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Abstract

The acoustic and fluid dynamic resonance in a two-dimensional cavity flow was investigated experimentally. In order to visualize a
periodic oscillation of the shear layer and the behavior of vortices, the schlieren method was used with an ordinary CCD camera and a
high-speed video camera. Particle image velocimetry (PIV) measurements were also carried out to obtain the vorticity distribution during
the oscillation in the cavity flow. Shedding and interaction of vortices in the shear layer were observed near the trailing edge of the cavity,
which causes the generation of pressure waves. The feedback process of the oscillation was determined using high-speed camera images.
From these results, the x — ¢ diagram for the oscillation cycle was obtained. Based on the flow visualization, for Rossiter’s constants, it
was confirmed that the dominant acoustic mode was m = 2 and that K. = 0.5 in the present experiment. Also, the pressure level for mode
m =2 was the most intense for a wide range of flow Mach numbers. The results obtained by PIV measurement show that there is out-
going and incoming flow near the trailing edge of the cavity. It was found that a very strong change of vorticity associated with the

detachment and attachment of boundary layer was induced on the trailing edge due to the fluid dynamical instability.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Sound oscillation in cavity flow is a well-known and fun-
damental problem in fluid dynamical instability. Since the
original work by Helmholtz, a number of papers in this
area have been published for external and internal flows.
For example, Owen [1] investigated the unsteady pressure
in bomb bays in a low-speed wind tunnel. He showed that
for shallow and moderately deep bomb bays (L/D > 5), the
unsteady pressure field was random essentially for air speed
up to 300 ft/s. A similar investigation was carried out by
Norton [2], but the speed was higher than that in the pre-
vious experiment. In addition to the random pressure fluc-
tuations, it was found that strong periodic pressure
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fluctuations occurred in the bomb bay. Krishnamurty [3]
investigated the periodic pressure fluctuations. He found
that the fluid in a cavity oscillated over a broad range of
flows in the subsonic and supersonic flow regimes. He also
found that strong acoustic radiation accompanied the
periodic pressure fluctuation. Plumblee [4] calculated the
acoustic resonant response. The periodic pressure fluctua-
tions were proposed to be due to an acoustic resonance
excited by the unsteadiness in the turbulent boundary layer
approaching the cavity. However, later this hypothesis was
found to be unjustified because Krishnamurty found strong
periodic pressure fluctuations when the oncoming bound-
ary layer was laminar. Rossiter [5] put forward the most
important model for the cavity oscillation. He proposed a
feedback mechanism by which he was able to explain the
generation of the acoustic radiation. In his paper, he pro-
posed a fundamental physical model of the interaction
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Nomenclature

D depth of cavity

f resonant frequency

K. ratio of convection speed of vortices to free

stream velocity

length of cavity

free stream flow Mach number
my +m;

number of vortices

number of waves

sound pressure level

pressure

SvIFIge

Dref reference pressure = 20 pPa

Pr spectrum density of pressure amplitude

St Strouhal number

T temperature

U. free stream velocity

u streamwise flow velocity

w width of channel

o empirical phase number between vortices and

pressure waves
specific heat ratio

b

between the vortices in shear layer and propagating
sounds. Following Rossiter’s inference, the Strouhal num-
ber is expressed by the following equation:

fL m— o

St=2=_"" 2
U. M+1JK,.’

m=1,2,3 ... (1)
where o is an empirical phase number between vortices and
pressure waves, U, the free stream flow velocity, K, the ra-
tio of the convection speed of the vortices in the shear layer
to the free stream velocity, L the length of the cavity. Also,
m = m, + m, is an important integer, where m, and m; are
the number of vortices and wave number along the reso-
nant path, respectively. To use the above equation, we need
to determine two parameters, o and K.. Following previous
studies [6], it is shown, in good agreement with experimen-
tal results, that o = 0.25 and K, = 0.57 for 0.4 < M <1.2.
Heller [6] improved Rossiter’s empirical equation by
assuming that the sound speed in the cavity is equal to
the free-stream stagnation sound speed
5 — E _ m— o 7
U M/t 1720 — )M + 1K,

m=1,2,3,... 2)

Later, Heller et al. [7] proposed another type of flow
mechanism that drives the pressure oscillation in a cavity.
In that paper, they also showed that the sound pressure
level reaches its peak in the transonic flow region. Rockwell
[8], in his review paper, and Rockwell and Naudascher [9]
classified the cavity into three major categories, which
were: a fluid-dynamic cavity which was characterized by
an oscillation caused by the inherent instability of the flow;
a fluid-resonance cavity, where the oscillation took place
due to the resonant effects in the cavity; and lastly, a
fluid-elastic cavity in which the oscillation was coupled
with the motion of a solid boundary. Tam [10] and Tam
and Block [11] analyzed the acoustic mode in the cavity
with an acoustic theory; they applied their method to the
low-speed cavity flow and showed a comparison with
experimental data. Using linear theory, the fluctuation of
the vortex sheet due to the pressure fields was solved.

Zhang and Edwards [12] identified two oscillatory mech-
anisms in a supersonic cavity flow. One was characterized
by the longitudinal oscillation of the strong trailing vortex
and the vortices shed downstream from the leading edge.
The latter one was characterized by the transverse oscilla-
tion of a single vortex in the cavity. Sakamoto et al. [13]
found that the longer cavity had a larger circulating flow
and a pair of small three-dimensional vortices appeared
due to the flow separation on the side walls. The structure
of the flow is highly three-dimensional. The shorter cavity
has only one vortex and the flow is essentially two-dimen-
sional. Tracy et al. [14] investigated the transonic cavity
flow from the L/D ratio from 4 to 20. They observed that
the mode amplitude and the bandwidth depended on the
Mach number. Tones were observed at the L/D ratio of
4.40 and 6.70 but not at 20. Zhang and Edwards [12] per-
formed a numerical investigation of the supersonic cavity
flow at Mach 1.5 and 2.5 with an L/D ratio of 3. They
found that the oscillatory mode is a longitudinal one and
the trailing edge of the cavity provides the feedback of
the disturbances so that the oscillation can be sustained.
Takakura et al. [15] investigated the unsteady supersonic
internal cavity flows. They used the Chakravarthy—Osher
TVD scheme to solve the 2D Navier—Stokes equation for
the overview of the flow pattern. They also used a very
large eddy simulation to capture the unsteady flow field
in detail. They recognized one, two and three vortices for
the cavity of L/D = 1,2,3, respectively. The research finally
concluded that the important governing factor of the dom-
inant oscillation is the motion of the mean flow rather than
the shear layer itself. Takakura et al. [16] carried out com-
putations for unsteady supersonic cavity flows using a large
eddy simulation. They performed 2D and 3D computa-
tions for the unsteady supersonic cavity flow, and were able
to capture the three-dimensional structure of the shear
layer in their numerical simulation. Research into the tone
noise produced by jet—cavity interaction was carried out by
Raman et al. [17]. They measured the emitted sound inten-
sity and visualized the flow. Surprisingly, they pointed out
that the tones for L/D =8 corresponding to the acoustic
modes of the cavity were independent of flow speed even
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if the flow pattern showed a very complicated variation for
flow Mach number. Rowley et al. [18] have carried out
direct numerical simulation of two-dimensional compress-
ible flow over rectangular cavities. They found a transition
from a shear-layer mode for shorter cavities and lower
Mach numbers, to a wake mode for longer cavities and
higher Mach numbers. Also in their paper, the criteria
for the onset of shear-layer oscillations and for the transi-
tion to wake mode are proposed. These criteria are based
on linear theory for amplification rates in the shear layer,
and a simple model for the acoustic efficiency of edge
scattering.

As described above, the mechanism of self-sustained
oscillation in the cavity is well explained as a feedback loop
of acoustic and fluid dynamic instability in or over the
cavity. As to the possible feedback mechanism, two are
available, i.e. the acoustic feedback as a wave motion and
the fluid dynamic feedback due to convective or viscous
effects. Of course, the acoustic instability will induce the
fluid dynamic instability in the shear layer. Hourigan
et al. [19] have investigated the aerodynamic sources of
acoustic resonance in a duct with baffles. They identified
the source of sound in a cavity formed by baffles in a duct.
As mentioned in that paper, it is very important to identify
the sources of the feedback signal. More particularly for
transonic flows, the acoustic and fluid dynamic effects
interact with each other. As shown in Heller [7], the inten-
sity of acoustic emission had a maximum in this region.

In the present paper, a sound resonance in a high-speed
internal cavity flow was investigated experimentally. The
measurement was carried out in subsonic region and free
stream Mach number was varied from 0.5 to 0.85. The cor-
responding Reynolds number was varied from 3 x 10° to
4% 10°. When the flow Mach number approached unity,
the resonance was excited due to the fluid dynamic reso-
nance. In these flows, strong wave propagation was
observed and the shear layer could oscillate strongly. In
order to analyze the fluid dynamical resonance, develop-
ment of the shear layer, streamwise and transverse distur-
bances, and vortex shedding should be studied in detail.
In the present experiment, a high-speed video camera was
used to capture the transient process from the start of flow
to the periodic oscillation. After that, particle image veloc-
imetry was used for the velocity measurement. Based on
the experimental results, the velocity fluctuation and vor-
ticity distribution in the cavity will be discussed.

2. Experimental technique
2.1. Experimental setup

A schematic view of the test section is shown in Fig. 1.
The height, H, and the width, W, of the cross section are
20 and 25 mm, respectively. The depth of the cavity, D, is
fixed at 20 mm and its length, L, is 20 mm or 40 mm.
The corresponding length to depth ratios of the cavity,
L/D, is 1 or 2. Fig. 2 shows the schematic of the experimen-
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Fig. 1. Schematics of test section. D =20 mm, H =20 mm, L/D =1 and
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Fig. 2. Experimental apparatus.

tal apparatus. An intermittent wind tunnel was used in the
experiment. The test section was connected to a vacuum
tank. Airflow started by rupturing the diaphragm. The
duration time of steady flow was less than 2s. A throat
was located downstream of the test section to adjust the
flow Mach number. The distance between the throat and
the trailing edge of the cavity was 220 mm. The predicted
temperature and velocity are shown in Fig. 3. These values
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Fig. 3. Temperature and flow velocity versus Mach number in the present
experiment.
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were calculated with an isentropic condition. In the exper-
iment, the stagnation temperature of the flow was about
290 + 10 K. In the present study, we carried out experi-
ments with atmospheric air, while in the PIV measure-
ments, the working gas was CO». As described in Fig. 3,
solid lines show T and u for the air, and a dashed line
for CO,. For air, the free stream velocity can be varied
from 190 to 250 m/s by changing the height of the throat.
Correspondingly, the flow Mach number was varied in
the range from 0.5 to 0.85. The pressure in the flow was
measured with a flush mounted transducer (Kulite XCQ-
062-50A), which was located on the upper wall of the test
section for the sound intensity measurement. The pressure
signal was discretized and stored in a digital oscilloscope.
The sampling rate and storage length of the pressure signal
were 100 kHz and 160 kWords in 10 bits resolution, respec-
tively. The spectral component of the digitized signal was
analyzed with FFT on a personal computer. An isentropic
process was assumed to determine the flow Mach number
in free stream. The flow Mach number was calculated from
the pressure ratio between the static pressure on the side-
wall and the stagnation pressure using the standard one-
dimensional adiabatic flow relationships.

The test procedure is described as follows. At first, the
vacuum tank was evacuated to 10 Torr, then the dia-
phragm which separated the test section and the vacuum
tank was ruptured by an air-driven spear. An expansion
flow was thus induced in the test section. Through several
preliminary tests, the time duration of the steady flow
was ascertained to be for at least 1.5 s for all Mach number
conditions. By triggering with the rapid drop of the pres-
sure signal at the expansion, the flow visualization and
pressure measurement were carried out.

2.2. Flow visualization

The schlieren system used in the present experiment is
the same as described in Khan et. al. [20]. A high-speed
CCD camera was used for the flow observation, which
has been developed by Prof. Etho at Kinki University.
The camera features include a high resolution in space, a
high-speed frame rate and high sensitivity. The framing
rate can be varied from 30 to 10° fps; moreover, the spatial
resolution is kept as 312 x 260 pixels, which is the highest
specification for high-speed video cameras in the same cat-
egory of models. From these specifications, the frame inter-
val can be varied from 33 ms to 1 ps. A halogen light of
300 W was used as a light source to capture the images.
After preliminary experiments, it was found that the frame
interval time of 16 pus was suitable for capturing the present
unsteady flow process. Movies were acquired for both the
starting process and the fully developed process. In the
starting process, a shear layer was initially generated and
gradually this shear layer interacted with the trailing edge
of the cavity. The camera was activated by an external trig-
ger signal from the pressure transducer when the dia-
phragm ruptured, then the images were captured from

this instant. In order to observe the establishment of the
fully developed flow, images were captured 5 ms after the
diaphragm was ruptured. It was confirmed that self-excited
oscillations had already started at that moment by observ-
ing the pressure signal. In Section 3, the flow pattern in the
transient process will be analyzed, describing horizontal
and vertical density fluctuations of the cavity for L/D =1
and 2. Then, the fully developed flow in the resonant state
will be discussed.

2.3. Particle image velocimetry

Fig. 4 shows the experimental setup for the particle
image velocimetry (PIV) measurement. Aside from flow
visualization, PIV measurement was carried out separately.
A twin YAG laser was used for the illumination, with a
light wavelength of 532 nm and a power of 50 mJ/pulse.
The flow field was illuminated through the top window
and the pressure history was measured on the sidewall of
the cavity. PIV images were captured with the CCD cam-
era, IDT-SharpVision (1360H x 1036V resolution, 10 bits
in depth and minimum 200 ns in frame straddling separa-
tion). Images were acquired at the rate of 5 Hz. A pulse
generator was used to synchronize the laser and CCD cam-
era as the external triggering system. Data acquisition was
carried out for the fully developed cavity flow. Phase
locked data acquisition for the dominant frequency could
not be achieved because the signal detection of resonant
pressure was very difficult due to the low S/N ratio. There-
fore, the present PIV data may show random data in the
unsteady process. Water droplets, which were generated
by a condensation technique with dry ice were seeded in
the flow as a tracer. Therefore, the pre-mixed chamber
was filled with CO, gas and water droplets. As shown in
Fig. 3, since we used CO, as a test gas, the free stream
velocity should be approximately 17% lower than for air.
The nominal average diameter of the water droplets was
0.5 um approximately. Water droplets were pre-mixed in
a simple chamber which was connected to the test section.

Twin YAG Laser !
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ﬂ Test Section

: CCD Camera

Fig. 4. Experimental apparatus for PIV measurement.
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During the adiabatic expansion, whether the water droplets
can exist or not depends on the state of the gas in the free
stream and critical radius of the cluster. According to the
preliminary test, the water droplets still exist in the free
stream, so it was confirmed that this seeding method is
acceptable for the present experiment. Time interval
between the pair images was 500 ns. These pairs of images
were analyzed with cross correlation calculation by using
IDT-ProVision. The interrogation size used in the analysis
was 32 x 32 or 64 x 64 pixels. For this inter-frame period,
the displacement distance of seeded particles for the free
stream velocity corresponded to about 5 pixels; the error
vectors larger than 8 pixels were deleted from the data.

3. Experimental results and discussion
3.1. Strouhal number and pressure level

The frequency and the pressure level of the near field
cavity tone were evaluated with the signal from the pres-
sure transducer, which was mounted on the upper wall.
A sound pressure level is defined in the conventional
manner,

P =2010g(pt/Pyer) (3)

where, p..r is the reference pressure, whose value is 20 pPa
for sound in gases. pr is the spectrum density of pressure
amplitude. Here, we evaluated p; as the square root of
the power spectrum density, which was obtained from
FFT analysis.

Fig. 5 shows two examples of the spectrum density of
sound pressure for L/D = 1 and 2. Several discrete frequen-
cies are observed in both figures (a) and (b). These frequen-
cies correspond to the mode integers in Eq. (2). Through all
the experimental data, the modes of the spectrum agree
well with each other. However, the value of the spectrum
density was scattered from one measurement to another.
Consequently, the emitted sound intensity may be signifi-
cantly sensitive to the initial flow condition, or its repeat-
ability may depend on the instability of the feedback
mechanism.

Fig. 6 shows the Strouhal number corresponding to the
discrete frequencies, in which the data were picked up from
the discrete frequency that appeared in the spectrum den-
sity distribution. The major four peaks were picked up
from the spectrum density data and compared with Heller’s
prediction curves. As described previously, the combina-
tion of & =0.25 and K.=0.57 was used in Eq. (2). It is
shown that the resonant frequency is well predicted by
Eq. (2). In the low Mach number region, the experimental
Strouhal number deviates from the predicted curves. Eq.
(2) was derived for the fluid dynamic resonance, that is,
the interaction between the vortices’ convection and sound
propagation, so that the deviation in the low Mach number
region should be analyzed using fluid-resonant theory as
pointed out by Rockwell [9].
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Fig. 5. Spectrum density of sound pressure level: (a) L/D =1, M =0.74,
air; (b) L/D =2, M =0.72, air.

The prediction of sound pressure level is an important
issue in addition to the frequency prediction. However,
the pressure level is very sensitive to experimental condi-
tions, such as upstream momentum thickness, turbulent
intensity, surface condition around the sound source, etc.
Fundamentally, it is very interesting to determine the
Lighthill’s stress tensor. However, the measurement is too
difficult to compare the sound pressure by using the Light-
hill [21], Curle’s [22] equations with test data. In addition,
in cavity problems, the fluid dynamic resonance is essen-
tially nonlinear, so that a unique solution cannot be
obtained analytically. In the present experiment, the sound
pressure level was calculated from the pressure data with
Eq. (3). The results are summarized in Fig. 7. Each data
point in Fig. 7 was calculated for one experiment. In each
experiment, the amplitude of the pressure was calculated
with almost 100 kWords available data in 10 bit resolution.
The data were acquired with 100 k samples per second.
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St

Fig. 6. Strouhal number. Solid lines show the Strouhal number by Eq. (2):
(a) L/D =1, air; (b) L/D =2, air.

Due to the limited time resolution, the experimental data
are somewhat scattered. In Fig. 7, the biquadratic curves
are fitted for each mode to indicate the variation of the
mode vs. Mach number, however, the order of the fitting
curves has no physical meaning. As shown in this figure,
the sound pressure level becomes maximum at m = 2 for
L/D =2. On the other hand, for L/D =1, P is large for
m=1 or m=3 in the low Mach number region and
m=21in M>0.64. For m =2, the flow mechanism was
clearly confirmed with high-speed video camera, as dis-
cussed in the next section. It should be noted that the
modal sound level increases with flow Mach number for
L/D =1 while it is almost constant for L/D = 2.

3.2. Pressure wave and vortices propagation

A conventional schlieren technique was applied for the
flow observation. The knife-edge was placed at a horizontal
setting (HS) to visualize the behavior of the shear layer,
and a vertical setting (VS) to visualize the propagating
wave and vortices. The typical schlieren photographs for
L/D=1 and M =0.79 are shown in Figs. 8-10. Fig. 8
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Fig. 7. Sound pressure level: : (a) L/D = 1, air; (b) L/D = 2, air.

shows the starting flow. On inspecting the starting process,
it is expected to observe the coherent structure of the undis-
turbed shear layer and the initiation of fluid dynamic insta-
bility. These pictures were captured immediately after the
adiabatic expansion in the test section. Typical images
showing the features of vortices’ behavior were selected
and are presented here. Tracking the vortices behavior,
it is observed that a large vortex enters the cavity
(Fig. 8(a)). The vortex collides with the trailing edge, and
at the same time, the shear layer overreaches the cavity.
That is, outgoing flow is observed near the trailing edge
(Fig. 8(b)). In this manner, the shear layer is fluctuating
due to the vortex entering and exiting the cavity. In
Fig. 8(a) and (g) have almost same phase of the oscillation.
Also, it should be noted that a very strong density gradient
exists at the trailing edge when the vortex enters the cavity
as shown in Fig. 8(a), (e), (f) and (g).

Fig. 9 shows the fully developed flow. The images are
displayed with 32 ps intervals here, while images were
acquired with 16 ps intervals in the experiment. Comparing
Fig. 8 with Fig. 9, an apparent difference is recognized in
the scale of vortices in shear layer. Relatively small vortices
are observed in Fig. 8, while the vortices in Fig. 9 are rela-
tively large due to the resonance. The shear layer in Fig. 9
is thicker than that in Fig. 8. Fig. 10 shows the VS obser-
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Fig. 8. Typical schlieren photographs of starting flow using high-speed video camera, HS, L/D =1, M = 0.79, air, sequential left to right, delay =0,

+400 ps, +448 ps, +464 ps +528 ps, +560 ps, +592 ps, +688 ps.

Fig. 9. Typical schlieren photographs of developed flow using high-speed video camera, HS, L/D = 1, M = 0.79, air, sequential left to right, delay = 5 ms,

+32 ps increment.

Fig. 10. Typical schlieren photographs of developed flow using high-speed video camera, VS, L/D =1, M =0.77, air, sequential left to right,

delay = 5 ms, +32 ps increment.

vation of developed flow. In this observation, the horizon-
tal fluctuation can be visualized clearly. The pairs of black
and white spots in the shear layer correspond to a vortex
and its boundary is the center of the vortex. We can iden-
tify the horizontal oscillation mechanism from these
images. This behavior will be discussed and summarized
in the following section.

Figs. 11-13 show the flow images for L/D =2 corre-
sponding to Figs. 8-10, respectively. In Fig. 11, the shear
layer is rolling up in the cavity. Small vortices are observed
in the shear layer; the scale of these vortices is independent
of the feedback wave due to the large-scale coherent struc-
ture. The vortices move toward the trailing edge; the start-
ing vortex becomes larger as the flow develops. At this

stage, almost 20 small vortices have been generated in the
rolling-up of the large-scale vortex in the cavity. Successive
small vortices are observed at this instant. The time period
for the generation of small vortices was about 1 ms. Of
course, the scale and the shedding frequency of these vorti-
ces depend on the upstream flow conditions. The circula-
tion in the cavity increases until the starting vortex
occupies the whole region of the cavity. After this process,
the starting vortex becomes unstable and flow separation
was observed on the top of the trailing edge. The separa-
tion was induced by the outflow from the cavity. After sev-
eral ms, a feedback sound wave reached the leading edge,
which excited the development of a new vortex. This feed-
back process induced sound resonance in the cavity.
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Fig. 11. Typical schlieren photographs of starting flow using high-speed video camera, HS, L/D =2, M = 0.77, air, sequential left to right, delay =0,

+112 ps, +176 ps, +208 pus +304 ps, +848 s, +944 ps, +1104 ps.

Fig. 12. Typical schlieren photographs of developed flow using high-speed video camera, HS, L/D =2, M =0.76, air, sequential left to right,

delay = 5 ms, +32 ps increment.

Fig. 13. Typical schlieren photographs of developed flow using high-speed video camera, VS, L/D =2, M = (.75, air, sequential left to right, delay =5 ms,

+32 pus increment.

The periodic oscillations are shown in Figs. 12 and 13.
In these video images, trains of two or three vortices are
observed in the cavity. For L/D = 2.0, however, no appar-
ent sound wave propagating upstream was observed in the
experiment. If x =0 at the leading edge of the cavity, the
shear layer becomes very thick near x = D. It seems that
the vortex undergoes a breakdown for x > D. The shear
layer is disturbed downstream and interacts with the trail-
ing edge.

In Fig. 14, the streamwise loci of vortices and compres-
sion wave are summarized in the x — ¢ diagram. Open and
closed circles denote the pressure wave and the center of
vortex, respectively. These loci were measured from the
video images along the straight line crossing the leading
edge and trailing edge of the cavity. The convection veloc-
ity of vortices is approximately 125 m/s. The wave propa-
gates from right to left at 130 m/s in the laboratory
coordinate. For the present experimental condition, the

free stream velocity is about 250 m/s and the sound speed
is 320 m/s. From these data, we obtain K. = 0.5. This value
is slightly smaller than the previously obtained value
(K. =0.57). Furthermore, the estimated wave Mach num-
ber was 1.17. The Mach number was calculated as the ratio
of the wave propagating speed and the sound speed in the
free stream. Although the estimated Mach number is
supersonic, it cannot be concluded immediately that the
feedback wave propagates at supersonic speed. The tem-
perature distribution in the cavity is not uniform but has
a large gradient and the feedback wave in the cavity prop-
agates faster than that in the free stream. When the com-
pression wave reached the leading edge, the apparent
vortical structure appeared in the shear layer. From the
x — t diagram, the compression wave encounters two vor-
tices during its travel. Then, following Rossiter’s model,
it was confirmed that the mode integer m has a value of
2 in the present resonance. This fact corresponds to the
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Fig. 14. x — r diagram showing loci of vortices and propagating waves in
the cavity, derived from high-speed video data, L/D =1, M = 0.77.

observation that m =2 is dominant in Fig. 7(a) for
M=0.77.

3.3. Instantaneous velocity distribution and fluctuation

Data acquisition of PIV images was carried out for the
fully developed cavity flow, which was triggered by the
pressure signal from the transducer on the side-wall. After
rupturing the diaphragm, several pairs of images were
stored in the PC. As stated in the previous section, it was
difficult for the PIV data acquisition to be synchronized

with the phase of the discrete noise due to the performance
limitation of trigger devices. We started capturing images
at 5 Hz using the pressure signal 5 ms after the adiabatic
expansion. Steady flow continued for 1.5s, which means
that a maximum of 9 pairs of images could be obtained
in one run. At least 6 pairs of images were obtained for
the PIV measurement through all the experimental runs.
Fig. 15(a) and (b) shows typical PIV images for L/D =1
and 2, respectively. The tracer was introduced in the test
section uniformly before the test started. However, it was
difficult to keep a high number density in the cavity due
to the entrainment and evaporation of water droplets after
the flow start. Fig. 15(c) and (d) were taken to inspect the
flow near the trailing edge in order to measure the vorticity
near the corner. The inspection area size was 21.0 mm X
16.5 mm. As a preliminary measurement, the velocity of
the free stream was measured and compared with the value
estimated under the assumption of isentropic expansion.
The difference between them was within 5%.

Figs. 16 and 17 show typical examples of visualization
results. The instantaneous velocity vectors, streamlines
and vorticity contours are presented for L/D =1 and 2,
respectively. As shown in Figs. 16(a) and 17(a), the velocity
vectors were reconstructed well over the whole field. The
free stream velocity is about 250 m/s at this condition,
while the velocity is order of 10 m/s inside the cavity. It
should be noted that, in spite of low tracer density in the
cavity, a sufficient correlation was achieved from the
images of the pairs in the cross correlation process. In
Fig. 16, a large vortex appears in the cavity. Here, the vor-
ticity was positive in the cavity. The shear layer was bent
towards the cavity wall just before the collision on the trail-
ing edge. On the other hand, in Fig. 17, two large vortices

(©)

(d)

Fig. 15. Flow images obtained in PIV measurement: (a) L/D = 1.0, M = 0.75, whole field; (b) L/D = 2.0, M = 0.65, whole field; (c) L/D = 1.0, M = 0.75,

near trailing edge; (d) L/D = 2.0, M = 0.65, near trailing edge.
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Fig. 16. Sample diagrams of instantaneous velocity vectors, streamlines
and vorticity in the cavity flow of L/D =1, M =0.75, CO,: (a) velocity
vectors; (b) streamlines; (c) vorticity contours x107>.

are shown in the cavity. The streamlines shows a complex
structure. The vortices in the shear layer curl around one
another, and the width of the shear layer increases down-
stream. An incoming flow near the trailing edge is observed
in the velocity vector and streamlines.

In order to observe the incident flow near the trailing
edge, close up inspections were carried out. Figs. 18 and

0.8

0.6

0.4

0.2

(c)
Fig. 17. Sample diagrams of instantaneous velocity vectors, streamlines

and vorticity in the cavity flow of L/D =2, M =0.65, CO,: (a) velocity
vectors; (b) streamlines; (c) vorticity contours x107>.

19 show these results. Both of the figures show the instant
of collision of a vortex with the trailing edge. Comparing
these cases, the streamlines for L/D = 2 have a high magni-
tude of fluctuation than for L/D=1. As shown in
Fig. 19(b), the free stream fluctuates significantly due to
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4 e

Fig. 18. Sample diagrams of instantaneous velocity vectors, streamlines
and vorticity near the trailing edge of L/D=1, M =0.75, CO,: (a)
velocity vectors; (b) streamlines; (c) vorticity contours x107>.

the vortex oscillation. The shear layer instability develops
downstream and a part of shear layer is defected down-
wards, whilst most of the flow passes over the trailing edge.
The turbulence induces instability of free stream and its sig-

40 42 44 46 48 50
(©)

Fig. 19. Sample diagrams of instantaneous velocity vectors, streamlines
and vorticity near the trailing edge of L/D=2, M =0.65 CO,: (a)
velocity vectors; (b) streamlines; (c) vorticity contours x107>.

nal feeds back upstream. Whereas the investigation of the
feedback mechanism is very important, in this section, we
want to note the unsteadiness of the vorticity around the
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trailing edge in order to consider the determination of the  tion of vorticity was not evident at the front wall of the trail-
sound source. As shown in these figures, a strong fluctua-  ing edge. On the top wall of the trailing edge, a significant

25 30 35 -10 - 30 35 .0 -5

Fig. 20. Vorticity distribution x10~> in cavity flow for L/D =1, M = 0.75, CO,.

a0

Fig. 21. Vorticity distribution x107> in cavity flow for L/D =2, M = 0.65, CO,.
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difference could be seen. Due to the instability of the shear
layer, it was found that a very strong change of vorticity and
detachment and attachment of boundary layer was induced
at the trailing edge. However, it was not possible to deter-
mine the dipole behavior of the sound source in the present
experiment. In order to determine the sound source as a
dipole near the wall, one would have to carry out more pre-
cise experiments in the vicinity of the trailing edge.

Figs. 20 and 21 show the sets of vorticity distributions
for L/D =1 and 2, respectively. Although the Mach num-
bers are not same, the mode m = 2 is dominant in both
cases (see Fig. 7(a) and (b)). These images were not
obtained by the sequential data acquisition, but are rear-
ranged in order based on the vortex pattern. In these fig-
ures, it i1s shown that the trains of vortices collide with
the trailing edge, with part of each vortex then entering
the cavity. For L/D = 1, after the vortex collides with the
trailing edge, a small part of it flows into the cavity. For
this flow condition, the resonant mode m =2 exists as
shown in Fig. 7(a). The main vortex in the cavity is oscillat-
ing. However, the amplitude seems to be small. Under such
a condition, the harmonics should be developed due to the
geometry of the cavity. The enhancement of the harmonics
will depend on the flow linearity in the fluid dynamic reso-
nance. Therefore, if the flow becomes nonlinear, the har-
monics will be degenerated. For L/D =1, the second
harmonics for m =2 is enhanced and is shown in
Fig. 7(a). Under the condition, the vortical structure in
the cavity does not show a significant fluctuation, so that
the mode m = 4 has a relatively high acoustic level.

When L/D =2 (Fig. 21), the vortex fluctuates signifi-
cantly upstream of the trailing edge, and two or three vor-
tical structure are observed in the cavity. Complex
incoming and outgoing flows are formed near the trailing
edge. The strength of vortices which collide with the trail-
ing edge still has the same order as that in L/D = 1. The
acoustic level is also of the same order as shown in
Fig. 7(a) and (b). However, in this case, the vortical struc-
ture fluctuated significantly and the harmonics may not be
well established. The second harmonics has relatively low
level as clearly indicated in Fig. 7(b).

3.4. Mean flow profile

Mean velocity profiles for L/D = 1 are shown in Fig. 22.
These mean profiles were calculated using 15 or 16 PIV
data. However, the number of data points is not sufficient
statistically; due to the limitation of the experimental
devices, we could obtain only 3-6 data points for each
experimental run. Therefore we conducted several runs to
obtain the mean flow data. The profiles show the stream-
wise velocity distribution in the transverse sections at
x=1/4L, 1/2L, and 3/4L. The velocity profile correspond-
ing to the shear layer is shown near y = 0. It can be seen
that the thickness of the shear layer increases downstream.
Since the free stream velocity is approximately 200 m/s and
the shedding vortex velocity is half of the free stream
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Fig. 22. Mean velocity profile for L/D=1: (a) M =0.75, COy; (b)
M =0.65, CO..

speed, the vortex convection velocity is estimated as about
100 m/s. In this profile, the middle point of the free stream
velocity for x = 3/4L lies above the other two lines. In
addition, the free stream is accelerated slightly in the
streamwise direction. In the cavity region, the velocity pro-
file reveals a typical cavity flow pattern. In the region
y < —10, namely the lower half region of the cavity, a neg-
ative velocity region is formed at x = 1/2L and 1/4L, but it
is not evident for x = 3/4L. The shear layer is displaced
outwards near to the trailing edge of the cavity.

Fig. 23 shows the velocity profile for L/D = 2. Compar-
ing the profiles for L/D =1 and 2, a significant difference
exists between them qualitatively. A significant difference
is evident at x = 1/2L. For L/D = 2, the obvious and stable
vortical structure was not formed. The magnitude of the
velocity in 0 > y > —10 is positive and very small. This
profile implies that a large and steady vortical structure
did not form in the cavity. For x = 1/4L and 3/4L, we can-
not see a symmetrical profile corresponding to the steady
vortex. Therefore we can conclude that the shear layer
was displaced outwards from the cavity and the flow is
unstable outside of cavity.
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Fig. 23. Mean velocity profile for L/D=2: (a) M =0.75, CO,; (b)
M =0.65, CO..

4. Concluding remarks

Fluid dynamical flow instability in cavity flows near
transonic flow region was investigated experimentally.
The acoustic pressure levels and velocity field were mea-
sured in cavities with a length to depth ratio of L/D =1
and 2 at the free stream Mach number M = 0.5 to 0.85.
The frequency and pressure levels of the near field cavity
tone were evaluated and the Strouhal number was obtained
as a function of flow Mach number. The variation with
Mach number showed the same dependency as for previous
experiments [5,6,9]. The pressure level of discrete frequency
component and its harmonics were shown for a range of
flow Mach numbers. The pressure level for mode number,
m = 2, was the most intense for a wide range of flow Mach
numbers. The relation between the modal sound pressure
level and the flow Mach number shows a different distribu-
tion for L/D =1 and 2. There was a remarkable difference
in the sound pressure level of the harmonics for the two
cases.

Flow observation and velocity measurements were
carried out with a high-speed video camera and the PIV
technique. The process from the initiation to the establish-
ment of a resonance was observed with high-speed video
visualization. By summarizing the loci of pressure wave
and vortices in x — ¢t diagram, it was confirmed that the
mode m =2 is dominant in the present condition for

L/D =1.0. This process was compared with the result of
velocity measurement using the PIV technique. In the
PIV measurements, the evolution of the vortices in the cav-
ity was shown quantitatively, highlighting the instanta-
neous vorticity just before the collision between a vortex
and the trailing edge. The velocity distribution for a vortex
that was shed from the cavity provides evidence of the fluid
dynamic oscillation. A strong fluctuation of vorticity was
observed around the trailing edge. In the present experi-
ment, the results of the velocity measurement suggested
the feasibility of determining the dynamics of sound gener-
ation near the trailing edge. However, in order to deter-
mine the sound source as a dipole near the wall, we
would be required to carry out more precise experiments
around the trailing edge.
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