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1.Introduction

At a low Reynolds number, it is well known that the pressure fluctuation acting upon a solid body
plays the central role in a generation of the aerodynamic sound. In a flow over a cavity, vortices which
are formed in the separating shear layer generate the aerodynamic sound characterized by a single
frequency peak and a large amplitude as a result of the feedback loop and resonance.

In the last decades, the reduction of the aerodynamic noise generation due to the flow behavior in
and over a cavity have attracted great deal of attentions because of demands in practical applications.
In most attempts, passive control devices have been used. However, the capability of passive techniques
are limited within a specific geometry and flow conditions. Recently, active control of various flow
fields have been attempted. An airjet, piezoelectric flaps, and an unsteady bleed forcing are typical
devices tested for the cavity flow control. Most of the cavity flow and its sound control attempts
have been based on either breaking up the vortex structures in the cavity or changing the dominant
frequency of the oscillation.

On the other hand, the approach suggested in this research does not try to change the frequency
from the natural dominant frequency of the flow over a cavity. The method tries to control only the
timing of the perturbation at the upstream edge depending on the spanwise location so that the wavy
patterns of the velocity fluctuation will have phase differences along the spanwise direction. If the
velocity fluctuations which have 180 degrees phase difference can be created in the flow side by side in
the spanwise direction, the pressure fluctuations hence the acoustic waves coming out will also be 180
degrees out of phase. Then it can be expected that the opposite-signed sound waves will eventually

cancel each other faraway from the source, although the sound generation itself has not been reduced
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at the source. The advantage of this method is that it utilizes the natural dominant frequency of
the structure in a cavity. As a result, very effective flow control and noise reduction control can be
expected. A noise reduction attempt based on this concept were first tried out by Kikuchi et al. It
was reported that the flow fields were successfully controlled and the resultant noise reduction effect
could also be achieved. However, in the experiment using piezo-film (PVDF) as the controlling device,
the control effect was found only under limited conditions.

The purpose of this research is to develop a technique for cavity flow control and the sound control
which can be applied to a wide range of conditions. The conditions mentioned here include the
geometry of the cavity, namely whether it is a shallow type or a deep type, and the character of a
upstream boundary layer, whether it is laminar or turbulent. The concept is tested also in a large scale
experiment, with practical appreciations, such as a high-speed train or an automobile, in view. For
this purpose, two types of piezoceramic actuators and loudspeakers are tested for their effectiveness

as the controlling devices.

2. Active Control of the Flow over a Shallow Cavity with Laminar Separation

In this chapter, the control for the simple flow environment that was a combination of a shallow
type cavity and a laminar separation is attempted. In this type of a cavity, where the wa\}elength of
the sound is much longer than a characteristic length of a cavity, only the shear layer instability and
its feedback loop play major roles in the sound generation.

The aim of this chapter is to develop a method to control the flow and reduce the noise under a wide
range of conditions and to overcome the difficulties Kikuchi et al. encountered. In the investigation,
two types of piezoceramic actuators are tested. One is the ”Unimorph type” actuator and the other is
the " Bimorph type” actuator. They move their trailing edge parallel or vertical to the freestream. The
effectiveness of each of the two actuators to control the flow and the sound generation is examined.
Judging from the basic properties of the piezoceramic devices, piezoceramic was expected to be able
to introduce stronger fluctuation into the flow, compared to the PVDF actuator. The upstream edge
of the cavity was selected as the location to place the actuators because of its high receptivity. The
influence of the wavelength of the velocity fluctuation pattern along the spanwise direction to the
effectiveness of the control is also investigated.

Experimental results showed that wavy patterns which have 180 degree phase difference along the
spanwise direction could be created using either the unimorph type or the bimorph type actuators. It
was tested at the same condition for which the PVDF actuator could not achieve the control. Only
the phase of the velocity fluctuation could be controlled without influencing the other flow properties.

However, the flow field controlled by the bimorph type actuators showed indication of the streamwise
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vortices.

As a result of the flow control, reduction of the aerodynamic noise was achieved when the unimorph
type actuator was used. On the other hand, the bimorph type could not reduce the peak sound
level under most of the conditions, even when the control of the flow field appeared to be successful.
These failure in the control may be partially due to the self-generation of the noise from the actuators
themselves as well as the imperfectness in the control of the flow field.

By using eight pieces of the unimorph type actuator, it was shown that this system could create
wavy patterns of velocity fluctuation having various wavelengths in the spanwise direction. The results
also showed that the most effective wavelength depends on the magnitude of the velocity fluctuation
in the boundary layer. The analysis using spanwise averaged value of the ensemble-averaged velocity
fluctuations disclosed the relation between the three-dimensionality of the velocity fluctuation pattern
and the level of the cavity noise reduction.

From the experimental results, it was shown that the system was capable of creating wavy pattern
of velocity fluctuation in the shallow type cavity flow field with laminar separation. It was also shown
that the unimorph type actuator is superior to the bimorph type actuator not only for the flow control

but especially as a device for the aerodynamic noise reduction.

3. Control of the Flow over Cavity and its Sound Generation when the Upstream Bound-
ary Layer is Turbulent

In this chapter, more advanced controlling technique is applied to a deep type cavity. In this type
of a cavity, it is known that a complex mechanism that consists of a shear layer instability(feedback
type) and an acoustic resonance inside a resonator affects the sound generation. The experiment to
control the flow was tested under the condition that the upstream boundary layer was turbulent and
the freestream velocity was comparatively low, because in practical situations, most of the boundary
layers approaching cavities are turbulent.

In order to excite wavy patterns, two types of the piezoceramic actuators are used. Unlike the
experiment described in chapter 2, the bimorph type actuator is attached onto the vertical wall of the
upstream side of the cavity so that its edge will move in the streamwise direction, while the unimorph
type is still glued on the flatplate surface. The effectiveness of two types of actuators placed at two
different locations are compared.

As a result of the investigation employing the power spectrum and the wavelet analyses, it was
revealed that the flow structure and the cavity tone has a ”cause-and-result” relation. This result .
gave the basis to the rationality of the current study’s approach, which is to control the flow field

structure in order to control the sound field.
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When the unimorph type actuator was used, the flow field could not be controlled as was intended.
Only a small breakdown of the vortex structure could be seen which resulted in a small reduction
of the cavity sound level. On the other hand, adding partition plates combined with the unimorph
actuator control proved to be very effective. However, the wavelength was not always as was intended
due to the introduction of unfavorable fluctuations.

The configuration, in which the bimorph type actuator was set vertically at the upstream edge of
the cavity, completely controlled the flow field and greatly reduced the cavity sound. The reason for
its effectiveness for the deep type cavity flow control can be estimated that the actuator can influence
both the outside shear layer instability and the pressure field inside the cavity at the same time. It was
also revealed that the shorter spanwise wavelength is preferable not only for the flow control but also
for the noise reduction when the upstream boundary layer is turbulent. The analysis using spanwise
averaged value of the velocity fluctuations clearly and quantitatively disclosed the difference between
the effectiveness of the unimorph type and the bimorph type actuators, and also the effectiveness of
the partition plates.

It was shown that even for a complicated flow environment, the concept and the system used in the
current research were capable of creating wavy pattern of velocity fluctuation. It should be especially
noted that, in this research, the noise reduction was successful when the freestream velocity was lower

than M = 0.2(Ux = 30.0m/s), which had not been reported in other researches in the past.

4. Large Reynolds Number Experiment

The large scale experiment is conducted at the Large-Scale Low-Noise Wind Tunnel of the Railway
Technical Research Institute, where the high Reynolds number based on the boundary layer thickness
at separation point reaches Res=5.2x10°. This Reynolds number is more than an order of magni-
tude larger than the Reynolds number Res=1.6x10% in the experiment described in chapter 3. The
geometry of the cavity used is classified into a "deep cavity” type. Two types of the piezoceramic
actuators that were glued onto the flatplate surface of the upstream edge of the cavity, and an array
of loudspeakers equipped at the bottom of the cavity were tested as the controlling devices.

The objective of the research in this chapter is to achieve the flow control and the resultant noise
reduction against a high Reynolds number turbulent separating flow. The experiment should show
whether or not the control method in this research can be useful when applied to an actual high-speed
train or an automobile. In addition, the relation between the characteristics of the fully turbulent
separating flow over a cavity and the generated sound is examined and discussed.

The dominant frequency of the sound varied not with the freestream velocity but rather depending

on the cavity depth. When the freestream velocity was 60.0m/s, the frequency of the shear layer
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oscillation agreed well with the resonance mode for cavity depth of 650mm. On the contrary, when
the freestream velocity was 70.0m/s, the interaction did not take place compared to the 60.0m/s case.
As a result of the investigation of the relation between the wall surface pressure and the velocity fluc-
tuation over the cavity, it was revealed that the velocity fluctuation hardly show any periodic patterns
while an outstanding peak can be found in the pressure spectrum. V

A clean noise reduction effect could not be found by any of the experiments using three types of
controlling devices. The bimorph type actuator gave the best results when the partition plate was
not installed. The results using the unimorph type with the partition was reasonable. However, the
control effect was insufficient. The loudspeaker was effective only in the Single-phase control mode.
The partition plates showed only a limited advantage in this experiment.

The power spectra measured by the hot-wire anemometer revealed that the bimorph type actuator
could introduce a velocity fluctuation with spanwise phase differences. However, the structural pattern
could not be identified in the results of the wavelet analyses even when the actuator was in operation.
There maybe two reasons, one is that the pattern of the dominant mode which contains a large energy
have been buried in other components of the turbulent random field, the other is the fact that the
piezoceramic actuators were not relatively large enough to influence the flow. However, the fact that
the flow partially responded to the control implies that the attempt was not a completely a failure
either. The experimental results are not sufficient to draw a conclusion on whether the flow controlling
concept tested in this research is capable of reducing the cavity noise or not at high Reynolds number

conditions.

5. Conclusion

As a result of series of experiments, it was revealed that when the cavity flow field has two-
dimensional vortex structure, the piezoceramic actuator can create the spanwise phase difference of
velocity fluctuation even for the turbulent separating flow regardless of the cavity type, a shallow
one or a deep one. And in those conditions, the aerodynamic sound from cavity-flow system could
be successfully controlled. - The bimorph type actuator appears to be superior to others because it
showed the advantage in introducing velocity fluctuation and creating structures. However, when it is
used incorrectly, the self-generated noise from the actuator can become larger than the original noise.
It also has a danger to generate streamwise vortices. On the other hand, if the main structure is
embedded in the turbulent random structures, even if a two-dimensional structure exists, it is found
to be very difficult to control both the flow and the sound. This case will remain as a subject for the

future study.
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