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ABSTRACT

Flow-acoustic interactions due to fully turbulent inflow past a shallow
axisymmetric cavity mounted in a pipe are investigated using a technique of high-image-
density particle image velocimetry in conjunction with unsteady pressure measurements.
This imaging leads to patterns of velocity, vorticity, streamline topology, and
hydrodynamic contributions to the acoustic power integral. Global instantaneous images,
as well as time-averaged images, are evaluated to provide insight into the flow physics
during tone generation. Emphasis is on the manner in which the streamwise length scale
of the cavity alters the major features of the flow structure.

These image-based approaches allow identification of regions of the unsteady
shear layer that contribute to the instantaneous hydrodynamic component of the acoustic
power, which is necessary to maintain a flow tone. In addition, combined image analysis
and pressure measurements allow categorization of the instantaneous flow patterns that
are associated with types of time traces and spectra of the fluctuating pressure. In
contrast to consideration based solely on pressure spectra, it is demonstrated that locked-
on tones may actually exhibit intermittent, non-phase-locked images, apparently due to
low damping of the acoustic resonator. Locked-on flow tones (without modulation or
intermittency), locked-on flow tones with modulation, and non-locked-on oscillations
with short-term, highly coherent fluctuations are defined and represented by selected
cases. Depending on which of these regimes occur, the time-averaged Q (quality) -factor
and the dimensionless peak pressure are substantially altered.

1. INTRODUCTION

1.1 Overview of Flow Tones

The objectives of the current investigation are to determine the characteristics of
locked-on flow tones, which involve coupling between: (a) the source due to an
instability arising from flow past a shallow cavity; and (b) the long wavelength resonant

acoustic modes of a pipe or duct connected to the cavity configuration.



The background information reflecting the state-of-the-art is summarized by
Rockwell ef al. (2002). Previous studies have provided considerable insight into the
generation of flow tones. The variety of configurations addressed in these studies include
a jet through a system of orifice plates (Hourigan et al. 1990; Stoubos ef al. 1999), a
separated shear layer past a cavity resonator (DeMetz & Farabee, 1977; Elder, 1978:
Elder ez al., 1982; and Nelson et al. 1981, 1983), and a separated layer past a resonant
side branch in the form of a duct or pipe (Pollack, 1980; Bruggeman et al. 1989, 1991;
Kreisels et al. 1995; Ziada & Biihlmann, 1992; and Ziada & Shine, 1999). Rockwell
(1983) and Blake (1986) describe the common elements associated with purely
hydrodynamic oscillations. Howe (1975, 1980) addressed the issues arising in the
presence of an acoustic resonator, where the predominant mechanism is influenced by the
coexistence of hydrodynamic and acoustic fields.

The present investigation focuses on the case of an axisymmetric cavity bounded
by pipes at either end. Rockwell er al. (2002) provided a detailed assessment of the
pressure fluctuations associated with this configuration. The current study considers the
effects of cavity geometry on the flow patterns inside the cavity. An overview of previous
investigations that addressed physical aspects of this class of problems is given by Geveci
et al. (2002), who also provide quantitative images for a single cavity geometry and one
value of the cavity length. Previous related investigations include qualitative
visualizations of flow patterns (Cremer & Ising, 1967; Bruggeman, 1987, Ziada, 1994;
Kriesels et al. 1995; Hourigan et al. 1990; Nelson et al. 1981; and Huang & Weaver,

1991) and pointwise measurements of flow characteristics (Elder, 1978; Elder ef al, 1982;



Schachenmann & Rockwell, 1980; Rockwell & Schachenmann, 1982a, 1982b; Nelson ef
al. 1981; and Coccola, 2000).

The theoretical framework for the majority of these investigations is related to the
integral for acoustic power generation, which was formulated by Howe (1975, 1980). The
critical features of power generation according to this relationship are described by a
- variety of discrete models of the vortices in the shear layer (Howe, 1975; Nelson et al.,
1983; Bruggeman, 1989) as well as distributed representations of vorticity (Hourigan et
al., 1990; Kriesels er al,, 1995; Hofmans, 1998). Radavich ef al. (1999) numerically
solved the compressible Navier-Stokes equations, thereby accounting for the interaction

between the mean flow and the acoustic field.

1.2 Flow Tone Generation from a Shallow Cavity: Unresolved Issues

The current study focuses on the flow physics associated with acoustic tone
generation due to flow past a shallow axisymmetric cavity. This configuration is
distinguished from those described in the foregoing investigations in several respects, and

a number of unclarified issues are apparent:

(a) Composite structure of cavity shear layer and recirculation zone: Effect on onset of
Sflow tone. The majority of the aforementioned investigations considered cavities in the
form of a side branch or a Helmholtz resonator. For these configurations, the depth of the
cavity is sufficiently large to allow an unobstructed development of the shear layer along
the mouth of the cavity. Within the cavity, a recirculation cell exists. In contrast, for the
case of a shallow cavity, little is known of the corresponding flow patterns. It is expected
that the form and location of the recirculation cell within the cavity will be altered.

Moreover, it is anticipated that, in limiting configurations, the shear layer will tend to



attach to the cavity floor. These time-averaged changes of the flow along and within the
cavity would be directly related to the unsteady development of the shear layer instability
and the formation of vortices. As a result, the values of critical velocity and cavity length
for onset of a flow tone would be modified relative to the case of a deep cavity.

(b) Transformation from a fully turbulent inflow to organized oscillations past the
cavity. Previous investigations of tone generation due to flow past cavities have involved
mflow boundary layers ranging from a highly accelerated laminar state to a fully
turbulent state. For the latter case, little is understood of the transformation from a fully
turbulent inflow to coherent oscillations of the shear layer past the cavity during
generation of a flow tone. The manner in which this transformation occurs will influence
the coherence of the hydrodynamic source, i.e., the unsteady shear layer, and thereby its
effectiveness for excitation of the acoustic resonator. In particular, it is unknown whether
the time-averaged turbulence characteristics of the unsteady shear layer, e.g., root-mean-
square velocity fluctuations and Reynolds stresses, overshadow those of the inflow
boundary layer during generation of a flow tone. If so, this would indicate that the
inherent instability of the separated shear layer, along with effective forcing of the shear
layer by the resonant acoustic field, allow rapid dominance of the unsteady shear layer
above the background turbulence.

(¢c) Formation of small- and large-scale vortical structures in cavity shear layer. In
accord with recent investigations of purely hydrodynamic oscillations of jet-edge (Lin &
Rockwell, 2001a) and cavity (Lin & Rockwell, 2001b) configurations, it is expected that
small-scale vortices will be formed from the leading-edge of the cavity. The mechanisms

by which these small-scale vortices develop into larger ones have not been addressed.



(d) Effect of orientation of resonant acoustic field with respect to cavity shear layer. In

contrast to the majority of the aforeﬁentioned studies, the present study focuses on a flow
configuration where the direction of acoustic waves is nominally aligned with the
direction of flow. This difference is expected to influence the effectiveness of the
conversion from the oscillating acoustic field to unsteady velocity and vorticity
fluctuations in the shear layer in the immediate vicinity of the leading corner of the
cavity. This conversion process will eventually influence the undulations of downstream
regions of the shear layer, and eventual rollup into large-scale vortices, which are usually
associated with the onset of flow tones.

Furthermore, the orientation of the acoustic field is central to the generation of
acoustic power for all regions of the cavity shear layer, as evident in the equation for the
acoustic power integral, which is described in Section 7. In other words, maintaining a
flow tone through generation of adequate acoustic power may be influenced by the.

orientation of the acoustic field.

(e) Instantaneous hydrodynamic contributions to acoustic power generation. The effect
of cavity geometry on global, instantanecous representations of the flow patterns
associated with tone generation have not been investigated. Of particular interest are
patterns of both the instantaneous vorticity and the curl of velocity with vorticity, which
represents the hydrodynamic contribution to the acoustic power integral of Howe (1975,
1980). These types of instantaneous patterns are expected to show the locally large
amplitudes of the hydrodynamic contribution due to small-scale vortices, large-scale
vortices, and overall undulations of the unsteady shear layer. Of course, these

instantaneous patterns determine the phase-averaged pattemns. The sequence of



instantaneous states is the direct route to tracing the physical origin of the hydrodynamic

contribution to the acoustic power.

() Categorization of locked-on and non-locked-on oscillations: Instantaneous flow
patterns in relation to pressure spectra. During the generation of flow tones, the flow
patterns are assumed to be phase-locked from cycle to cycle of the flow tone oscillation.
This feature has been clearly established for the above-mentioned configurations. The
present configuration of a turbulent flow past a long, shallow cavity bounded by pipes at
either end may yield resonant acoustic amplitudes that are relatively small, and thereby
deviations from a locked-on state of the hydrodynamic field. The consequence would be
departure of the pressure signal from a periodic form to a modulated or intermittent form,
and alteration of the time-averaged pressure spectra, in particular the amplitude and the Q
(quality) factor of the predominant spectral peak. Examination of successive
nstantaneous images of the flow patterns would allow determination of the origin of
modulated or intermittent states, which would be enhanced by proximity of the floor of a
shallow cavity.

The aim of the present investigation is to clarify the foregoing issues using a
technique of high-image-density particle image velocimetry in conjunction with pressure

measurements,

2. EXPERIMENTAL SYSTEM AND TECHNIQUES

The experimental system used in the current investigation provided quantitative
flow visualization and simultaneous acoustic pressure measurements. The experimental
system is described in detail by Geveci et al. (2002). The key features of the system are

described in the following.



The air supply and conditioning system is isolated from the actual experimental
facility by a ceramic wall and consists of an air compressor, compressed air plenum, and
an air dryer-filter unit.

The conditioned air is transmitted to the actual pipeline-cavity system through an

arrangement of pressure valves and regulators as described by Rockwell e al. (2002).

2.1 Pipeline-Cavity System

The inlet plenum of the pipeline-cavity system is constructed from Plexiglas, and
houses a 2.5 inch thick layer of honeycomb, which acts as a flow straightener. The inside
of the plenum is lined with acoustic damping foam to minimize local acoustic resonances.

The exit of the plenum contains a contraction, which was designed in order to
avoid localized separation in the pipe inlet. To ensure that the large changes in pressure
gradient near the exit of the nozzle did not produce localized perturbations that would
propagate downstream and, furthermore, to generate a fully-turbulent boundary layer, a
trip ring was located immediately downstream of the exit of the plenum contraction. This
ring was located a distance of 35 mm from the pipe inlet. It had a thickness of 1 mm, and
was 4 mm long. Its geometry involved a series of adjacent triangular cuts along the
leading-edge of the ring, in order to hasten the generation of small-scale, three-
dimensional vortices, which promote the transformation to a fully turbulent boundary
layer at the inlet to the cavity.

Two versions of the pipeline-cavity arrangement were constructed. The first
verston of this system, shown in Figure 1, consisted of two 2400 mm (8 ft) segments of
25.4 mm (1 in) ID aluminum piping, located on the upstream and downstream sides of

the Plexiglas cavity. The second version of the pipeline-cavity system employed the same



inlet plenum and cavity; however, shorter inlet (upstream) and exhaust (downstream)
pipe sections were employed. These sections were 305 mm (1 ft) long. Unless indicated
otherwise, all measurements described herein were performed using the short pipe
system.

Multiple pressure transducers were located along the inlet and exhaust pipes. For
the purpose of the present investigation, the reference pressure was measured at a

location of 127 mm upstream of the leading-edge of the cavity.

2.2 Cavity Subsystem

The schematic of the cavity subsystem is shown in Figure 2. The cavity is formed
by fitting a Plexiglas tube over two Plexiglas sleeves, connected to inlet and exhaust
aluminum pipes, designated as pipe A and pipe B in Figure 2. The left end of the
Plexiglas tube slides along the exterior of a smoothly-machined exterior surface of the
sleeve connected to the inlet pipe A. This sliding arrangement allows adjustment of the
cavity length L with a high degree of accuracy and repeatability. This adjustment was
achieved by employing a traverse mechanism, which translated the entire pipe B and the
Plexiglas tube attached to it.

To allow effective application of particle image velocimetry (P1V), approximately
one quadrant of the Plexiglas tube was machined away and replaced by a window made
of 0.1 mm think sheet of acetate. This sheet was wrapped around the entire periphery of
the interior of the Plexiglas tube. Installation of this thin window allowed recording of the

particle images illuminated by the laser sheet.



2.3 Pressure Measurements

A detailed description of the pressure measurement technique is provided by
Rockwell et al. (2002). The significant features of this process are described in the
following.

Piezoelectric pressure transducers with nominal sensitivity of 1727 mv/psi were
employed for pressure measurement. The pressure transducer a, located in the aluminum
pipe A, as indicated in Figure 2, was employed for all pressure measurements in the
present investigation. Furthermore, it provided the reference signal for all PIV
measurements.

The amplified and filtered pressure signals were digitized using an analog-to-
digital board with 12-bit resolution. The sampling rate and the number of acquired
samples were adjusted to obtain the frequency resolution of Af = 0.5 Hz and the Nyquist
frequency of 2,048 Hz, which is well above the maximum frequency component of

interest for this research.

2.4 Imaging of Flow Patterns

A digital version of particle image velocimetry (DPIV) was used to obtain two-
dimensional velocity fields over a cross-section of the unsteady cavity flow. The airflow
was seeded with olive oil particles having a mean diameter of one micron. The particles
were generated by a six-jet atomizer. A laser sheet was generated from a dual, pulsed
Nd:Yag laser system. A system consisting of a cylindrical and a spherical lens was used
to transform the output laser beam into a laser sheet. The laser sheet had a thickness of
approximately 1 mm and a width that exceeded the cavity length. The laser sheet was
positioned at the centerline of the cavity. The precise alignment was achieved by placing

the laser, along with the lens system, on a multi-degree-of-freedom positioning unit.



A digital charge-coupled device (CCD) camera was used to capture the images of
particles for the two-frame cross-correlation version of DPIV. The CCD element has an
active image area of a size of 9.07 mm x 9.16 mm consisting of 1008 x 1018 pixels. A
lens with a focal length of 105 mm, combined with an extension tube, provided a
magnification of 1:7.3. The camera was used at its maximum framing rate of 30
frames/sec, which provides 15 pairs of cross-correlated DPIV images per second.

A velocity field was obtained from each pair of Tagged Image File Format (TIFF)
image files using a cross-correlation method involving two successive Fast Fourier
transforms. The total number of spurious vectors was only two percent of the total
number of vectors. These spurious vectors were replaced by employing an interpolation
routine. A Gaussian filter with an exponent of p = 1.3 was then implemented, as

discussed by Landreth and Adrian (1989).

2.5 Time-Averaging of PIV Images

As mentioned in the previous section, the PIV images of the velocity field inside
the cavity were acquired at an interval of 1/15 sec. Taking into account the relatively high
nominal frequency of the shear layer oscillation, this spacing in time is suitable for
obtaining random samples for calculation of averaged turbulence statistics.

The definitions of the time-averaged parameters are provided by Geveci et al.
(2002). They are summarized below. A total of 128 images were acquired for each case
considered in the present investigation. The total number of images is represented by N in
the following definitions.

Time-averaged horizontal component of velocity:

10



ON FLOW PATTERNS:
ACQUISITION
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Time-averaged transverse component of velocity:
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3. EFFECT OF CAVITY GEOMETRY (LENGTH AND WIDTH) ON LOCKED-
SELECTION OF CONDITIONS FOR IMAGE

In order to determine the most appropriate conditions for imaging of locked-on

11

flow tones as a function of cavity length L and depth W, extensive data on fluctuating

pressure were assessed. Variations of cavity length L at fixed values of cavity depth W



and flow velocity U were considered, whereby U was selected to be sufficiently high,
such that flow tones would have a high probability of occurrence for a given cavity
geometry. In addition to these experiments, variations of inflow velocity at fixed values
of L and W were also addressed. These experiments are described by Rockwell et al.
(2002) and Oshkai et al. (2002).

For our present purposes, values of cavity depth W/D = 0.5 and 0.25, where D 1s
the inflow pipe diameter, were selected. The value of W/D = 0.25, which corresponds to
W/® = 20, in which @ is the inflow momentum thickness, is the smallest depth at which
flow tones could be generated; W/D = 0.125, corresponding to W/© = 10 did not yield
flow tones.

The three-dimensional views at the top of Figures 3a and 3b show the pressure
amplitude p on a plane of frequency f versus cavity length L. Plan views of these three-
dimensional representations are shown in the bottom images of Figures 3a and 3b. The
solid black lines correspond to fits through peak values of pressure amplitude. For the
present effort involving acquisition of flow images during a locked-on flow tone, the
selected values of cavity length L are indicated by the open circular symbol. In both
Figures 3a and 3b, these circular symbols include, at small values of L, the minimum
value of L for which a flow tone could be generated. At the other extreme, corresponding
to the largest value of L, the cavity length is sufficiently long that a large-scale mode of
the shear layer instability develops and leads to generation of a flow tone.

At the smallest value of L, the appropriate scaling for the smali-scale mode of the
instability is f&/U. At the largest value of L, the dimensionless frequency can be scaled

according to fD/U.

i2



In summary, the exact values of the selected nondimensional cavity lengths L/D
for the cavity depths W/D = 0.5 and 0.25, which are shown graphically in Figures 3a and

3b, are given in Table 1.

L/D W/D L/D W/D

0.595 0.5 0.78 0.25
1.04 0.5 25 0.25
2.5 0.5

Table 1: Cavity lengths L/D and depths W/D selected for
image acquisition.

In the following sections, the time-averaged and instantaneous flow patterns are

characterized in detail for the representative geometries in Table 1.

4. EFFECT OF CAVITY LENGTH ON LOCKED-ON FLOW PATTERNS:
TIME-AVERAGED AND INSTANTANEOQUS IMAGES

Patterns of averaged streamfunction < y >, i.e., averaged streamlines, root-mean-
square values of the transverse velocity fluctuations, represented by vpy, as well as the
Reynolds stress correlation <u'v’> are given in Figures 4a through 4c. In each figure,
three representative values of cavity length were considered: L/D = 0.595, 1.04 and 2.5.
The dimensionless cavity depth is maintained at W/D = (.5. In order to obtain the
averaged representations of the flow patterns of Figures 4a through 4c, time-averages
were performed using the definitions of Section 2.5. A total of 128 instantaneous images
were averaged to obtain each of the images presented in the figures. In other words, each
image represents the consequence of 128 instantaneous states of the flow during

generation of a flow tone.
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4.1 Averaged Patterns of Flow Structure
4.1.1 Patterns of Averaged Streamlines

Figure 4a shows images of averaged streamlines, represented by <y >,
corresponding to dimensionless values of cavity length L/D = 0.595, 1.04 and 2.5 at a
constant value of cavity depth W/D = 0.5. Irrespective of the cavity length, only a single
recirculation cell exists within the cavity. That is, no counter-rotating cells occur.
Furthermore, each cell is characterized by a limit cycle streamline near its center. This
limit cycle is represented by the thick, white circular (or elliptical) closed contour. Spiral
patterns of streamlines occur exterior and interior to this limit cycle.

An additional, remarkably consistent feature is that the center of each of the
recirculation cells, i.e. the center of each limit cycle, occurs relatively close to the trailing
(impingement) corner of the cavity. In fact, for increasing values of L/D, shown in the
top, middle and bottom images, the center of the recirculation cell is situated
approximately a distance of 0.15D, 0.21D and 030D upstream of the trailing
(impingement) corner of the cavity. This location of the center of the recirculation cell
apparently allows the proper amount of return flow to be swept downward along the
vertical face of the trailing- (impingement-) corner of the cavity, then in the upstream
direction along the floor of the cavity. Finally, the return flow is eventually drawn into
the developing shear layer due to entrainment effects. In fact, the upward-oriented
streamlines in the left region of each of the images of Figure 4a are associated with the
increase in volume (or mass) flow due to entrainment along the shear layer as it develops

in the streamwise direction,
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A further consequence of the recirculation cell is that it maintains nearly
horizontal streamlines at the impingement corner of the cavity, which is located at the
elevation y/D = 0. That is, the separated shear layer along the mouth of the cavity, which
impinges on the downstream comer of the cavity, is essentially in the horizontal direction
immediately prior to impingement. In order for this condition to be maintained, the center
of the recirculation cell must remain close to the trailing-corner of the cavity for all
values of L/D.

It should again be emphasized that these averaged streamline patterns are a
consequence of the series of instantaneous patterns of velocity and, correspondingly,
instantaneous streamlines, which are associated with the unsteady, undulating shear layer
that impinges on the downstream corner. Compatibility must therefore exist between the
averaged (base) streamline pattern and its instantaneous deviations. For example, if a
large-scale vortex is formed in the shear layer prior to impingement, the average
trajectory of the vortex will be along an averaged streamline that impinges upon the
trailing-corner. This compatibility between the unsteady streamline pattern due to the
vortex and the steady streamline pattern is directly related to the conditions for self-

sustained oscillation in absence of acoustic effects.
4.1.2 Averaged Magnitude of Velocity Fluctuations

Figure 4b shbws the root-mean-square distribution of the transverse velocity
fluctuations, vy, The images indicate that significant levels of v,,s occur in the separated
shear layer along the cavity, i.e. along the height y/D = 0, and are most prevalent at
locations well downstream of the leading-comer of the cavity. These fluctuations may be

due to one or a combination of the following: (a) broadband turbulence; (b) organized
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undulations of the separating shear layer in absence of large-scale vortex formation; and
(¢) formation of large-scale vortical structures. Regarding category (a), the effects of
broadband turbulence are expected to be most pronounced in the initial region of the
shear layer at the leading-corner of the cavity, where the inflow effects of the broadband
turbulent boundary layer will be dominant, except for contributions from very small-scale
vortices, which are present in that region. In this initial region, large-scale, organized
undulations have not had an opportunity to develop. All of the images of Figure 4b show
significantly smaller levels of vny in this initial region of the shear layer development,
which suggests that the contribution from category (a), due to broadband turbulence, is
not predominant in the downstream region of the shear layer.

Concerning contributions from categories (b) and (c), ﬁssociated respectively with
organized undulations of the shear layer and vortex formation within the shear layer,
corresponding instantaneous images are required in order to distinguish between these
possibilities. In fact, instantaneous images of the flow structure, which are described
below, do indeed show the existence of large-scale vortices that correspond to regions of
large vims at L/D = 1.04 and 2.5 in Figure 4b, whereas only transverse undulations of the
shear layer, in absence of large-scale vortex formation, are distinguishable within the
field of view of the images of vy at L/D = 0.595.

A summary of the rpaximum values of vimg/U for all values of L/D is given in
Table 2. It is evident that the maximum values of the transverse velocity fluctuation
{(Vens/U)max increase substantially for the cavity length L/D = 1.04, relative to L/D =
0.595. At L/D = 2.5, however, the peak value is of the same order as that of L/D = 1.04.

These observations can be considered along with the aforementioned instantaneous

16



images that show the occurrence of large-scale vortex formation at larger L/D and its
non-occurrence at the smallest L/D. The conclusion is that higher values of the transverse

velocity fluctuation (vi,s/U) are associated with large-scale vortex formation.

L/D [Vems/Ulmax
0.595 0.08
1.04 0.16
2.5 0.16

Table 2: Maximum values of root-mean-square
transverse vmg/U velocity as a function
of dimensionless cavity length L/D.

A further feature of the patterns of vm,/U, shown in Figure 4b is their overall
width, relative to the width W of the cavity. From the images of Figure 4b, it is evident
that the region of significant fluctuations in the shear layer occupies an increasing
fraction of the cavity depth W as the cavity length L/D increases. In fact, for the extreme
case of the pattern of vim/U shown in the bottom image of Figure 4b, the width of the
region of significant fluctuations actually exceeds the cavity depth. This observation
emphasizes the unique nature of oscillations along a shallow cavity. Unlike a deeper
cavity, where the fluctuating shear layer is located above a recirculation zone of relatively
low-level fluctuation intensity, the fluctuating shear layer of the shallow cavity occupies
the entire cavity depth and is intertwined with the recirculation zone.

4.1.3 Patterns of Reynolds Stress Correlation
Figure 4c shows contours of constant Reynolds stress correlation <u'v'>. A

consistent feature of the patterns at all values of L/D is the occurrence of layers of

17



positive and negative < u'v’> immediately adjacent to each other and extending over a
substantial fraction of the cavity length. The interface between these positive and
negative patterns is approximately centered at the elevation y/D = (. As the cavity length
L/D increases, the maximum values of the Reynolds stress [<u'v’>]ma/U? show

substantial increases, as indicated in Table 3 .

L/D [<UY' > Jmax/U?
0.595 0.02

1.04 0.06

2.5 0.09

Table 3: Maximum value of Reynolds stress
correlation <u'v’ >/U? as a function of
cavity length.

For the case of broadband turbulence in the free-shear layer, or ill-defined large-
scale vortical structures, it is expected that only a single layer of the Reynolds stress
correlation <u'v’> would be present. It is known, however, that for a shear layer
excited by an external source such as a loudspeaker, both positive and negative contours
of the Reynolds stress correlation <u'v’'> can occur in a free shear layer in absence of a
bounding cavity. The interesting feature of the patterns of Figure 4c is that positive and
negative concentrations of <u'v'> are not interlaced with each other. Rather they
appear in two distinct layers.

A further feature of the patterns of Reynolds stress is their overall width. For the
longest cavity L/D = 2.5, substantial levels of Reynolds stress extend over a transverse

distance larger than the cavity depth.
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4.2 Instantaneous Patterns of Flow Structure
4.2.1 Patterns of Instantaneous Vorticity and Velocity

The time-averaged patterns described in the previous sections are, of course, a
consequence of the instantaneous flow structure. Figures 5a through 5c show patterns of
instantaneous vorticity w, total velocity V and vertical component of velocity v for the
same values of cavity length L/D as for images 4a through 4c.

The patterns of instantaneous vorticity shown in Figure 5a indicate, first of all, the
occurrence of large-scale vortical structures at the longest values of cavity length L/D =
1.04 and 2.5. The spatial locations at which these large-scale vortices appear are in
accord with the range of x/D for which large values of vy, occur in Figure 4b.
Furthermore, the locations of these large-scale vortices are in general accord with the
regions of high Reynolds stress correlation < u'v’ > in Figure 4c.

In addition to the link between the patterns of large-scale vortices in Figure 5a and
the time-averaged patterns of Figures 4a through 4c¢, each of the instantaneous patterns of
Figures 5a provides important insight into the characteristics of the shear layer that are
associated with locked-on flow tones. The image that represents the shortest cavity
length L/D = 0.595 does not show large-scale vortex formation. Rather, a substantial
upward deflection of the shear layer is evident. Examination of other instantaneous
images verified the fact that this transverse deflection, in absence of formation of a
significant large-scale vortical structure, is a key element of the flow pattern along a very
short cavity during generation of a tone.

At a longer value of cavity length L/D = 1.04, the initial region of the shear layer

is also deflected in the upward direction, in a fashion similar to that at L/D = 0.595.
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Further downstream, however, at location x/D = 0.65, formation of a large-scale vortical
structure is evident. At a still further location downstream, the shear layer again shows
an upward deflection.

For the largest value of cavity length L/D = 2.5, shown in Figure 5a, two large-
scale vortical structures occur. They are preceded by a nominally horizontal layer of
vorticity. That is, substantial upward deflection of the vorticity layer prior to formation
of large-scale vortex does not occur.

A persistent characteristic in all of the images of Figure 5a is the existence of
small-scale concentrations of vorticity, which arise from an instability associated with the
very high vorticity that occurs at the leading-corner of the cavity. They occur at a
relatively high frequency, relative to the frequency of the flow tone, are not phase-locked
and, therefore, do not play a direct role in the occurrence of the flow tone. It is expected,
however, that the small-scale vortical structures will influence the values of Reynolds
stress and instantaneous acoustic power generation in the initial region of the shear layer.

In summary, the principal elements of the locked-on pattens of instantaneous
vorticity in Figure 5a are: (a) substantial transverse deflections of the vorticity layer in
cases where large-scale vortex formation does not occur; and (b) formation of large-scale
vortical structures. It appears that for short and moderate length cavities L/D = 0.595 and
1.04, mechanism (a) is clearly evident and, in fact, for the shortest cavity L/D = 0.595, it
is the only mechanism. For sufficiently long cavity lengths, mechanism (b) is present,
and, for the longest cavity L/D = 2.5, it appears to be the only and predominant unsteady

feature of the shear layer.
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4.2.2 Patterns of Instantaneous Total Velocity

Figure 5b shows patterns of instantancous velocity vectors V in a reference frame
moving at one-half the inflow velocity U; V represents the total velocity V = ui + vj.
They correspond to the vorticity pattern of Figure 5a. The transverse deflections of the
vorticity layer are reflected in the patterns of ¥. Moreover, the locations of the large-
scale vortical structures of Figure 5a are reaffirmed by large-scale swirl patterns of
vectors. In addition, a well-defined swirl pattern tends to form at a location well
upstream of the first large-scale swirl pattern in the image of L/D = 2.5. This initially-
formed swirl pattern suggests that the corresponding cluster of vorticity of Figure 5a
represents the initial stage of formation of the next large-scale vortex.
4.2.3 Patterns of Instantaneous Transverse Velocity

An indication of the undulation of the shear layer along the cavity is the transverse
velocity v. Figure 5S¢ shows pattens of constant contours of component v, which
correspond to images 5a and 5b. Comparison of the pattern in the middle image of 5c,
which corresponds to L/D = 1.04, with the corresponding pattern of instantaneous
vorticity in Figure Sa, indicates that the center of the large-scale cluster of vorticity
corresponds to the interface between the concentrations of the v component of opposite
sign. This same comparison holds for the longest cavity length L/D = 2.5.

The contours of constant v that dominate each of the images in Figure 5S¢ are
associated with the large-scale vortical structures of Figures 5a and 5b. For the image
corresponding to L/D = 2.5, it is possible to evaluate the wavelength between vortical
structures based on the center-to-center spacing of contours of constant v of like sign. On

the other hand, the region of the initial upward deflection of the vorticity layer, which is
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evident in the top and middle images of Figure 5a corresponding to L/D = 0.595 and
1.04, is not represented by the contours of constant v in the corresponding images of

Figure Sc,

5. EFFECT OF CAVITY DEPTH ON LOCKED-ON AND INTERMITTENT
FLOW PATTERNS: TIME-AVERAGED AND INSTANTANEOQUS IMAGES
5.1 Overview of Time-Averaged Patterns of Flow Structure

The effect of cavity depth W on the patterns of time-averaged streamlines is
shown in Figure 6. As indicated in Section 2.1, unless otherwise indicated, all data and
images correspond to the case of the short inlet pipe. Figure 6 includes cases of both
short and long inlet pipes. The top row of figures represents the case of a relatively short
cavity with a short inlet pipe. In image (i), the recirculation cell is clearly evident. Image
(ii) corresponds to a shallower cavity W/D = 0.25. It shows the upper portion of the
streamline pattern due to the recirculation cell, which is located near the bottom right
corner of the cavity.

Images (iii) through (v} of Figure 6 represent the case of a long cavity. The
patterns of images (iii) and (iv) correspond to the case of a short inlet pipe, and image (v)
to the case of a long inlet pipe. In image (iii), for W/D = 0.5, the center of the
recirculation cell is located at the bottom right corner of the cavity. The pattern of the
shallower cavity W/D = 0.25 of image (iv) is differentiated from the pattern of the deeper
cavity W/D = 0.5 in two respects. First of all, the center of the recirculation cell has
moved from a position near the corner of the cavity to a location midway along the
length, i.e., to x/D = 1.25. Second, downstream of this location, the flow tends to attach
to the bottom wall of the cavity, then is deflected upward in the region near the corner of
the cavity. A generally similar pattern of streamlines occurs in image (v) of Figure 6,

which corresponds to the long inlet pipe, as opposed to the short inlet pipe of image (iv).
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A well-defined recirculation cell is not indicated in the field of view of image (Vv);
apparently it is located closer to the floor of the cavity. The major shift in the form of the
streamline patterns of images (iv) and (v) is expected to retard the onset of flow tones. In
fact, the critical velocity V. for onset of the flow tone is nearly twice as high for the
cavity configuration of image (iv), relative to that of image (iii). Furthermore, the onset
velocity V., is infinite, i.e., a tone cannot be excited over the entire range of flow
velocity, for the configuration of image (v).

Viewing all of the patterns of images (i) through (v) together, a well-defined
recirculation cell, in absence of reattachment to the floor of the cavity, exists for images
(i) through (iii). In all cases, well-defined flow tones are generated. On the other hand,
in Figures (iv) and (v), for which detectable or barely discernible recirculation cells occur
approximately midway along the cavity, with subsequent reattachment to the floor of the
cavity, the onset velocity V.. for generation of a flow tone is substantially increased, or
even infinite.

5.2 Averaged and Instantaneous Patterns of Locked-on Flow Structure

For the case of a relatively shallow cavity W/D = 0.25, persistent and well-
defined flow tones can be generated corresponding to the conditions of image (ii) in
Figure 6. In this case, the shear layer is allowed to develop in a relatively free fashion
along its entire length, because a recirculation cell exists near the downstream corner of
the cavity, and reattachment does not occur at the cavity floor.

Figure 7 shows phase-averaged patterns of velocity <V > and vorticity <o >,

along with the instantaneous patterns of vorticity ©, during various phases of the

oscillation cycle. The band of the pressure signal for each image is designated by the
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bold solid line. All images from a large sequence that fell within this band were
employed in the phase-averaging process. The phase-averaged images shown in the left
column of Figure 7 involved an average of instantaneous images, one of which is shown
in the right column. Viewing the overall features of the layer of vorticity in both the
phase-averaged and instantaneous images, it is evident that it undergoes undulations,
without formation of a large-scale concentration of vorticity, in contrast to the bottom
two images of Figure 5a. Furthermore, pronounced, small-scale concentrations of
vorticity occur along the undulating shear layer. Their origin is described in conjunction
with Figures 3a, and 5a. They aris¢ from a very small-scale instability at the leading-
corner of the cavity. Comparison of the patterns of small-scale concentrations in the
phase-averaged < @ > and instantaneous o patterns of vorticity shows that they are not
phase-locked with respect to the overall undulation of the shear layer. This lack of phase-
locking is due to the fact that the characteristic frequency of these very small-scale
concentrations is much higher than the frequency corresponding to the long wavelength
undulation of the vorticity layer, which corresponds to the small-scale mode defined by
Rockwell et al. (2002). The frequency of this undulating layer corresponds to the
frequency of the flow tone.
5.3 Averaged and Instantaneous Patterns of Intermittent Flow Structure

Figure 8a shows an overview of the time-averaged characteristics of a relatively
shallow W/D = 0.25 cavity, which has a substantially longer length L/D = 2.5, in
comparison with that of Figure 7, for which L/D = 0.78. As already addressed in Figure
6, the consequence is relocation of the center of the recirculation cell and occurrence of
flow reattachment to the floor of the cavity. (See image (iv) in comparison with image
(i1) of Figure 6.) The time-averaged pattems indicate a number of distinctive features,

relative to a deeper cavity of the same length, which is shown in the bottom set of images
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of Figures 4a through 4c. Flow reattachment to the floor of the cavity for the case of
Figure 8a, in contrast to no reattachment shown in Figures 4a, along with the upward
deflection of the flow near the trailing region of the cavity in Figure 8a, yields the
following features. The pattern of v is actually partitioned into two distinct regions for
the image of Figure 8a; this boundary between the two regions occurs at x/D = 1.65,
which is the approximate location at which the flow tends to reattach to the floor of the
cavity, as indic.ated in the streamline pattern at the top of Figure 8a. Such partitioning
into two distinct regions of ves does not occur for the deeper cavity of Figure 4b. The
patterns of Reynolds stress correlation <u’v’> shown in Figure 8a are deflected upward
towards the trailing region of the cavity. Furthermore, the peak values of this Reynolds
stress correlation <u'v'> in Figure 8a are of the order of one-half the peak values
associated with the deeper cavity of Figure 4c.

The time-averaged images of Figure 8a do not correspond to a classical, locked-
on flow tone, unlike those of the aforementioned cases shown in Figures 4a through 4c
for deeper (W/D = 0.5) cavities of different length L/D. Examination of a large number
of instantaneous images corresponding to the averaged images of Figure 8a, shows that
the flow structure was highly intermittent. For short durations of three to five cycles,
however, the instantaneous pressure signal was nearly sinusoidal, indicating a short-term,
highly-organized behavior. Images corresponding to a given instant during the sinusoidal
oscillation of the shear layer are given in Figure 8b. They are compared directly with
locked-on 1mages for the deeper cavity W/D = 0.5 of the same length L/D = 2.5. These
instantaneous images were selected on the basis of appearance of the first, large-scale

concentration of vorticity at a location approximately midway along the cavity. All three
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types of representations, namely instantaneous vorticity o, total velocity V and transverse
velocity v clearly show the existence of large-scale vortical structures for both values of
cavity depth W/D.

Considering, first of all, the patterns of instantaneous vorticity shown in the top
set of images of Figure 8b, the remarkable feature of the pattern for the shallower cavity
W/D = 0.25 is the penetration of large-scale clusters of vorticity well above the mouth of
the cavity, indicated by the elevation y/D = 0. Furthermore, in the downstream region of
the cavity, in particular in the vicinity of the trailing (impingement) corner, the
occurrence of a coherent cluster of vorticity is not apparent, in contrast to the case of the
deeper cavity W/D = 0.5. These general features are reflected in the patterns of
instantaneous velocity shown in the middle set of images. In general, large-scale swirls
of V are centered at locations where well-defined, large-scale vorticity clusters occur in
the top set of images.

A further indicator of the large-scale structures is the image of contours of
constant transverse velocity component v. Contours of constant positive and negative v
at the bottom of Figure 8b are located immediately adjacent to each other and are
approximately centered on the large-scale vorticity cluster, at least for the upstream large-
scale vortex for the case W/D = (0.5. For the case of the shallow cavity W/D = 0.25, the
large-scale cluster of vorticity and sets of contours of positive and negative v are not as
evident, presumably due to displacement of the recirculation cell to the middle of the
cavity and the tendency toward reattachment in the downstream region of the cavity, both

of which would promote distorted patterns of v relative to the deeper cavity.
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6. EFFECT OF CAVITY GEOMETRY ON LOCKED-ON INTERMITTENT
FLOW PATTERNS: OVERVIEW OF CLASSES OF RESPONSE

In the foregoing sections, various locked-on and intermittent states of the shear
layer past the cavity have been defined in terms of time-averaged and instantaneous flow
patterns. Figure 9 provides an overview of locked-on and intermittent states, with a
direct comparison of time traces and spectra. The states repreéented by the sets of images
of Figure 9 are as follows: locked-on flow tone; locked-on flow tone with modulation;
and non-locked-on tone generation with short-term oscillating states. In the following,

each of these states is described in further detail.

6.1 Locked-on Flow Tone

Images (i) and (ii) of Figure 9 correspond to the case of transverse undulations of
the shear layer with embedded small-scale vortical structures. Large-scale vortex
formation does not occur. For both images, the shear layer is deflected in the upward
direction at the instant of image acquisition. For these images, as well as all others
acquired during the long sequence, the reference pressure signal showed relatively little
amplitude modulation, as indicated in the inset. The corresponding spectrum for
approximately 250 cycles of oscillation is shown immediately beneath this time trace.
Furthermore, an expanded version of the spectral peak is shown at the right of images (i)
and (ii). The Q-factor in this case is Q = 2761, indicating a sharply-defined flow tone.
6.2 Locked-on Flow Tone with Modulation

For the middle set of images (iii) and (iv), the predominant locked-on state of the
flow structure, is represented by image (iii). During occasional dropout, non-phase-
locked images of the type (iv) were observed in the large set of acquired images. The

representative time traces exhibits significant amplitude modulation, yet the predominant

27



spectral peak 1s relatively sharp. The stretched version of this predominant peak is shown
at the right of images (iii) and (iv). The Q-factor is Q = 1180, based on 250 cycles of
oscillation. It clearly corresponds to a flow tone, but its value is approximately half of

that corresponding to images (i) and (ii).

6.3 Non-Locked-on Tone Generation with Short-Term Coherent States

Images (v) through (vii) correspond to the highly intermittent states of the shear
layer, as described in Section 5.3. In this case, the time traces in the vicinity of the
instant of image acquisition are shown for each respective image. Images (v) and (vi)
represent highly organized oscillations, whereas image (vii) is associated with a period of
nonoscillatory behavior of the shear layer. The time-averaged spectrum obtained from an
average of 250 cycles of oscillation, including the states represented by images (v)
through (vi1), yields the time-averaged spectrum as indicated, and the expanded version
of the predominant spectral peak is also shown. The Q-factor for the time-averaged
spectrum is Q = 56, which is substantially lower than for the sets of images shown at the
top and middle of Figure 9, despite the fact that locally periodic oscillations occur in the

time trace.

7. ACOUSTIC POWER GENERATION DUE TO SHEAR LAYER ALONG THE
CAVITY

7.1 Relation of Flow Patterns to Acoustic Power Integral

According to Howe (1975, 1980), the instantaneous acoustic power P,(t)

generated by the flow in volume Vcan be calculated according to

P.=-p, '[V Uge - (0 x V) dV (7.1}
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where po is fluid density, Uac = Ugexd + Ugeyj + UacoK is acoustic (irrotational) velocity field,
V= Vu + V,j + V;k is hydrodynamic (incompressible) velocity field, and o is the
vorticity defined according to

0=YxV (7.2)

The integrand of equation (7.1) can be decomposed into streamwise and
transverse projections as follows:

{[@ x VIi+[@ x ¥y j} - {lacx i + Wiey i}- (7.3)

The vectors wxV were calculated for the three values of cavity length that
correspond to the cases presented in Figure 5a. The vorticity @ and velocity V are
instantaneous values; they were not decomposed into time-averaged and fluctuating
components. This decomposition is addressed in Section 7.2.

Figure 10a shows representations of the hydrodynamic contribution to the
acoustic power integral for the case of a relatively short cavity (L/D = 0.595), which
corresponds to the top image of Figure 5a. Contours of constant vorticity are shown in the
top plot of Figure 10a. The bottom three plots show the distribution of the vectors @ x V,
and their streamwise and transv‘erse projections [@ x V], and [® x V). These plots show
relatively large, downward-oriented vectors, which are distributed along the shear layer
that is defined by the contours of constant vorticity. The large negative values of the
transverse component [® x V], are primarily due to high values of w. Large values of the
streamwise projection [@ x V],, of both positive and negative sign, also occur in the shear
layer region. However, these contours of [@ x V], do not show a well-defined pattern due

to the absence of large-scale structures in the shear layer.
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Figure 10b corresponds to an intermediate value of cavity length (L/D = 1.04).
The contour plot of vorticity is shown at the middle of Figure Sa and is reproduced at the
top of Figure 10b. The bottom three plots show the distributions of the @ x V vectors and
their x and y components. As in the previous case, large, downward-oriented vectors are
distributed along the shear layer. The large negative values of [@ x V], immediately
downstream of the leading edge of the cavity are due to the high levels of distributed
negative vorticity in this region. The highest values of [o x V), occur at the location of
the large-scale cluster of vorticity shown in the top plot of Figure 10b. The contour plot
of the streamwise component [® x V]x shows that the significant values of the x
component occur along the shear layer. In contrast to the short cavity case, the absolute
values of [ x V], increase with increasing streamwise distance. Significant values of
[@ x V]« of opposite sign are especially evident for the large-scale vortex shown in the
top plot of Figure 10b.

A relatively large value of cavity length is represented by the plots of Figure 10c.
This case corresponds to the bottom plot of Figure 5a (L/D = 2.5). Similar to the case of
the intermediate cavity length (L/D = 1.04), the larger vectors of the hydrodynamic
contribution to the acoustic power @ x V are distributed along the shear layer. The most
significant values of the vertical component [@ x V], occur immediately downstream of
the leading corner of the cavity, due to the high values of vorticity distributed in this
region, and in the regions corresponding to the two large-scale vorticity concentrations.
In addition, the absolute values of [® x V], increase with increasing streamwise distance.
The well-defined regions of the high values of [@ x V]« of opposite signs are due to the

presence of the largest vortices.
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The effectiveness of the acoustic power generation is determined by the dot
product (@ x V) - us. In turn, the values of the dot product depend on the relative
direction of the hydrodynamic contribution vectors @ x V and the acoustic particle
velocity u,.. The direction of the acoustic particle velocity u,. in the inlet and outlet pipes,
as well as within the cavity away from its corners, is in the streamwise (x) direction.
However, near the leading and trailing edges of the cavity, significant components in y
direction are present. Therefore, a significant contribution to the acoustic power from the
distributed vorticity is expected in the regions near the corners of the cavity. For the cases
of long and intermediate cavity length, the large-scale vortices are also expected to
contribute to _the acoustic power integral due to the large value of the streamwise
component [w x V], associated with them. It should be noted, however, that the
concentrations of high values of [@ x V] occur in pairs of opposite sign, which will tend
to cancel their overall effect.

A central feature of all of the patterns of vectors @ x V shown in Figures 10a
through 10c is the correspondence between regions of high mean vorticity and regions of
large vector magnitudes @xV. The role of mean vorticity in generation of acoustic power
is described in detail in the next section.

7.2 Decomposition of Acoustic Power Integral

In the case of a two dimensional flow, @y, ®y, U, and V, are equal to zero.
Hence,

oxV=_(-0,-V,)i+(e,-V,)-]. (7.4)
Therefore, the integrand in equation (7.1) can be expressed as

(.@x -Y) 'Eac = ('—mz : V}') 'uacx +(m2 : VX) : uacy (7'5)
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To show the effects of steady and fluctuating components of the hydrodynamic
velocity field on the acoustic power generation, Reynolds’ decomposition can be applied

to the corresponding variables of equation (7.5):

V=V+V and o=p+0o'. (7.6)

Here, V' is the fluctuating component of the velocity vector, and V is the mean

component, which is defined as follows
_ T
V = lim[+ [V(t)dt]. (7.7)
0

The mean and fluctuating components of vorticity are defined in a similar fashion.

The first term on the right hand side of equation (7.5) can be expressed as

(-0, V), =@, +@,)(Vy+ V. )u

acx

= U, 0 Vy — U, 0.V —u, 0, Vy —u, oV (7.8)

acx " Z axk "z "y

Similarly, the second term on the right hand side of equation (7.5) becomes

(@, V) Uy = (@2 + 0, )(Vx + V) )u

acy

= U, 02 VU, 0V, +u, 0, Vi +u, o)V, (7.9

acy®; acy®z ¥y

To sustain the lock-on, the acoustic power generated during one period of
acoustic velocity fluctuation must be positive. Moreover, it has to be sufficiently large to
overcome the inherent damping of the system. To estimate the contribution of each of the
terms considered above, the average of equation (7.8) over one period of acoustic
velocity fluctuation can be obtained:

[0, - V) U]y =002V ], —[0,,, 0.V, ], ~[0,,,0, V], ~[0,,,@, V.. (7.10)

acx acx Tz

Here, the average over one acoustic period is defined as follows
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(€], =+ [E(t)de (7.11)

In equation (7.11), £ represents the parameter being averaged, and T is the period of the
acoustic cycle. Since the mean components of velocity and vorticity are not time-

dependent, equation (7.10) can be written as

[(—(D V) uacx —_[uacx]aazvy_[uacx y] (Dz [uacxmz]a— [uacx F4 ]a(712)

The first term on the right hand side of equation (7.12) is equal to zero because

fu.J: =0. Moreover, the last term on the right hand side of equation (7.12) can be

neglected because it contains a product of two fluctuating quantities. Hence, equation

(7.12) reduces to

[(~0,-V,))u,],=-Tu @ — [u,. 0], Vy (7.13)

acx y]
Similarly, the averaging over one cycle of acoustic oscillation can be applied to
equation (7.9):

[((Dz'vx).u =[uacy]aazv" +[uacy x] (Dz +[u ] V +[u ® V']a (714)

acy]a acy z acy -z " x

which can be reduced to

(o, V) u,,], =[u, V/],0: +[u V. (7.15)

acy ' x acy -z ]a

Combining equations (7.13) and (7.15) according to (7.5) yields the following

expression for the net acoustic power generated over one cycle of acoustic oscillation

[P ()], =~y I[(me) UL dv =—p, f{-lu,, V)], 0.~ [u,,0,1,V

+[u,, Vi1, c:)z-l»[uacy z]a\/ rdv (7.16)
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This form of the acoustic power integral emphasizes the role of averaged vorticity

®, and velocity Vy and V, in relation to the correlations between the acoustic particle
velocities Uacx and Usy, and the fluctuating vorticity ', and velocities V', and V.

Contrary to intuition, the effects of, for example, averaged vorticity do not cancel out

during the averaging process unless the correlation between u,e, and V' , 18 zero. Similar

reasoning holds for the remaining three terms in equation (7.16). This correlation may be

interpreted as, for example, the product of the magnitudes of u,. and V', , multiplied by

the cosine of the phase angle between them, provided that u, and V' , are harmonic.

8. CONCLUDING REMARKS

The experimental approaches employed in a majority of previous investigations of
the flow tones generated by separated flow along a cavity configuration provided
pressure and velocity data at selected points. The present study provides quantitative
global representations of flow-acoustic coupling using a technique of high-image-density
particle image velocimetry.

The major physical features addressed herein are: (i) the averaged patterns of the
flow, which show the relationship between the shear layer along the mouth of the cavity
and the recirculation cell within the cavity; (ii) the unsteady features of the flow,
including the onset of vortex formation in the separated shear layer along the cavity; (iii)
the instantaneous hydrodynamic contribution of the separated layer to the acoustic power
generation; and (iv) a categorization of locked-on states of the unsteady shear layer,
including the occurrence of intermittent states. These features provide an insight into the

origin of flow tone generation.
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8.1 Averaged Patterns of Flow: A Composite View of the Cavity Shear Layer and the
Recirculation Cell

8.1.1 Averaged Streamlined Patterns

Global representations of streamlines show, in addition to the shear layer along the
mouth of the cavity, two principal features within the cavity: a recirculation cell, which is
a large-scale swirl region having a low level of vorticity; and a reattachment region along
the floor of the cavity, followed by upstream deflection of the flow near the trailing-
corner. A recirculation cell always exists, but a zone of reattachment occurs only for
sufficiently long and shallow cavities. In essence, two distinct regimes of the averaged
cavity flow field can be defined on the basis of streamline patterns:

(a) Recirculation cell. A recirculation cell in absence of reattachment exists for
sufficiently deep cavities. As the cavity length is varied, the center of the cell
maintains approximately the same relative position, with respect to the trailing-
corner of the cavity. This location of the cell allows relatively free development of
the shear layer along the mouth of the cavity, even for relatively shallow
configurations. As a consequence, scaling of the shear layer instabilities using
theoretical concepts for a free shear layer (in absence of a cavity) is appropriate, as
hypothesized by Rockwell er al. (2002) on the basis of unsteady pressure
measurements.

(b) Displaced recirculation cell with reattachment. When the cavity is sufficiently
shallow and long, the center of the recirculation cell is displaced upstream from the
trailing-corner, and the flow tends to reattach to the floor of the cavity. Downstream

of this region, the flow is deflected upward in the vicinity of the trailing-corner.
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The type (a) and (b) patterns of streamlines defined in the foregoing can be
correlated to the onset and existence of flow tones. Consideration of extensive flow tone
data based on pressure measurements allows determination of the critical velocity Ve and
length L, for the onset of the flow tone. Generally speaking, the type (a) streamline
pattern is associated with the lowest values of V., and L,. On the other hand, the type (b)
streamline pattern is usually linked to intermittent or nonexistent flow tone generation.

These findings suggest that time-averaged indicators of the flow pattern can
provide a basis for anticipating the onset and existence of flow tones. For example, the
distribution of time-averaged pressure along the floor of the cavity will be different for
the case where flow reattachment occurs, relative to the case of no reattachment.
Deployment of pressure transducers at critical locations to determine the general form of
the surface pressure distribution could provide a direct indication of the susceptibility to
tone generation,

8.1.2 Time-Averaged Turbulence Characteristics

The averaged fluctuation amplitude of the shear layer is represented by patterns of
root-mean-square velocity fluctuations, in particular the transverse component V. For
cases where the recirculation cell exists within the cavity in absence of reattachment, the
form of the patterns of vuys is relatively independent of the cavity configuration, and
whether or not a large-scale vortex forms along the cavity shear layer. For v,y patterns,
the largest magnitudes occur well downstream of the leading-corner of the cavity. This
observation clearly indicates that the fluctuations arising from the shear layer instability
overshadow the fluctuations of ’the turbulent boundary layer that separates from the

leading- corner of the cavity. In other words, the natural instability of the separated shear
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layer along the mouth of the cavity, in conjunction with forcing by the resonant acoustic
field, rapidly dominates the background turbulence of the inflow boundary layer.

Furthermore, peak values of vims occur in the region upstream of the impingement
corner, rather than at the comer. The magnitude, as well as the phase, of each of the
deterministic (organized) components of the v is expected to influence the magnitude
of the hydrodynamic component of the acoustic power generation.

On the other hand, for cavity configurations where the recirculation cell is
displaced upstream and the flow reattaches to the floor of the cavity, patterns of v, take
on a markedly different form. Such patterns are partitioned into two distinct regions of
large vms. This partitioning occurs in the reattachment zone along the floor of the cavity.

Pattemns of the Reynolds stress correlation < u'v’'> have the same general form,
irrespective of the location of the recirculation cell and the possible occurrence of
attachment to the wall of the cavity. This form of <u'v'> consists of two adjacent
layers of opposite sign, which indicates that the oscillations of the shear layer are
organized, rather than broadband. In fact, the magnitudes of the broadband <u'v’ > of
the inflow boundary layer at the leading-comner of the cavity are small in comparison with
the values of organized <u'v’'> in the separated layer along the cavity. This finding
again emphasizes the dominant role of the natural instability of the separated layer and its

coupling with the resonant acoustic field.

8.2 Categorization of Locked-on and Non-Locked-on States of Cavity Oscillation
The traditional view of flow tones is that they are locked-on phenomena, which
means that the motion of the unsteady shear layer along the cavity is phase-locked to the

oscillation of the acoustic field in the resonator. Most previous investigations, as
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summarized in the introduction, have involved the configuration of a side-branch
resonator, or its equivalent, which usually allows resonant acoustic fluctuations of
relatively high magnitude, and well-defined vortex formation along the cavity. In
contrast, the present configuration involves magnitudes of acoustic pressure and velocity
over a wide range, including relative low values of u,./U of the order of 102 FEven
though time-averaged pressure spectra indicate the occurrence of a locked-on flow tone,
the issue arises as to whether the tone is actually associated with the occurrence of
intermittent (non-phase-locked), instantancous states of the unsteady shear layer
oscillation, e.g., vortex formation in the shear layer. Use of the global imaging technique
employed herein, in conjunction with unsteady pressure measurements, has allowed the
first insight into this aspect. The acquisition of instantaneous images was phase-
referenced to the instantaneous pressure signal in the pipe resonator. This approach is
distinctly different from the traditional one based on time- or phase-averag;d
representations of pressure and velocity at defined points. The image-based approach has
revealed three classes of cavity oscillations in presence of an acoustic resonator:

(a) Locked-on flow tone. The locked-on flow tone corresponds to locked-on oscillations
of the unsteady shear layer. If large-scale vortex formation occurs, it is consistently
at the same spatial location for a given phase of a reference pressure signal.

(b) Locked-on flow tone with modulation. The modulated flow tone is associated with
intermittent, but infrequent, dropout from the locked-on state of the oscillating shear
layer. In this case, the overall pattern of the shear undulation, as well as the location
of vortex formation can deviate substantially from the pattern of the locked-on state.

The consequence of this previously unreported phenomenon is that, if phase-
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averaging is employed strictly on the basis of a reference signal in the resonator,
representations of the flow structure will be smoothed, i.e. distorted, in relation to the
representation based solely on occurrences of purely locked-on states of the flow.

From a physical standpoint, when a pipeline-cavity resonator is lightly damped,
and when non-locked-on states of the flow occur, the resonator response is relatively
unaffected except for amplitude modulations, since a large number of cycles of
oscillation are required for the resonator response to decay significantly. It should be
emphasized that this phenomenon is most likely limited to cases where the acoustic
particle velocity u, is very small in relation to the characteristic velocity of the mean
flow U, for the present study, u,/U ~ 1072,

(c) Non-locked-on oscillation with short-term, highly coherent fluctuations. The non-
locked-on oscillation, with short-term, highly organized (coherent) oscillations
occurs for the case where the cavity is long and shallow, and the recirculation cgll is
displaced upstream, in conjunction with flow reattachment to the floor of the cavity.
The patterns of the unsteady shear layer that give rise to the organized oscillations
are non-unique, and involve a flapping state, in addition t6 states with large-scale
vortices along the cavity.

Depending upon which of the foregoing classes of locked-on and non-locked-on states

occur, the form of the instantaneous pressure trace, as well as the amplitude and quality

factor Q of the predominant peak of the time-averaged spectrum will be directly affected.

Locked-on tones involve nearly sinusoidal pressure fluctuations and very high values of

Q factor, sometimes in excess of 2000. Locked-on tones with modulation show time

dependent variations of amplitude of the pressure trace, but still have values of Q factor
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well above the threshold of Q = 200, for which a flow tone occurs. For non-locked-on
oscillations, the pressure trace shows segments of very low amplitude between segments
of nearly sinusoidal oscillation, and the value of Q obtained from the time averaged
spectrum typically falls below the value of Q = 200, and therefore the oscillation is not

categorized as a tone.

8.3 Acoustic Power Generation

Adequate acoustic power must be generated to allow the existence of a sustained
flow tone. The effectiveness of acoustic power generation depends on the magnitude and
the relative direction of the hydrodynamic contribution vectors @ x V and the acoustic
particle velocity u,.. Application of the global quantitative imaging technique provides
information about the regions inside the cavity, where the acoustic power generation is
most effective.

A significant contribution to acoustic power is expected from the distributed
vorticity near the corners of the cavity. In addition, for the cases of long and intermediate
cavity length, the large-scale vortices are also expected to contribute to the acoustic
power integral.

In addition, it is shown that the mean vorticity contributes to the time-averaged

acoustic power integral, along with the fluctuating vorticity component.

40



LIST OF REFERENCES

BLAKE, W. K. 1986 Mechanics of Flow-Induced Sound and Vibration, Vols. 1 and 2.
Academic Press, Inc., NY.

BRUGGEMAN, J. C. 1987 Flow-Induced Pulsations in_Pipe Systems, Doctoral
Dissertation, Technical University of Eindhoven.

BRUGGEMAN, J. C., HIRSCHBERG, A., VAN DONGEN, M. E. H., WIINANDS, A.
P.J. & GORTER, J. 1989 Flow induced pulsations in gas transport systems: Analysis of
the influence of closed side branches. Journal of Fluids Engineering 111, 484-491,

BRUGGEMAN, J. C., HIRSCHBERG, A., VAN DONGEN, M. E. H., WIINANDS, A.
P. J. & GORTER, J. 1991 Self-sustained aero-acoustic pulsations in gas transport
systems: Experimental study of the influence of closed side branches. Journal of Sound
and Vibration 150, 371-393.

COCCOLA, B. J. Jr. 2000 Experimental Investigation of Flow-Induced Cavity
Resonance, Naval Surface Warfare Center, NSWCCD-TR-2000/010 (June), Carderock

Division, West Bethesda, Md 20817-5700.

CREMER, L. & ISING, H. 1967 Die selbsterregten schwingungen von orgelpfeifen.
Acustica 19, 143-153,

DEMETZ, F. C. & FARABEE, T. M. 1977 Laminar and turbulent shear flow-induced
resonances. AIAA Paper 77-1293.

ELDER, S. A. 1978 Self-excited depth-mode resonance for a wall-mounted cavity in
turbulent flow. Journal of Acoustical Society of America 64, 877-890.

ELDER, S. A., FARABEE, & T. M., DEMETZ, F. C. 1982 Mechanisms of flow-excited
cavity tones at low Mach number. Journal of Acoustical Society of America 72, 532-549.

GEVEC], M., OSHKAL P., POLLACK, M. & ROCKWELL, D. 2002 Imaging of the
Self-Excited Oscillations of Flow Past a Cavity During Generation of a Flow Tone.
Submitted to Journal of Fluids and Structures.

HOFMANS, G. C. J. 1998 Vortex Sound in Confined Flows, Doctoral Dissertation,
Technical University of Eindhoven.

HOURIGAN, K., WELSH, M. C., THOMPSON, M. C. & STOKES, A. N. 1990
Aerodynamic sources of acoustic resonance in a duct with baffles. Journal of Fluids and
Structures 4, 345-370.

HOWE, M. S. 1975 Contributions to the theory of aerodynamic sound, with application
to excess jet noise and theory of the flute. Journal of Fluid Mechanics 71, 625-673.

4]



HOWE, M. 8. 1980 The dissipation of sound at an edge. Journal of Sound and Vibration
70, 407-411.

HUANG, X. Y. & WEAVER, D. 8. 1991 On the active control of shear layer oscillations
across a cavity in the presence of pipeline acoustic resonance. Journal of Fluids and
Structures 5, 207-219.

KRIESELS, P. C.,, PETERS, M. C. A. M,, HIRSCHBERG, A., WIINANDS, A. P. J.,
IAFRATI, A., RICCARADI, G, PIVA, R. & BRUGGEMAN, J.-C. 1995 High
amplitude vortex-induced pulsations in a gas transport system. Journal of Sound and
Vibration 184, 343-368.

LANDRETH, C. C. & ADRIAN, R. J. 1989 Measurement and refinement of velocity
data using high-image-density analysis in particle image velocimetry. In Applications of
Laser Anemometry to Fluid Mechanics (eds., R. Adrian, T. Asanuma, D. Durfo, F. Durst,
& J. Whitelaw), Springer-Verlag, NY, 484-497.

LIN, J.-C. & ROCKWELL, D. 2001a Oscillations of a turbulent jet incident upon an
edge. Journal of Fluids and Structures, in press.

LIN, J.-C. & ROCKWELL, D. 2001b Organized oscillations of an initially-turbulent flow
past a cavity. A/44 Journal, in press.

NELSON, P. A., HALLIWELL, N. A, & DOAK, P. E. 1981 Fluid dynamics of a flow
excited resonance. Part I: Experiment. Journal of Sound and Vibration 78, pp. 15-38.

NELSON, P. A., HALLIWELL, N. & DOAK, P. E. 1983 Fluid dynamics of a flow
excited resonance. Part II: Flow acoustic interaction. Journal of Sound and Vibration 91,
375-402.

OSHKAI P., ROCKWELL, D. & POLLACK, M. 2002 Shallow Cavity Flow Tones:
Transformation from Large- to Small-Scale Modes. Submitted to Journal of Sound and
Vibration.

POLLACK, M. L. 1980 Flow-induced tones in side-branch pipe resonators. Journal of
the Acoustical Society of America 7, 1153-1156.

RADAVICH, P. M., SELAMET, A. & NOVAK, J. M. 1999 Acoustic source location in
flow-excited quarter wave resonators. In Internoise 99, Fort Lauderdale, FL, December
6-8, 341-346.

ROCKWELL, D. 1983 Oscillations of impinging shear layers. Invited Lecture, 20"

Aerospace Sciences Meeting of AIAA, January, 1981, Orlando, FL; ATAA Paper 81-
0047; also see AIAA4 Journal 21, 645-664.

42



ROCKWELL. D, LIN, J.-C., OSHKAI, P., REISS, M. & POLLACK, M. 2002 Shallow
cavity flow tone experiments: Onset of locked-on states. Submitted to Journal of Fluid
and Structures.

ROCKWELL, D. & SCHACHENMANN, A. 1982a Self-generation of organized waves
in an impinging turbulent jet at low Mach number. Journal of Fluid Mechanics 117, 425-
441,

ROCKWELL, D. & SCHACHENMANN, A. 1982b The organized shear layer due to
oscillations of a turbulent jet through an axisymmetric cavity. Journal of Sound and
Vibration 85, 371-382.

SCHACHENMANN, A. & ROCKWELL, D. 1980 A quasi-standing-wave phenomenon
due to oscillating internal flow. Jowrnal of Fluids Engineering 102, 70-77.

STOUBQS, A. K., BENOCCI, C,, PALLI E., STOUBOS, G. K. & OLIVARI, D. 1999
Aerodynamically-generated acoustic resonance in a pipe with annular flow restrictors.
Journal of Fluids and Structures 13, 755-778.

ZIADA, 8. 1994 A flow visualization study of flow-acoustic coupling at the mouth of a
resonant side-branch. Journal of Fluids and Structures 8, 391-416.

ZIADA, S. & BUHLMANN, E. T. 1992 Self-excited resonances of two-side-branches in
close proximity. Journal of Fluids and Structures 6, 583-601.

ZIADA, S. & SHINE, S. 1999 Strouhal numbers of flow-excited acoustic resonance of
closed side branches. Journal of Fluids and Structures 13, 127-142.

43



LIST OF FIGURES
Figure 1: Overview of pipeline-cavity system. (From Rockwell et al., 2002.)
Figure 2: Cavity subsystem employed for PIV imaging. (From Geveci et al., 2002.)

Figure 3a: Isometric view (top image) and plan view (bottom image) of pressure
amplitude as a function of frequency and cavity length. Lines shown on plan view
represent fits through peak values of pressure amplitude. (Based on plots of Oshkai,
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4.8, 1.3 m/sec and the incremental values are Av = 1.1, 1.6, and 1.4 m/sec.
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Figure 8a: Time-averaged representations of the unsteady shear layer along the cavity
for a relatively long cavity of length L/D = 2.5 and shallow depth W/D = 0.25. The
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cavity I/D = 2.5 for moderate depth W/D = 0.5 and shallow depth W/D = 0.25. For the
former case, the flow structure is predominantly locked-on, while for the latter, it exhibits
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fluctuation, along with time-averaged spectra and zoomed-in views of the predominant
spectral peak for locked-on flow tone (top set of images); locked-on flow tone with
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Figure 10a: Representations of the hydrodynamic contribution to the acoustic power
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L, normalized with respect to the diameter D of the inflow pipe. In the images, the
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Figure 10b: Representations of the hydrodynamic contribution to the acoustic power
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Figure 10c: Representations of the hydrodynamic contribution to the acoustic power
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Figure I: Overview of pipeline-cavity system, (From Rockwell et al., 2002)
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Figure 4¢: Comparison of time-averaged velocity correlation < u'v' > as a function of cavity length L for
a constant value of cavity depth W, both of which are normalized by the diameter D of the inflow pipe

Minimum negative and positive contour levelsare (<u'v'>) _=-0.9,-23.4,-18.0m’/s’, and (< u'v'>)

‘ m
=103, 23.0, 21.0 m'/s" for the top, middle and bottom images, and the corresponding incremental
valuesare A(<u'v'>)=7.7,11.3,and 20.0m’/s’
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Figure Sb: Comparison of patterns of instantaneous velocity vectors V as a function of cavity length L at a
constant value of cavity depth W, both of which are normalized by diameter D of the inflow pipe.
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Figure S5¢: Comparison of patterns of instantaneous transverse velocity v as a function of cavity length
L at a constant value of cavity depth W, both of which are normalized by diameter D of the inflow pipe.
For the top, middle, and bottom images, the minimum negative and positive levels of velocity are v i =
-0.9,-3.1,-29m/secand v __ =4.2,4.8,1.3 m/secand the incremental valuesare Av=1.1, 1.6,and 1 4
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instantaneous representations of vorticity @ for three different values of phase during the oscillation
cycle. Dimensionless cavity length is L/D = 0.778 and cavity depth W/D = 0.25, in which D is the
diameter of the inflow pipe. For all images, the minimum contour level is m_, = -6000 5", and the

incremental valueis Am=13335".

Figure 7: Patterns of phase-averaged velocity <V> and vorticity <o, along with corresponding
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Figure 8a: Time-averaged representations of the unsteady shear layer along the cavity for a relatively
long cavity of length L/D =2.5 and shallow depth W/D = 0.25. The minimum values of the contours in
each of the images are: (u_)__ =5.5m/sec;(v_)

i

1.6 m/sec; (<u'v'>)_, =-9.6m fsec’; and (<u'v'>)

11 m'/sec’. Corresponding incremental values of contours are Au__ = 0.35 m/sec, Av_ = 0.1 m/sec,

and A<u'v>==6m"/sec’
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Figure 8b: Direct comparison of instantaneous flow structure along a relatively long cavity L/D=2.5
for moderate depth W/D = 0.5 and shallow depth W/D=0.25. For the former case, the flow structure is
predominantly locked-on, while for the latter, it exhibits substantial intermittency, and the selected
images correspond to a locally sinusoidal oscillation. For the contours of constant vorticity o, the

minimum levels are o_, = -500 s” and -2400 s~ for the top and bottom images respectively, The
corresponding incremental values are Ao= 300 and 1700 s”. For the bottom set of images, the
mimmum negative and positive contour levels are (v) ., =-1.8 m/sec, (v) . =3.1 m/sec, and (v) _=-

1.5 mfsec, (v} .. = 2.3 m/sec for the upper and lower images respectively, and the corresponding
1 ] -

incremental valuesare Av=1.7and 1.9 m/sec respectively.
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Figure 9: Comparison of instantaneous images with time traces of the pressure fluctuation, along with
time-averaged spectra and zoomed-in views of the predominant spectral peak for locked-on flow tone
(top set of images); locked-on flow tone with modulation; and non-locked-on flow tone with locally
periodic states (bottom set of images). For the top, middle and bottom sets of images, the values of cavity
length L/D and depth W/D are respectively: L/D=0.595and W/D=0.5: L/D=25and WD=05: L/D=
2.5and W/D=0.25.



Figure 10a: Representations of the hydrodynamic contribution to the acoustic power integral for the
case of a relatively short cavity represented by a relatively small value of L, normalized with respect to

the diameter D) of the inflow pipe. In the images, the minimum values of the contours are (@)__ = -8700
sec ; [(@=V),].. = -5300 m/sec’;[(@xV) ] = 20667 m/sec’; [(@xV) .. = -190000 m/sec’; and

[(xV)',].. = 66000 m/sec’; the corresponding incremental values are Am = 2650 sec”, A (gxV),=

13333 m/sec’, and A (= V) = 84667 m/sec’
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Figure 10b: Representations of the hydrodynamic contribution to the acoustic power integral for the
case of an intermediate value of the cavity length L., normalized with respect to the diameter D of the
inflow pipe. In the images, the minimum values of the contours are (o), = -7000 sec™; [(axV) ]..=-

27000 m/sec’;[(@=xV) ] = 36667 misec’; [(@=xV) ] = -120000 m/sec: and [(0xV)"]. = 71000
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m/sec ; the corresponding incremental values are Am =

sec’, A (mxV).= 33333 m/sec’, and A
(@xV)=63333 m/sec’



=
&
ka
=
b

0.6

B8: 4 1@ 34 38 18 A
Figure 10c: Representations of the hydrodynamic contribution to the acoustic power integral for the
case of a long cavity represented by a larger value of the cavity length L, normalized with respect to the
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