortex-shedding period,
which is in very good agreement with previous findings.
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