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Experiments were made to study the #ow characteristics in the near-wake region of a two-
dimensional blu! body, namely a trapezoidal cylinder (prism) or a circular cylinder. The
instantaneous velocity signals obtained at the inner edge of the separated shear layer and in the
neighbourhood of the rear end of the vortex formation region show the presence of low-
frequency variations at Reynolds numbers of 104. The low-frequency variations noted in the
velocity signals and the base pressure measured at the blu! body appear to be well correlated.
These experimental observations suggest a physical picture that the variations of vortex
formation length and base pressure are closely related in a real-time manner.

( 1999 Academic Press
1. INTRODUCTION

DESPITE THE FLOW CHARACTERISTICS of vortex shedding behind blu! bodies having been
studied extensively for decades, the low-frequency variations embedded in the vortex-
shedding process received little attention in the past. Among a few reports mentioning this
characteristic of #ow, Bloor (1964) "rst reported that for #ow over a circular cylinder at
Reynolds numbers in the transition range of 200}400, the velocity signals measured in the
near-wake region showed an irregular appearance consisting of frequencies lower than the
vortex-shedding frequency. Bloor (1964) suggested that these low-frequency variations are
associated with the development of three dimensionality of the vortex-shedding structures.
KoK nig et al. (1990) and StaK ger & Eckelmann (1991) studied the e!ects of end-plates on
vortex shedding from a circular cylinder at Reynolds numbers in the range of 102}103,
showing that amplitude modulations in the velocity signals measured depend on the
installation of end-plates. The vortex-shedding frequency measured in the region near the
end-plate is di!erent from that measured in the region away from the end-plate. Hence, an
interaction of the two frequencies results in amplitude modulations.
9}9746/99/040339#21 $30.00 ( 1999 Academic Press
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Low-frequency variations were also noted in measurements of aerodynamic forces on
a blu! body in cross-#ow (Schewe 1983; Blackburn & Melbourne 1996; Lisoski 1993;
Szepessy & Bearman 1992). Blackburn & Melbourne (1996) reported that a circular
cylinder experienced low-frequency variations in lift in a free stream at turbulence level of
0)6% for Reynolds numbers of 105, but not so pronounced at higher turbulence levels.
Schewe (1983) and Lisoski (1993) pointed out that low-frequency variations in drag and lift
experienced by a blu! cylinder are in good correlation, which led further to the suggestion
that the low-frequency variations seen are associated with the incoherence of vortex
shedding in the spanwise direction. Experiments by Lisoski (1993) demonstrated that the
characteristics of low-frequency modulations depend on the aspect ratio and on
the presence of end-plates on the blu! cylinder. Szepessy & Bearman (1992) showed the
existence of low-frequency modulations in pressure signals measured on a circular cylinder,
which were explained as being due to an unsteady spanwise cellular structure in the
shedding vortices. In a numerical study, Najjar & Balachandar (1997) showed that, for #ow
normal to a zero-thickness #at plate at Re"250, low-frequency unsteadiness is observed in
the wake besides the primary shedding frequency during the vortex-shedding process, which
led to the suggestion that the low-frequency unsteadiness might result from the transition
between vortex shedding in the high- and the low-drag mode.

Miau et al. (1993) reported the "nding of low-frequency variations embedded in the
vortex-shedding signals measured at Reynolds numbers larger than 103. The laser-induced
#uorescence #ow visualization photographs presented in that study suggest that the
low-frequency variations seen in the vortex-shedding process are associated with
the unsteady variations of the vortex formation length. The linkage between the base
pressure of a blu! body and the vortex formation length can also be seen in a number of
reports which were concerned with the time-mean behavior mainly. Unal & Rockwell
(1988) summarized the data reported by Bloor & Gerrard (1966), Gerrard (1978) and
Blevins (1977) that the variations of the time-mean base pressure coe$cient and vortex
formation length of a circular cylinder are correlated for Reynolds numbers in a range of
102}105. The correlation indicates that as the base pressure gets larger, i.e. the base pressure
coe$cient gets less negative, the vortex formation length becomes longer.

It is the present authors' view that this behaviour can be explained as follows. The
separated shear layers originating from the blu! body appear to have a curved shape, hence
the centrifugal force associated with the curvature of the separated shear layer acts so as to
balance the di!erence between the base pressure behind the blu! body and the pressure in
the free stream. Therefore, as the base pressure increases, the separated shear layer takes on
a #attened appearance and the vortex formation region becomes longer.

The relation between the base pressure and the vortex formation length can also be
realized from a number of engineering applications. Wood (1964), Bearman (1967) and
Tanner (1975) applied the base bleed technique to reduce the drag of aerodynamic bodies.
This technique has an e!ect of increasing the base pressure, meanwhile lengthening the
vortex formation region. Wong (1985) reported that introducing base bleed has the e!ect of
stabilizing the wake oscillation behind a blu! body. As the bleed #ow rate increases,
the initial formation of vortices is delayed to further downstream, thus resulting in the
suppression of vortex excitation of the blu! body. Bearman (1965) studied the wake
characteristics of blu! bodies with blunt trailing edges and splitter plates. This report
showed that by modifying the geometry of the blu! body the base pressure and the vortex
formation length can be increased.

This work was motivated by a previous e!ort by Miau et al. (1993) concerning the
development of a vortex #ow meter for both liquid and gas #ow-rate measurements. For
a vortex #ow meter, a sensor can be installed in the vortex-shedding blu! body, so as to
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sense the pressure #uctuations associated with the vortex-shedding process. According to
that previous study (Miau et al. 1993), the sensor signals obtained mainly consist of the
vortex-shedding frequency and much lower frequencies components. The existence of
the latter components apparently has an adverse e!ect, tending to degrade the quality of the
signals obtained. While the signal quality can be improved by modifying the geometry of
the blu! body (Miau et al. 1993), the presence of low-frequency #uctuations is noted as an
intrinsic characteristic of vortex shedding which is worth being investigated in detail.
Therefore, the present work is intended to study the relation between the base pressure and
the vortex formation length with regard to the low-frequency variations observed.

2. EXPERIMENTAL METHOD

Experiments were conducted in a low-speed wind tunnel with a square test-section 150 mm
by 150 mm. The turbulence level measured in the test-section was about 0)6% at the mean
velocity of 14 m/s. The two-dimensional blu! bodies employed were a trapezodial cylinder
and a circular cylinder. The trapezoidal cylinder was installed with the wider side facing the
incoming #ow whose width, D, was 32 mm. The diameter of the circular cylinder employed
was also 32 mm. Therefore, the blockage ratio based on the frontal area of either of the blu!
bodies was about 21%. Each of the blu! bodies were mounted in the test-section between
the side walls, where the boundary-layer thickness measured was about 0)4D

Experiments were performed at a Reynolds number of 104. The Reynolds number,
denoted by Re, is de"ned based on the characteristic velocity of the free stream,;*, and the
width of the blu! body, D; ;* is the free-stream velocity around the blu! body, for which
blockage has been taken into account.
Figure 1. Schematic drawings of the trapezoidal cylinder (a) with the pressure taps, and (b) with the piezoelectric
pressure sensor.
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Pressure taps of 1 mm in diameter were provided on the rear surfaces of the blu! bodies
as seen in Figures 1 and 2. These pressure taps allowed for pressure measurements at the
mid-span of the blu! body as well as along the spanwise direction. Diaphragm-type
pressure transducers, Validyne DP-103, were employed for acquiring the pressure vari-
ations at the pressure taps, and subsequently for correlation measurements. As will be seen
later, these diaphragm-type pressure transducers had a de"ciency in measuring the response
of the instantaneous pressure #uctuations around the blu! body. Alternatively, a piezoelec-
tric pressure transducer, PCB 103 A, was employed for instantaneous base-pressure
measurements. This pressure sensor was installed on the rear face of the trapezoidal cylinder
as shown in Figure 1(b).

For the instantaneous velocity measurements in the separated shear layers downstream
of the blu! body, a single normal hot-wire probe was employed. Further, in order to
obtain the instantaneous velocity #uctuations in the neighbourhood of the rear end of the
vortex formation region, a split "bre probe was employed. This probe was capable of
Figure 2. A schematic drawing of the circular cylinder with the pressure taps.
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di!erentiating the forward and reverse velocities in the streamwise direction. In this work,
the rear end of the vortex formation region was referred to the location where the
probabilities of streamwise velocity in the forward and reverse directions measured are
equal, by reasoning that in the time-mean sense the vortex formation region is enclosed by
a free streamline. In the literature, for instance, Szepessy & Bearman (1992), the vortex
formation position is frequently determined as the location where the #uctuating signal
output by a hot wire reaches a peak value, re#ecting the fact that #ow is highly unsteady at
this position. The di!erence between the vortex formation lengths deduced by the two
methods described above was not pursued further, since the exact vortex formation length
was not of major concern in this work.

The coordinate system employed for the present study is described in Figures 1 and 2 for
the cases of the trapezoidal and the circular cylinder, respectively. X denotes the streamwise
axis, with the positive direction pointing downstream. > denotes the vertical axis, positive
downward, and Z denotes the spanwise axis. The origin, X"0, >"0 and Z"0, is located
at the geometrical centre of the blu! body.

3. RESULTS AND DISCUSSION

3.1. THE CASE OF FLOW OVER A TRAPEZOIDAL CYLINDER

Correlation of the base-pressure #uctuations and the velocity #uctuations measured in the
separated shear layer was examined "rst. The velocity measurements were made at the
location A, located at the inner edge of the separated layer, shown in Figure 3(a). At this
location, the low-frequency variations could be clearly detected, whereas further toward the
region of strong transverse shear #uctuations measured were dominated by higher-fre-
quency components. In Figure 3(b), the three signal traces of base pressure measured at the
pressure taps H

"
, H

61
, and H

$1
, and a velocity signal trace obtained at the location A at

Re"2)7]104 are presented. The pressure data are expressed in terms of the nondimen-
sional coe$cient C

p
, and the instantaneous velocity data are normalized by the character-

istics velocity as u/;*. Here, C
p

is de"ned as

C
p
"

p!p
r

1
2

o;*2
, (1)

where p is the instantaneous pressure measured, p
r
denotes the reference pressure which was

measured on the wall 12D upstream of the blu! body, and o denotes the density of the #uid.
In Figure 3(b), the pressure-signal traces and the velocity-signal traces show a common

feature that low-frequency variations are signi"cantly present. Further, the low-frequency
variations appear to be of a time scale comparable to or even larger than 10¹

s
, where

¹
s
denotes the characteristic time period of vortex shedding. Hence, it is reasonable to state

that the low-frequency component seen can easily be separated from the vortex-shedding
frequency component by a conventional "ltering technique. The low-frequency variations
embedded in the velocity signal imply that the separated shear layer is in a #apping motion.
To be more speci"c, as the separated shear layer moves outward, the hot-wire probe at
a "xed position experiences lower velocity. Conversely, as the separated shear layer moves
inward, the hot-wire probe senses strong velocity #uctuations in the shear layer. Such
a behaviour was also noted in the occurrence of a turbulent separation bubble on a #at plate
(Kiya & Sasaki 1983) and the plane jet #ow (Goldschmidt 1973).

The low-frequency variations embedded in the pressure-signal and the velocity-signal
traces shown in Figure 3(b) are further examined in Figure 3(c). The traces shown are the
result of low-pass "ltering of the signal traces in Figure 3(b), with a cut-o! frequency at 5Hz.
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The cut-o! frequency chosen was based on the fact that, for the present #ow, the low-frequency
variations were mainly con"ned below 5Hz, while the vortex-shedding frequency was about
40Hz. This cut-o! frequency was adopted for all the cases reported in the paper. Correlations
are presented in terms of the time-lag correlation coe$cient R

L
(q

1
, q

2
, q), de"ned by

R
L
(q

1
, q

2
, q)"

q
1
(t)q

2
(t#q)

(q2
1
)1@2(q2

2
)1@2

. (2)

The subscript ¸ signi"es that the correlation is for the low-pass "ltered traces of q
1

and q
2
.

The symbols of q
1

and q
2

represent the instantaneous values of the quantities C
p
(H

"
),
Figure 3(a). A schematic drawing of a trapezoidal cylinder and points A and B situated at the inner edge of the
separated shear layer where the instantaneous velocity measurements were performed.



Figure 3. (b) The pressure-signal traces of C
p
(H

"
), C

p
(H

61
), and C

p
(H

$1
), and the velocity signal trace of u/;*

obtained at the point A, i.e. X/D"0)094 and >/D"!0)6875, at Re"2)7]104. (c) The low-pass "ltered traces
corresponding to those shown in Figure 3(b).
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Figure 4. Plots of (a) R
L
(p

b
, p

u1
, q), (b) R

L
(p

b
, p

d1
, q), (c) R

L
(p

u1
, p

d1
, q), and (d) R

L
(u, p

u1
, q) for the signal traces

shown in Figure 3(c).
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C
p
(H

61
), C

p
(H

$1
) and u/;*, which are abbreviated as p

"
, p

u1
, p

d1
and u, respectively, for

later usage; q denotes the time lag between the quantities of q
1

and q
2
. The results of

R
L
(p

b
, p

u1
, q), R

L
(p

b
, p

d1
, q), R

L
(p

u1
, p

d1
, q) and R

L
(u, p

u1
, q) are shown in Figure 4(a,b,c,d). It is

"rst noted that, in Figure 4(a,b,c) the values of R
L
(p

b
, p

u1
, q), R

L
(p

b
, p

d1
, q) , and R

L
(p

u1
, p

d1
, q)

at q"0 are higher than 0)75, suggesting that the low-frequency variations detected at the
pressure taps at the mid-span of the blu! body are essentially in phase. Second, as seen in
Figure 4(d), the value of R

L
(u, p

u1
, q) at q"0 is negative, and about !0)5; this implies that

the low-frequency variations in the base-pressure and the velocity-signals measured are
correlated in an out-of-phase manner. The occurrence of the most negative value of
R

L
(u, p

u1
, q) at q"5¹

s
, not at q"0, is noted; this is essentially due to the time-lag response

of the diaphragm pressure transducer employed which will be discussed later.
More hot-wire velocity measurements were made at a number of locations in the

separated shear layer for studying the evolution of the low-frequency variations in the
streamwise direction. As an example, the velocity-signal obtained at location B in
Figure 3(a), and the base-pressure signal obtained simultaneously are shown in Figure 5(a).
The low-pass "ltered traces and their time-lag correlation plots are given in Figure 5(b,c).
Figure 5 shows similar characteristics to those seen in Figures 3 and 4 described previously.

As the hot-wire probe moves further downstream, the low-frequency variations in the
velocity signals measured becomes less obvious, because the velocity #uctuations become
dominated by the vortex-shedding frequency and higher-frequency components. In general,
the characteristic of low-frequency variations can be clearly detected by the hot-wire in the
region of X/D(1)5, at the inner edge of the separated shear layer.

The above "ndings of low-frequency variations in the base pressure and the instan-
taneous velocity in the separated shear layers measured encouraged the authors to study
further the unsteady characteristics associated with the vortex formation region. The
velocity measurements in the neighbourhood of the rear end of the vertex formation region
were conducted by a split "bre probe.
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Figure 5 (c). Plots of R
L
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b
, p
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, q), R

L
(p
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, q) for the signal traces shown in

Figure 5(b).

348 J. J. MIAU E¹ A¸.
Figures 6(a) and 6(b) present the results for the split "bre probe located at (a) X/D"1)575
and >/D"0 for Re"3)3]104, and (b) X/D"2)043 and >/D"0 for Re"2)7]104,
respectively. It should be mentioned that the two streamwise locations chosen were situated
upstream and downstream of the rear end of the vortex formation region, respectively. Both
of Figure 6(a) and 6(b) show evidence of low frequency variations in the signal traces of
C

p
(H

"
) and u/;*. The traces of u/;* reveal that the instantaneous velocities measured are

#uctuating between positive and negative values, which is a characteristic of the #ow in the
neighborhood of the rear end of the vortex formation region. The low-frequency variations
in base pressure and velocity measured are correlated in an out-of-phase manner roughly
speaking. This can be further realized from Figure 7, which presents the time-lag correlation
results of the low-pass "ltered traces. In both plots of Figure 7 the values of R

L
(u, p

u1
, 0) are

seen to be negative, while the most negative values occurred at q"0)15 s in physical time.
Hence, it is revealed from the data shown in Figures 6 and 7 that the low-frequency
variations in the instantaneous velocity measured in the neighborhood of the vortex
formation position are in good correlation with the low-frequency variations seen in the
pressure signals obtained on the rear surface of the cylinder. It should be mentioned that no
further e!ort was made to "nd the streamwise location of the split "bre corresponding to
where the maximum negative value of R

L
(u, p

u1
, q) occurred.

The appearance of the most negative correlation coe$cients of R(u, p
u1

, q) at qO0 in
Figures 7 and 4(d) is attributed to the problem of the diaphragm-type pressure sensor
employed. This problem was con"rmed by the experiments using the piezoelectric sensors
instead, for base-pressure measurements. By having a piezoelectric pressure transducer
installed at the location H

"
, the signal traces obtained at Re"2)7]104 and 3)1]104 are

shown in Figures 8(a,b). In the "gures, the signal traces obtained by the split "bre positioned
at X/D"1)77, >/D"0 are also given. Figure 9 presents the time-lag correlation plots of
the low-pass "ltered traces corresponding to those shown in Figure 8. It is seen that the
most negative correlation coe$cients in these plots occur at q"0, unlike those seen in
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Figure 7. Plots of the time-lag correlation coe$cients for (a) the low-pass "ltered traces corresponding to those
shown in Figure 6(a), and (b) the low-pass "ltered traces corresponding to those shown in Figure 6(b).
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Figures 7 and 4(d). This "nding has the further implication that the low-frequency vari-
ations seen in the base-pressure #uctuations and the velocity #uctuations develop
in an instantaneous fashion. Also noted from a comparison of the raw pressure signals
of Figures 8 and 5 is that the piezoelectric pressure sensor displays a better response
to #uctuations of high frequency. It is also noted in Figures 7(b) and 9(b) that the correlat-
ion distributions of R

L
(u, p

u1
, q) do not fall to zero at large q. Intuitively, one knows that

the correlation coe$cients of R
L
(u, p

u1
, q) should go to zero for large q. This is true for

most of the time-lag correlation distributions shown in this paper, except for Figures 7(b)
and 9(b). No explanation for the appearance of Figures 7(b) and 9(b) can be given at
present.

The experimental observations reported above su$ce for proposing a physical picture
regarding the presence of low-frequency variations in the near-wake region. A schematic
in Figure 10(a) shows that, as the base pressure is increased, the separated shear layer
tends to move outward; thus the streamwise extent of the vortex formation region is
enlarged. Similarly, the schematic in Figure 10(b) describes the reverse situation.
These sketches, it is noted, are consistent with the #ow visualization photographs by
Miau et al. (1993), as well as the pressure}velocity correlation results presented in this
paper. Hence, the #apping motions of the separated shear layers discussed previously
are actually associated with the unsteady variations of the vortex formation length.
A picture emerging from a combination of Figures 10(a) and 10(b) is that the vortex
formation region varies in size with respect to time. These variations are of a time scale one
order of magnitude larger than the time scale of vortex shedding. It should be noted that
although the hot-wire velocity measurements presented in this paper were made in the
separated shear layer on one side of the trapezoidal cylinder, the characteristics of
the separated shear layer on the other side can be deduced automatically, based on the
argument of symmetry of this #ow con"guration.



Figure 8. The pressure signal traces of C
p
(H

"
) obtained by the piezoelectric pressure transducer and the velocity

signal traces of u/;* obtained by the split "bre probe, at X/D"1)77 and >/D"0, (a) for Re"2)7]104, and
(b) for Re"3)2]104.
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The spanwise characteristics of the low-frequency variations are also of interest in the
present study. Figures 11(a) and 11(b) present the signal traces obtained by three dia-
phragm-type pressure transducers at the pressure taps H

61
, H

63
, and H

66
, and at H

61
, H

67
,

and H
68

, respectively, for Re"3)3]104; refer to Figure 1 for the physical locations of the
pressure taps mentioned. The plots of R

L
(p

u1
, p

u3
, q), R

L
(p

u1
, p

u6
, q), R

L
(p

u1
, p

u7
, q) and

R
L
(p

u1
, p

u8
, q) are given in Figure 11(c). Although the diaphragm-type pressure transducers

employed have a de"ciency in the delay of response to pressure #uctuations, the correlation
results presented in Figure 11(c) do not show this problem because the time lag e!ects of
the pressure transducers are canceled out in the correlation. As seen in these plots, the
maximum correlation coe$cients occur at q"0, which remain above 0)9 even for the
largest separation of 1)25D between the pressure taps H

61
and H

68
. These "ndings strongly

imply that the spanwise integral length scale of the low-frequency variations is much larger
than the characteristic length scale of the blu! body which is D. This "nding is consistent
with previous experimental and numerical studies (Szepessy & Bearman 1992; Lisoski 1993;
Henderson 1997).



Figure 9. Plots of the time-lag correlation coe$cients for (a) the low-pass "ltered traces corresponding to those
shown in Figure 8(a), and (b) the low-pass "ltered traces corresponding to those shown in Figure 8(b).

Figure 10. A physical model concerning the variations of the base pressure and the vortex formation length.
(a) The situation when the base pressure is relatively large; (b) the situation when the base pressure is relatively

small.
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3.2. THE CASE OF FLOW OVER A CIRCULAR CYLINDER

Further experiments were made for #ow over the circular cylinder, to examine whether the
low-frequency variations prevail in vortex shedding or not. Figure 12(a) shows point A, at
X/D"0)844, Y/D"!0)7187 and Z"0, near the inner edge of the separated shear layer
which was selected for detecting the instantaneous velocity #uctuations. Figure 12(b)
presents the velocity signals obtained by a single normal hot wire at Re"2)7]104 together
with the base-pressure traces obtained at the pressure taps M

"
, M

61
, and M

$1
by three

diaphragm-type pressure transducers. Correspondingly, the plots of R
L
(p

b
, p

u1
, q),

R
L
(p

b
, p

d1
, q), R

L
(p

u1
, p

d1
, q) and R

L
(u, p

u1
, q) are given in Figure 12(c). A comparison of



Figure 11. (a) The instantaneous pressure-signal traces obtained at the pressure taps H
61

, H
63

, and H
66

on
the trapezoidal cylinder at Re"3)3]104. (b) The instantaneous pressure-signal traces obtained at the
pressure taps (a) H

61
, H

67
, and H

68
on the trapezoidal cylinder at Re"3)3]104. (c) Plots of R

L
(p

u1
, p

u3
, q),

R
L
(p

u2
, p

u6
, q), R

L
(p

u1
, p

u7
, q), R

L
(p

u1
, p

u8
, q) for the signal traces shown in (a) and (b).
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Figure 12. (a) A schematic drawing of the circular cylinder and the point A situated at the inner edge of the
separated shear layer where the instantaneous velocity measurements were performed. (b) The pressure-signal
traces of C

p
(M

"
), C

p
(M

61
), and C

p
(M

$1
) and the velocity signal trace of u/;* obtained at point A, i.e. X/D"0)844

and >/D"!0)7187, at Re"2)7]104. (c) Plots of R
L
(p

b
, p

u1
, q), R

L
(p

b
, p

d1
, q), R

L
(p

u1
, p

d1
, q), R

L
(u, p

u1
, q) for the

signal traces shown in (b).
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Figure 13. The pressure-signal traces of C
p
(H

"
) obtained by the diaphragm-type pressure transducer and the

velocity signal traces of u/;* obtained by the split "bre probe at (a) X/D"2)53 and >/D"0, at Re"2)7]104,
and (b) at X/D"2)31 and >/D"0, for Re"3)3]104. (c) Plots of the time-lag correlation coe$cients of the

low-pass "ltered traces corresponding to those shown in (a) and (b).
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Figure 12 and Figures 3}5 indicates that the characteristics of low-frequency variations in
the two cases, for #ow over the trapezoidal cylinder and a circular cylinder, are similar.
Notable features obtained from Figure 12 are summarized as follows.

(i) The presence of low-frequency variations is con"rmed by the base-pressure and
velocity traces presented in Figure 12(b).

(ii) The low-frequency variations detected at the three pressure taps on the rear surface
of the cylinder at mid-span tend to be in phase, as shown in Figures 12(b).

(iii) The low-frequency variations embedded in the velocity #uctuations and the base-
pressure #uctuations tend to be out-of-phase. The appearance of nonzero time lag asso-
ciated with the most negative correlation coe$cient obtained is again attributed to the
dynamic response of the diaphragm-type pressure transducer.

The velocity #uctuations obtained by the split "bre probe in the neighbourhood of the
rear end of vortex formation region are shown in Figures 13(a) and 13(b), i.e. the signal
traces obtained at (a) X/D"2)53 and >/D"0, for Re"2)7]104 and (b) X/D"2)31 and
>/D"0 for Re"3)3]104. In these two "gures, the instantaneous base-pressure #uctu-
ations obtained by the diaphragm-type pressure transducer at the pressure tap M

"
are also

presented. Figure 13(c) gives two plots of R
L
(u, p

b
, q) associated with the signal traces shown

in Figure 13(a) and 13(b) respectively. The correlation coe$cients of R
L
(u, p

b
, 0) are negative

and comparable to those reported previously for the case of #ow over a trapezoidal
cylinder. Therefore, the physical model of Figure 10 is applicable for explaining the
measurement results of Figures 12 and 13.

The pressure signal traces obtained at the pressure taps along the spanwise direction on the
circular cylinder are presented in Figures 14(a) and 14(b). Correspondingly, the time-lag
correlation plots corresponding to the low-pass "ltered traces are given in Figure 14(c). It is
seen in Figure 14(c) that the correlation coe$cients at q"0 are even higher than those seen in
the previous case of #ow over the trapezoidal cylinder. Thus, the low-frequency variations
seen in the vortex-shedding process maintain high correlation along the span of the cylinder.

4. CONCLUDING REMARKS

The experimental results obtained in this study lead to the following conclusions.
1. The presence of low-frequency variations in the vortex-shedding process is con"rmed

in the two cases of #ow over a trapezoidal cylinder and #ow over a circular cylinder at
Reynolds numbers above 104.

2. The experimental results obtained su$ce to draw a physical picture that the low-
frequency variations embedded in the base pressure and the velocity #uctuations measured
in the near-wake region are correlated in a real-time manner. As the base pressure is
increased, the vortex formation region is lengthened, and vice versa. These variations are of
a time scale one order of magnitude larger than the characteristic time scale of vortex
shedding.

3. The low-frequency variations measured are in high correlation along the span of the
cylinder.

Further remarks concerning future work are as follows. Evidence from the literature
(Lisoski 1993; Szepessy & Bearman 1992; Blackburn & Melbourne 1996) indicates that the
characteristics of low-frequency variations in vortex shedding are sensitive to aspect ratio,
Reynolds number, end-plates on the cylinder and free-stream turbulence. Since the present
experiments were made speci"cally for blu! cylinders of aspect ratio 4)7, spanning the walls
of the test-section, at a Reynolds number of 104 and with free-stream turbulence level of
0)6%, more e!ort is necessary in the future to study the in#uence of these parameters
systematically.



Figure 14. (a) The instantaneous pressure-signal traces obtained at the pressure taps (a) M
61

, M
63

, and M
66

on
the circular cylinder, at Re"2)7]104. (b) The instantaneous pressure-signal traces obtained at the pressure taps
(a) M

61
, M

67
, and M

68
on the circular cylinder, at Re"2)7]104. (c) Plots of R

L
(p
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u3
, q), R
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u6
, q), and

R
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u8
, q) for the low-pass traces corresponding to those shown in Figures 14(a) and 14(b).
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In the present work, the low-frequency variations seen in vortex shedding were found to
be associated with unsteady variations of the vortex formation length. This "nding could
complement the previous "ndings of Lisoski (1993), Szepessy & Bearman (1992) and
Roshko (1993) that the low-frequency modulations in vortex shedding are associated with
the phase incoherence of vortex-shedding structures in the spanwise direction. Via results
obtained by direct numerical simulation for #ow over a blu! body subject to the spanwise
periodic boundary condition, Henderson (1997) pointed out that the spanwise structures
embedded in vortex shedding depend upon the aspect ratio as well as the Reynolds number
of the #ow. Logically, these "ndings further motivate an interesting question with regard to
the unsteady behaviour of the vortex formation length in the spanwise direction. The
answer to this question is unknown at present, and hence this is of interest to be investigated
in the future.
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