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Abstract A passive method for controlling the flow-
excited acoustic resonance resulting from subsonic flows
over rectangular cavities in channels is investigated. A
cavity with length to depth ratio of L/D =1 is tested in
air flow of Mach number up to 0.45. When the acoustic
resonance is excited, the sound pressure level in the cavity
reaches 162 dB. Square blocks are attached to the surface
of the channel and centred upstream of the cavity lead-
ing edge to suppress the flow-excited acoustic resonance
in the cavity. Six blocks of different widths are tested
at three different upstream distances. The results show
that significant attenuation of up to 30 dB of the excited
sound pressure level is achieved using a block with a
width to height ratio of 3, while blocks that fill the whole
width of the channel amplify the pressure of the excited
acoustic resonance. Moreover, it is found that placing
the block upstream of the cavity causes the onset of the
acoustic resonance to occur at higher flow velocities. In
order to investigate the nature of the interactions that lead
to suppression of the acoustic resonance and to identify
the changes in flow patterns due to the placement of the
block, 2D measurements of turbulence intensity in the
shear layer and the block wake region are performed. The
location of the flow reattachment point downstream of
the block relative to the shear layer separation point has
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a major influence on the suppression level of the excited
acoustic resonance. Furthermore, higher attenuation
of noise is related to lower span-wise correlation of the
shear-layer perturbation.

List of symbols

Cavity depth

Distance from cavity leading edge
Frequency

Block height

Cavity length
Characteristic shear-layer length
Mach number

Dynamic pressure
Correlation coefficient
Reynolds number
Strouhal number

Flow velocity

Velocity perturbation
Cavity width

Block width

Cartesian coordinates
Average convection speed
Momentum thickness
Phase delay

Density
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1 Introduction

Flow over cavities has been identified as a potential source
of acoustic resonance in many engineering applications.
The noise resulting from the resonance can be of high
sound pressure levels and can result in structural failure.
This problem has received attention after many related
observations in aerodynamic applications. Krishnamurty
(1955) and Rossiter (1962) noted the occurrence of such
undesirable oscillations in high-velocity external flows of
gases over cavities in aircraft surfaces. Lafon et al. (2003)
and Ziada et al. (1989) studied the acoustic resonance
resulting from flow over cavities and reported that the
resulting dynamic loading and noise generation can be suf-
ficiently high to pose structural and environmental hazard.

The reported oscillations are attributed to the inherent
instability of the shear layer over a cavity which can give
rise to pressure perturbation. Such perturbation can couple
with a resonating acoustic field and engage in a feedback
mechanism, resulting in sustained oscillations in the flow
field. Rockwell (1983) classified the feedback mechanisms
according to the nature of oscillations giving rise to them
into: fluid-resonant, fluid-dynamic, and fluid-elastic oscil-
lations. High oscillating pressure amplitudes are associated
with the fluid-resonant feedback mechanism, in which the
feedback effect is due to the fluctuations resulting from
acoustic resonance. The fluid-resonant feedback cycle,
illustrated in Fig. 1 is initiated when the shear layer over the
cavity mouth starts to fluctuate at the cavity leading edge.
Fluctuations are enhanced at frequencies that cause favour-
able phasing over the shear-layer length. The instability of
the shear layer causes the perturbation to grow exponen-
tially while they are convected downstream by the mean
flow. Kang et al. (2008) suggested that turbulent boundary
layer can give rise to the formation of large-scale vortical
structures responsible for self-sustained oscillations. The
vorticity field transfers energy to the acoustic field near the
trailing cavity edge. The correct phasing between the con-
sequent events at certain frequencies can excite the acoustic
modes of the cavity to resonate. The cycle is then closed
when the acoustic fluctuations at the leading edge are
enhanced to develop vorticity perturbation (Rockwell and
Naudascher 1978; Bian et al. 2011).

The interactions of the free shear layer with the acous-
tic field are amplified at frequencies defined by the semi-
empirical formula developed by Rossiter (1964). The for-
mula gives the Strouhal number as,

Jal n—a
U M+ LD

K

Sty n=123,... (1)

where [ is the characteristic shear-layer length, which is
the distance the shear layer travels across the cavity until
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Fig. 1 Fluid-resonant feedback mechanism of the cavity flow oscil-
lations

it reaches the trailing edge. St, is the Strouhal number cor-
responding to the frequency f of the nth mode. k and « are
empirical constants that correspond to the average convec-
tion speed of the vortical disturbances in the shear layer
and a phase delay, respectively. The value of 1/« is typi-
cally 1.75 and « is typically equal to 0.25.

The perturbation of the flow particles in the shear
layer is normal to the cavity mouth plane, making it able
to provide energy to initiate a standing wave. At veloci-
ties where a shear-layer mode frequency coincides with
one of the cross-modes, the phasing between the acoustic
cycle and the shear-layer perturbation becomes favour-
able, and this look-in increases the effectiveness of the
feedback mechanism. This leads to an efficient conver-
sion of dynamic energy into acoustic energy, which
produces tonal pressure fluctuations of extremely high
sound pressure levels. Ukeiley and Murray (2005) sug-
gested that whether a cavity resonates or not may depend
on the scale of the vorticity with respect to the impinge-
ment wall. Lafon et al. (2003) showed that the resonance
modulation effect for the fluid resonance mechanism
ensures that the acoustic modes are two-dimensional
and the acoustic oscillation is in phase along the whole
width. The oscillations produced by the separating shear
layer over the cavity are influenced by the geometry of
the separation and impingement points. Changes in the
flow characteristics at the leading and trailing edges are
reported to affect the sound pressure level (Rockwell and
Naudascher 1978).
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Several control techniques of flow-induced cavity oscil-
lations are reviewed by Cattafesta et al. (2003) and Rowley
and Williams (2006). They attributed the effect of acoustic
resonance suppression of passive devices to one or more of
the following three mechanisms: shifting the reattachment
point downstream of the trailing edge, modifying the sta-
bility characteristics of the shear layer so that the resonant
modes are not amplified, or disrupting the span-wise coher-
ence of the shear layer. They also stated that many of these
techniques require fine-tuning and can negatively affect
off-design tone frequencies. McGrath and Shaw (1996)
obtained a significant reduction in the sound pressure
level (SPL) using an oscillating flab as a high-frequency
tone generator just upstream of the cavity leading edge
to manipulate the cavity shear layer and disrupt the feed-
back cycle. However, their results did not show the effect
of the flab dimensions on the obtained attenuation. Sarno
and Franke (1994) studied the use of fences at the upstream
edge to suppress the flow-induced pressure oscillations in a
cavity. They found that static fences are more suppressive
than oscillating fences. However, the suppression effect
is found to depend on the frequency mode and the flow
Mach number. de Jong et al. (2011) found that rounding of
the downstream edge reduces lock-on amplitude due to a
reduction in flow entrapment into the cavity, thereby weak-
ening the feedback cycle. Ukeiley et al. (2004) used a lead-
ing edge fence and a cylindrical rod at various locations to
disturb the separation of the boundary layer. They showed
that significant suppression can be obtained and noted that
differences in the shear-layer lift over the impingement
corner have an important effect on the level of the pres-
sure attenuation. MacManus and Doran (2008) studied the
effect of adding a span-wise step inside the cavity adjacent
to the leading edge on attenuating the sound pressure level.
They showed that an overall attenuation of 7.5 dB could be
achieved and their flow visualization results showed that a
large recirculation bubble exists on the top of the step face,
resulting in an outward deflection of the shear layer. How-
ever, they did not investigate the influence of placing the
step upstream of the leading edge. Moreover, the step size
was fixed throughout their experiments.

A surface-mounted block in cross-flow is known to
cause a complex pattern of vorticity which is convected
to the downstream flow. Hussein and Martinuzzi (1996)
experimentally studied the channel flow around square
cross-sectional surface-mounted blocks. They found that
the complex features of the flow are highly dependent on
the aspect ratio of the block. Wider blocks cause higher
turbulence intensity and longer wake region downstream.
Hwang and Yang (2004) numerically investigated the vor-
tical structures around a wall-mounted cubic obstacle in
a channel flow. The simulations showed that the three-
dimensional structures of the flow including separation,

entrainment regions, and reattachment arise as a result
of the adverse pressure gradient induced by the obstacle
geometry. Their simulation also showed that the increase in
Reynolds number induces the generation of more complex
aspects of the horseshoe vortex and the number of vortices
increases in pairs. They also noted that the vorticity field
near the cube is characterized by the generation of the hair-
pin vortices in the near-wake region at relatively low fre-
quencies, and the shedding of lateral vortices from the lead-
ing lateral edges of the cubic obstacle. Hwang and Yang
(2004) also highlighted the quasiperiodic behaviour of the
hairpin vortices. The length and time scales of those vorti-
ces become smaller at higher Reynolds number. They also
pointed out that the reattachment point is located at x = 3h,
where x is the downstream distance measured from the
downstream edge of the cube. It is important to note that
the simulations of Hwang and Yang (2004) were limited to
flows of Reynolds number as low as 3,500.

The use of the complex vortical structures observed
behind rectangular surface-mounted obstacles to disturb the
shear layer over the rectangular cavity mouth is a potential
method to suppress the flow-induced acoustic resonance.
The shear layer can be disturbed at the leading edge of the
cavity with flow structures that are different in length and
time scales than the shear-layer structures. Such distur-
bance can affect the phasing of events in the shear layer,
decreasing the effectiveness of the fluid-resonant feedback
mechanism that gives rise to noise of high sound pressure
levels. Therefore, the objective of this study was to inves-
tigate the effect of placing square cross-sectional blocks of
different widths at different locations upstream of the cav-
ity leading edge on the mechanism of acoustic resonance
excitation in a rectangular cavity with a flow of Mach
numbers up to 0.45. The flow and acoustic measurements
obtained are analysed to give better understanding of the
flow—sound interactions which are responsible for favour-
able attenuation of the undesired resonance.

2 Experimental setup and procedure

The experiments were performed in an open-loop wind
tunnel. A schematic representation of the test section is
shown in Fig. 2. The cavity has a length of L = 0.127 m,
a depth of D = 0.127 m, and a width of W = 0.127 m. The
tunnel has a width of 0.127 m and a height of 0.254 m.
The frequency of the first acoustic cross-mode is deter-
mined numerically as 482 Hz for a two-dimensional cav-
ity with no-flow condition. This value is within 5 % of
the experimentally measured frequency. The normalized
acoustic pressure distribution for the first acoustic cross-
mode is shown in Fig. 3. The inlet section of the apparatus
is in the shape of a bellmouth to ensure uniform velocity
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Fig. 2 a Dimensions, in mm, of the cavity test section with a block
placed. b Nomenclature for the block configuration
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Fig. 3 Numerically calculated pressure amplitude distribution for the
first acoustic cross-mode for a two-dimensional case, normalized by
the maximum pressure value

profile within 1 % at the measurement section. The dis-
tance from the inlet edge to the cavity leading edge is
0.305 m. The test section includes the 0.127-m-long cav-
ity followed by a 0.330-m-long rectangular tunnel sec-
tion. A diffuser with a length of 0.625 m has the same tun-
nel height of 0.254 m, uniformly expanding in the width
direction, reaching a width of 0.508 m at the blower inlet
connection.

@ Springer

Six blocks of square cross section of edge length
h = 0.019 m are tested, with width to height ratios w/h = 1,
2,3, 4,5, and 6.66. These blocks fill 15, 30, 45, 60, 75, and
100 % of the channel width. The last ratio is selected to fill
the span-wise dimension of the tunnel cross section with no
gabs at the sides to force the flow to pass over the block. The
tested block is attached to the surface of the channel at a dis-
tance d upstream of the cavity leading edge. Three different
distances were selected, d/h = 0, 3, and 6. These three loca-
tions are selected to cause the flow reattachment points to be
approximately at 32 downstream of the cavity leading edge,
at the cavity leading edge, and at 3/ upstream of the cavity
leading edge, respectively.

The air velocity is controlled through a variable fre-
quency drive. The velocity of the air flow is increased from
0 up to 160 m/s. The attached block is rigidly mounted to
prevent any vibrations. The pressure level is recorded using
a ;ll-in. flush-mounted microphone located at the centre of
the cavity bottom wall, which represents the location of the
maximum acoustic pressure amplitude of the first acous-
tic cross-mode as shown in Fig. 3. The sampling rate is
10 kHz. The frequency spectra are calculated based on the
averaging of 30 runs, each of 1 s duration to give the spec-
tra extending up to 5 kHz with a resolution of 1 Hz.

Flow velocity perturbation, as an indication of the tur-
bulence intensity, is measured using a model 55P16 CTA
single hot-wire probe. Measurements for correlation are
carried out using two similar hot-wire probes. The used
sampling interval is 1 s, averaged on a 30-s period. A
traverse mechanism is used to control the location of the
probes with an accuracy of 1 mm in the coordinate system
is shown in Fig. 2. The hot-wire measurements are car-
ried out at non-resonant conditions. Measurements of the
acoustic response of the cavity are always recorded in the
absence of the hot-wire probe.

3 Base cavity response

The details of the acoustic response of the rectangular
cavity with aspect ratio of L/D = 1 are discussed in this
section to provide a base case on which the control effec-
tiveness is assessed. The characteristics of the pressure
perturbation in the cavity are described and the shear-layer
modes that excite the resonant sound are identified.

The response of the system is characterized by the
dimensionless pressure P*, defined by Eq. 2.

. P
= 05002, )
where P is the pressure amplitude, p and U, are the free-

stream flow density and velocity, respectively. The values
of P* reported in the literature vary according to the scale
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of the cavity and the range of flow Mach number. Ziada
and Shine (1999) reported values of P* = 10 for coaxial
branches at Reynolds number of 0.5 x 10°. Rockwell et al.
(2003) reported values of P* = 0.6 for sufficiently deep
cavities with minimum damping, dropping to P* = 0.04 for
shallower cavities in a system with high damping. The flow
velocity is indicated in the reduced form Uy, based on the
frequency of the lowest acoustic cross-mode of the test sec-
tion fi, as shown in Eq. 3.

- fil

Figure 4 shows the pressure spectra of the cavity meas-
ured at discrete values of flow velocities using the micro-
phone which is flush-mounted at the centre of the cavity
bottom wall. The spectral lines in the figure are obtained by
applying a fast Fourier transform on the recorded data for
each flow velocity, giving the acoustic pressure response of
the cavity at velocities from Uy, = 0 to 160 m/s.

Figure 4 shows that three distinct shear-layer modes
are responsible for the excitation of tonal noise. The three
modes, referring ton = 1,2, and 3 in Eq. 1, are theoretically
depicted as three dashed lines starting at origin in Fig. 4.
At the coincidence of a certain shear-layer mode with any
of the resonant acoustic modes, m = 1, 2, or 3, a look-in
region in which a tonal sound of constant frequency domi-
nates. The three first acoustic cross-modes occur at fre-
quencies f; = 482Hz for m = 1, f, = 946 Hz for m = 2,
and f3 = 1,355Hz for m = 3. The deviation of the first
acoustic cross-mode frequency from the calculated value of
482 Hz is attributed to the fact that the acoustic mode is
calculated for the no-flow condition. Increase in flow veloc-
ities is expected to change the convection velocity, which

Ur 3

Fig. 5 Frequency of the resonant peaks and development of the nor-
malized acoustic pressure with increasing reduced flow velocity in
the rectangular cavity with no block placed

in turn will affect the resonance frequency. In addition, the
effect of the fluid added mass is expected to change the the-
oretically calculated resonance frequency, as discussed by
Mohany and Ziada (2009, 2011). Due to the relatively high
amplitude of the first acoustic cross-mode at resonance, it
is referred to as the resonant cross-mode in the following
discussions.

Figure 5 shows the frequency and the dimensionless
acoustic pressure P* of the peaks at the resonant cross-
mode with increasing reduced flow velocities. The fre-
quency at resonance ranged between 463 and 469 Hz
in the range of Mach number up to 0.45, which devi-
ates by less than 5 % of the numerically calculated value
of 482 Hz for the mode shown in Fig. 3. Figure 5 also
shows the frequency at which resonance is detected with
increasing reduced velocities. The frequency of the third
shear-layer mode coincides with the frequency of the first
acoustic cross-mode in the reduced velocity range between
0.51 and 0.64. The relatively low velocity, combined with
the higher energy needed to sustain the third shear-layer
mode provides low energy for the excitation and results in
weak oscillations of P* = 0.01 at a sound pressure level
of SPL = 112dB. At reduced velocities ranging from 0.83
to 1.06, the look-in between the second shear-layer mode
and the first resonant cross-mode occurs, and a sound pres-
sure level of SPL = 141 dB, corresponding to P* = 0.12 is
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measured. A wider look-in region dominates at the coin-
cidence of the first shear-layer mode and the first acoustic
cross-mode in the reduced velocity range between 1.75
and 2.53. The dynamic pressure in this region reaches
P* = 0.27 which corresponds to SPL = 162 dB.

The peaks of the dimensionless pressure occur at the fre-
quency coincidence of the shear-layer modes and the acous-
tic cross-modes. The first cross-mode with f; = 465 Hz
peaks at Strouhal number St = 0.48, 1.11, and 1.61 refer-
ring to coincidence with the first, second, and third shear-
layer mode frequencies, respectively. The values of nor-
malized pressure amplitude and normalized frequency are
consistent with the values reported in the literature (e.g.
Aly and Ziada 2010; Rockwell et al. 2003).

4 Controlled cavity response

The acute tonal resonance produced by the rectangu-
lar cavity in Sect. 3 reached levels that are intolerable in
many environments with the sound pressure level reach-
ing 162 dB. The suggested passive control method aims to
limit the high sound pressure level of the resonant mode.
The objective of this section is to study the effectiveness
of the block configuration in suppressing acoustic reso-
nance in rectangular cavities. The spectral characteristics
of the acoustic response with the block placed are also
discussed.

The configuration of the block used to control the cav-
ity flow-excited acoustic resonance determines the level of
acoustic pressure attenuation that can be achieved. Figure 6
shows the development of the sound pressure level of the
resonant acoustic cross-mode measured for different block
configurations and locations. A notable observation is that
the peak pressure occurs at a higher flow velocity when
the block is placed. The significant influence of the block
on the sound pressure level is clearly shown by the shift
of the reduced velocity at which the peak value of pres-
sure prevails. When the block fills the whole channel width,
the look-in region is shifted to peak nearly at Uy = 3.10.
This shift is related to the change in the Strouhal number
at which the coincidence between the shear-layer mode
and resonant acoustic cross-mode is expected to take place,
which is believed to be related to a change in the shear-
layer effective length due to changes in the path which the
air flow has to take around the block.

When the block is placed at d/h = 3, the pressure ampli-
tude of the resonance is highly suppressed. For each width,
the peak pressure has a lower value at d/h = 3 than that
at d/h = 0 or 6. The width ratio of w/h = 1 causes a res-
onance with a pressure amplitude of P = 1,280 Pa, while
the placement of the block with width ratio of w/h = 6.66
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Fig. 6 Development of the sound pressure level of the resonant
acoustic cross-mode with reduced velocity for different block con-
figurations attached upstream of the cavity
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at resonance for different block widths and locations, St for solid
symbols and St for open symbols
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Figure 7 shows the values of the Strouhal number at the
acoustic pressure peak for the cavity with blocks at the
three distances and for w/h up to 4. As defined in Eq. 1, the
value of Strouhal number is calculated with the base shear-
layer length / used as the characteristic length.

The occurrence of the coincidence at higher veloci-
ties suggests that the shear-layer mode has lower values
of Strouhal number St = f1//U based on the base cav-
ity length /. Noting that the frequency of the first acoustic
cross-mode is not significantly affected by the presence of
the cavity walls for block widths up to w/h = 4, the shift
in the Strouhal number St is attributed to a change in the
characteristic shear-layer length due to the change in the
flow path around the block. This effective parameter has
a clear dependency on w/h and d/h. The relationship is
investigated by fitting the measured data to satisfy the con-
dition that Steff = fileff/Uoso =~ Stnp. This data are fitted
to the form of I = (c1 * 12 + (ca xd + ¢3 * w)2)0'5. This
form is selected as the effective length is interpreted in two
orthogonal components to account for the diverging direc-
tion of the flow in the wake of the block. The components
are the direct path between the leading and trailing cavity
edges, /, and the span-wise component which is dependent
upon the configuration of the block. The effective shear-
layer length that fits the data is given by the following
equation

d 5w\’
L = 12 —
eff \/+(4+4)

The values of the effective Strouhal number St.¢ are
shown in Fig. 7. Using values of St.¢, the highest values
of the sound pressure level occur at values of Ste¢r within +
5 % of the base StNB, as shown in Fig. 8.

“

4.2 Attenuation of acoustic pressure

The placement of blocks at the upstream edge has a signifi-
cant effect on the acoustic pressure level produced by the
cavity. Figure 9 shows the attenuation of the sound pressure
level due to the placement of blocks with different widths
at different distances from the cavity upstream edge. Plac-
ing the cubic block, which fills 15 % of the channel width,
induces attenuation of less than 8 dB for all edge distances.
The use of blocks with moderate widths leads to substantial
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Fig. 8 Dimensionless acoustic pressure dependency on the block
configuration and effective Strouhal number
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Fig. 9 Attenuation of the cavity acoustic pressure due to placement
of blocks of different configurations
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improvement in the attenuation levels. Blocks placed at a
distance of 3/ from the edge cause a significant level of
attenuation reaching around 30 dB over a range of widths
between w/h = 2 to 5, which is equivalent to 30-75 % of
the channel width. The other edge distances show lower
attenuation levels. The blocks placed at the edge cause
a maximum attenuation of 26 dB for blocks of width
w/h = 2, while blocks placed at d/h = 6 away from the
cavity leading edge cause a maximum attenuation of 23 dB
atw/h = 4.

It is important to note that the placement of blocks that
filled the whole channel width at the three distances do not
suppress the acoustic pressure, but amplify it instead as
indicated by the negative attenuation values. This behav-
iour indicates that the existence of the horseshoe vortices
shed at the block vertical upstream sides has an essential
contribution to the suppression mechanism. This behav-
iour can also be related to the disturbance of the span-wise
coherence of the shear layer due to the placement of the
block.

4.3 Interactions at the leading edge

The feedback mechanism that leads to the high sound pres-
sure levels at resonance is associated with the organized
structures of the shear layer when it separates at the leading
edge. The control effect of the blocks is related to the inter-
actions of the lateral vortical formations in the wake of the
block with the shear layer, disturbing its span-wise coher-
ence. It is noteworthy to investigate the effect of the flow
reattachment distance of the vortices forming at the sides of
the block on the attenuation of the excited sound pressure
level. Martinuzzi and Tropea (1993) described a linear rela-
tionship between the width to edge height ratio of the block
and the distance of reattachment of the lateral horseshoe
vortices in the range of w/h up to 8. They concluded that at
high Reynolds numbers, the reattachment point occurs at a
distance x;. from the block downstream surface, calculated
as

Xre = 0.681w + h 5)

The distance dye of the block-side wake reattachment point
measured from the leading edge. It is positive for cases
where the reattachment point is downstream of the leading
edge and negative if it is upstream of the leading edge. die
is obtained as

dre = Xpe — d (6)

Figure 10 shows the effect of the distance between the reat-
tachment points from the cavity leading edge normalized
by the block height, d;./h, on the obtained attenuation of
the excited acoustic resonance. The results with blocks
of width ratio w/h = 6.66 are not shown in this graph as
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Fig. 10 Effect of the flow reattachment point downstream of the
block on the attenuation of the excited acoustic pressure in the cavity

they do not produce lateral vortices. Blocks that cause the
flow to reattach closer to the leading edge are more effec-
tive than cases where the reattachment of the block-side
wake occurs either upstream or downstream from the cav-
ity edge. The reattachment point defines a region of con-
fined flow adjacent to the block downstream and side faces,
inducing a region of highly reduced, and at some locations
reversed, flow velocities. If the reattachment of the flow
occurs closer to the cavity leading edge, the vortical struc-
tures in the wake of the block can disrupt the formation of
vortices at the cavity mouth with higher efficiency, decreas-
ing the effectiveness of the feedback mechanism that trans-
fers energy from the flow field to the acoustic field to sus-
tain the acoustic resonance.

5 Flow characteristics over the cavity

The results in Sect. 4 show that the introduction of the
block upstream of the cavity has favourable effects on the
flow—sound interactions leading to suppression of acoustic
resonance. The location of the reattachment point of the
block-side wake with respect to the leading edge plays a
vital role in the mechanism as suggested by the behaviour
shown in Fig. 10. The formation of vortices on the side
edges of the block causes favourable interactions with the
shear layer over the cavity mouth, which in turn provides
a suppression effect that is absent in cases with no block-
side flow. The effect can also be related to the changes in
the coherence of the shear-layer periodicities when blocks
separate the leading edge into distinct regions.

Figure 11 shows the vertical profiles of the normalized
mean flow velocity and normalized root mean square of
the perturbation in the shear layer for the base cavity case
with no upstream blocks. The vertical profiles measured at
the leading edge, x = 0.0 and at the middle plane, x = L/2
for Uy, = 2.5 m/s. The measurements are done at the span-
wise centre, z = 0. The figures show the growth of the
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Fig. 11 a Normalized mean velocity and b normalized RMS of the
perturbation in the shear layer at the leading edge (x = 0) and at the
middle of the cavity (x = L/2) for Uy, = 2.5m/s

shear layer as it extends over the cavity. The profiles also
show the increasing magnitude of perturbation as the shear
layer grows.

Figure 12 shows the relationship between the measured
boundary layer momentum thickness, 6, and the free-stream
mean velocity at the leading edge for the base cavity case
with no upstream blocks. The momentum thickness of the
turbulent boundary layer is assumed to follow a power law
where 6 /x ~ Re;%2. The boundary layer momentum thick-
ness in Fig. 12 is measured at flow velocities between 2.3
and 20 m/s to avoid measurements in resonant conditions.
At higher air velocities at which resonance may occur, the
block dimensions are significantly larger than the momen-
tum thickness, which indicates that the whole thickness of
the shear layer is affected by placing the blocks at three dis-
tances from the cavity leading edge.

In order to investigate the shear-layer flow character-
istics, measurements of the turbulence intensity are car-
ried out in the mid-plane of the cavity, x = 0.0635m

perpendicular to the flow direction at a constant inlet veloc-
ity of Usx, = 35 m/s. Changes in flow regions of high tur-
bulence are indication of the behaviour of the shear layer
in response to changes in the configuration of the placed
block. Flow patterns have been investigated for the cases
with no blocks and with blocks of w/h =1, 3, and 6.66
at the three normalized distances from the cavity leading
edge; 0, 3, and 6.

Figure 13 shows contours of the turbulence intensity
' /U for the base case at Uy, = 20 m/s. The figure shows
that the flow at that plane, at which the microphone is
located, is almost two-dimensional. The white solid lines
show the projected location of the leading edge of the cav-
ity. The shear layer at the plane of measurement extends
over a thickness of 0.9h. The turbulence intensity is the
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Fig. 12 Boundary layer momentum thickness at the leading edge
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Fig. 13 Contours of turbulence intensity at x = 0.0635m with no
blocks placed
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highest at y/h = 0. A region of high turbulence extends
between y/h = —0.5 and 0.5. No significant edge effects
are detected at the measurement region that extends to
z/h = 2, with the walls at z/h = 3.33.

The placement of the blocks has major effects on the
structure of the shear layer as can be clearly seen in Fig. 14.
The placement of the blocks of width w/h = 1 deforms
the shear layer size and shape. When the block is placed
at the edge, the shear layer extends to different heights at
different values of the lateral position. For the case with the
cubic block placed at d/h = 3 and 6 upstream of the cavity
leading edge, it can be seen that the shear layer is deformed
and extends to different thickness at different lateral loca-
tions, with a less centralized distribution for the latter case.

The contour plots in the second row of Fig. 14 show the
velocity fluctuation pattern at the mid-plane of the cav-
ity perpendicular to the flow direction for the cavity when
blocks of w/h = 3 are placed upstream. These configura-
tions show effectiveness in attenuating the sound pressure
level. The placement of the block at the edge causes a large
region of high turbulence intensity that reaches y/h = 2.8.
The two other distances, d/h = 3 and 6, have less distorted
form of the shear layer.

The blocks of width w/h = 6.66 have a negative effect
on acoustic pressure attenuation. More acute noise and
higher sound pressure levels are detected when these
blocks filled the whole cross section of the wind tunnel. It
can be seen from the lowest row of Fig. 14 that a uniform
thickness of the shear layer prevails in the whole measure-
ment plane. The introduction of the blocks lifts the shear
layer vertically to y/h = 2, as indicated by the symmetry of
the turbulence intensity value around this height. However,
this lift of the shear layer is not associated with a suppres-
sion effect at resonance.

In order to investigate the influence of the block attach-
ment on the correlation of the flow in the shear layer, the
coefficient of the cross-correlation between shear-layer
perturbation at a reference point and at other points in the
span-wise direction is calculated as,

_ u'(z0) * ' (2)
T Wl (z0) * U (20) /U (Z) x 1/ (2)

where the star » refers to spatial cross-correlation, u/(zg)
refers to shear-layer perturbation at the reference point at
z = 0, and u/(z) is the perturbation at the other measure-
ment point. The blocks are attached at d/h = 3. The per-
turbation magnitude is evaluated at the line x = L/2 and
y = —0.013 m. This span-wise line is at the edge of the
shear layer inside the cavity as seen in Fig. 11, where the

R
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shear-layer perturbation is distinguishable from perturba-
tion due to turbulence. The coefficient of correlation, R,
of the flow perturbation, is shown in Fig. 15.

When no block is attached, the correlation coefficient is
higher than the cases where a block is attached. The block
filling the cavity, which did not attenuate the resonance, has
lower correlation coefficient at values of z/h up to 1.5, and
then it approaches the same value of 0.2 as the no-block
case. When a block of smaller width is attached at d/h = 3
, the correlation coefficient decreases at closer span-wise
positions and reaches Ru% = 0.0 at z/h = 0.8 and then
approaches a value of —0.1. This shows that the block
attenuation effect is related to lower correlation of the shear
layer in the span-wise direction.

From this discussion, it is useful to develop a descrip-
tion of the flow features downstream of the blocks. The
measurements indicate that blocks of intermediate width,
filling 45 % of the channel width, develop a less-uniform
shear layer that extends to further distances downstream of
the blocks. When the blocks are placed at the edge, the tur-
bulent region is lifted over the cavity mouth. On the other
hand, the placement of the blocks at further distance from
the cavity upstream edge causes higher turbulence inside
the cavity. The existence of a region of high turbulence
adjacent to the side of the block indicates that the turbulent
flow structures that form at the sides of the block affect the
span-wise flow coherence, which has an important contri-
bution to the attenuation of the excited acoustic pressure.
If the block fills the whole channel width, higher acoustic
pressure is measured at resonance, and a thicker shear layer
is observed. The hot-wire measurements presented in this
section provide some insight into the complex flow charac-
teristics around the blocks and its interaction with the cav-
ity shear layer. However, phase-locked PIV measurements

during acoustic resonance can further clarify the role of the
horseshoe vortical structure on the suppression mechanism
of the acoustic resonance.

6 Conclusion

In this paper, a passive method for controlling the flow-
excited acoustic resonance resulting from subsonic flows
over rectangular cavities in channels is investigated. A cav-
ity of width, length, and depth of 0.127 m is tested in air
flow of Mach number up to 0.45. The resonance of the first
acoustic cross-mode results in high sound pressure level of
162 dB when excited by the first shear-layer mode.

The placement of a solid square cross-sectional block
centred on the channel surface upstream of the cav-
ity leading edge is investigated as a way to suppress the
flow-excited acoustic resonance. In order to evaluate
their acoustic pressure attenuation effect, blocks of the
same height of # = 0.019m and of six different width to
height ratios are tested. Each block is placed at three dif-
ferent locations upstream of the cavity leading edge. The
highest attenuation, referred to the base case, reached
30 dB and is achieved by attaching the block of w/h = 3
at a distance of d/h = 3. The sound pressure level at the
first acoustic resonance mode is attenuated by more than
25 dB using blocks of widths w/h between 2 and 4, which
fills 30-60 % of the width of the channel. The placement
of each block at a distance d/h = 3 upstream of the cavity
leading edge is more effective than placing it at d/h =0
or 6. Blocks that fill 100 % of the channel width amplify
the acoustic pressure level when attached at any of the
three distances. Higher attenuation is obtained when the
reattachment of the block wake occurs closer to the cav-
ity leading edge. Moreover, placing the blocks is found
to shift the resonance of the first acoustic cross-mode
to occur at higher flow velocities at the same frequency,
which is related to a change in the effective shear-layer
length due to the introduction of the block. Therefore, a
formula is introduced to relate the effective shear-layer
length to the block dimensions.

The hot-wire measurements reveal that the introduction
of the blocks significantly affects the flow pattern in the
shear layer over the cavity mouth. Significant attenuation
of the resonance pressure level is associated with high tur-
bulence levels at the sides of the block, indicating that the
vortices shed at the sides of the block disturb the span-wise
flow coherence and interact with the shear layer at the cav-
ity leading edge. When a block filling 100 % of the channel
width is attached, the shear layer is thicker than the base
case and is uniform in the span-wise direction. The cases
that did not attenuate the noise also has higher correlation
coefficient between the perturbation in at the shear-layer
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edge in the span-wise direction than cases that cause high
attenuation of the excited sound pressure level.
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