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Abstract A narrow strip is used to control mean and
fluctuating forces on a circular cylinder at Reynolds
numbers from 2.0 x 10* to 1.0 x 10°. The axes of the
strip and cylinder are parallel. The control parameters
are strip width ratio and strip position characterized by
angle of attack and distance from the cylinder. Wind
tunnel tests show that the vortex shedding from both
sides of the cylinder can be suppressed, and mean drag
and fluctuating lift on the cylinder can be reduced if the
strip is installed in an effective zone downstream of the
cylinder. A phenomenon of mono-side vortex shedding
is found. The strip-induced local changes of velocity pro-
files in the near wake of the cylinder are measured, and
the relation between base suction and peak value in the
power spectrum of fluctuating lift is studied. The con-
trol mechanism is then discussed from different points
of view.
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1 Introduction

Vortex shedding naturally occurs behind a bluff body.
The pressure distribution on the surface changes as vor-
tices shed alternatively from both sides. A periodic force
is then generated which may cause vibration of the body.
The vortex-induced vibration is dangerous to engineer-
ing structures, not only for durable fatigue damage, but
also for possible resonance [1]. Other detrimental effects
of the vortex shedding include causing increase in resis-
tance [2] and making monotonous noises [3].

Great efforts have been devoted to the control of bluff
body wakes and a number of techniques for different
engineering purposes have been developed [4,5].

The theoretical base of the control is related to the
mechanism of vortex formation. There are different con-
trol ideas originated from different models or conjec-
tures of vortex generation:

(1) Control of separation and base pressure. Labo-
ratory observations indicate that a large area of
boundary layer separation is necessary to the gen-
eration of vortex shedding. Earlier researchers
believed that the attraction of negative base pres-
sure was the reason of inwardly curving and spi-
raling of the separated shear layers [6,7]. Many
methods have been developed to control separa-
tion and base pressure, such as enhancing momen-
tum exchange with the flow outside the boundary
layer to delay separation, setting a moving surface
to avoid separation and setting a tunnel to directly
connect the front and rear stagnation points to
change the base pressure.

(2) Prevention of interactions between the separated
shear-layers. Gerrard [8] proposed a model of
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vortex generation to describe the important role
of interactions between the separated shear layers.
A long splitter plate was introduced to prevent the
interactions and suppress vortex shedding [7-10].
Reduction of span-wise correlation. The synchro-
nization in frequency and phase angle of shedding
along the span has important influences on the
strength of shedding vortex [11,12]. Spiral ribs,
span-wise wavy surface and other elements have
been introduced to enhance three-dimensionality
and reduce span-wise correlation of the flow.
Control of global modes. The oscillations of the
wake can be classified into a series of global modes
and a fundamental mode representing vortex
shedding. Active controls of the fundamental
mode were successful at low Reynolds numbers
[13,14]. Athigher Re, however, higher modes were
excited and nonlinear interactions among
the excited modes complicated the control
greatly [15].

Elimination of absolute instability. Recent
advances in weakly non-parallel flow [15-17]
showed that a sufficiently large region of abso-
lute instability in the near wake was responsible
for global instability and vortex formation. Base
bleeding and base suction have been used to elim-
inate the absolute instability region [15,18-20].

3)

“4)

®)

A good method was given by Strykowsky and
Sreenivasan in 1990. In the method, a much smaller
circular cylinder was inserted into the wake of main
circular cylinder. Vortex shedding from both sides of
the main body can be suppressed if the small cylinder is
installed in a certain region called effective zone. Unfor-
tunately, their results showed that the effective zone
shrank as Reynolds number Re increased. Vortex shed-
ding cannot be suppressed if Re is greater than the order

Fig. 1 Cylinder, control
element and experimental

arrangement ~—

A
Rod

of 10?. Relations of the suppression to Gerrard’s model
of vortex generation [8] and to absolute and convective
instabilities of the modified flow were explored, but not
yet established.

In our recent study [22,23], a narrow strip, rather than
a small circular cylinder, was introduced to improve the
suppression at Re = 3 x 10°-2 x 10*. Vortex shedding
from a circular cylinder can be suppressed if the strip is
installed in a region quite similar to the effective zone
shown in Ref. [21]. Momentum integrations by using
measured downstream velocity profiles show that, the
total resistance on cylinder and strip can be reduced
to a value much smaller than that on cylinder without
control.

In the present paper, we will study strip-control of
fluid forces on the cylinder and pay attention to the
control mechanism.

2 Experimental setup

Two wind tunnels in Peking University were used in the
experiment. Tunnel I for pressure and hot-wire mea-
surements and tunnel II for flow visualization. The test
section of tunnel I was 5m long, 1.0m high and 1.2m
wide. It could supply uniform stream of velocity 2-20 m/s
with turbulence intensity 0.8-1.0%. A circular cylinder
of length 1.0m and diameter D = 11 cm located at the
center and spanned the height of the test section. As
shown in Fig. 1a, a thin strip of width b and length 0.96 m
was introduced as the control element. Four steel rods
of diameter 0.5 cm and length 25 cm were perpendicu-
larly installed on the surface and distributed at interval
32cm along a meridian of the cylinder to fix the strip.
The lengthwise margins of the strip were parallel to and
coplanar with the cylinder axis. The cylinder could be
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turned around a short shaft to adjust the angle of attack
of the strip g within the range 0°-90°.

Thirty six pressure holes of diameter 0.12cm were
set at the mid-span and circumferentially distributed at
interval 10° around the cylinder. Twenty four pressure
holes of diameter 0.12cm were set on another merid-
ian of the cylinder and distributed at interval 2.0 cm.
The azimuth angle between the meridian of rods and
the meridian of holes was 30°. Plastic tubes of inner
diameter 0.08 cm and length 0.9 m were used and set
inside the cylinder to connect every pressure hole to
a ZOC 33 Electronic Pressure Scanning Module. The
pressure variation at each hole was transformed into
electric signals by the module and sent by a coaxial
cable to the Scanivalve Electronic Scanner System
Hyscan 2000 to be recorded. Each tube was fitted with
a restrictor at place 35cm from the pressure hole to
improve its high frequency response. Calibrations were
carried out before each test. The sampling frequency
and sampling time at each hole were 312 Hz and 48,
respectively.

Hot-wire measurements were conducted at station
X /D = 7.0 on the plane of mid-span. Points were mea-
sured from Y/D = —-3.5 to Y/D = 3.5 at interval
A(Y /D) = 0.1-0.25. The sampling frequency and sam-
pling time were 1,024 Hz and 30, respectively.

Smoke-wire visualization was carried out in tunnel II.
The test section was 4 m long, 0.6 m high and 0.6 m wide.
It could supply uniform stream of speed 1.0-15.0m/s
with turbulence intensity 0.2%. The cylinder was 5 cm in
diameter and 60 cm in length. The installation of cylinder
and strip is similar to that in tunnel I, but six supporting
rods were used and the distance between neighboring
rods was 11.5 cm. The flow at the section of mid-span
was visualized.

The rods have little influence on the flow at the section
of mid-span [22]. Vibration of the strip and its influence
on flow and aerodynamic characteristics are negligibly
small in the present installation.

3 Results

The control parameters are strip width b/D and strip
position determined by angle 8 and distance A/D. The
Reynolds numbers tested in hot-wire measurement,
pressure measurement and visualization are 2.31 x 10* —
9.24x10* 6.0 x 10* —1.0x 10° and 2.0 x 10*, respectively.

3.1 Effective zones of vortex shedding suppression

Hot-wire measurements for each strip position have
been performed at different points of Y/D. The tested

strip positions form a net of intervals A = 5° and
A(A/D) = 0.1-0.15 that covers the area of 0° < 8 <
90° and 0.6 < /D < 2.4. A sharp peak appears in
the power spectrum of fluctuating velocity when vor-
tex shedding is not suppressed. On the contrary, the
velocity fluctuation is weakened and there appears no
outstanding peak in each of the spectra when vortex
shedding is suppressed [22]. By such a criterion we can
determine the effective zone of strip position. Effec-
tive zones corresponding to strip width /D = 0.18
with different Reynolds numbers from 2.31 x 10* to
9.24 x 10* and effective zones corresponding to Re =
8.0 x 10* with different b/ D widths of strip from 0.136 to
0.272 have been determined and shown in Figs. 2 and 3,
respectively. It can be seen from Fig. 2 that there is a

b/D=0.18
1.75 ——8—— Re=231x10"
: A Re=3.46x10"
———— Re=4.62x10"
1.50 |- ———— Re=6.93x10"
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Effective zone: vortex shedding can

0.25 be suppressed if a strip is installed
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Fig. 2 Effective zones at different Reynolds numbers
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Fig. 3 Effective zones at different strip widths
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considerable overlap area among the effective zones
with different Reynolds numbers, which is of practi-
cal importance for engineering applications. Figure 3
shows that the size of the effective zone is enlarging
with increasing strip width.

3.2 Suppression of fluctuating lift and drag

The instantaneous lift and resistance can be obtained
by integrating the instantaneous pressure distribution
around the cylinder. From the time traces of the inte-
grated forces we can calculate the mean lift and drag
coefficients Cy, Cp as well as the fluctuating lift and
drag coefficients Cy(t), C4(¢).

Figure 4 shows the influence of angle g on fluctuat-
ing lift C;(¢) and its power spectrum at a fixed distance
A/D = 1.0. Large amplitude regular oscillation occurs
in the lift without control and a high peak appears at
frequency fD/V ~ 0.2 in the spectrum. The amplitude
of fluctuating lift C;(r) and the peak value in its

(3)0_5 No control
0
0'5 1 1 1 ]
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0.5 \ , . .
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ooF B=35°
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spectrum are reduced by the strip at § = 0° and are
continuously decreasing as 8 increases until a threshold
angle 40° is reached. Large amplitude, slowly varying
waves appear at this threshold angle, but no outstand-
ing peak is observed in the spectrum. The amplitude
of Cy(t) is greatly reduced and the sharp peak in the
spectrum is removed when the angle is in the range
B = 45°-65°. This is the case where vortex shedding
is effectively suppressed. The sharp peak appears again
and the peak value increases continuously as 8 increases
further from 70° to 90°, but the peak frequency is nota-
bly lower than the one without control. A phenomenon
of intermittent switching between large amplitude reg-
ular oscillation and small amplitude irregular variation
occurs at B = 90°. The switching has no great influ-
ence on the power spectrum when the sampling time is
sufficiently long.

The magnitude of fluctuating resistance can also be
reduced in the effective zone, but the rate of reduction
is smaller than that of fluctuating lift.

(b) 10

104
10°
10?2
10"
10°
10°
10*
10°
10?

No control

Power spectrum of C; ()

L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

DIV,

Fig. 4 Influences of angle of attack $ on fluctuating lift C;(¢) and its power spectrum. Strip width b/D = 0.18, strip distance A/D = 1.0,

Re=80x10%a Fluctuating lift C;(¢); b Power spectrum of C;(¢)
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The probability density distributions of the absolute 25 ;57 _
value of fluctuating lift coefficient |C;| and the absolute )
value of fluctuating resistance coefficient |C,4|, obtained 20k
through statistical analysis of the sampling data (time s
records), are shown in Fig. 5a and b, respectively. The |
density of |C;| on cylinder without control is broadly Y
distributed in the range |C;| = 0-0.4. There are small
or mild changes when the angle changes in the range §
B = 0°-35°. A great change occurs as 8 increases across
the threshold angle (40°) that the density concentrates
rapidly and the main distribution region shrinks quickly
towards smaller |C;|. In the range of effective suppres-
sion B = 45°-70°, most of the density is concentrated Y
in the region |C;] = 0-0.15. However, the density is 42 : /5\
. . . P B oA A |

continuously diffusing towards larger |C;| as § further 10 15 20 25

increases from 70°, and it is again broadly distributed in
the vicinity of g = 90°.

Mild changes are found in the probability density dis-
tribution of |C4| when the strip angle 8 changes from
0° to 90°.

The peak (maximum) value A in the power spec-
trum of fluctuating lift coefficient represents the portion
of fluctuation caused directly by vortex shedding. A is
a function of the strip position, and its contour map is
shown in Fig. 6 (the value without controlis1g(A) = 4.3).
An area that approximately coincides with the effective
zone (Fig. 3) occurrs where the A value is reduced by 2
or more orders of magnitude. Only slight changes occur
at positions outside the area.

3.3 Reduction of mean resistance

The contour map of Cp corresponding to varying strip
position is shown in Fig. 7 (the value without control
is Cp = 1.08). An area that covers the effective zone
appears where the resistance is reduced by 10-20%. Cp
is slightly reduced at other positions.

X/D

Fig. 6 Contours of 1g(A) with varying strip position, b/D = 0.18,
Re = 8.0 x 10*

The C; values in the case of b/D = 0.18 at
Re = 8.0 x 10* are small when the strip is located at
any positions except in a small region of A/D = 0.7-0.8,
B = 55°-65°, where it varies in the range 0.2-0.4.

All the above results show that, there exists an effec-
tive zone of strip position, in which the fluctuating lift
acting on the cylinder can be decreased greatly, the mean
and fluctuating resistance can be reduced, and the mean
lift is kept at a low level.

4 Discussions
4.1 Separation

Figure 8 shows that the mean pressure distributions
around the cylinder without and with suppression
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Fig. 7 Contours of mean drag Cp with varying strip position,
b/D =0.18, Re = 8.0 x 10*

(corresponding to the cases in Fig. 4) are of laminar
separation pattern. The separation points [24] on both
sides of the cylinder are not notably changed by the
control. This implies that the present control is different
from the separation control.

4.2 Base suction

A splitter plate of length 1.0D or longer has been intro-
duced (set on the wake centerline in Refs.[7] and [9], set

parallel to and a distance from the wake centerline in
Ref. [10]) to investigate the influence of gap between the
cylinder and the plate. Abrupt changes in base suction
coefficient —Cpy,, vortex shedding frequency and mag-
nitude of lift fluctuation can be found when the gap
exceeds some critical value. In the present study, rapid
or abrupt changes in base suction —C,, and Strouhal
number St can also be induced when 8 exceeds a thresh-
old angle (Fig. 9).

The effect of distance A/D of the strip installed on
the wake centerline is also studied and shown in Fig. 10.
The variations of A, St and —C,,, with A/D are of sim-
ilar trend, but the data of base suction —C,; are more
scattered than those of A and St.

The role of base suction in vortex formation was dis-
cussed in Refs. [2,6-10,25]. Wille [6] showed that the
negative base pressure region and the inward spiral-
ing of the separated shear layers were correlated. Unal
and Rockwell [7] measured the amplitude of fluctuating
velocity of the shear layer at X /D = 0.5, and found that
the variation of the amplitude with Re had the same
trend as that of base suction coefficient —Cp,, with Re.
Roshko [2] showed that the maximum magnitude of
fluctuating velocity in the wake increased with increas-
ing —Cpp.

Bearman [25] and Gerrard [8] introduced a forma-
tion length to measure the region of vortex generation.
Bearman [25] showed that the formation length was
nearly in inverse proportion to the base suction coeffi-
cient.

Fig. 8 Mean pressure LOF 1.0F
distributions at different 0.5¢ No control 05E p=45°
angles, b/D = 0.18, > 0.0f & 00
A/D =10, Re = 8.0 x 10* S 05| G S _osk
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156 L L 1 L L L 1 1 - 1 1 L L 1
2180-135-90 —45 0 45 90 135 180 -180— 135 90 45 0 45 90 135 180
1.0F 1.OF
~ 05F =(° . 05F =70°
< 835 - S 00f e
s UVE s R
© _0s5E © o5t
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-180- 135 90 45 0 45 90 135 180 -180-135-90 -45 0 45 90 135 180
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Fig. 9 Changes of a base (a) 1.00 _— (b) 020 ¢
suction —Cpy, and b Strouhal ! Strip width 5/D=0.18 019 E Strip width 5/D=0.18
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Fig. 11 Statistical correlation between base suction and peak
value A in the spectrum of fluctuating lift, b/D = 0.18, Re =
8.0 x 10*
k)
Q0TE 0 g o m 5/D=0.081
0.6 E A p/D=0.163
0.5 O b/D=0218
s — Fitline decreasing the base suction coefficient —Cp;. So the
0'40_5 1.0 15 20 25 3.0 peak value A in the spectrum of fluctuating lift should

AID

Fig. 10 Influence of strip distance A/D on Strouhal number St,
peak value A and base suction, b/D = 0.08-0.22, Re = 8.0 x 104

The magnitude of fluctuating lift can be decreased by
either decreasing the strength of vortex or increasing
the distance between the cylinder and the vortex (i.e.
formation length). Unal and Rockwell [7] showed that
the increase of formation length and the decrease of
vortex strength could be simultaneously achieved by

be a monotonously increasing function of —Cpp.

A statistical correlation between the base suction
—Cpp and the peak value A, obtained from data at all
measured strip positions, is shown in Fig. 11. The upper
part of the fitted line (Ig(A) > 2.5) indicates that, the
larger —Cpp, the larger A. However, the bifurcation
occurred at 1g(A) = 2.5 and the rather diverged data
of —Cpp at 1g(A) < 2.5 indicate a negative fact: A is a
multi-value function of —Cy, i.e., large value of base
suction coefficient —Cpy, is not sufficient condition for
vortex generation.
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12 B 0 is nearly proportional to the base suction coefficient
—Cpp (Fig. 12). It is similar to the relationship exhib-
ited in flows across a bluff flat [2].
4.3 Span-wise correlation
A The span-wise correlation coefficient can be calculated
)

T IR R |

0.6 0.7 0.8 0.9 1.0 1.1

—Cpp

Fig. 12 Statistical correlation between base suction and mean
resistance, strip width /D = 0.18, Re = 8.0 x 10

Energy transfer and dissipation in the wake turbu-
lence may play arole in affecting the strength of shedding
vortex. The total energy E of the wake flow can be
divided into three parts: the part of static pressure Ep,
the part of shedding vortex E4 and the part of wake
turbulence E7. In the cases where vortex shedding is
not suppressed, E — E7 is divided into Ep and E4, and
the portion of energy E7 is not greatly changed. The
decrease of Ep (i.e., the increase of —Cp,) will increase
E4 (i.e.,increase A). In the cases where vortex shedding
is suppressed or nearly suppressed, ET + Ep ~ E. The
portion E7 may change with the strip position, which
may induce change in Ep and cause divergence in —Cp,
when 1g(A) < 2.5.

Statistical analysis of the data measured at all strip
positions shows that the mean resistance coefficient Cp

by

T T T
Cr) = Cp(Z,t)*Cp(Z/,t)dt/ (Cp(z.02dt [(Cy (2, 1),
0 0 0
r=1|z-7|/D,

where T is sampling time, C,(z,t) and C,(2', ) are fluc-
tuating pressure coefficients at holes on the meridian
(Fig. 1) with coordinate value z and 7/, respectively. The
C(r)-distributions without and with control are shown
in Fig. 13a and b, respectively. It can be seen from
Fig. 13a that there are slight differences among the C(r)-
distributions at different angles of «, but all the C(r) val-
ues drop dramatically at » > L =~ 3.2, where L can be
defined as a span-wise correlation length. The value of
L here is close to the one shown in Ref. [26]. Compared
with the case without control, the C(r) in the suppressed
cases (Fig. 13b) are increased slightly. However, the cor-
relation length L is changed little by the suppression.

4.4 Gerrard’s model of vortex generation

In Gerrard’s model [8], the vortex shedding is gener-
ated by interactions between the separated shear lay-
ers. It was deduced by Strykowsky and Sreenivasan [21]
that the function of the small circular cylinder was to
diffuse the vorticity in one shear layer. The circulation in
the diffused shear layer is then reduced below a thresh-
old, so that the mutual attraction between the opposing

Fig. 13 Comparison of (a) 1.0 ® 10
span-wise correlation
coefficients with and without 0.9 09
control, Re = 8.0 x 10%. = i =
a Without control; b With S 08F S |
control, b/D = 0.18, § [ £ 08
— — [ .S
A/D =10 g 07 2
s g $ 07
£ 06 <
= r = L
e = 06
E o5 2
& : 3
0.4 0.5
03 . P J - | ! ] 04 I 1 1 1 ]
0 1 2 3 4 0 1 2 3 4

Span-wise distance
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Fig. 14 Effect of strip angle
B on the control, strip width
b/D = 0.18, strip distance
»/D =125, Re =2.0 x 10*

== =

(d)p

shear layers is too weak to form vortex roll-up on both
sides. The visualization pictures of Fig. 14d and e show
that the “diffusion” effect of the strip can inhibit the
“roll-up” of the shear layers on both sides. However,
a phenomenon of mono-side vortex shedding is found
and shown in Fig. 14f-h, it happens in the range of angle
B = 60°-90° when A/D = 1.25. The shear layer on
the upper side is diffused and vortex shedding on the
diffused side is suppressed, but vortex shedding on the
opposite side is still presented.

In the model, the frequency of vortex shedding is also
determined by interactions between the separated shear
layers. Hot-wire measurements at a downstream station
X /D = 12.5 on the plane of mid-span have been con-
ducted at different Y /D points for the case § = 65°,
A/D = 1.25. The results (Fig. 15) show that no obvious
peak appears in the power spectrum of fluctuating veloc-
ity at each Y/D point on the upper side (Y/D > 0) of
the wake. However, a sharp peak appears in each spec-
trum on the lower side (Y /D < 0). The peak frequency
in each spectrum is fD/V = 0.2. This means that the
frequency of mono-side vortex shedding is nearly the

=45°

(h) 5=90°

same as that of double-sides vortex shedding without
control.

The phenomenon of mono-side vortex shedding is a
negative example to Gerrard’s model [8] and Strykowsky
and Sreenivasan’s deduction [21]. More detailed work
is needed to resolve the contradiction.

4.5 Changes of velocity profiles in the near wake

The properties of bluff body wakes have been inves-
tigated by introducing the concepts of global instabil-
ity and local absolute and convective instability. Stabil-
ity analyses [27-29] showed that, there was a region in
the near wake, where the velocity profiles were abso-
lutely unstable. Possible connections among local abso-
lute instability, temporally growing global modes and
vortex shedding were explored in Ref. [21], but not yet
established. Later advances in stability theory of weakly
non-parallel flow [16,17] indicated that, a sufficiently
large region of absolute instability was responsible for
global instability and vortex generation. As shown in
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Fig. 15 Fluctuating velocities and their power spectra at different Y/D points on the section X/D = 12.5. Strip width b/D = 0.18,

»/D =125,8 =65, Re =20 x 104

Fig. 16 Comparison of
velocity profiles measured at

different X-stations in the ’
near wake of a circular L1
cylinder with and without 1.0F
control, Re = 3.85 x 10%. 0.9
a Velocity profiles behind a 8

5 0.8

cylinder without control;

Fit lines of measured data

b Velocity profiles behind a 0.7

cylinder controlled by a strip 0.6

of b/D = 0.18 placed at 05

A/D =1.09, B = 50°
0.4
03F ‘ 1
-1.0 -0.5 0.0

Y/3.5D

Fig. 16a, the velocity profiles in the near wake of a
circular cylinder without control are symmetrical to the
wake centerline. They are altered locally by the pres-
ence of the strip and the velocities are asymmetrically
distributed on the upper (Y > 0) and lower (Y < 0)
sides (Fig. 15b). The local changes of the profiles may
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induce changes in their stability nature. We may deduce
that, when the strip is installed in the effective zone, the
absolute instability region in the wake is eliminated or
reduced to sufficiently small, so that large scale vortex
shedding cannot generate, but it has to be proved by
further studies.
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5 Conclusions

A narrow strip has been used to control the mean and
fluctuating forces acting on a circular cylinder at Rey-
nolds numbers in the range of Re = 2.0 x 10*-1.0 x 10°.
The axes of the strip and cylinder are parallel, the con-
trol parameters are strip width b/D and strip position
determined by angle of attack 8 and distance from the
cylinder A/D. Wind tunnel tests show that vortex
shedding from both sides of the cylinder can be sup-
pressed and the mean drag and fluctuating lift on the cyl-
inder can be reduced if the strip is installed in an effective
zone downstream of the cylinder. Effective zones corre-
sponding to b/D = 0.18 with different Reynolds num-
bers from 2.31 x 10* to 9.24 x 10* and effective zones
corresponding to Re = 8.0 x 10* with different b/D
widths from 0.136 to 0.272 are determined. The varia-
tion of base suction coefficient —C,, with strip position
is studied and abrupt changes are found. A statistical
relation between base suction coefficient and magnitude
of vortex-induced lift fluctuation is given. A phenome-
non of mono-side vortex shedding is observed, and strip
induced local changes of velocity profiles in near wake
of the cylinder are measured. The control mechanism
has been discussed from different points of view.
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