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Passive Control of Trapped
Mode Resonance of Ducted
Cavities
Gas flow over ducted cavities can excite strong acoustic resonances within the confined
volumes housing the cavities. When the wavelength of the resonant acoustic modes is
comparable with, or smaller than, the cavity dimensions, these modes are referred to as
trapped acoustic modes. The flow excitation mechanism causing the resonance of these
trapped modes in axisymmetric shallow cavities has been investigated experimentally in
a series of papers by Aly and Ziada (2010, “Flow-Excited Resonance of Trapped Modes
of Ducted Shallow Cavities,” J. Fluids Struct., 26, pp. 92–120; 2011, “Azimuthal Behav-
iour of Flow-Excited Diametral Modes of Internal Shallow Cavities,” J. Sound Vib., 330,
pp. 3666–3683; 2012, “Effect of Mean Flow on the Trapped Modes of Internal Cavities,”
J. Fluids Struct., 33, pp. 70–84). In this paper, the same experimental set-up is used to
investigate the effect of the upstream edge geometry on the acoustic resonance of trapped
modes. The investigated geometries include sharp and rounded cavity corners, chamfer-
ing the upstream edge, and spoilers of different types and sizes. Rounding-off the cavity
edges is found to increase the pulsation amplitude substantially, but the resonance lock-
on range is delayed, i.e., it is shifted to higher flow velocities. Similarly, chamfering the
upstream corner delays the onset of resonance, but maintains its intensity in comparison
with that of sharp edges. Spoilers, or vortex generators, added at the upstream edge have
been found to be the most effective means to suppress the resonance. However, the mini-
mum spoiler size which is needed to suppress the resonance increases as the cavity size
becomes larger. [DOI: 10.1115/1.4027377]
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1 Introduction

Flow-excited acoustic resonances within cavities have been
reported for many engineering applications, including piping sys-
tems, control valves, jet engines, and nuclear reactors [1–7].
Acoustic resonances can cause acute noise levels and/or acoustic
fatigue failures [7,8]. The excitation mechanism consists of two
main phenomena; namely, the instability of the cavity shear layer
and an upstream feedback effect. At the upstream edge, the sound
field introduces velocity perturbations, which grow rapidly as they
are convected with the shear layer to form vortex-like structures.
As these vortices reach the downstream corner of the cavity, a
portion of their energy is converted into acoustic energy due to
their interaction with the acoustic particle velocity field of the reso-
nant mode [9]. This generated acoustic energy sustains the reso-
nance, and completes the feedback loop. Rockwell and Naudascher
[10] classified this mechanism as fluid-resonant because the
upstream feedback is provided by the resonant sound field.

This paper focuses on several passive means to suppress the
acoustic resonance of the diametral modes of an axisymmetric
cavity in a duct. These diametral modes can be classified as
(nearly) trapped acoustic modes, which are known to occur in
wave guides where the perturbation energy is localized in regions
containing some changes in the domain geometry or the fluid
properties [11]. For the case under investigation, the presence of
the axisymmetric cavity in the duct lowers the local spinning
mode cut-off frequency below the cut-off frequency of the main
duct. This reduction in frequency results in hindering local acous-
tic energy generated at the cavity cut-off frequency from propa-
gating away from the cavity along the duct [12] and thereby a new

resonance mode at this frequency is introduced to the system.
Hein and Koch [13] predicted numerically the existence of
diametral modes of infinitely long cavity-duct configurations for
no-flow condition. Aly and Ziada [1–3] reported strong flow exci-
tation of the diametral modes of shallow cavities for a range of
cavity length comparable with the main pipe diameter. The self-
excitation mechanism of longitudinal and diametral acoustic
modes is very much the same except that the longitudinal modes
near the cavity are basically two-dimensional, whereas the trapped
diametral modes are three-dimensional. Therefore, the main dif-
ference between the two resonance mechanisms is that the longi-
tudinal modes trigger the free shear layer uniformly over the
circumference at the same time instant, whereas the interaction of
the shear layer with diametral modes is much more complex
because the amplitude and phase of the acoustic particle velocity
are not uniform over the cavity circumference.

Control methods for cavity oscillations have been categorized as
either active or passive. Active means involve inputting external
energy [14], while passive control methods involve modifications
of the geometry of the cavity. This paper describes passive control
methods carried out to suppress the acoustic resonance of an inter-
nal axisymmetric cavity. These methods include the addition of
spoilers, chamfers, and rounding at the leading edge of the cavity.
Such modifications have been shown to be effective, to varying
degrees, in past studies of longitudinal resonances in which the
acoustic wavelength was much longer than the cavity dimension
[15,16]. In the present case of trapped diametral modes, the acous-
tic wavelength is shorter than the cavity diameter and therefore the
acoustic field exciting the cavity shear layer is three-dimensional.

2 Experimental Setup

2.1 Test Facility. This study was performed using an open
loop wind tunnel with a centrifugal 50 hp air blower. The test
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section was made of acrylic pipes attached to flanges to accommo-
date the axisymmetric cavity [1]. The inner diameter of the main
pipe was D¼ 153 mm. Figure 1 shows schematics of the test sec-
tion geometry, including the main parameters of the cavity.

O-rings were used between the flanges to ensure that the test
section was properly sealed. At the middle of the cavity floor, four
pressure transducers (P1–P4) were flush mounted around the cir-
cumference at angles of 0, 22.5, 45, and 90 deg to capture the
maximum acoustic pressure. A similar arrangement used in
Ref. [2] showed that all modes are spinning except the lowest one
which was partially spinning. Therefore, the pressure transducer
showing the maximum pressure pulsation amplitude was used to
measure the resonance intensity. This approach, rather than con-
structing the cavity pressure field for each measurement, seems
adequate, given the nature of the excited modes and the fact that
the results are used only for comparison purposes between cavities
of similar geometry.

The cavity length and depth were varied by means of adding or
removing various flanges with different diameters and thick-
nesses, but the pressure transducers were always retained at the
cavity middle. Therefore it was possible to investigate the effects
of the suppression devices on different cavity sizes. As illustrated
in Table 1, six cavities were used in the present experiments.
These included three cavity depths, h/D¼ (1/12), (2/12), and
(4/12), and two cavity lengths for each depth (100 and 200). The
base cases (B1–B6), or the cavities with sharp edges and no sup-
pression devices, were tested first to generate reference data
before proceeding with testing the suppression devices.

The need to test the effect of various suppression devices on
different cavity sizes can be elucidated with the aid of Fig. 2,
which shows numerical simulation results of the first diametral
mode for three axisymmetric cavities with the same length
(25.4 mm), but different depths [1]. As the cavity becomes deeper,
the acoustic pressure axial distribution for the first mode decays
faster and less acoustic energy is transmitted into the main duct.
Therefore, acoustic resonances of deeper cavities can be stronger
than those of shallower cavities under similar flow conditions.

Consequently, some devices which suppress the resonance for
shallow cavities may be ineffective in suppressing the more robust
resonance of deeper cavities. For this reason, the effectiveness of
the suppressing devices developed in this paper is tested on
cavities with three different depths for each length.

A Pitot-tube located upstream of the cavity was used to mea-
sure the flow velocity. The approach boundary layer at the cavity
upstream corner was turbulent with a momentum thick-
ness� 0.8 mm and a shape factor of� 1.35. Additional details of
the test set-up can be found in Ref. [1].

2.2 Suppression Techniques. Various geometries of the cav-
ity upstream corner were investigated. These included rounding-
off the corners, adding a chamfer, or saw-tooth spoilers (Fig. 3).
The shapes and dimensions of these geometries are based on those
of suppression devices tested previously for the case of longitudi-
nal acoustic resonances whose wavelength is much longer than
the cavity length [15–18]. In the present case, the acoustic modes
are three-dimensional and the wavelength is smaller than the
cavity diameter. Smith and Luloff [19] tested the effect of an
upstream chamfer on the acoustic resonance of a gate valve, how-
ever, the mode shape of the acoustic mode was not defined and
the effect of the chamfer was unreliable.

Two radii were used for rounding-off the corners with r¼ 5.1
and 10.2 mm (0.200 and 0.400). The chamfers had an angle of
17 deg and two lengths of ‘¼ 4.9 and 9.8 mm (0.1900 and 0.3800).
The spoilers were made out of acrylic by means of a rapid proto-
type machine with high resolution to produce smooth surface. The
high resolution of the prototype machine, the expansion ramp
between the spoilers, and the short length of the spoilers
(5–18 mm) minimize the effects of surface roughness if there are
any. As can be seen in Fig. 4, they consisted of a chamfer ‘¼ 4.9
or 9.8 mm, and teeth to introduce three-dimensional flow distur-
bances at the flow separation region. The chamfer was introduced
into the spoiler design to compensate the decrease in the flow area
caused by the teeth, and thereby limits the increase in the pressure
drop. The tested four saw-tooth spoilers differed in the number of

Fig. 1 Geometry of the test section and parameters of the
axisymmetric cavity together with the locations of pressure
transducers

Table 1 Dimensions of tested cavities

Cavity size h (mm/in.) h/D L/h

B1 (12.7/0.5) 1/12 2
B2 (12.7/0.5) 1/12 4
B3 (25.4/1.0) 2/12 1
B4 (25.4/1.0) 2/12 2
B5 (50.8/2.0) 4/12 0.5
B6 (50.8/2.0) 4/12 1

Fig. 2 Axial distribution of acoustic pressure decay of the first
diametral mode (m 5 1) for three cavities of the same length
(L/D 5 2/12) but different depths (h/D 5 1/12, 2/12, 4/12); x is the
streamwise distance measured from the cavity center [1]

Fig. 3 Leading edge suppression techniques: (a) base case
with no modification, (b) edge rounding, (c) chamfer, and (d)
saw-tooth spoiler
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teeth, and the thickness and height of the tooth. Detailed dimen-
sions are specified in Fig. 4 and Table 2. The thickness, T, in
Table 2 is measured halfway between the base and the tip of each
individual spoiler.

To investigate passive suppression techniques on the more
robust resonance, particularly for the deeper cavities with
h/D¼ 4/12, a curved spoiler and a delta spoiler were constructed
as shown in Figs. 5–7. The curved spoiler has the same parameters

as spoilers 3 and 4 except that the final slope of the tooth was
increased to deflect the separated flow further toward the pipe
centerline.

The delta spoiler was constructed much differently from the
other spoilers. This spoiler did not contain a chamfer but instead
had the teeth gradually converging together as shown in Figs. 6
and 7. This allowed the introduction of a three-dimensional vortic-
ity field at the upstream corner. Somewhat similar spoilers have
previously been used to suppress longitudinal pipe resonances by
flow over cavities [16].

3 Results

3.1 Effect of Chamfer and Edge Rounding-Off. For each
cavity size, the base case with sharp edges was tested first and the
results were used later to evaluate the performance of the suppres-
sion devices. The tests consisted of increasing the flow velocity in
steps up to maximum blower capacity. The tests started with the
1 in. deep base case 3 (B3), which has L/h¼ 1 and h/D¼ 2/12.

As shown in Fig. 8, which shows the acoustic response of base
case B3, several acoustic modes are excited consecutively as the
flow velocity is increased. The mode order (m) indicates the num-
ber of the nodal diameters of the mode shape. The nature of these
diametral modes, which are nearly trapped modes, is described in
some detail in Refs. [1,2,13]. The resonances of the first three
modes become particularly strong as the flow velocity exceeds
60 m/s. The excitation of the diametral modes occurs in a very
organized manner and within specific ranges of Strouhal number.
These aspects, together with the excitation mechanism, are
described in previous papers [1–3]. It is interesting to note that as
the flow velocity is increased, the acoustic resonance switches
from lower to higher modes such that there is at least one mode in
resonance at any flow velocity above 45 m/s and up to 140 m/s,
which is the maximum capacity of the test set-up.

Fig. 4 Schematic of the saw-tooth spoiler (dimensions are
in mm)

Table 2 Dimensions of the tested spoilers

Spoiler a (deg) b (deg) T (mm) H (mm) c (deg) ‘ (mm) Teeth

Spoiler 1 4 2 2.7 2.0 22 4.9 60
Spoiler 2 8 4 5.3 3.9 22 9.8 30
Spoiler 3 12 6 7.9 3.9 22 9.8 20
Spoiler 4 12 6 7.9 6.1 32 9.8 20

Fig. 5 Dimensions of the curved spoiler (dimensions are
in mm)

Fig. 6 Dimensions and orientation of the delta spoilers
(dimensions are in mm)

Fig. 7 Photographs of (a) curved spoiler and (b) delta spoiler
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Figure 9 is also for the base case B3 and shows the effect of
rounding-off the cavity edges using a radius of r/L¼ 0.2, as well
as the effect of a chamfer with ‘/L¼ 0.2 at the cavity upstream
edge. For the chamfer and edge rounding, the acoustic resonance
ranges, i.e., the lock-on ranges of different modes, are shifted to
higher velocities. For example, while the peak of the first acoustic
mode for the base case occurs around 70 m/s, the chamfer and
edge rounding modifications delay it until about 85 m/s. The peak
of the second mode is also delayed from� 105 m/s to� 115 m/s.
This delay is caused by the increase in the overall (or effective)
impingement length due to the additional radius of rounding-off
the upstream edge and the length of the chamfer, both being 20%
of the cavity length L. This apparent difference in the velocity
range of resonance disappears when the reduced velocity is used
to plot the data. The reduced velocity, Vr, is defined by

Vr ¼ V=f Le (1)

where V is flow velocity, f is the dominant frequency and Le is the
equivalent cavity length (Lþ r) or (Lþ ‘). As can be seen in
Fig. 10, the usage of the reduced velocity aligns the resonance

ranges almost perfectly for first and second resonance modes in
the three cases.

Rounding-off the edges significantly enhances the resonance in
comparison with that of the chamfered and base cases. These
results agree with those obtained by other researchers for the case
of one-dimensional, longitudinal resonant modes with wavelength
much larger than the cavity dimensions. Edge rounding is there-
fore not recommended as suppression technique. Although the
chamfer seems to have little effect on reducing the acoustic pres-
sure in the lock-on ranges compared with the base case, it dis-
tinctly delays the onset of resonance for the first two modes as can
be seen in Fig. 9. This delay in the onset of resonance is benefi-
cial, allowing the cavity to reach higher flow velocities without
being subject to intense acoustic resonance.

Another good example is shown in Fig. 11, for the other 1 in.
deep cavity (base case B4, L/h¼ 2 and h/D¼ 2/12). Here, chamfer
2 with ‘/L� 0.1 tends to suppress the acoustic resonance quite
well up to 110 m/s. At this point, the acoustic resonance is initi-
ated and the acoustic pressure reaches that of the base case.
Chamfer 1, ‘/L� 0.2, does work well also; since it is longer than
chamfer 2, it allows higher flow rates before reaching the onset of
any significant acoustic resonance.

Additional experiments [20] showed similar results for the shal-
lower cavities (1=2 in. deep cases B1 and B2). This is because the
resonance of the shallower cavities is weaker than that of the cases
B3 and B4, which have a depth of 1 in. Thus, the use of chamfers
in cases B1–B4 (i.e., for cavity depth up to h/D¼ 2/12) can be
beneficial if the delay in the onset of resonance allows plant oper-
ation at the maximum design flow velocity. On the other hand,
when the cavity is deeper, the resonances may become stronger
and the chamfer may be ineffective. An example is shown in
Fig. 12 for the 2 in. deep case B5. In this case, the first mode reso-
nance of base case B5 exceeds 1.5� 104 Pa in comparison with
0.5� 104 Pa for the 1 in. deep base case B3. As can be seen in
Fig. 12, the chamfer neither suppresses the resonance nor delays it
sufficiently to warrant it as a viable solution. In these cases which
produce strong acoustic resonances, i.e., for deeper or larger cav-
ities, a different type of suppression devices is needed. This is

Fig. 8 Aeroacoustic response of base case B3 with sharp
edges; L/h 5 1, h/D 5 2/12

Fig. 9 Effect of the chamfer and rounding-off the edges on the
acoustic resonance of base case B3; L/h 5 1, h/D 5 2/12

Fig. 10 Acoustic pressure verses reduced velocity showing
the effect of chamfer and rounding-off the edges on the
acoustic resonance of base case B3; L/h 5 1, h/D 5 2/12

Fig. 11 Effects of chamfers on the resonance of base case B4;
L/h 5 2, h/D 5 2/12

Fig. 12 Effect of chamfer (‘/L � 0.38) and spoiler 4 on the
resonance of base case B5; L/h 5 0.5, h/D 5 4/12
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addressed in Sec. 3.2 which focuses on the effect of various spoil-
ers positioned at the cavity upstream edge. However, as will be
seen later, although the spoilers show better performance than the
chamfer, their effectiveness deteriorates as the cavity size
becomes larger.

3.2 Effect of Spoilers. Different saw-tooth spoilers were
designed and tested to investigate their effect on the acoustic reso-
nance, particularly for the large size cavities which produce strong
resonances. Unlike the effect of the chamfers, which delay the
onset of resonance due to the increase in the effective cavity
length, the spoilers do not affect the cavity length. Instead, they
introduce a three-dimensional vorticity field at the upstream sepa-
ration point of the cavity, which interferes with the self-induced
disturbance generated by the acoustic particle velocity of the reso-
nant field. If the spoiler-induced disturbances are sufficiently
strong, they may disturb the organized amplification and the
coherence of the shear layer oscillation and thereby alleviate the
acoustic power generated by the interaction between the shear
layer vorticity field and the cavity acoustic resonance. It follows
that as the cavity resonance becomes stronger, its suppression
would need larger spoilers to introduce larger disturbances. Addi-
tional tests were therefore performed with spoilers and cavities of
different sizes to investigate these effects. The effect of saw-tooth
spoilers 1 and 2 on case B3 is shown in Fig. 13. Spoiler 1, which
consists of 60 small teeth of height 2 mm, managed to signifi-
cantly reduce the pulsation amplitude of the first acoustic mode.
However, past 90 m/s, its effectiveness deteriorated and it did lit-
tle in suppressing the acoustic resonance. The larger spoiler 2,
which consists of 30 teeth of height 3.9 mm, suppressed the acous-
tic resonance over the whole velocity range up to 130 m/s. This
illustrates that the larger spoilers tend to suppress the acoustic res-
onance more efficiently than those of smaller dimensions. These
results were further substantiated by additional tests which
showed that the smallest spoiler 1 effectively suppressed the reso-
nance of the small cavity cases B1 and B2 with h/D¼ 1/12. On
the other hand, spoilers 1–3 were found to be ineffective in sup-
pressing the resonance of the deeper cavities with h/D¼ 4/12.

Because the resonance of the deeper cavities could not be sup-
pressed by spoilers 1–3, a larger size spoiler was designed of
20 teeth, each of which is 6.1 mm in height. The effect of this
spoiler on the resonance of the deepest cavity B5 is shown in
Fig. 12 in comparison with the effect of the chamfer. Spoiler 4 is
much more effective than the chamfer, reducing the first mode
resonance by a factor of 3 and the second mode by a factor of 4.
However, since the resonance of the base cavity is very strong,
reaching� 2.0� 104 Pa, the reduced amplitude when adding
spoiler 4 reaches 5000 Pa, which is still substantial. Spoiler 4 was
also tested with the other 2 in.-deep cavity, base case B6, and the
results are given in Fig. 14. The results are similar to those of cav-
ity B5. Spoiler 4 suppresses the weaker resonances occurring at

flow velocities lower than 80 m/s. However, for the strong reso-
nance occurring beyond this velocity, spoiler 4 reduced its ampli-
tude from 2.5� 104 Pa to about 8000 Pa, which may not be
sufficiently small to be tolerated in industrial situations. In fact, this
reduced amplitude of 8000 Pa is still higher than the maximum res-
onance amplitudes produced by the 1=2 in. and 1 in. deep cavities
(i.e., base cases B1–B4), as can be seen from Figs. 8, 11, and 13.

Two additional spoiler geometries were designed to investigate
whether the strongest resonance generated by the largest cavity
(base case B6) can be suppressed over the whole flow range of the
test set-up. The first spoiler, the curved spoiler shown in Fig. 5, is
similar in size to spoiler 4, but the angle of the tooth is increased
near its apex to deflect the flow at a larger angle into the center of
the duct. The purpose of this design change from spoilers 3 and 4
is to increase the radial component of the flow separating from the
tip of the tooth. The other spoiler is referred to as the delta spoiler
and its geometry is shown in Fig. 6. The teeth of this spoiler have
a height similar to that of spoiler 4, but their slanted angle relative
to the axial flow direction introduces a very complex vorticity
field which masks the upstream feedback generated by the reso-
nant acoustic mode.

As can be seen in Fig. 15, the effect of the curved spoiler on the
resonance of the largest cavity, case B6, is somewhat better than
that of spoiler 4; it suppressed all resonances up to 85 m/s, and
limited the acoustic pressure to 3000 Pa above this velocity in
comparison with 8000 Pa for spoiler 4. Despite this substantial
reduction in the acoustic pressure, the test results clearly illustrate
the increased difficulty involved in suppressing the acoustic dia-
metral modes as the cavity size becomes larger, which is due to
the diminishing radiation losses of the resonant modes, as dis-
cussed earlier in relation to Fig. 2.

Regarding the delta spoiler, its performance proved to be supe-
rior to all other spoilers, as can be seen from Fig. 15. It suppressed
all resonance modes up to 120 m/s for the two deepest cavities
(B5 and B6).

As the spoilers are made larger to suppress robust resonances of
large cavities, other aspects should be taken into consideration.

Fig. 13 Effect of spoilers 1 and 2 on the resonance of cavity
case B3; L/h 5 1, h/D 5 2/12

Fig. 14 Effect of spoiler 4 on the resonance of cavity B6;
L/h 5 1, h/D 5 4/12

Fig. 15 Effect of the curved and delta spoilers on the
resonance of cavity B6; L/h 5 1, h/D 5 4/12
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These include the feasibility and the cost of manufacturing the
spoilers, the possibility of their failure and introducing lose parts
into the system, and the increase in pressure drop due to the addi-
tion of the spoilers. The latter aspect is particularly relevant for
isolation gate valves because their pressure drop must be mini-
mized when they are fully open. Figure 16 sheds some light on
the increase in pressure drop caused by the curved and delta spoil-
ers. On average, the loss coefficient (2Dp/qV2) was found to
be� 0.081 for the base case, 0.17 for the curved spoiler and 0.13
for the delta spoiler. Thus, the curved spoiler approximately dou-
bles the pressure drop across the cavity, in comparison with the
base case, whereas the delta spoiler increases the pressure drop by
only 60%. The smaller effect on the pressure drop produced by
the delta spoiler, in comparison with the curved spoiler, is likely
because its teeth are thinner than those forming the curved spoiler.
It should be noted that the data presented in Fig. 16 were obtained
from static pressure measurements at two positions located 30 cm
upstream and downstream of the cavity corners.

4 Conclusions

Passive suppression techniques of the flow-excited resonance of
the acoustic diametral modes of ducted cavities have been investi-
gated experimentally. Rounding-off the cavity corners is found to
slightly delay the onset of resonance because the cavity length
scale (i.e., the impingement length) increases by the radius of the
upstream corner. However, the ensuing resonances when the flow
velocity is further increased are much stronger than those
observed with sharp edged cavities. Therefore, rounding-off the
corners is not recommended as a means for resonance
suppression.

Similarly, adding a chamfer at the upstream corner delayed the
onset of resonance in proportion to the length of the chamfer.
However, the amplitude of the acoustic resonances appearing at
higher velocities are comparable with those observed for sharp
edged cavities. The chamfer suppression effect deteriorates as the
cavity size becomes larger.

The test results indicated that as the cavity size is increased, the
acoustic resonances became stronger and more difficult to sup-
press. For this reason, several spoilers of different sizes were
designed and tested. There is always a limiting flow velocity for
each spoiler size beyond which the suppression performance dete-
riorates. This limiting velocity is higher for larger spoilers. Of all
the tested spoilers, the delta spoiler showed superior performance;
suppressing all acoustic modes over the entire test range of flow
velocity. However, it increases the pressure drop across the cavity
by approximately 60% above that of the base case without
spoilers.
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