
ARTICLE IN PRESS
JOURNAL OF
SOUND AND
VIBRATION

Journal of Sound and Vibration 280 (2005) 777–813
0022-460X/$ -

doi:10.1016/j.

�Correspon

E-mail add
www.elsevier.com/locate/jsvi
Shallow cavity flow tones: transformation from
large- to small-scale modes

P. Oshkaia, D. Rockwella,�, M. Pollackb

aDepartment of Mechanical Engineering, and Mechanics, Lehigh University, 356 Packard Laboratory,

19 Memorial Drive West, Bethlehem, PA 18015-3085, USA
bLockheed-Martin, P.O. Box 1072, Schenectady, NY 12301, USA

Received 7 November 2002; accepted 17 December 2003

Available online 14 October 2004
Abstract

The generation of flow tones in an axisymmetric cavity is addressed for the case where the inflow is fully
turbulent and the acoustic wavelength is much longer than the cavity length. Emphasis is on the nature of
flow tones in relation to variations of cavity length. For a sufficiently long cavity, the fully evolved
axisymmetric instability yields a large-scale mode. When the cavity length is decreased to progressively
smaller values, the mode of oscillation transforms from the large-scale mode to a small-scale mode; it
occurs at small values of cavity length, and scales on the momentum thickness of the separating shear layer.
At a minimum value of cavity length, distinct oscillations do not occur. The existence of pronounced
oscillations, i.e., flow tones, is also related to the dimensionless cavity depth. Oscillations are suppressed
when the cavity depth is sufficiently small relative to the momentum thickness of the inflow boundary layer.
r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Flow tone generation in various shear layer–resonator systems: an overview

The generation of flow tones, which involves compatibility between an inherent hydrodynamic
instability of a separated shear layer and a resonant acoustic mode of the flow system, can occur
see front matter r 2004 Elsevier Ltd. All rights reserved.
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in a wide variety of internal and external flow systems, as reviewed by Rockwell and Naudascher
[1,2], Rockwell [3], Blake [4], Howe [5,6], Rockwell [7] and Rockwell et al. [8]. Representative
configurations include jet excitation of a long organ pipe [9], a jet through a sequence of orifice
plates [10,11], a shear flow past a cavity resonator [12–16]; and a shear layer past a resonant side
branch in the form of a duct or pipe [17–22]. These flow tone configurations are described in
further detail by Rockwell et al. [8].

Directly related to the present investigation are the tones arising from a shear layer past a
cavity, which is located within a long pipeline, as addressed in a range of studies extending from
Davies [23] to Davies [24,25]. Various physical features of the oscillation field within the cavity
were characterized by Rockwell and Schachenmann [26,27] and Rockwell and Karadogan [28].
Conceptual issues related to this type of flow tone generation are described below. It is
appropriate, however, to first address the hydrodynamic nature of cavity oscillations.

1.2. Hydrodynamics of the shear layer past a cavity: effect of cavity length

Oscillations of the shear flow past a cavity that arise from strictly hydrodynamic effects, in
absence of acoustic resonance, show a number of fundamental features that may be inherent to
the coupled oscillation of a shear layer and an acoustic resonator. Ethembabaoglu [29]
demonstrated that the variation of dimensionless frequency with dimensionless cavity length, i.e.,
fL/U versus L/W, tended towards an asymptotic value for sufficiently large L/W, in which L is the
cavity length, W represents the cavity depth, and U is the free-stream velocity. Oscillations were
precluded at a sufficiently small value of L/W. Furthermore, a total of three oscillation modes,
each having a pronounced spectral peak, existed over the range of L/W. Sarohia [30,31]
determined the minimum dimensionless cavity length Lm for the onset of oscillations. This
minimum length was expressed in terms of the cavity depth W normalized by the thickness d0 of
the inflow boundary layer. Rockwell and Knisely [32] and Knisely and Rockwell [33] showed that
variations of cavity length L resulted in generation of multiple peaks in the spectra of pressure
fluctuations at the impingement corner and, moreover, that these multiple peaks were associated
with processes of nonlinear interaction and deterministic mechanisms of vortex–corner
interaction. Gharib and Roshko [34] revealed the importance of the length-to-depth ratio of
the cavity in relation to a self-sustained oscillation mode and a wake mode of instability;
furthermore, they related these modes to the mean drag. Howe [5] theoretically determined the
variation of dimensionless frequency fL/U versus b/L, in which b is the spanwise width of
the cavity. Favorable comparison was achieved with the experimental results of Ahuja and
Mendoza [35].

1.3. Shear layer past a cavity coupled with long-wavelength acoustic resonance in a pipeline: effect

of cavity length

The characteristics of strictly hydrodynamic oscillations of a shear layer past a cavity, which are
described in the preceding section, may couple with, and be altered by, presence of acoustic
resonance. More specifically, this coupling may involve a resonant mode having a characteristic
acoustic wavelength la much longer than the cavity length L, i.e., L=la51: The present
configuration is a cavity bounded by a pipe at its inlet and outlet. The resonant modes, which
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occur in the entire system of the pipeline–cavity arrangement, satisfy the condition L=la51: Since
for all experiments described in the current article, the acoustic wavelength is much longer than
the cavity dimension, it will not undergo resonance when facing an unbounded flow. Only the
resonance of the pipeline–cavity system is therefore relevant.

For a generally similar configuration, Davies [23] characterized the relative sound level in
relation to the effective length L of a cavity; he included the special case of a tailpipe protruding
into the cavity. The sound pressure level generally decreased with increasing L. These studies
included a range of Mach number M and modal frequencies, which provided a range of L=la:
Schachenmann and Rockwell [36] addressed the configuration of a pipe–cavity–orifice
arrangement, i.e., only an inlet pipe was present. In these experiments, the condition L=la51
was always satisfied. Both upward and downward jumps of the predominant oscillation (flow
tone) frequency occurred with increasing cavity length L. Furthermore, a lower limit of L was
defined; it corresponded to the cessation of oscillations. Stoubos et al. [11] investigated the
generation of flow tones in a pipe with flow restrictors. Although they did not consider continuous
variations of the effective length L between restrictors, they showed that it was possible to obtain
different spectral peaks of the pressure fluctuation for discrete values of L.

The recent work of Rockwell et al. [8] addressed the case of an axisymmetric cavity with pipes
of equal length at its inlet and outlet; they focused on a single, limiting case of long cavity length.
Self-excited flow tones occurred in a large-scale mode, which corresponded to the fully evolved
axisymmetric mode of the jet instability through the cavity. The present study examines the
consequences of variation of the cavity length L. More specifically, emphasis is on the
transformation from the limiting case of the large-scale mode to intermediate- and small-scale
modes, which occur for decreasing values of cavity length L.
1.4. Flow tones in pipeline–cavity systems: unresolved issues

To date, a number of central issues have not been addressed for self-sustained oscillations of
flow past a shallow cavity in presence of a long wavelength resonator. More specifically, variation
of the cavity length L permits, in concept, generation of oscillations at long and short cavity
lengths, corresponding respectively to large- and small-scale modes of the cavity oscillation. The
unresolved issues are as follows:
(1)
 For the case of a fully turbulent inflow, it is known [8] that a large-scale mode can be
generated at long cavity length. The possible generation of a small-scale mode, which may
emerge above the background turbulence at short values of cavity length L, has not been
addressed.
(2)
 The large-scale mode of cavity oscillation, which occurs at long cavity length L, scales on the
diameter D of the inflow pipe. At the other extreme, corresponding to a small-scale mode at
short length L, the appropriate length scale for normalization is likely to be the momentum
thickness y0 of the separating shear layer. If so, scaling of the unstable frequency on the basis
of inviscid instability for a thin shear layer should be pursued.
(3)
 As the cavity length L is varied, it is expected that the amplitude of the predominant pressure
fluctuation will vary accordingly. This amplitude variation has not been characterized, despite
its importance in understanding the nature of flow tone generation corresponding to the
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transformation from large- to small-scale modes at relatively large and small cavity lengths,
respectively. Rather, emphasis in previous investigations has been on variation of the
predominant frequency(ies) with cavity length.
(4)
 At each value of cavity length L, the possibility of two or more coexisting modes of resonant
flow tones should be addressed. For the corresponding case of purely hydrodynamic
oscillations of a laminar inflow, it is known that multiple spectral components may be present.
The possibility of coincidence of such spectral components with resonant modes of the
pipeline–cavity system has not been examined.
(5)
 For a pipeline–cavity system, whereby pipes of equal length are located at the inlet and outlet
of the cavity, it is known from a previous investigation [8] that flow tones can occur only for
even numbered modes of the pipeline–cavity resonator. The effect of this even mode constraint
on the possible coupling with the multiple spectral components of the unstable cavity shear
layer (described in item (4)) has not been pursued. Presumably, this coupling would require
that the increment of frequency between the multiple components of the shear layer is in
accord with the increment between resonator models.
(6)
 At sufficiently shallow cavity depth W, it is anticipated that oscillations in both the large- and
small-scale modes, as well as intermediate modes between them, will be attenuated. This
limiting value of cavity depth, suitably normalized by inflow pipe diameter D or inflow
boundary layer thickness y0; has not been addressed except for the limiting case of the large-
scale mode at long cavity length.
The aim of this investigation is to pursue these issues with the aid of pressure measure-
ments within the pipeline–cavity system, and to interpret them with three-dimensional
representations of the pressure response, along with a technique for extracting the predominant
components.
2. Experimental system and techniques

2.1. Overview of experimental system

The experimental system consisted of an air supply and conditioning unit, and the actual
pipeline–cavity system, both of which are described in detail by Rockwell et al. [8]. Air was
supplied from a compressor and passed through a drying apparatus in a storage tank. All of these
components were located in a separate room from the main experimental apparatus in order to
minimize undesirable noise and disturbances. Air from the storage tank was transmitted through
a thick ceramic wall, then a system of pressure regulators, which maintained a constant
downstream pressure, and thereby a highly consistent flow rate through the pipeline–cavity
system.

2.2. Pipeline–cavity system

An overview of the pipeline–cavity system is given in Fig. 1a. The actual pipeline–cavity
arrangement is located downstream of an inlet plenum. A length of pipe LA was connected to the
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Fig. 1. (a) Simplified schematic of the pipeline–cavity system, and (b) details of cavity subsystem.
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inlet of the cavity subsystem and a pipe of length LB at the outlet. These pipes had an internal
diameter (ID) of 1 in (25.4mm) and a wall of thickness 0.2 in (5.1mm). The long-pipe system
involved pipes of length LA ¼ LB ¼ 8 ft (2.4m). The short-pipe system corresponded to LA ¼

LB ¼ 12 in (30.48 cm). The locations of multiple pressure transducers in the long- and short-pipe
systems are addressed in detail by Rockwell et al. [8]. Unless otherwise indicated, all pressure
signals in the present investigation correspond to the most representative location in the pipeline
resonator. This location was at a distance of 5 in (127mm) upstream of the inlet pipe exit, as
illustrated in Fig. 1a.
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2.3. Cavity subsystem

Rockwell et al. [8] provide details of the cavity subsystem. A brief summary is provided here.
The schematic of the cavity subsystem is provided in Fig. 1(b). The inlet (upstream) pipe A was
fixed to the pipe supports and remained stationary throughout all experiments. On the other
hand, the outlet (downstream) pipe B was mounted on a traverse mechanism, in order to
accommodate variations in cavity length L. The cavity is formed by a plexiglas tube, which fits
over two plexiglas sleeves. The left sleeve is fixed to the aluminum pipe A. The interface between
this sleeve in the plexiglas tube is, however, a sliding interface, in order to allow variations of
cavity length L. Regarding the right-hand plexiglas sleeve, it is fixed to both the aluminum pipe B
and the plexiglas tube. The advantage of this design is that the pressure transducers #4 and #5,
indicated in Fig. 1(b), remain at fixed locations with respect to the impingement corner of the
cavity, while the cavity length L is varied. Both pipes A and B have an internal diameter of 1 in
(25.4mm).

Of primary interest in the present investigation is variation of the dimensionless depth of the
cavity, i.e., W=D ¼ 1:25; 0.5, 0.25 and 0.125, in which D is the pipe diameter. In order to
accomplish this variation of W=D; it was necessary to machine four different sets of plexiglas
sleeves at the ends of pipes A and B, as well as corresponding plexiglas tubes surrounding the
sleeves.

Precise and repeatable variations of the cavity length L are required for a given value of cavity
depth W. This was achieved by employing a traverse mechanism, which translated the entire pipe
B and the plexiglas tube attached to it. This traverse mechanism was equipped with a Linear
Variable Differential Transducer system, which allowed adjustment of the cavity length L on the
basis of an amplified voltage display.

2.4. Pressure measurements

Pressure measurements inside the cavity, and along the inlet and outlet pipe sections were
accomplished using a total of seven PCB transducers (Model No. U103A02) with a sensitivity of
1727mv/psi. A 12-bit National Instruments board (Model PCI-MI0-16E-4) was utilized to digitize
the conditioned pressure signals. The signals were processed on a Pentium II 350MHz computer
using LabView software.

During acquisition of the final experimental data, the sampling rate was set to 4096 samples/s,
which resulted in a Nyquist frequency of 2048Hz. To prevent aliasing effects, a low-pass filter was
applied to all pressure signals. Each of the spectra represented herein is the result of averaging a
total of 40 data sets, each containing 8192 data samples. The terminology spectra refer to plots of
pressure amplitude versus frequency.

For a detailed description of pressure signal acquisition and processing, the reader is referred to
Rockwell et al. [8].

2.5. Velocity measurements

The primary focus of the present investigation is measurement of unsteady pressure. It was,
however, necessary to determine the averaged inflow velocity, in order to provide suitable
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normalization of pressure amplitudes and to ensure that its magnitude was sufficient to trigger the
onset of flow tones as cavity length L was varied.

The method used to determine the time-averaged centerline velocity �um � U involved
calibration of the pressure difference between the interior of the inlet plenum and the exit of
the nozzle located in the orifice plate, which was attached to the downstream end of the plenum.
This pressure difference was plotted against the centerline velocity at the exit of the downstream
pipe, which was determined using hot wire anemometry, and verified using a pitot probe in
conjunction with a high-sensitivity pressure transducer at the exit of the pipe. This approach is
described in detail in Rockwell et al. [8].

For the experiments described herein, a constant value of centerline velocity U was employed
while the length of the cavity was varied. This value of velocity was either U ¼ 118 or 130 ft/s. It
ensured that tones would be excited over a range of cavity length L and depth W, as determined
from extensive preliminary experiments, which are summarized by Rockwell et al. [8].
3. Inflow conditions

The present investigation addresses the generation of flow tones when the inflow is fully
turbulent. Distributions of mean and fluctuating velocity at the exit of the inlet pipe, and
associated definitions, are given by Rockwell et al. [8].

Specification of the inflow is important not only to ensure that it is fully turbulent, but also to
properly scale the frequencies of the shear layer oscillation associated with generation of flow
tones. The most common form of the dimensionless frequency of oscillation is fL/U or fD/U; L is
the cavity length, U is the characteristic velocity, and D is the inlet pipe diameter. This type of
scaling does not account for variations of the inflow boundary layer thickness that exist in
different flow systems. The momentum thickness y0 is an appropriate characteristic thickness for
separated shear flows. It is defined at the end of the inlet pipe, i.e., immediately prior to
separation, as

y0 ¼

Z 1

0

ð �u= �umÞ ð1 � �u= �umÞdy ð1Þ

in which �u is the local time-averaged streamwise velocity and �um is its value at the pipe centerline,
i.e., U. The value of y0 is expected to be the appropriate scaling parameter in the initial region of
disturbance growth, where a thin shear layer instability gives rise to shear layer or
Kelvin–Helmholtz vortices.

The momentum thickness y0 was determined for two extremes of pipe length: (a) a long pipe,
having a length-to-diameter ratio of 96, which yields a fully developed turbulent flow at the pipe
exit; and (b) a relatively short pipe having a length-to-diameter ratio of 12, which has a turbulent
boundary layer at its exit that is not fully developed. A boundary layer trip was positioned at the
inlet of both of the long and short pipes. It ensured the rapid onset of turbulence. These two pipe
lengths correspond to the two versions of the experimental system used in the present study. For
the case of the long inlet pipe, the values of momentum thickness y0 normalized by the pipe radius
R lie in the range 0:088py0=Rp0:096: For the case of the short inlet pipe, the dimensionless
momentum thickness falls in the range 0:029py0=Rp0:035:
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4. Overview of pressure fluctuations: effect of cavity length at constant values of cavity depth

The current study involves unsteady pressure fluctuations arising from flow past a shallow
cavity. Nearly all previous investigations have considered the case where the cavity depth is much
larger than the characteristic thickness of the inflow shear layer. When this is not the case, the
cavity is shallow, and the mechanisms of onset and growth of the instabilities in the cavity shear
layer may be influenced by the proximity of the floor of the cavity. Moreover, when the cavity
length L is sufficiently small, large-scale vortices do not have the opportunity to develop in the
cavity shear layer. This means that smaller-scale vortices formed in the separation region
downstream from the leading corner of the cavity must effectively couple with the pipeline
resonator if flow tones are to be generated. The present work is focused on the characterization of
the unsteady pressures, and the possible occurrence of the flow tones, as a function of cavity
length L and depth W.
4.1. Summary of ranges of parameters

The design of the cavity described in Section 2.2 allowed discrete values of cavity depth W � ¼

W=D ¼ 1:25; 0.5, 0.25, 0.125. For each value of W �; the inflow velocity U � �um was kept constant
and the cavity length was varied over the range 0:25pL=Dp2:5: The incremental length was
DL=D ¼ 0:0625: The largest value of L/D allows formation of large-scale vortices in the shear
layer, and successively smaller values of L/D are presumably associated with smaller-scale modes
of shear layer oscillations.

The value of inflow velocity U � �um was held at a sufficiently high value, such that the
probability of triggering flow tones at each value of L was optimized. This value of U was 130 ft/s,
as determined in the large-scale mode (L=D ¼ 2:5) experiments of Rockwell et al. [8].
4.2. Methods of presentation of data

Pressure spectra are used to represent features of the unsteady fluctuations. For a given data set,
a total of 37–40 spectra were acquired. As indicated in Section 2.4, the terminology spectra refer
to plots of amplitude versus frequency. Each spectrum corresponded to a different value of cavity
length L. A color coded, isometric view (shown here in shades of grey) was developed for
comprehensive presentation of families of spectra. The top image of Fig. 2 is an example of this
representation. The values of spectral amplitude are interpolated along the cavity length axis. The
color coding of the amplitude values was designed such that most of the changes in color level are
concentrated at the lower values of pressure amplitude. This approach emphasizes the onset of
flow tones.

The bottom graph of Fig. 2 is a plan view of the isometric plot. This type of plan view is
provided for each set of experimental data. It allows examination of pressure peaks on a plane of
cavity length L versus frequency f, and gives a rapid indication of the extent of each region of
highly coherent oscillation, or flow tone generation. The lines superposed on this plot pass
through the peaks. In regions where the peaks are not immediately evident, a gradient detection
method was employed as described by Rockwell et al. [8].
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Fig. 2. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and cavity length. Lines

shown on plan view represent fits through peak values of pressure amplitude. Long–long pipe; cavity W ¼ 1:25 in;
velocity U ¼ 130 ft=s:
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4.3. Pressure fluctuations for variations of cavity length

The primary thrust of the present effort is to characterize the self-sustained oscillations as a
function of cavity length L at discrete values of cavity depth W. These oscillations must, however,
be considered in the context of the momentum thickness y0 of the inflow boundary layer. As
described in Section 3, use of a long pipe at the inlet of the cavity yields a dimensionless
momentum thickness nearly three times as large as for the case of a short pipe. This approach
allows examination of the effect of normalized cavity length L=y0 and depth W=y0; relative to the
geometric normalizations L/D and W/D. In addition, use of long pipes at the inlet and outlet of
the cavity yield closely spaced resonant acoustic modes, relative to the case of short pipes, where
the modes are relatively widely spaced. In the following, the cases of long- and short-pipe–cavity
systems are examined for variations of cavity length L for discrete values of cavity depth W.

4.3.1. Long inlet pipe–cavity system
Figs. 2–5 show the effect of variations of cavity length L for successively decreasing values of

cavity depth W, while the inflow velocity U is maintained constant.
Fig. 2 represents the case of the deepest cavity W=D ¼ 1:25: As shown in the three-dimensional

plot of Fig. 2, two clearly defined Strouhal trends, i.e., families of peaks following constant fL/U,
are clearly identifiable. The leftmost series of peaks shown in the upper image of Fig. 2 are
detectable down to relatively small values of cavity length L; in fact, they are discernible for values
of Lv0:5 in: This indicates that the instability in the jet is detectable at small values of cavity
length L. It is clear, from the three-dimensional representation of Fig. 2, that the dominant
pressure amplitude occurs at the largest values of cavity length, generally for L^2 in: These large
amplitudes are apparently due to sufficiently mature, large-scale vortices that develop along the
mouth of the cavity, as discussed by Rockwell et al. [8].

The lower image of Fig. 2 represents a plan view of pressure amplitude on a plane of cavity
length versus frequency. It is clear from the plan view of Fig. 2 that the lowest two lines of
constant fL/U define the centers of regions of high-pressure amplitude, i.e., localized white
regions. These white regions generally occur over a frequency range extending from
approximately 550–800Hz. This range of predominant pressure peaks holds for both of the
bottom Strouhal lines of Fig. 2. In addition, Fig. 2 shows two additional Strouhal lines that occur
at larger length L. They were determined with the aid of a gradient detection method, described by
Rockwell et al. [8]. The case of a shallower cavity, corresponding to W=D ¼ 0:5; is exhibited in
Fig. 3. The three-dimensional image shows a generally similar form as for the deepest cavity of
Fig. 2. That is, two Strouhal lines are suggested by the variations of peak pressure amplitudes with
cavity length L. Moreover, the largest amplitudes again occur at relatively long cavity lengths, of
the order of L^2 in: The lower image of Fig. 3 gives a plan view of pressure amplitude (linear
scale) on the cavity length versus frequency plane, clearly shows that the predominant pressure
peaks occur approximately in the frequency range extending from 500 to 900Hz. Fig. 4
corresponds to a further decrease in cavity depth to W=D ¼ 0:25: Detectable peaks occur, as
indicated in the three-dimensional representation of Fig. 4. These peaks are, however, of very low
magnitude. Moreover, these small amplitude peaks suggest three Strouhal variations,
corresponding to fL/U=constant. In fact, lines corresponding to these variations are shown in
the plan view of the bottom image of Fig. 4. Comparison of the top and bottom images of Fig. 4
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Fig. 3. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and cavity length. Lines

shown on plan view represent fits through peak values of pressure amplitude. Long–long pipe; cavity W ¼ 0:5 in;
velocity U ¼ 130 ft=s:

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813 787
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Fig. 4. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and cavity length. Lines

shown on plan view represent fits through peak values of pressure amplitude. Long–long pipe; cavity W ¼ 0:25 in;
velocity U ¼ 130 ft=s:
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Fig. 5. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and cavity length.

Long–long pipe; cavity W ¼ 0:125 in; velocity U ¼ 130 ft=s:

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813 789
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shows that the major peaks occur at frequencies ranging from 500 to 800Hz. Moreover, the
largest peaks occur at the longest values of cavity length L^2 in:

The smallest value of cavity depth W=D ¼ 0:125; represented by Fig. 5, still suggests a
Strouhal-like variation at sufficiently large values of cavity length L and low frequency f. In these
cases, the peak values of pressure amplitude are extremely small, and the pattern of peaks shown
in Fig. 5 is sufficiently ill-defined that it is not possible to construct Strouhal lines in the plan view
of the bottom image of Fig. 5.

An overview of the three-dimensional representations of the pressure amplitude on the plane of
cavity length versus frequency is exhibited in Fig. 6. For purposes of brevity, the case W=D ¼ 0:5;
which is generally similar to W=D ¼ 1:25; is not included. This comparison directly shows the
transformation from large-amplitude, sharply defined peaks at longer values of cavity length L to
low-amplitude discernable peaks at small L, provided the cavity depth W is sufficiently large, i.e.,
W=D ¼ 1:25: As W becomes smaller, i.e., W=D ¼ 0:25; peaks at larger L are not as sharp as those
Fig. 6. Overview effect of cavity depth on three-dimensional representation of pressure amplitude as a function of

velocity and cavity length. In all cases, the inflow velocity U is maintained constant. The cavity length varies from 0.25

to 2.5 in and cavity depth has values of (a) W ¼ 1:25 in; (b) 0.25 in, and (c) 0.125 in.
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for W=D ¼ 1:25: Nevertheless, the peak amplitudes are substantially attenuated with decreasing
values of L. Finally, for the shallowest cavity, W=D ¼ 0:125; the peaks are even less-sharply
defined but, remarkably enough, a trend of the two predominant modes with decreasing L is
discernible, and it is in general accord with the trend for the cavities that have larger values of
W=D ¼ 0:25 and 1.25.

The overall features of the pressure fluctuations described in this section provide a basis for
scaling the observed frequencies and amplitudes of spectral peaks. Appropriate dimensionless
representations of the frequencies of pressure peaks will be addressed in Section 5. Maximum
dimensionless amplitudes of the peaks are addressed in Section 6.

4.3.2. Short inlet pipe–cavity system
Figs. 7–10 show the pressure response characteristics for the case of the short inlet pipe. In

essence, as described in the previous section, this inflow configuration produces a boundary layer
having a momentum thickness y0 that is approximately one-third of that corresponding to the
fully developed turbulent flow at the end of the long inlet pipe.

The top image of Fig. 7 shows a three-dimensional view of the pressure amplitude response for
the deepest cavity W=D ¼ 1:25: As for the case of the long inflow pipe, addressed in Fig. 2, large
amplitude peaks are evident for the longest cavity lengths L^2 in: Moreover, the approximate
value of frequency, f ¼ 600Hz; is roughly the same value as that of Fig. 2 for the case of the large
amplitude peak from the long inlet pipe. In addition, sharply defined peaks are now evident at
relatively small values of cavity length L and at higher values of frequency f. In the limit, a clearly
defined peak is evident for L ’ 0:5 in: and, for larger values of L as well. The plan view of pressure
amplitude on a plane of cavity length versus frequency, corresponding to the bottom image of Fig.
7, shows that these higher-frequency peaks are centered on resonant frequencies of the order of
1100–1200 and 1600–1700Hz. Moreover, it is possible to define lines of constant Strouhal
frequency fL/U, as indicated in the bottom image of Fig. 7. Fig. 7 suggests that flow tones may be
generated at relatively small values of cavity length L. The issue then arises as to what degree the
shallowness of the cavity, represented by cavity depth W, allows these oscillations to be sustained.

The case of a shallower cavity, corresponding to W=D ¼ 0:5; is indicated in Fig. 8. It shows a
three-dimensional representation, which can be compared directly with the case of the deepest
cavity shown in Fig. 7. It is evident that, with some exceptions, the overall response characteristics
are generally similar. The occurrence of the largest amplitude peaks for L^2 in; centered at a
frequency of approximately f ¼ 550Hz; is still present. Moreover, at the other extreme, for small
values of cavity length, L ’ 0:5 in; a pronounced peak is still evident. As indicated in the bottom
image of Fig. 8, it is possible to construct constant Strouhal lines, i.e., constant fL/U through the
peaks, as indicated.

The case of a still shallower cavity, represented by W=D ¼ 0:25; is shown in Fig. 9. This three-
dimensional plot has major features that are generally similar to those described in Fig. 8. That is,
the occurrence of pronounced flow tones at extreme values of cavity length L, and the frequencies
at which they arise, is in overall agreement.

The limiting case of the shallowest cavity, corresponding to W=D ¼ 0:125; is shown in Fig. 10.
It is clear from the top image that sharply defined peaks do not occur, unlike those shown in the
three-dimensional plots of Figs. 7–9. It is interesting to note, however, that discernible peaks do
occur; they have the largest relative magnitudes at longer values of cavity length L, and at lower
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Fig. 7. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and cavity length. Lines

shown on plan view represent fits through peak values of pressure amplitude. Short–short pipe; cavity W ¼ 1:25 in;
velocity U ¼ 130 ft=s:

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813792
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Fig. 8. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and cavity length. Lines

shown on plan view represent fits through peak values of pressure amplitude. Short–short pipe; cavity W ¼ 0:5 in;
velocity U ¼ 130 ft=s:

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813 793
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Fig. 9. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and velocity. Lines shown

on plan view represent fits through peak values of pressure amplitude. Short–short pipe; cavity W ¼ 0:25 in; velocity

U ¼ 118 ft=s:

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813794
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Fig. 10. (a) Isometric view, and (b) plan view of pressure amplitude as a function of frequency and cavity length.

Short–short pipe; cavity W ¼ 0:125 in; velocity U ¼ 118 ft=s:

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813 795
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frequencies of the order of 550Hz. In other words, even though flow tones are not generated at
the shallowest cavity depth, the tendency to generate relatively low-level quasi-coherent
oscillations is still present. In comparison with the plots of Figs. 7–9, however, the absolute
pressure amplitudes in Fig. 10 are very low.

The dimensionless frequencies and amplitudes of the pressure peaks described in the foregoing
are characterized in Sections 5 and 6.

The acoustic properties of the pipeline system can be characterized by employing the quality (Q)
factor of the resonant acoustic modes. The Q-factor is determined by the following relationship:
Q ¼ f 0=ðf 2 � f 1Þ; where f 0 is the resonant frequency, and f 1 and f 2 are the frequencies below and
above the resonant frequency at which the average power is one-half of the average power at
resonance. In presence of flow, but in absence of any coupling between flow unsteadiness and a
resonator, the quality factor Q of the pressure response spectrum cannot have a quality factor
exceeding Q of the resonator. In principle, this criterion provides a basis for determining the
occurrence of the initial state of lock-on, provided uncertainties in deviations of evaluated Q-
factors are accounted for. The nominal, upper limit of the Q-factors for the data presented in this
section approximately corresponds to the theoretically determined value in absence of mean flow.
Values of Q-factor can extend substantially below this limit due to the effects of mean flow. On the
basis of the acquired data, values of Q-factor substantially in excess of Q ¼ 180 are taken to
represent occurrence of a locked-on state. In fact, considering the entire range of data displayed in
Figs. 2–10, the smallest value of Q-factor of the well-defined peak amplitudes is Q ¼ 350; and the
maximum value is Q ¼ 2000:
5. Correlation and scaling of oscillation frequencies

5.1. Correlations of frequencies of oscillation with existing models based on cavity length

The frequency f of the pressure fluctuation can be cast in dimensionless form by use of the
cavity length L and the inflow velocity U, i.e., fL/U. This representation is related to the overall
features of the instability wave or vortex system along the mouth of the cavity. It can provide
guidance on the variation of not only the predominant mode of oscillation, but also multiple,
coexisting modes, as a function of cavity length L.
5.1.1. Summary of models
Traditional semi-empirical models, as well as recent theoretically based models, for the

dimensionless frequency of oscillation have the general form

fL=U ¼ ðUc=UÞ ðn þ aÞ ð2Þ

in which U is taken to be the free-stream velocity, Uc is the convective speed of a vortex or
instability wave through the shear layer, n is the stage of oscillation and a is an end correction.
This type of relationship has been traditionally employed for open cavity and jet-edge
configurations. Recently, Rockwell et al. [8] implemented the models of this type in their study
of the onset of flow tone lock-on for the case of axisymmetric cavity mounted in a pipe. The
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historical development and application of this type of model, which includes the theoretical
approach of Howe [5,6], are addressed by Rockwell et al. [8].

It should be noted that the above-mentioned relationships are based on the linear stability
theory, and therefore can be directly applied only to the cases where the acoustic velocity values
are small relative to the values of the free-stream velocity. In the current study, these correlations
are employed for the purposes of comparison and as a means of illustration of the coexistence of
the multiple modes of oscillation. The following models are used in the present investigation:
fL=U ¼ 0:6ðn � 1=4Þ from Elder [13] and Pollack [17]; (b) fL=U ¼ 0:6ðn þ 1=6Þ from Howe [5,6];
and (c) fL=U ¼ 0:6n from Rockwell and Schachenmann [26].

Rockwell et al. [8] considered two approaches to frequency normalization for the above-
mentioned models. These experiments involved internal flow in a pipe–cavity system; the velocity
was varied at a constant value of cavity length. One approach involved normalization with respect
to the averaged centerline velocity U of the pipe. The other method involved normalization with
respect to the averaged velocity 0.86U. The current study employs 0.86U as the velocity for
normalization. The next section compares the above-mentioned correlations with the data of
Section 4.3.

5.1.2. Correlations for variations of cavity length
The plots of Figs. 11–13 show correlation for the case of the long inlet pipe. Fig. 11 represents

the deepest cavity W=D ¼ 1:25; which was described in Fig. 2. The top plot of Fig. 11 shows that
as many as four simultaneous modes are detectable. These lines correspond to a simple fit through
the experimental data. This fit has the form fL=U ¼ K ; where K is a constant that provides the
best approximation to the data variation in each mode. The shaded region identifies the three data
points corresponding to the pressure peaks having maximum amplitude, i.e., the peaks shown in
Fig. 2. In other words, when cavity length L is increased to a sufficiently large value, large
amplitude peaks of the pressure occur.

The bottom plot of Fig. 11 shows the comparison between the data and the relationships
defined in Section 5.1. No single relationship provides a universal fit for all modes of the data. In
fact, it appears that the mode associated with the dominant pressure amplitudes, designated by
the hollow circular symbols, undergoes a transformation from what appears to be an n ¼ 1 mode
to an n ¼ 2 mode as cavity length L is increased.

The case of a shallower cavity W=D ¼ 0:5 is shown in Fig. 12. Similar observations hold as for
Fig. 11, with some distinctions. Again, no single equation provides a universal correlation for all
modes. The mode associated with the dominant amplitudes does, however, tend to follow the
n ¼ 2 curve, corresponding to the (n�1/4) equation.

A still further decrease in the depth of the cavity to a value W=D ¼ 0:25 is represented in Fig.
13. In this case, only three identifiable modes n ¼ 1; 2, and 3 are detectable. The frequencies that
correspond to the dominant amplitude peaks show a generally similar range of values as for the
deeper cavity, i.e., Fig. 12.

Fig. 14 represents case of the short inlet pipe, as opposed to the long inlet pipe. The cavity depth
has an intermediate value of W=D ¼ 0:5: The observations described in the following are
generally valid for other cavity depths as well.

Since the resonant acoustic modes of the pipe–cavity system are relatively widely spaced, only
three resonant modes, i.e., three sets of data points, are evident in Fig. 14 as the cavity length L is
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Fig. 11. Plots of values of frequency corresponding to identifiable peaks in Fig. 2. Top plot (a) shows best fit through

values of frequency for each mode fL/U=constant. Bottom plot (b) shows curves corresponding to correlations for fL/

U. (—) fL/(0.86U)=0.61(n�1/4); (- - -) fL/(0.86U)=0.61(n+1/6); (– 
 – 
 –) fL/(0.86U)=0.61n. The shaded regions

indicate dominant pressure amplitudes corresponding to largest peaks in the plot of Fig. 2.

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813798
varied. As for the cases of the long inlet pipe, simple fits to the data of the form fL=U ¼ K are
provided (top plot) as well as comparison of the data with the models described in Section 5.1
(bottom plot).
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Fig. 12. Plots of values of frequency corresponding to identifiable peaks in Fig. 3. Top plot (a) shows best fit through

values of frequency for each mode fL/U=constant. Bottom plot (b) shows curves corresponding to correlations for fL/

U. (—) fL/(0.86U)=0.61(n�1/4); (- - -) fL/(0.86U)=0.61(n+1/6); (– 
 – 
 –) fL/(0.86U)=0.61n. The shaded regions

indicate dominant pressure amplitudes corresponding to largest peaks in the plot of Fig. 3.

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813 799
In addition to the dominant amplitudes of the pressure peaks, the so-called onset of pressure
peaks is also designated. This terminology is used to indicate sharply defined peaks, albeit of
smaller amplitude, that arise at smaller values of L.
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Fig. 13. Plots of values of frequency corresponding to identifiable peaks in Fig. 4. Top plot (a) shows best fit through

values of frequency for each mode fL/U=constant. Bottom plot (b) shows curves corresponding to correlations for fL/

U. (—) fL/(0.86U)=0.61(n�1/4); (- - -) fL/(0.86U)=0.61(n+1/6); (– 
 – 
 –) fL/(0.86U)=0.61n. The shaded regions

indicate dominant pressure amplitudes corresponding to largest peaks in the plot of Fig. 4.

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813800
6. Assessment of multiple modes of cavity oscillation

The data described above show existence of two or more modes at a given value of cavity length
L. Three different scaling approaches are employed to construct the representations of Figs.
15–17.
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Fig. 14. Values of frequency corresponding to identifiable peaks in Fig. 8. Top plot (a) shows best fit through values of

frequency and bottom plot (b) shows correlations for constant values of fL/U. (—) fL/(0.86U)=0.61(n�1/4); (- - -) fL/

(0.86U)=0.61(n+1/6); (– 
 – 
 –) fL/(0.86U)=0.61n. The designation dominant amplitude corresponds to the largest-

amplitude peak, and onset of amplitude peak represents the occurrence of a sharply defined peak at a small value of

cavity length.

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813 801
6.1. Multiple modes scaled according to fD=U

In order to bring out the common features of the multiple mode behavior, data in Figs. 11–13,
which represent the case of the long inlet pipe, are superposed on common axes in the plot of
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Fig. 15. Superposition of oscillation frequencies in each of the modes n ¼ 124 at three different values of cavity depth

W=D: (a) fY=U ; and (b) fD/U.

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813802
Fig. 15. These plots show scaling according to f y0=U and fD/U. In both plots, it is evident that the
dimensionless frequencies for each of the modes n ¼ 124 fall within narrow bands, i.e., the
circular data points that represent mode 1 tend to cluster together. This collapse of the data occurs
for the wide range of peak pressure amplitudes shown in the three-dimensional plots of Figs. 2–5.
In these plots, it is evident that the amplitudes are substantially attenuated at smaller values of
dimensionless depth W=D: Yet the frequencies corresponding to these peak amplitudes are close
to those at larger values of W=D; where the peak amplitudes are much larger. This observation
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Fig. 16. Frequencies of oscillation normalized with respect to cavity length, i.e., fL/U versus ratio of cavity length

depth, L/W for modes 1–4 at three different values of cavity depth W=D ¼ 0:25; 0.5 and 1.25. (—) Correspond to a best

fit through the data of Ethembabaoglu [29] corresponding to purely hydrodynamic oscillations in low-speed water flow.

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813 803
suggests that the physical origin of the multiple modes is generally similar for all values of W=D;
i.e., the same mechanism of shear layer instability most likely persists for all values of W=D:

6.2. Multiple modes scaled according to fL/U

Multiple modes have been represented by fL/U for purely hydrodynamic oscillations of flow
past a cavity. The low-speed water experiments of Ethembabaoglu [29], without acoustic
resonance, provide a basis for comparison with the present experiments involving acoustic
resonant coupling. Fig. 16 shows data of the present experiments directly superposed on best-fit
(solid) lines through the data of Ethembabaoglu [29]. It is evident that the general form of the
multiple modes of the hydrodynamic oscillations is in overall accord with those of the present flow
tone data. The major difference appears to be occurrence of a total of four distinct modes in the
present investigation, as opposed to three in the data of Ethembabaoglu [29]. This distortion may
be due to enhancement of additional mode(s) via occurrence of acoustic resonance. It should be
kept in mind that the experiment of Ethembabaoglu [29] involved an external free-stream flow
past a cavity, while the present situation corresponds to an initially turbulent jet flow through an
axisymmetric cavity.

6.3. Multiple modes scaled according to fundamental b of oscillation

In the foregoing sections, the oscillation frequency of each of the multiple modes was scaled
according to the pipe diameter D and the cavity length L. A different approach involves
normalization with respect to the fundamental frequency component b; in a plot of f y0=U versus
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Fig. 17. Non-dimensionalized peak frequencies of pressure spectra as functions of non-dimensionalized cavity length.

(a) W=D ¼ 1:25; (b) W=D ¼ 0:5; and (c) W=D ¼ 0:25:

P. Oshkai et al. / Journal of Sound and Vibration 280 (2005) 777–813804
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L=y0: For our present purposes, b is defined as the component that leads to the large-scale mode
of vortex formation, and thereby the dominant pressure amplitude at large values of cavity length L.

The plots of Fig. 17 show non-dimensionalized peak frequencies of pressure spectra as
functions of non-dimensional cavity length for three different values of cavity depth W, for the
case of the long inlet pipe. The top plot corresponds to the deepest cavity, W=D ¼ 1:25: At
shorter values of cavity length, the fundamental frequency component b corresponding to the
dominant pressure amplitudes coexists with a component at 0:6b: As the cavity length increases,
the fundamental component b persists, in contrast to the 0:6b mode, which is not detectable for
L=y0430: At L=y0 ffi 30; a higher-order component appears at 1:5b: It is detectable for the range
of values of L=y0 between 30 and 45. In addition to these modes, a 2b component exists for
L=y0430:

The middle plot of Fig. 17 corresponds to the case of the intermediate value of cavity depth
(W=D ¼ 0:5). Similar to the previously described case of the deep cavity, three additional modes
of shear layer oscillation coexist with the fundamental frequency component b: These modes
correspond approximately to 0:8b; 1:5b; and 2:5b:

The consequence of a further decrease of the cavity depth (W=D ¼ 0:25) is illustrated in the
bottom plot of Fig. 17. Behavior of the oscillation modes in this case is generally similar to the one
described for the case of the deepest cavity (W=D ¼ 1:25), except for the fact that the highest
frequency component 2b is not detectable for the case of W=D ¼ 0:25:

Viewing together all plots of Fig. 17, it is evident that when the fundamental b is identified, the
coexisting oscillation modes may occur at 0:6b; 0:8b; 1:5b; and 2:5b: The dominant amplitudes are
at b; 0:8b and 0:6b: For purely hydrodynamic oscillations of a planar shear layer past a cavity,
Knisely and Rockwell [33] similarly found well-defined low-frequency components at 0:8b and
0:6b; in addition to 0:4b and 0:2b: They related their occurrence to nonlinear interaction
phenomena, as characterized by a bicoherence technique.
7. Predominant mode of oscillation: scaling according to stability concepts

Scaling of the frequency f of the self-excited oscillation using the diameter D or momentum
thickness y0 allows links to be established to the inherent instability of the cavity shear layer. In
the following, scaling based on instability concepts for the extreme cases of the large- and small-
scale modes is addressed.

7.1. Scaling of large-scale mode

Oscillations that occur at relatively long cavity length allow full development of the large-scale,
axisymmetric instability of the shear flow along the cavity. This instability is represented by the
top schematic of Fig. 18. Blake [4] has correlated data from a wide variety of self-excited and
forced (via a loudspeaker) axisymmetric jets in absence of a bounding cavity, and showed that the
frequency of the large-scale mode lies in the range 0:3pfD=Up0:6: The investigation of Rockwell
et al. [8] showed that the dimensionless frequencies of the large-scale mode past an axisymmetric
cavity lie in this range, irrespective of the thickness of the inflow boundary layer. At short values
of cavity length L, however, the large-scale mode does not have the opportunity to develop, and it
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Fig. 18. Simplified representations of (a) fully evolved axisymmetric instability, (b) initial instability of a thin shear

layer, and (c) global (absolute) instability.
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is appropriate to consider a length scale based on the thickness of the inflow boundary layer, as
described in the next section.

7.2. Scaling of small-scale mode

Oscillations at relatively short cavity length are defined as small-scale modes (Section 1.3). The
basic features of a small-scale, convective-type instability are shown in the middle set of
schematics of Fig. 18. Separation of the boundary layer gives rise to an instability wave of
wavelength li: Vortices move with a convective speed Uc in this separated layer. According to the
instability analyses of Michalke [37,38], the values of amplification factor �aiy0 versus
dimensionless frequency f y0=U take the form shown in the schematic. For the limiting case
where the radius R of the jet is infinitely large, relative to the momentum thickness y0; i.e.,
R=y0 ¼ 1; the maximum value of �aiy0 occurs at f y0=U ¼ 0:017: On the other hand, if R=y0 ¼

12:5; the maximum value of �aiy0 occurs at f y0=U ¼ 0:020: The value of f y0=U at which
maximum amplification occurs is relatively insensitive to R=y0 in the range 12:5pR=y0p1: An
important point of the schematic in Fig. 18 is that a relatively broad range of frequencies f y0=U

has high values of amplification factor �aiy0: This means that a range of frequencies of the
unstable shear layer are susceptible to significant amplification. For the present case of the long
inlet pipe, R=y0 ¼ 10:86; and for the case of the short inlet pipe, R=y0 ¼ 31:25:
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Fig. 19. Dimensionless frequencies of oscillation as a function of normalized length for different values of cavity depth.

(a) fY/U, and (b) fD/U.
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Fig. 19 represents dimensionless frequencies for the case of the short inlet pipe. As shown
in Fig. 19, the onset of an amplitude peak at short cavity length occurs at f y0=U ffi 0:014;
this value falls within the band of the most amplified dimensionless frequencies based on
the inviscid stability theory of Michalke [37,38], as addressed in the foregoing paragraph
and shown schematically in Fig. 18. On the other hand, the largest amplitude peak occurs
at a much lower value f y0=U ¼ 0:004; this observation indicates that the thin shear layer mode,
which occurs immediately downstream of the pipe exit, is not influential in determining the
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dominant oscillation frequency at long cavity length. As shown in the bottom plot of Fig. 19,
the dominant amplitude at f y0=U ¼ 0:004 corresponds to a value fD/Uof approximately 0.35,
which is in accord with the onset of the inherent, large-scale instability in the jet, as described in
Section 5.1.2.

7.3. Extension of scaling of small-scale mode to large-scale mode

Inspection of zoomed-in views of individual spectra (not shown) allows further definition of the
conditions for the onset of flow tones in both the small-scale and large-scale modes. For our
present purposes, we define the onset of a pronounced tone as a peak in the spectrum that
exceeds the nearest spectral peak by a factor of at least 20. A comparison is given in Tables 1
and 2. Table 1 corresponds to the onset of flow tones in the small-scale mode for the case of the
short inlet pipe. These tones occur for relatively short cavity lengths. On the other hand, the
data in Table 2 represent the onset of flow tones for the long inlet pipe, which occur in the
large-scale mode.

Consider first Table 1, which represents cavity depths W=D ¼ 1:25 and 0.5. The values of
dimensionless frequency are both f y0=U ¼ 0:013; which is relatively close to the value predicted
from linear stability theory, i.e., f y0=U ¼ 0:017: In comparison, note the value of fD/U¼ 1:02; it is
well above the most unstable value (0:3pfD=Up0:6) for the large-scale mode of instability, which
has not developed at these short values of cavity length. Also indicated are the values of cavity
length at which this flow tone sets in. The dimensionless lengths are L=y0 ¼ 24 and 44. These
values of L=y0 correspond to relatively small values of L=D ¼ 0:31 and 0.56.

Regarding the onset of flow tones for the long inlet pipe represented in Table 2, spectra indicate
that tones are not generated at short values of cavity length. Tones set in at relatively long lengths,
i.e., L=D ¼ 2:1 and 1.94, and the corresponding dimensionless frequency is fD=U ffi 0:40; which
represents the onset of the large-scale mode. That is, these values of dimensionless frequency agree
well with the column mode of instability of the jet. Finally, it should be noted that f y0=U ¼ 0:018
in Table 2 agrees reasonably well with the prediction from linear stability theory, i.e., f y0=U ¼

0:02; as described in Section 7.2 and illustrated in Fig. 18.
In summary, these observations indicate that the onset of the small-scale mode in the relatively

thin shear layer at separation, represented in Table 1, occurs at values of dimensionless frequency
in accord with linear stability theory. The onset of a so-called large-scale mode, indicated in Table
2, also can be compatible with the linear stability theory of Michalke [39], provided the relatively
thick boundary layer at separation is accounted for in the analysis. In this case, the shear layer at
separation is not thin relative to the pipe diameter, and a relatively long distance is required for
Table 1

Onset of flow tones of small-scale mode at relatively short cavity length (short inlet pipe)

W (in) F (Hz) f y0=U L (in) L=y0

1.25 1,650 0.013 0.312 24

0.5 1,600 0.013 0.56 44

Cavity length varied; U ¼ 130 ft=s:
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Table 2

Onset of flow tones for large-scale mode at relatively long cavity length (long inlet pipe)

W (in) f (Hz) f y0=U L (in) L=y0 L/D fD/U

1.25 625 0.018 2.1 44 2.1 0.40

0.5 625 0.018 1.94 42 1.94 0.40

Cavity length varied; U ¼ 130 ft=s:
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development of the instability. It is hypothesized that this is the reason why a flow tone cannot be
generated at a relatively small value of L/D, unlike the case of the relatively thin shear layer at
separation. This dimensionless frequency is compatible with the large-scale, column instability of
the large-scale mode of vortex formation, which scales on diameter D of the pipe, i.e., jet. It
should be noted, however, that scaling of the large-scale mode using diameter D is generally
preferred because the large-scale mode always evolves to dimensionless frequencies
0:3 ~ofD=U ~o0:6 irrespective of the initial thickness of the shear layer.
8. Summary of principal features of flow tones as a function of cavity length at defined values of

cavity depth

8.1. Variation of predominant frequency (IES) with cavity length

The variation of oscillation frequency with cavity length is bounded by two extreme modes. At
large values of cavity length, the absolute value of frequency is relatively low. The appropriate
length scale for characterizing the large-scale vortex formation is the diameter D of the jet, i.e., fD/
U. At the other extreme, corresponding to short values of cavity length, the absolute frequency is
relatively high, and the momentum thickness y0 of the separating boundary layer is the
appropriate length scale for characterizing the initial instability, presumably associated with
small-scale vortex formation. For the shortest values of cavity length, and thereby the highest
frequencies, which exceed 1000Hz, the values of the dimensionless frequencies lie approximately
in the range 0:014 ~of y0=U ~o0:025:

An alternate form of scaling of the self-excited oscillation frequency involves the cavity length
L, i.e., fL/U. In essence, this relationship is fL=U ¼ ðUc=UÞðn þ aÞ; in which Uc is the phase
speed, n is the mode (or stage) number, and a is an end correction. This dimensionless
representation has been related to the effective phase speed of the instability wave or vortex
system along the cavity and to the effective number of wavelengths along the mouth of the cavity.
Although the models for fL/U provide valuable guidance, no single model provides a universal
correlation of frequency f of the predominant mode versus cavity length L over a wide range of
cavity depth W. For the deepest cavity, where the development of the separated shear layer is
relatively unhindered by the finite depth of the cavity, the predominant frequency appears to
undergo a transformation from an n ¼ 2 to an n ¼ 1 mode, as the cavity length L takes on
successively smaller values. On the other hand, for shallower cavities, variation of f versus L

closely follows the n ¼ 2 mode.
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8.2. Existence of multiple frequencies (modes) with variations of cavity length

At a given cavity length L, not only the predominant mode of oscillation (described in the
preceding section), but also one or more additional modes are typically present. Different scaling
representations have been employed, as summarized in the following.

8.2.1. Scaling according to fL/U versus L/D
Taken together, variation of all of these frequency components (or modes) with cavity length L

exhibits a trend in accord with the n ¼ 1; 2 and 3 modes of the relation fL=U ¼ ðUc=UÞðn þ aÞ:
No single value of a adequately predicts these multiple modes over a wide range of L/D for all
cavity depths W/D.

8.2.2. Scaling according to fL/U versus L/W

In order to examine the role of the inherent hydrodynamic instability of the shear layer past the
cavity, purely hydrodynamic data (in absence of acoustic resonance) based on low-speed
experiments in water were compared with the present data. These experiments show that multiple
modes occur in low-speed water flows, where acoustic resonance does not play a role. Broad
agreement of the dimensionless frequencies fL/U as a function of L/W was obtained between the
present data and the purely hydrodynamic data, except for existence of an additional mode in the
present experiment. In other words, the effective source for the acoustic coupling phenomenon
appears to exhibit a multiple mode behavior that persists in the presence of acoustic resonance.
The hydrodynamic modes of the oscillating shear layer, i.e., source, must be compatible with
those occurring during acoustic resonance. Of course, each of the multiple hydrodynamic modes
may be distorted somewhat due to the necessity of lining up with the acoustic resonant modes of
the pipe–cavity system.

In fact, another type of compatibility condition must also be satisfied. Flow tones appear to
occur only when the even modes of the pipe–cavity system are excited. Independent experiments,
not reported herein, demonstrated that acoustic resonance was possible only for even modes when
the system was either excited with a loudspeaker or by a broadband turbulent boundary layer for
the limiting case of cavity length L ¼ 0:

8.2.3. Scaling according to fy0/U versus L/y0 and fD/U versus L/D
Since these multiple frequencies, or modes, occur for a wide range of cavity depth W, it is

insightful to superpose values of dimensionless frequencies f y0=U and fD/U versus dimensionless
cavity length L=y0 and L/D for all coexisting modes. This superposition shows that, in a broad
sense, data for all values of W/D tend to collapse into an identifiable band for a given mode
number n ¼ 1; 2, 3, or 4. It is interesting that this type of collapse occurs even for relatively
shallow cavities with small depth W=D; for which the peak amplitudes of the pressure fluctuations
are relatively low and the corresponding spectral peaks are not sharply defined. This observation
suggests that a consistent mode(s) of hydrodynamic instability tends to occur for all values of
cavity depth W.

8.2.4. Scaling according to the predominant frequency b of oscillation
All of the aforementioned scaling of each of the multiple-mode components involves

normalization using the length L or depth W of the cavity geometry, or thickness y0 of the
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inflow boundary layer. A different approach involves identification of the frequency b of the
fundamental mode, which is associated with the largest peak amplitude at sufficiently long cavity
length. It has been demonstrated that the multiple mode components below b are remarkably in
accord with 0:6b or 0:8b: These components, taken together with the b components, represent the
largest amplitudes. Components 0.6b and 0.8b were shown to persist in the unstable shear layer
past a planar cavity in absence of acoustic resonance, which suggests that they are due to a
mechanism of hydrodynamic instability, which is present during acoustic resonant coupling.
Furthermore, additional, lower-amplitude components in the present experiment satisfy 1:5b; 2b:
8.2.5. Jumps between modes of oscillation

A further observation on the existence of multiple modes concerns the effects of spacing of the
resonant acoustic modes of the pipeline–cavity system, i.e., whether they are relatively closely
packed, or widely spaced. For the case where they are relatively widely spaced, which occurs for
the short pipeline–cavity system, the predominant flow tone mode actually can jump from
successively higher to lower modes as cavity length L is varied, even though a number of multiple
modes are detectable. On the other hand, for the closely packed resonant modes, which occur for
the long pipeline–cavity system, no such jumps occur.
8.3. Limiting value of cavity length for onset of flow tones

Flow tones are generated when the dimensionless length L of the cavity exceeds a critical value.
For the data presented herein, this minimum length is in the range 25 ~oL=y0 ~o45: From a physical
standpoint, this minimum length criterion means that a sufficiently long distance is required for
the instability to develop a significantly large amplitude, such that it can promote a self-excited
flow tone. Direct comparison with previous experiments on flow tone generation is difficult, since
detailed characterization of the inflow boundary layer was not undertaken. The data of
Schachenmann and Rockwell [36], corresponding to the case of a long pipe terminated by an
axisymmetric cavity with an orifice at its outlet, found minimum values of cavity length L=y0 ¼

10275: For the case of purely hydrodynamic oscillations in the absence of acoustic resonance, the
onset of a detectable instability in the cavity shear layer was found to occur at a minimum
L=y0 ¼ 50 in the investigation of Knisely and Rockwell [33]. Taken together, all of these
observations indicate that a sufficient streamwise length is required in order for the instability to
develop to a sufficiently mature form, such that it promotes the generation of a flow tone.
Differences from experiment to experiment on the minimum value of L=y0 no doubt arise from
different states of the inflow boundary layer, i.e., laminar versus turbulent and different values of
damping of the acoustic resonator.
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