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Abstract Visualization results demonstrate the evolution of Kelvin-Helmholtz unstable waves
into vortex pairing in a separated shear layer of a blunf circular. The results with acoustic excitation are
quite different from that without acoustic excitation, and the phenomenon with excitation in a separated
shear layer follows the rule of Devil’s staircase, which always occurs in a non-linear dynamical system of

two coupling vibrators.
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0 Introduction

The swing of two clocks with pendulums, hanging back to back on the wall, will probably be
synchronizing their motion. Such a phenomenon is known as frequency locking or lock-in. The
coupling of an oscillation wave or vortex shedding to an external periodic acoustic or mechanical
oscillator in a shear flow might also dynamically drive the fluid system into synchronization. For
weak competition the locking interval of the frequencies are narrow, and the motion in phase
space is quasi-periodic, and for most driving frequency the ratio between the two frequencies is
more likely irrational. When the competition increases, the system turns into synchronization and
the system is re-ordered. If much stronger competition is exerted, the lock-over occurs, i.e., the
motion of the system is chaotic again. Theoretical analysis shows that due to the competition be-
tween the frequencies of oscillater’s and the external excitation, an infinite step will arise, which
is termed as Devil’s staircase by mathematicians. In general, the evolution of the K-H unstable
waves in a shear layer separated from the leading edge of an axisymmetrical bluff body will finally
results in the development of helical vortex shedding in its bubbles on the surface of the bluff-body
or in the wake behind the bluff-body. Devil’s staircase emerges not only in non-linear mechanical
systems of vibration, but also in long-range spatially periodic solid structures in the condensed-
matter physics, and K-H unstable waves in the shear layer or the frequency of vortex shedding in
the wake flow with external acoustic excitation, etc.

In this paper, some experimental results are presented on the competition between the frequ-
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encies of Kelvin-Helmholtz unstable waves in a separated shear layer from the sharp edge of the
front flat of an axisymmetrical body with that of external acoustic excitation. Up to now, there is
little information related to how the behavior of K-H unstable waves in a shear layer separated
from the leading or trailing edge of an axisymmetrical bluff body is affected by an acoustic excita-
tion emitted from a forthward-facing or a backward-facing loudspeaker mounted in it, as well as
how the frequency of helical vortex shedding is synchronized on an excited acoustic frequency.
Therefore, a project of trying to put some insight into these phenomena about the influence of a-
coustic excitation on the behavior of K-H unstable waves in a separated shear layer and the helical
vortex shedding in an axisymmetrical wake flow has been conducted in our group. The conditions
about why Devil’ s staircase will occur and how to employ non-linear theory of dynamical systems
to explain such new phenomena in the turbulent shear flow are emphasized. This paper mainly
concerned the behavior of K-H unstable waves in the shear layer separated from the sharp leading

edge of an axisymmetrical bluff-body.

1 Experimental Setup

The experiment was done in a low turbulence wind tunnel at Beijing University, whose
cross-section and the length of the test section is 0.3m X (.8m and 3.2m respectively. The veloci-
ty varies from 0.1~20m/s, and the level of free-stream turbulence is less than 0.08 % . The bluff-
body was made of plexglass with a sharp leading edge. Model’ s diameter and length are 80mm
and 350mm respectively. A loudspeaker as the source of excitation is embedded into the front of
the model. There is a disk before the loudspeaker and acoustic waves are forced to pass through a
thin gap between the front edge of the model and the disk. The loudspeaker with power of 4W is
driven by an amplifier and its frequencies range from 20 ~ 5000Hz. The output of frequency is
controlled by a low-frequency signal generator, Model XFD-74A. The coordinates for the meas-
urement are as follows: X axis is along the streamwise, Y axis is vertical to the axis of the bluff-
body; the leading edge point is defined as the original point(0,0). TSI-1050 anemometer, a sin-
gle probe and a X-probe are employed for measurement. Signals are transferred by an A/D con-
vertor and then processed in a personal computer for obtaining turbulent parameters and the spec-

trum. The sample points of each segment are 1024.

2 Analysis of Experiment Results

We have already revealed some important behaviors related to the transition of vortex shed-
ding from ordered to the chaotic in the wake glow behind a 2-D circular cylinder in the past several
years. It is assumed that there could be more interesting chaotic phenomena, especially its behav-
ior related to the transition of helical vortex shedding from order to chaos in an axisymmetrical
wake flow. Besides the pure chaos study mentioned above, we also have another practical pursuit,
i.e., the application of such a device for reducing noise of vortex shedding and drag of an axisym-
metrical bluff body in our project. In our experiments, the amplitude of the induced-oscillation

excited by acoustic waves of compressive and rarefied pressure is much smaller than that of mean
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velocity, but comparable with that of turbulent fluctuation velocity. It is quite interesting that
such a very small excitation can change the structure of the main flow grearly, reduce the reat-
tachmert length of the separation bubble and even make the bubble vanish. Therefore there exists
another approach of reducing the form drag of a bluff-body by means of external sound wave, in-
teracting with K-H unstable waves in the shear layer separated from the leading edge of the bluff-
body. On the other hand, we also found that the acoustic excitation can also enhance the chaotic
mixing in certain regions, which reveals the potentially engineering application to the combustion
in engines and the blending processing in petro-chemical industries.

The visualization of the separated shear layer by the oilsmoke is shown in Fig. 1, which
demonstrates the vortex shedding resulted from the evolution of K-H unstable waves.

When vortices go downstream, two vor-
tices would interact with each other, and finally
result in pairing and forming a larger one. As
the larger vortex matches with the height of the
separation bubble, the vortex will touch the

Fig. | The evolution of the separated wall of the bluff-body, i.e., the shear layer

shear iayer from a leading edge reartaches to the wall. The motion of the flow

B 1 SR ME VRS R R RO 2w in the reattachment region is very complicated
and the turbulent energy is higher than that in the other regions.

2.1 Effect of Acoustic Excitation Under Different Frequencies
The effect of acoustic excitation on the behavior of the separation bubble is illustrated in Fig.

2. It's obviously that the effect on the separation bubble with different excitation frequencies
is different. At St < 0. 7, the reattachment
length of the separation bubble decreases with
the increment of Strouhal number;in the range

x,/D

of 0. 7< 8§ < 1.6, it approximately remains

constant; at S¢ > 1.6, it becomes longer and

longer till to the length in the natural state. The -

£ - . Fig.2 The effect of acounstic excitation
effect of acoustic excitation is also related to da the reattach il
Reynolds number, the lower Reynolds number W1 AREHAHEESER

is, the stronger the effect of acoustic excitation is. However, the region with the most effective a-
coustic excitation is independent of Reynolds number, and the most effective region of Strouhal
number manges from St =0.7 to S5z =1.6.
2.2 Characteristics of Mean Flow Field with/ Without Acoustic Excitation

The difference of mean velocity with/without acoustic excitation is shown as Fig.3. Under
acoustic excitation, the height of the separation bubble is lower than that in natural state. Howev-
er, the region effected by acoustic excitation is limited, when x >3D, there is little influence on
the mean velocity profile. Fig. 4 shows the difference of turbulent energy and Reynolds stress
with/without acoustic excitation.

As is known, from the leading edge to the reattachment region, the turbulent energy and
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Reynolds stress gradually increase, and reach the maximum at the reattachment region. Under

acoustic excitation, the separation bubble re-
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duces, and the position of the maximum of

turbulent energy and Reynolds stress is nearer 10 i i

to the leading edge. So, at the position of r 08 - o
=0.31D, the turbulent energy and Reynolds }0.6 I L

stress with acoustic excitation are bigger than

those in natural state respectively; at the posi- o | I

tion of z =1.25D, they are nearly equal; and 0.2 - -

at the position of x =3. 75D, the turbulent 0.0 - i u
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energy and Reynolds stress with excitation are @) ® ©

smaller than those in natural state. Fig.3 The effect of excitation on the mean velocity profile
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Fig. 4 The effect of excitation on turbulent energy and Reynolds stress
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Fig.5 is the isogram of mean velcity with/without acoustic excitation. Obviously, the sepa-

ration bubble region reduces under acoustic excitation. Fig.6 and Fig.7 are the isograms of
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Fig.5 The isograms of mean velocity ' Fig.6 The isograms ol turbulent energy
(a) without acoustic excitation (a) without acoustic excitation
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Fig.7 The isograms of Reynolds stress

(a) without acoustic excitation (b) with acoustic excitation, f,=200Hz
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the turbulent energy and Reynolds stress respectively. The position of the largest turbulent energy
and Reynolds stress is nearer to the wall of the model with acoustic excitation than that without a-

coustic excitation, which means the reduction of the separation bubble.

3 Conclusion

By analyzing the influence of acoustic excitation on the separation bubble, the preliminary
conclusions are drawn as follows.

(1) The K-H unstable waves in the separated shear layer can be substantially affected by a-
coustic excitation, which means that the evolution of K-H unstable waves could be controlled.
Strouhal number for the most effective acoustic excitation is independent of Reynolds number,

and lies in the range of St =0.7~1.6.
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(2) Acoustic excitation can reduce the separation bubble at the leading of the bluff-body, and
so does its drag. Besides this, acoustic excitation makes the turbulent energy and Reynolds stress
in some certain regions increase, which means the ability of chaotic mixing and the transversal
momentum transfer increase in these regions.

(3)A devil-staircase phenomenon occurs in the separated shear layer at certain cases of acous-

tic excitation, similar to what happens in non-linear mechanical systems of vibration.
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