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ABSTRACT

Deep cavity configuration at subsonic velocity abbke
found in many industrial processes, ranging fromdeiws and
sunroofs in automobiles and over
consecutive train vehicles. These cavities may déedu
aeroacoustic couplings between the cavity shearerlay
oscillations and the acoustic modes of the ingtaha This
aero-acoustic coupling can leads to serious dan@ge=hicles
due to resonance of high pressure fluctuation leveund the
cavity. The study of deep cavity at low velocitggents a great
practical interest to suppress acoustic noise. pite sof
numerous studies devoted to the cavity and itsrohnvery few
of them relate to the deep cavity configuratioroat velocity.
The focus of the present study is to apply a passontrol to
the case of the deep cavity flow at relatively leglocities. A
Detailed Experimental study of flow over a deepigawas
conducted towards understanding the attenuatiaonafs using
a spanwise cylinder. The cavity length-to-deptheaspatio is

L/H = 0.2. Single hot-wire measurements characterized the

incident turbulent boundary. A “no control” cavitywas

compared with a similar configuration using a cgn on the
leading edge of the cavity. Parametric changesi@fspanwise
cylinder such as the distance from the wall aredisti

Maximum control across the range of studied velegibccurs
for a particular position of the spanwise cylindeeductions in
sound pressure levels (SPL) of up 36 dB were obtained.
Moreover, a shaped cylinder was also studied anevshhat
the attenuation of tones is not due to high freqygulsing as
suggested in literature, but to an increase ofcdnaty shear
layer thickness due to change in the mean axiabcitgl

profiles.

space between two

INTRODUCTION

Cavity flows have been the subject of researchesithe
1950’s. Although geometrically simple, the fluidrdymics in
such flows are complicated, involving shear layestability,
flow-induced resonance and turbulence. Consequeetigarch
on cavity flow has been ongoing for a number of adies.
Some of the first detailed studies were conduatetthé 1950's
by Krishnamurty [15]. In the early sixties, RosbitE834]
developed a semi-empirical relationship to predegonance
frequencies based on the feedback mechanism. Sudrgbg
much research has been focused on determining
mechanisms responsible for such generation of samadon
predicting the oscillation frequency of the tonahtponent of
the noise ([38], [39], [40], [36], [32], [29], [24]

Much of the flow physics governing cavity behaviour
remains unclear ([30], [23], [22], [21]). Low freencies
induced by shear layer cavity resonance are claaizetl by
large dynamic pressure loads and represent an faror
problem in many aeronautical applications ([41]7][3[35],
[33], [31]). Indeed, it is of interest from a primett standpoint,
due to its presence in many flow configurations.

Two ‘classes’ of cavities are generally studie@ll8W cavities
with aspect ratios L/H > 1 (length to depth), amepl cavities,
with aspect ratios of less than one, induce acousSonance
through the interaction of depth mode standing wasad
vortices shed at the cavity leading edge lip. Havefew
studies are devoted to the deep cavity because#arity of
the studies were mainly focused on large cavitigbé military
field such as in aircraft landing gear bays omiteinal weapon
bays. Particularly deep cavities (L/H = 0.2 andlp dre studied
in this paper. El Hassan et al. [3] have founded sluch cavity
configuration has different quantitative influenoca the skin
friction comparing with square cavity cases. El $taset al. [4]
also showed how this particular deep cavity coufeca the
shear layer oscillations. The objective here i€liminate the
resonance produced by these cavities. Passive atide a

the



control methodologies were employed for the supgioesof
cavity-flow tones in past studies. Feedback flowntoa,
however, has only recently been applied to the Iprolusing
piezoelectric bimorph actuator [9] and loudsped&coupling
to pressure transducers. An overview of the varicostrol
methodologies used is given in the review papeChitafesta
et al. [42]. Some research programs have investigattive
acoustic noise suppression using pulsed blowingsaillating
devices. Some recent experiments have shown tfiateat
amplitude reduction of these oscillations can belpced by a
cylindrical rod parallel to the leading edge of tkavity.
Cylindrical rods placed at the leading edge of\atgavere first
suggested as a passive acoustic suppression dsvideGrath
and Shaw [16]. McGrath and Shaw demonstrated sigmif
reduction of tone peak for a rod with a diametgsragimately
half the boundary layer thickness. Shaw [5] suggkgivo
mechanisms of suppression. The rod either displabes
boundary layer to break the acoustic feedback loophe high
frequency vortex shedding in the rod wake acts sttraet
energy from the larger oscillating structures. Rssitom this
study were inconclusive in identifying the suppress
mechanism. Acoustic control of weapons bays (Shatlavity,
high velocity) using cylindrical rod in cross floare widely
investigated ([20], [16], [17], [18], [19]). Stanek al. studied
the vertical position of the rod in the boundanyelg its relative
size df,, installation issues, and end conditions. They
recommended an optimal position as centered adfbe of the
boundary layer and an optimal size od,dt 2/3. They argued
that their results conclusively demonstrate thatgsbppression
is due to high frequency rod shedding. At the séime, the
study of Smith et al. [10], also based on pararigtey the
optimum cylinder geometry and location, concludidt tthe
cylinder should have a diameter approximately dm tof the
boundary layer thickness ¢@d/= 1/3). Again, while the cylinder
clearly affects the mean flow and its stability @weristics,
there are other important factors that cannot beorigd,
including experimental evidence presented by Uked#é al.
[14] and the numerical simulation of Arunajatesarale [11],
[12], [13] that the cylinder lifts the shear layemnd causes the
impingement region to be altered. If the shear raye
impingement location is altered, then the sourcength is
presumably affected. Fairly few authors have sulidieep
cavity control by cylindrical rod in cross flow c@ared to the
shallow cavity. All of these investigations are daooted at very
high velocity and in many civil applications suché ears and
railways. The study of deep cavity at low velogiyesents a
great practical interest to suppress acoustic n8isgin spite of
numerous studies devoted to the cavity and itsrohnvery few
of them relate to the deep cavity configuratiotoat velocity.
The focus of the present study is to apply thisipascontrol to
the case of the deep cavity flow at relatively leslocity (M =
0.17). Experiments were conducted in two deep gavit
configurations for different distances between tbe and the
wall.

APPARATUS AND EXPERIMENTAL PROCEDURES

Flow parameters

The experimental measurements have been condurcted i
the closed circuit low speed wind tunnel. The sesition is 2 x
2 it in cross-section and 10 m long. The relative twerbak
level, in the middle of the test section at 30 n¥sgbout 0.5%.
figure 1 shows a two-dimensional schematic viewhefdavity
and the spanwise cylinder location. Two cavity agunfations
were studied. The dimensions of the first cavityfigomation
were L = 104 mm in length, H = 520 mm in depth &kid=
2000 mm in width. Aspect ratios were L/H = 0.2 dd@V =
0.052. The second cavity configuration had the sknaad W
as the first one, with L = 213 mm. Its ratios werél = 0.41
and L/W = 0.107. Each cavity was installed on tteral wall
of the test section, with the leading edge loca&dm
downstream from the test section inlet. Hot-wireasmw@ements
were done just upstream from the cavity leadingeedy
characterize the incident boundary layer. Velogitpfiles at
this location showed that for a low free streanouiy (Uy= 2
m/s) the boundary layer was fully developed. Thansgpse
cylinder is located 30 mm upstream from the calégding
edge. A 6 mm diameter was used for the cylinded e
vertical position of the cylinder to the wall (measd at mid-
diameter) was varied above the lateral test se€idt = 0.5 to
6.5). The rod was tested for the cavity aspecbrati0.2 and
0.41. This type of device induces a wake of vosticd a
frequency dependent on its diameter and freestneslotity.
Over a large range of Reynolds numbers the Stroatmadber
for the wake shedding is approximately constant eagial to
0.2. The calculated shedding frequencies were 30artd 1000
Hz respectively for 43 m/s and 50 m/s. Note that ¢hlculate
valued is not based on the tunnel freestream \glolut on
that within the boundary layer. The measured shegddi
frequencies were obtained from hot-wire measureseetar
the cylinder wake.
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Figure 1 Schematic view of the cavity with a spanwise cyéind



Pressure measurements
A Kulite pressure transducer was employed, with a

nominal sensitivity of 275 mV/bar. The output frothe
transducer was connected to a multi-channel sigoraditioner.
Data acquisition of pressure signals was accongdiglsing an
A/D board with 12 —bit resolution. A gain adjustrhevas used

in order to meet the required voltage input levafighe A/D
board. Data were sampled at 6 kHz typically for (GBD
samples. Location of the sensor is indicated inréidu

Hot-wire measurements

Experiments were carried out using a DANTEC 90C10
constant temperature hot-wire anemometry (CTA)esystThe
output signal was transferred by an A/D digital dcaonnected
to a PC. The STREAMLINE software supplied by DANTEC
was used to acquire and store data. Measurements we
obtained using single hot-wire sensors (DANTEC 5B
placed in the shear layer at x/L = 0.1 from thelieg edge of
the cavity in the streamwise direction for the twavity
configurations. A traversing system was used to mthe
probes in the normal direction (z). A traverse guials defined
for each cavity configuration. For each free streztocity,
data are acquired along the shear layer. The signain the
C.T.A. were filtered and amplified to give signalattobovered
most of the £10 V range of the A/D converter.

RESULTS AND DISCUSSION

Results with “no control” cavities

Acoustic resonance is an important mechanism ptesen
in deep cavity flow and leads to a high pressurellavound
the cavity. This resonance occurs when the frequefiche
shear layer oscillation and that of acoustic phegrwecoincide.
At the cavity upstream corner, instability waves aroduced
and grow as they are convected downstream alonghbar
layer. The pressure disturbances, resulting fronucsires
impingement at the cavity downstream corner, praf@g
upstream to affect the instability process near gbparation
region (upstream corner). A semi-empirical formuaf this
feedback loop was proposed by Rossiter [34]:

n-a
f,= 3
T,+—

C0

Where n is the cavity mods, ifs frequency, L the length of the
cavity, g = 340 m/s is the sound speed inside the cavityrand
= u/Up (U is the structure convection velocity).

The aero-acoustic coupling for both configuratidin&
= 0.2 and L/H = 0.41) is clearly shown in the spagtams
(Fig. 2 and 3). The depth mode is a mechanismeetlat deep
cavities and leads to resonance generation. Thgudrey
values of 137 Hz and 123 Hz correspond to the demttie of
the cavity for L/H = 0.2 and 0.41 respectively. Angl these
frequencies, the amplitude of the DSP becomes faignily

high and a cavity tone occurs. This is relatechtoexcitation of
the depth mode of the cavity by the oscillationtloé shear
layer. Moreover, the oscillation mode of the sHager excites
the acoustic mode generated by the trailing coofi¢he cavity
around f = 169 Hz. Around this frequency and fothbcavity
configurations, high pressure amplitudes are disbkr and
characterize the aero-acoustic lock-in. More detedncerning
the aero-acoustic couplings are given by El Hastah [4].

For L/H = 0.2, the amplitude evolution of sound
pressure level with the free stream velocity shtves the first
hydrodynamic mode (mode 1) is dominant for all mdd
velocities where a cavity oscillation occurs. Théghty
energetic peaks observed for L/H = 0.41 illusttate existence
of mode 1 and mode 2 for this configuration.
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Figure 2 Spectrogram for L/H = 0.2
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Figure 3 Spectrogram for L/H = 0.41



Parametric control study

velocity range by using a 6 mm cylinder diameterz&d of

In the case of a spanwise cylinder control, the esam 0.83to 2.67 for both configurations (L/H = 0.2 &hd1).

measurements are done on the cavity flow. Solithdgts are
used to induce a wake of vortices at a high frequen
(depending on the diameter of the cylinder, thecigy and the
density of the flow). The Strouhal number for tl@ge of the
Reynolds numbers used for the present study istabh@uThe
6 mm diameter cylinder was used for both configarat and
the corresponding shedding frequencies are onrtter of 1 - 2
kHz. Figures 4 and 5 show “no control” and “coritrebund
pressure level plots for a cavity aspect ratio.@f@and 0.41 and
for a velocity of 43 m/s. The rod was set @tz 1.67 to the
wall and at 30 mm upstream from the cavity leadidge. This
was the optimal configuration for SPL reduction bmth flow
speeds tested. A drop of over 36 dB in the domifraguency
SPL is noted between the "control” and the "no oaliitcases
for a cavity aspect ratio of 0.2 and a drop of o2@rdB for a
cavity aspect ratio of 0.41.

140

—— No control, U,=43m/s
vvvvvvv With control ,/d=1.67, Uy = 43m/s | |

SPL (dB)

GDD 5‘0 1&0 1;0 2[‘)0 250
Freq (Hz)
Figure 4 Sound pressure level with and without control
forL/IH=10.2
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Figure5 Sound pressure level with and without control
for L/IH =0.41

The spanwise cylinder is an efficient device totoanthe
cavity resonance over an entire range of veloc8ych a
system is able to optimize suppression levels frheflow
regime encountered (0 to 54 m/s) as it is showfigimes 6 and
7 for both configurations. Each configuration paeéen such as
cylinder height was varied. The parametric variaiovere
performed to determine optimum control configunasidor a
given cavity configuration. Reductions in peak sbuavels
(SPL) as high as 36 dB can be achieved using awépan
cylinder. Optimal control was achieved across thdire
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Figure 6 Spectrogram with control {rl = 1.67) for L/H = 0.2
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Figure 7 Spectrogram with control {d = 1.67) for L/H = 0.41

Mean flow field

This part presents results of velocity measurements

based on the optimized control positiogdz= 1.67) found in
the previous part of the paper. Mean velocity pesfimeasured
at x = L/2, for the "no control” and optimized cooited cavity

cases are shown in figure 8. The "no control” catighaves in
good agreement with expectations for
configuration. The velocity deficit results frometivake behind
the cylinder and contributes to thicken and theeefo stabilize
the cavity shear layer.
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Figure 8 Mean velocity profile

a deep cavity



Velocity fluctuations in the shear layer of the itpare
presented in figure 9. It appears that the cylindeesponsible
of strong fluctuating events in this part of the@itashear layer.
These results are in close agreement with thosansat from
wind tunnel data, initially proposed by McGrath eitaw [16],
and reported earlier by llly et al. [6], [7].

Stanek [17] suggested that the effect of the cgind
could be due to turbulence mechanism and partig@ansists
in an increase of the energy transfer rate withia inertial
range of turbulence scales separating the cavitgesidrom
dissipation scales. Earlier work on the receptiatyfree shear
flows to external excitation, suggests that thelsvd are
typically not receptive to low-level excitation &equencies
above a relatively narrow band around the natwedfency.
Thus, it might be expected that high frequencyudiEnces
induced by the cylinder device would be rapidlyeattated as
they are advected by the flow.
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Figure9 Root-mean-square velocity profile

The effect of the energy transfer is shown in ndized
velocity spectra (fig. 10). The most prominent featin the
spectra of the controlled flow is the sharp inceeds the
amplitude of spectral components within frequencgnd
around the excitation frequency. A comparison ofmmadized
velocity spectra of the flow with and without casitreveals a
notable difference. Indeed, the normalized velo@pectra
components with the cylinder at all frequenciesvab800 Hz
are higher than in the no control flow. The redugtin the
magnitude of spectral components at low frequensiggiests
that the cylinder induces coupling between small #arge
scales within the flow and thus leads to an acatderenergy
cascade from the large scales. Wiltse and Glezgméle
measured velocity spectra, and showed the whokesaisfer
of energy from low frequencies to high frequenciasaddition,
these authors computed turbulent dissipation raésged upon
their hot wire measurements. Based upon their tzlons and
hot wire data, the high frequencies forcing inceghghe
turbulent dissipation in the jet by more than ameor of
magnitude.

vvvvv - With contrel z,/d=1.67, U,;=43m/s, L/ H=0.41
no control, U,=43m/s, L/ H=0.41

Normalised velocity spectrum
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Figure 10 Normalized velocity spectrum for L/H = 0.41

The turbulent dissipation and Taylor's length ssale
were estimated using time series of the stream-wdecity
assuming isotropic turbulence and Taylor's hypdthes

1 Jdu,
E=1v—(—
u(2) (at)

As it may be observed in figures 11 and 12, mostiggipation
happens in the shear layer region in the smalkseddlies. The
larger coherent structures should disappear atxpense of an
increase in the population of very small structufesDeron et
al. [2] showed with Schlieren pictures that theasHayer large
scale vortices disappear and are replaced by swalks of the
cylinder wake.

It seems that it is the wake that interacts with shear layer
above the cavity, thereby altering it in a manmet it reduces
the fluctuating pressure inside the cavity.

o Ust3m/s, L/H=041
& Up=43m/s, L/H=02

Figure 11 Relative Taylor's microscale (no control/control)
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Figure 12 Turbulent dissipation with and without control

High frequency pulsing effect

The cylinder in cross flow was shown to be an éffec
device for suppressing acoustic resonance in logedpeep
cavity flows. The rod configuration is a simpleioger in cross
flow, located at the leading edge of the cavityrigt#on on this
configuration was investigated in an attempt tolaio the
mechanism of acoustic suppression. The performaffidais
device according to Stanek (2003) was primarily doethe
pulsing (and not simply due to mass addition).

In order to estimate the pulsing effects on therathtion
of tones, experiments where the cylinder sheddamghe either
disrupted or eliminated entirely, were performecisTwas
made using a shaped cylinder design (Fig.13) foichvithe
shedding was strongly disrupted. This modified rags
selected to minimize the shedding process.

1 3mm 10mm 18mm

Figure 13 Shaped cylinder

Figures 14 and 15 show sound pressure levels and

normalized velocity spectra for "no control”, cydier "control”
cases and with a shaped cylinder for L/H = 0.2 wétpect to
the optimal cylinder position ¢d = 1.67), and permitted to
compare "shedding on” performance with ”"shedding” of
performance. In the "no control” case, the firstsBiter mode
clearly appears and when rod control was appltezlshedding
frequency of the cylinder was definitely visible. the case of
the shaped cylinder, the normalized velocity spaotexhibited
no sharp peak resulting from shedding frequencykatewn.
The corresponding sound pressure levels show flogeety of
the shaped cylinder as for
Consequently, the link between pulsing high freqyesnd the
acoustic resonance suppression is not proved. Tainoka
significant sound reduction, the pulsing effectstta# cylinder
are not necessary, only the presence of a body weéms to
be required.

the attenuation of tones

140

— ——  With shaped cylinder control z,/d=1.67, Uy=44m/s

No control, U,=44m/'s

130

........... With control z,/d=1.67, U,=44m/s

SPL (dB)

Frequency (Hz)

Figure 14 Sound pressure level for L/H = 0.41
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Figure 15 Normalized velocity spectrum for L/H = 0.2

Conclusion

The effects of cylinder suppression device werélistl
to develop an understanding of how they reducdltivéuating
pressure loads inside a deep cavity. "No contra@vVities
measurements (respectively with length-to-deptreespatios
of 0.2 and 0.41.) with no suppression device shosteoing
peak frequencies corresponding to the Rossiter modéth
rod control, pressure fluctuations were clearlemiated, but
optimized position of the spanwise cylinder witlyaed to the
leading edge of the cavity is required to obtaire thest
suppression of tones. This optimized position muad zc/d =
1.67 for both configurations. The velocity analysikarly
showed strong fluctuating activities in a largeioagncluding
the shear layer to the cylinder wake. Due to tlieaantrol, the
larger coherent structures in the shear layer shdisbppear at
the expense of an increase in the small scale dtie results
presented in this work suggest that the effectisgnef the
cylinder to reduce the pressure loads inside théyces likely
to be due to the thickening of the mixing layerutésg from
the interaction between the cylinder wake and tgtg shear
layer. The control of cavity resonance with thepgtacylinder
failed the hypothesis concerning the link betweeighh
frequency pulsing and the acoustic suppression.
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