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Control of Cavity Flow
Oscillations by High Frequency
Forcing
Time resolved two-dimensional particle image velocimetry (2DPIV) experiments have
been conducted to contribute to the understanding of the physics governing the suppres-
sion mechanism of cavity flow self-sustained oscillations by means of high frequency exci-
tation of the cavity shear layer. High frequency excitation was introduced by the
spanwise coherent vortex shedding in the wake of a cylindrical rod positioned just
upstream the cavity entrance, at the edge of the incoming boundary layer. The effective-
ness of this suppression was demonstrated for a cavity having the length-to-depth ratio
equal to three, in incompressible flow. The spatial and time resolved PIV measurements
of the whole flow field in the plane normal to the cavity floor, linear stability analysis of
the measured shear layer mean velocity profiles, and preliminary PIV measurements in a
plane parallel to the cavity allowed us to offer a better insight into the involved physical
mechanisms in suppressing cavity self-sustained oscillations. [DOI: 10.1115/1.4006468]

Introduction

Cavity flows arise in many aerospace, automotive, industrial,
and environmental applications. Under specific conditions the
presence of the cavity generates self-sustained oscillations pro-
ducing narrow-band pressure and velocity fluctuations.

The physical process leading to self-sustained oscillations of
the flow cavity at high subsonic flow was evidenced by Rossiter
[1]. Vortical instabilities in the shear layer separating from the
cavity leading edge are amplified as they are convected down-
stream. Upon interacting with the downstream wall of the cavity,
they generate pressure waves which propagate upstream. Recep-
tivity at the upstream edge of the cavity triggers the vortex shed-
ding and regulates the feedback loop. In [1] Rossiter also
developed a semiempirical formula to predict the cavity self-
sustained oscillation frequencies when the geometrical and physi-
cal characteristics of the cavity allow them to occur:

St � f L

ue
¼ n� c

Mþ 1=k

where St is the Strouhal number based on the cavity length L and
on the undisturbed velocity ue, f is the frequency, n is the integer
mode number, M is the Mach number, k is the ratio of the convec-
tion velocity of the structures in the shear layer to the free-stream
velocity, and c is an empirical constant. As suggested by Rossiter
[1], k¼ 0.57 and c¼ 0.25. For high subsonic flow most of the ex-
perimental results are in agreement with the Rossiter formula, but
at very low Mach number a large scatter in the distribution of the
Strouhal numbers for similar conditions are observed, and some
results deviate from Rossiter model.

The important parameters for the flow configuration in a rectan-
gular cavity are the ratios L/H, L/W, and L/h, where H,W, and h
are, respectively, the cavity depth, width, and the upstream bound-
ary layer momentum thickness, and the flow parameters M1,
d*/h, Reh, and prms/q1. d* is the displacement thickness of the
upstream boundary layer, p is the pressure, prms is the root mean
square of the fluctuating pressure, and q1 is the free-stream
dynamic pressure.

Gharib and Roshko [2] identified two oscillation modes in lami-
nar cavity flows, which they denoted “shear layer mode” and
“wake mode.” When the ratio of the cavity length to the incoming
boundary-layer momentum thickness L/h exceeds 80, the self-
sustained oscillations are in the shear layer mode. When the ratio
exceeds 120, however, the oscillations shift to the wake mode,
causing an abrupt increase in the drag. Sarohia [3] found that for a
laminar incoming boundary layer the self-sustained oscillations
occur under the criterion of L/d(Red)1/2 � 290, where d is the
thickness of the incoming boundary layer, and the oscillating fre-
quency jumps to a higher mode as the cavity length increases.

Independently from the generation mechanisms, cavity self-
sustained oscillations, when they occur, produce high amplitude
discrete tones in the pressure (and velocity) spectrum, at well-
defined frequencies, that can lead to structural vibration, intense
noise radiation, and increases in mean drag. Moreover, coupling
between flow oscillations and wall cavity structures may develop
condition of resonance, leading quickly to structural fatigue issues.

An important challenge is then to suppress these large-
amplitude oscillations with the smallest actuator requirements [4].
Passive actuators, as leading edge ramps, spoilers, fences, and
contouring the trailing and/or the leading edges of the cavity have
been successfully tested and some of them applied. They may
reduce the discrete tones by shifting the shear layer reattachment
region downstream of the cavity edge, or by modifying the stabil-
ity characteristic of the shear layer velocity profile, or by disrupt-
ing the shear layer spanwise coherence.

Active open-loop and closed-loop control devices, having as
objective the disruption of the Rossiter feedback loop, have been
also successfully tested. Examples of such devices include oscil-
lating electromechanical and piezoelectric flaps, steady and pulsed
blowing, voice-coil drivers, powered resonance tubes, fluidic
oscillating jets, and synthetic jets. Cattafesta et al. [5] and Rowley
and Williams [4] provide extensive reviews and complete refer-
ence indications of such cavity flow control techniques.

Passive actuators attenuate tones requiring the least expensive
and least complicated devices; however, they often do not work
well at off-design conditions. Active open-loop devices are attrac-
tive for their ability to be activated when needed. They are energy
consuming devices and, like passive actuators, they must be opti-
mized for each flow condition. Active closed–loop devices have
the potential for greater reduction in the cavity tones with much
less power requirement and drag penalty than passive or active
open-loop techniques. In addition, closed-loop control is generally
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less sensitive to changes in operating conditions and can be
adjusted, for example, to flight conditions. Unlikely, complexity
and cost are typically increased since one or more sensors and
accurate dynamic models are required to operate the closed-loop
control.

A typical approach for active flow control is to manipulate the
flow by an external forcing at a frequency of the same order of
magnitude of the system oscillation frequency. In these conditions
the growth of some oscillation modes can be suppressed.

It has been demonstrated that individual tones can be com-
pletely suppressed and also overall sound pressure levels may be
considerably reduced by forcing the cavity shear layer at a fre-
quency about one order of magnitude (or more) higher than the
cavity self-sustained oscillation frequency. High frequency forc-
ing was first introduced by McGrath and Shaw [6], using, as forc-
ing device, the vortices shed from a cylinder in cross flow at the
cavity leading edge, placed in the upstream subsonic boundary
layer. Extensive studies using cylinders were afterward done,
among others, by Shaw [7], Stanek and co-workers [8–10], Smith
et al. [11], Ukeiley et al. [12], and Panickar and Raman [13]. All
of these authors have proven the effectiveness in reducing or sup-
pressing tones and in reducing the broadband spectrum by intro-
ducing high frequency disturbances into the shear layer separating
from the cavity leading edge.

Although it has been demonstrated the effectiveness of this high
frequency forcing, there is a lack of clear understanding of the
physics driving the suppression mechanism. It is necessary to
understand the physics governing this resonance suppression mech-
anism in order to optimize actuator design for achieving maximum
suppression performance. Several hypotheses to explain the tone
suppression have been proposed. In the early work of McGrath and
Shaw [6] emphasis was given to the direct interaction of the shed
vortices by the rod in cross flow with the shear layer instability. Sta-
nek et al. [8] attributed the suppression by high frequency forcing
to an accelerated energy cascade in the conservative part of the
energy spectra, stimulated by the excitation. This accelerated cas-
cade is accompanied by the elimination of all large coherent struc-
tures in the shear layer, reduction in the size of the smallest
identifiable coherent structures, and increase of the viscous dissipa-
tion rate. Ukeiley et al. [12] presented experimental evidence that
the cylinder lifts the shear layer and causes the impingement region
to be altered, affecting the pressure wave source region and conse-
quently interrupting the Rossiter feedback loop responsible for the
cavity self-sustained oscillation phenomenon. Furthermore, Stanek
et al. [9] offered a new model for high frequency forcing. They
stated that high frequency forcing alters the stability characteristics
of the mean flow in the shear layer such that the growth of the large
scale disturbances is inhibited or prevented.

More recently, Stanek et al.’s [10] numerical simulation shows
that the initial spanwise coherence and the successive breakdown
of the pair of opposite sign vortical structures produced by the rod
lead to a dramatic reorganization of the vorticity field in the shear
layer. The authors argue that this specific vorticity reorganization
is responsible for the observed stabilization, leading to the tone
suppression. Panickar and Raman [13], on the basis of measure-
ments in the shear layer and linear stability calculations based on
experimental data, proposed a new model to explain cavity self-
sustained oscillation suppression using high frequency excitation.

According to this model, the suppression is brought about by
introducing high frequency excitation into the shear layer. This
excitation frequency has to be high enough to lie outside the enve-
lope of amplified instabilities such that a dominant part of the
energy of the excited flow in the shear layer is contained within
this frequency. This spanwise coherent, high frequency excitation
introduced by the rod in cross flow just upstream the cavity lead-
ing edge decays rapidly as it is convected downstream along the
shear layer. Later, Sarpotdar et al. [14] demonstrated that the link
between the cavity tone suppression and the influence of the cylin-
der on the shear layer stability is weak. They stated also that other
mechanisms for cavity resonance suppression using the cylinder
in cross-flow configuration, such as high frequency forcing and
shear layer lift-off, will need to be examined more closely before
a conclusive statement can be made.

The primary objective of the current work was to conduct a fun-
damental time resolved 2DPIV experiment in the wall normal
plane of a shallow rectangular cavity, having the ratio length/
depth L/H¼ 3, with laminar incoming boundary layer, subject to
external high frequency forcing. The goal of the work was to con-
tribute to the understanding of the physics governing the suppres-
sion mechanism of cavity flow large amplitude tones by means of
the high frequency excitation of the shear layer. It should be con-
sidered that a better understanding of this control mechanism is
also of great interest for the general approach of flow control in
complex systems. In addition, time resolved PIV allows giving
complete boundary layer, shear layer, and cavity internal flow
measurements of mean and fluctuating flow components and
allows characterizing completely the interaction between the con-
trol device and the flow.

Experimental Setup

Planar PIV time-resolved experiments were carried out in a water
tunnel, 350� 350 mm2 test section, at the Politecnico di Torino.
Figure 1 shows the cavity model in the tunnel test section. The cav-
ity depth H was 10 mm, the cavity length-to-depth ratio was L/
H¼ 3. The center of the cylindrical transverse rod was positioned
at x/H¼�0.5 and y/H¼ 0.5. The rod diameter d was 0.8 mm.

PIV measurements were taken in the streamwise plane normal
to the cavity floor, at the cavity midspan. A preliminary PIV mea-
surement was also done in a plane parallel to the cavity floor at
y/H¼ 0.05.

The PIV system was composed by a Spectra-Physics Argon-Ion
cw laser with a maximum emitted beam power of 6 W and a Dan-
tec MKIII CMOS camera with a resolution of 1280� 1024 pixels
and a maximum recording rate at full resolution of 1000 fps. The
flow was seeded with hollow glass spheres with a nominal diame-
ter of 10 lm. The laser light sheet was about 1 mm thick.

Two successive images were cross correlated to obtain the ve-
locity field using a multigrid algorithm provided by the DAVIS
7.2 software from LaVision, with an initial interrogation window
size of 128� 128 pixels and a final interrogation window size of
32� 32 pixels, with a 50% overlap. Subpixel refinement and win-
dow deformation were applied. The spatial resolution of the mea-
surement was 0.8� 0.8 mm2.

All the PIV measurements were performed at the frequency of
1000 Hz. The exposure time of each PIV image was 190 ls. The

Fig. 1 Experimental setup
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camera has an internal memory of 4GB, which limited the acquisi-
tion time to 3.2 s, giving 3200 images. In order to perform statis-
tics using uncorrelated (statistically independent) data, only two
consecutive images every 100 images were memorized; thus an
effective acquisition rate of 10 Hz was performed. The number of
acquired image pairs for the statistics was 3000. The images for
the time resolved analysis and for the spectral analysis were mem-
orized at the full frequency of 1000 Hz. The spectra were aver-
aged on six packages of 3200 images each.

The uncertainty in measuring the velocity with PIV depends
mainly on the quality of the images, the particle image size, the
particle image density, the displacement of the particles from one
image to the successive, and the velocity gradient. Since the parti-
cle image size was 2–3 pixels and a good contrast between the
particle light intensity and the background light intensity was
obtained, the error in locating the correlation peak was estimated
to be lower than 0.1 pixels (see [15]). Taking into account a dis-
placement of particles from the first to the second image of about
12 pixels in the outer flow and about half of it in the shear layer,
the error in measuring the instant velocity is less than 2%.

The experimental conditions for the baseline (noncontrolled)
flow are listed in Table 1, where ue is the external undisturbed
flow velocity. The Reynolds number ReL¼ ueL/v was 9300. The
Reynolds number Reh¼ ueh/v was 113. The ratio L/h was 81,
which is just above the L/h¼ 80 threshold for the onset of self-
sustained cavity oscillations, as determined by Gharib and Roshko
[2]. The criterion reported in Sarohia [3] to occur self-sustained
oscillations for a laminar incoming boundary layer L/d(Red)1/2 �
290 is also satisfied. Namely, in the present experiment L/d(Red)1/2

¼ 348.
The controlled flow experiments were carried out at same flow

conditions. The vortex shedding frequency from the rod was
f¼ 77.5 Hz (St: f L/ue¼ 7.5), about one order of magnitude
higher than the cavity self-sustained oscillation frequency
expected for the baseline flow.

In Fig. 2 the boundary layer velocity profiles at the cavity lead-
ing edge (x¼ 0) are reported for the baseline and for the con-
trolled flows and compared with the theoretical Blasius velocity
profile for a laminar flow. For the present experimental conditions
the incoming boundary layers appear to be laminar. The velocity

defect due to the rod wake is evident in the case of the controlled
flow. The rod appears situated well outside the incoming bound-
ary layer. It should here reported that Sarpotdar et al. [14] con-
ducted a parametric study to optimize the gap g between the rod
and the cavity wall, founding the optimum gap to be g/d¼ 1.14.
In the present experiment g/d¼ 2.

Results and Comment

Statistical Analysis. The profiles of the streamwise component
of the mean velocity at different distances from the leading edge
are reported in Fig. 3(a) for the baseline and the controlled flows.
Reverse flow near the cavity bottom reveals for both flows the
presence of the large clockwise recirculation zone in the down-
stream part of the cavity. A counterrotating bubble in the upstream
part is poorly evidenced by the velocity profiles, but clearly dis-
cernible looking at the velocity streamline plots, not reported
here. The wake of the cylindrical rod at y/H¼ 0.5 and the shear
layer separating from the cavity leading edge are evident, showing
the expected velocity defect. It is important to observe that the
flow between the rod and the shear layer assumes a velocity nearly
equal to the external velocity for more than 2/3 of the cavity
length, suggesting the absence of direct interference between the
cylinder wake and the shear layer in this region. As it is also con-
firmed by the profiles of the v component of the mean velocity in
Fig. 3(b) the rod and its wake scarcely influence the mean velocity
in the cavity and in the shear layer.

In order to understand if the presence of the rod deflects upward
the shear layer, thereby impairing the efficiency of its interaction
with the aft cavity wall, a measure of the shear layer deflection is
reported in the next figure. The final position yf (at x/H¼ 2.9) of
the velocity streamlines, obtained by averaged velocity maps, as a
function of the initial position yi (at x/H¼ 0.05) is reported in
Fig. 4 for different streamlines in the shear layer and above the
cavity. The comparison between the two flows, the basic and the
controlled one, does not show an evident lift-off of the shear layer
induced by the rod.

The normalized standard deviations of the streamwise u0 and
bottom wall normal v0 components of the fluctuating velocity are
reported in Fig. 5 for the baseline flow and for the controlled flow.

Table 1 Experimental conditions for the cavity flow

ue d h d*/ h Reh ReL L/h

0.31 m/s 2.3 mm 0.37 mm 2.36 113 9300 81

Fig. 2 Mean velocity profiles at the cavity leading edge for the
baseline and the controlled flows

Fig. 3 Normalized streamwise (u/ue) and bottom wall normal
(v/ue) mean velocity profiles at different distances from the
leading edge. Each velocity profile is shifted by 1 with respect
to the previous one. Plain symbols: baseline flow. Empty sym-
bols: controlled flow.
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In Fig. 5 the differences between the controlled and the baseline
flow fields are also reported for u0 and v0. Large velocity fluctua-
tions are observed in the downstream bubble zone, in the shear
layer, and in the rod wake. Quiet flow is observable for both u0

and v0 velocity components in the upstream region, between the
cavity mouth and the rod wake, where the mean velocity assumes
values very close to the undisturbed velocity (Fig. 3). It may be
observed that the velocity fluctuations in the rod wake decay
going downstream, while they appear to be reinforced in the shear
layer. Peaks of fluctuations of both velocity components are
observed in the shear layer in the region between x/H =2 and x/H
=3. A different behavior is observed for u0 and v0 in the shear layer
of the baseline flow and of the controlled flow. While the peak
value of u0 increases of about 30% in the controlled flow with
respect to the baseline case, the peak value of v0 decreases of
about 15%.

The increase of the longitudinal u0-velocity fluctuations is due
to velocity induced by the vortices traveling in the rod wake. This
is consistent with the fact that the observed increase of u0 is more
evident in the downstream region, where the rod wake interacts
with the shear layer. The decrease of v0 in the case of the con-
trolled flow may be explained after examining the vorticity field.

In Fig. 6 the mean and the standard deviation of the spanwise
normalized vorticity are reported for the baseline and the con-
trolled flows. The differences between the two flows are also
reported. High values of the mean vorticity x are shown in the
shear layer, in the rod wake, and in the downstream recirculating
bubble. Anticlockwise (positive) vorticity are evidenced, near the
aft wall, induced by the clockwise (negative) bubble. In both flows
the absolute value of the mean vorticity in the shear layer assumes
a peak value at about x/H¼ 0.3 in the proximity of the leading
edge and then decays going downstream, assuming higher values
in the case of the baseline flow. Actually, the distribution of the
absolute value of the mean vorticity along the shear layer shows a
reduction up to 20%, in the last 2/3 of the cavity shear layer, for
the case of the controlled flow with respect to the basic flow. In
the case of the controlled flow, the distribution of the vorticity
standard deviation x0 along the shear layer shows an increase in
the upstream region (x/H � 1/3) up to about 100% and a reduction
up to 15% in the downstream region. The increase of x0 in the
upstream region is due to the train of weak vortices traveling
along the shear layer induced by the cylinder von Karman wake.
The presence of these vortices will be highlighted in Fig. 7. The
reduction of the mean spanwise component of the vorticity abso-
lute value and of its standard deviation in the downstream region
is provoked by the development of the rod wake. In fact it has
been recently demonstrated by means of numerical simulations

(Stanek et al. [10]) that the initial spanwise coherence and the suc-
cessive breakdown of the pair of opposite sign vortical structures
injected at high frequency by the rod lead to a reorganization of
the vorticity field in the cavity shear layer. In particular, the vorti-
cal structures in the shear layer lose in part their spanwise coher-
ence, already in the region close to the leading edge, showing
consequently a new organization with their axis more often ori-
ented in the y direction and in the x direction rather than in the z
direction. This effect justifies, to a good extent, the measured
reduction in the mean and fluctuating spanwise component of the
vorticity in the case of the controlled flow in the shear layer
region. Moreover, the reduction of the vorticity absolute value in
the controlled shear layer can be in part attributed to an unwind
action by the positive Karman vortices in the cylinder wake lower
side, as it will be evidenced later. The early loss of spanwise co-
herence of the structures in the shear layer justifies also the
observed reduction of the v0 component of the fluctuating velocity
shown in Fig. 5 for the case of controlled flow.

Considering the fact that the reorganization of the spanwise
vorticity in the shear layer due to the high frequency vortex shed-
ding from the cylinder may play an important role in the suppres-
sion of the cavity tone [10], ad hoc preliminary PIV experiments
have been done in a plane (x,z) parallel to the cavity floor, at y/
H¼ 0.05. The results are reported in the Appendix. The observa-
tion of the spanwise correlation analysis of the streamwise veloc-
ity in the plane (x,z) confirms the numerical results of Ref. [10],
showing the dramatic loss of spanwise coherence already very
close to the leading edge, in the case of the controlled flow. It
should be recalled that Stanek et al. [10] affirm that this specific
reorganization is responsible for the cavity tone suppression.

Instant Field and Velocity Spectra. Samples of snapshots vis-
ualizing instantaneous spanwise vortices are shown in Fig. 7. To
detect vortical structures in the measurement plane, the kci vortex
identification criterion was used, where kci is the swirling strength
as introduced by Zhou et al. [16]. The same methodology was
applied by Haigermoser et al. [17] in their investigation of a cavity
flow with a thick incoming turbulent boundary layer. Clockwise
vortices, due to Kelvin-Helmholtz instability, are identified in the
shear layer of the baseline flow. By the visual observation of
the time resolved sequence of snapshots like the one in Fig. 7(a), in
the baseline flow, the vortices are seen to grow up going down-
stream inside the shear layer. They start to be observable at about x/
H¼ 1 and then are convected downstream with a well identifiable
constant periodicity. Simply from the visual analysis of the time
resolved sequence of snapshots, counting the number of vortices
going through a given point in the shear layer, a uniquely individ-
uated frequency of 10 Hz (St¼ 1) is easily measured.

The time resolved snapshots of the controlled flow show a very
regular shedding of vortices (von Karman wake) downstream the
rod, at the expected frequency of 77.5 Hz (St¼ 7.5), about one
order of magnitude higher than the frequency of the vortices shed
in the shear layer of the baseline flow. A sequence of weaker vor-
tices is also visible in the controlled shear layer, starting upstream
the cavity leading edge. They are seen to be highly correlated
with the vortices shed by the rod and to travel at the same speed.
Going downstream in the shear layer these vortices are weakened
and new stronger vortices start to be visible in the region behind
x/H % 2 at a not uniquely individuated frequency. They appear
strongly disturbed by the structures re-emitted in the shear layer
from the downstream recirculating flow inside the cavity and by
the cylinder von Karman wake. The formation of these vortices
does not shows constant periodicity, as in the case of the baseline
flow. Furthermore, from the time resolved sequence of snapshots,
like the one in Fig. 7(b), it is observed an unwind action by the
positive Karman vortices in the cylinder lower wake, causing a
weakening of the (irregular) shear layer vortices.

The description of the flow behavior, previously given on the
base of the visual observation of the time resolved snapshot

Fig. 4 Final position yf of the streamlines at x/H 5 2.9 as a
function of the initial position yi at x/H 5 0.05
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sequences, is quantitatively highlighted in Fig. 8 by the power
spectral density Pv of the bottom wall normal component of the
velocity, computed along the cavity mouth. In order to highlight
small amplitude values of the power spectrum, Pv is diagrammed
in logarithmic scale for the first two measurement positions. At x/
H¼ 0.24, very near the cavity leading edge, the two spectra, for
the baseline and the controlled flows, show a very small energy
content peak at low frequency, around Strouhal number equal
one. The remaining part of the spectrum appears to be flat for the
baseline flow, while a small peak is present in the case of the con-
trolled flow at St¼ 7.5, corresponding to the frequency of the von
Karman vortex shedding from the cylindrical rod. This peak

appears greatly reduced already at x/H¼ 0.75 and it is not visible
in the further downstream measurement positions. This is consist-
ent with the visual observation of the sequence of images like the
one in Fig. 7(b) for the controlled flow, where the shown vortices
traveling in the shear layer of the cavity leading edge region,
highly correlated with the von Karman cylindrical wake, decay
going downstream. Observing the downstream spectra, from x/
H¼ 1.2, a narrow peak of Pv starts to be visible for the case of the
baseline flow, at St¼ 1, increasing in amplitude going toward the
cavity trailing edge. The frequency of this discrete tonal peak cor-
responds to the second mode predicted by the Rossiter formula,
St¼ 0.997 (c¼ 0.25 and k¼ 0.57, as suggested by Rossiter [1]). A

Fig. 5 Normalized standard deviation of the streamwise fluctuating velocity: (a) baseline flow u0BF/ue; (b) con-
trolled flow u0CF/ue. Normalized standard deviation of the bottom wall normal fluctuating velocity: (c) baseline flow
v0BF/ue; (d) controlled flow v0CF/ue. (e) fi (b)–(a); (f) fi(d)–(c). Dashed lines indicate negative values.
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small peak also starts to be observable, at about St¼ 1.6, in the
downstream locations. This value is very close to the one given by
the Rossiter formula for the third mode, St¼ 1.567.

The discrete tonal peak present in the velocity spectra of the
baseline flow appears to be suppressed in the controlled flow, where
the spectra show only a low amplitude broadened peak around
St¼ 1. This broadened peak is due to the transit of vortices at a not
uniquely individuated frequency, as previously pointed out in the
description of the time resolved sequence [see Fig. 7(b)].

A comment should be done about the fact that in the baseline
flow the tonal frequency has been found to correspond to the sec-
ond mode predicted by the Rossiter formula. Sarpotdar et al. [14]
showed a comparison between experimentally observed Strouhal

number of the dominant instability associated with cavity tones in
their experiments on a cavity with L/H¼ 2 and the prediction of
the Rossiter formula. It appears from the comparison (Fig. 4 of
their paper) that at high Mach number their experimental data are
in good agreement with the theoretical prediction, showing a tonal
frequency corresponding to the first mode predicted by the Ros-
siter formula, with k¼ 0.75 and c¼ 0.30. However, at very low
Mach numbers, M< 0.3, the experimental cavity tone frequency
shifts to a value very close to the one corresponding to the second
mode predicted by Rossiter. Similar behavior was observed by
Gharib and Roshko [2] in their experimental investigation of
incompressible flow over an axisymmetric cavity. The authors
observed that the cavity oscillates in mode II or mode III, always

Fig. 6 Normalized mean vorticity: (a) baseline flow xBFH/ue; (b) controlled flow xCFH/ue. Normalized vorticity
standard deviation: (c) baseline flow x0BFH/ue; (d) controlled flow x0CFH/ue. (e) fi (b)–(a); (f) fi (d)–(c). Dashed lines
indicate negative values.
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omitting the first mode. These results appear to be in agreement
with the present low Mach number measurements.

It should be noticed that the nature of the self-sustained oscilla-
tions in cavities at very low Mach numbers has been object of
debate. Tam and Block [18] claimed that at very low Mach num-
bers the cavity physics is dominated by normal mode resonance. If
this were the case, their model would predict, in the present experi-
ment, oscillations at very much higher frequency (see Fig. 18 in

their paper). More recently Chatellier et al. [19] argued that the
self-sustained oscillations, in very low subsonic flows, can be a
direct consequence of the natural instability of the cavity shear
layer, strongly enhanced by the presence of the cavity downstream
edge. In this case, the feedback process is a quasi immediate conse-
quence of the hydrodynamic disturbance occurring at the down-
stream edge. This mechanism was defined as a fluid-dynamic
oscillation mode in the Rockwell and Naudascher review [20],

Fig. 7 Visualization of the instantaneous swirling strength. (a) Basic flow and (b) controlled
flow. Dark gray: clockwise vortices (negative). Light gray: counterclockwise vortices (posi-
tive). More intense gray levels correspond to stronger vortices.

Fig. 8 Normalized power spectral density P(adim) 5 Pv/(ueH) of the bottom wall normal compo-
nent of the velocity along the cavity mouth, at different distances from the leading edge. Black
line: baseline flow. Gray line: controlled flow.
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where the Rossiter mechanism was defined as a longitudinal fluid-
resonant mode.

Finally, it should be observed that the cavity flow is a compli-
cated dynamical system and, due to the amount of geometrical and
physical parameters involved, the mechanism of self-sustained
oscillations is not yet completely characterized. Although the object
of the present work was not to speculate on the nature of the self-
sustained oscillations in a very low Mach number cavity flow, a
valuable contribution comes out from the present space and time
resolved measurements. Vortical structures have been detected
traveling in the shear layer of the baseline flow towards the trailing
edge with a well individuated discrete frequency (the St¼ 1 tonal
peak in the velocity spectrum), corresponding to the second mode
predicted by the Rossiter formula. Moreover, a second smaller peak
can be observed in the velocity spectrum at a frequency very close
to the third Rossiter mode.

Stability Analysis. In order to try to understand how the modifi-
cation of the baseline flow produced by the control affects the sta-
bility characteristics of the shear layer, a linear stability analysis
has been performed on the experimentally measured shear layer
mean velocity profiles downstream the cavity leading edge. In order
to apply the classical Orr-Sommerfeld equation, the flow has been
assumed to be locally parallel. This assumption is justified by the
fact that in the shear layer and in the von Karman wake the ratio
between the y component and x component of the mean velocity
does not exceed 7% in the region where the stability analysis is
applied. Locally higher values are present inside the cavity.

The Orr-Sommerfeld equation has been numerically solved by
means of a fourth-order finite difference method in the computa-
tional domain –H � y � ymax, with ymax six times larger than the
boundary layer thickness. At y¼�H the physical no-slip bound-
ary conditions have been applied, while at y¼ ymax a free-stream
condition has been imposed. The time amplification coefficients ci

obtained from the numerical solution have been then transformed
into spatial amplification factors ai by means of the following
relation [21]:

ai ¼ �
�kci

@x

@ �k

where x is the pulsation and �k is the wavenumber. Figure 9 shows
the resulting spatial amplification factor, normalized with the cav-

ity depth H, as a function of the Strouhal number, for three sec-
tions downstream the cavity leading edge.

A first observation is that the presence of the rod does not alter
significantly the stability characteristics of the shear layer;
namely, the spatial amplification factor and the range of unstable
frequencies are only slightly reduced by the control. An important
find is that the instability corresponding to the second Rossiter
mode at St¼ 1 lies within the envelope of the most amplified fre-
quencies, conversely the Strouhal number corresponding to the
vortex shedding frequency from the rod (St¼ 7.5) lies well out-
side the amplification envelope in the region where there is no
spatial growth of the instability modes. Thus, disturbances in the
shear layer at the rod von Karman shedding frequency, according
to the linear stability theory, are expected to decay in the stream-
wise direction. This is in agreement with what is observed analyz-
ing the time resolved sequences of snapshots, like the one in
Fig. 7, and with the results of the spectral analysis of the y compo-
nent of the velocity in the shear layer (Fig. 8).

Moreover, the time resolved sequences have shown that irregu-
larly generated vortices of considerable intensity take form down-
stream in the shear layer, in the region close to the cavity trailing
edge, also in the case of the controlled flow [see Fig. 7(b)]. These
large structures produced by the Kelvin-Helmholtz hydrodynamic
instability can still be amplified because the range of unstable fre-
quencies is only slightly reduced by the control.

Drag Analysis. Further information about the behavior of the
baseline and controlled flow inside the cavity may be deduced
from a global analysis, looking at the instantaneous flow momen-
tum flux through the cavity mouth or looking at the associated
drag applied to the cavity wall. Assuming that the presence of the
cavity does not influence the flow upstream and downstream,
the momentum balance applied to the flow inside the cavity gives
the relation between the drag force on the cavity walls and the
momentum flux across the cavity mouth. The instantaneous drag
per unit spanwise length is given by Haigermoser et al. [17]:

DðtÞ ¼
ð
ðc:m:Þ

�quvþ l
@u

@y

� �
dl

where u and v are the instantaneous component of the velocity
and the momentum flux and the shear stress are integrated along
the cavity mouth (c.m.).

In Fig. 10 the instantaneous cavity drag coefficient CD(t)¼ 2D/
(que

2H) is displayed as a function of time for the baseline and the
controlled flows. These time histories show the global unsteady
nature of the two flows in the measurement plane. Instants of neg-
ative drag are present in the two time histories. Examining the
baseline flow, a drag fluctuation of relatively high frequency,
around 10 Hz, superimposed to a lower frequency fluctuation of
larger amplitude appears evident. It is difficult to characterize
quantitatively this low frequency oscillation, due to the shortness
of the recorded time histories, limited to 3.2 s each. Approxi-
mately from two to four oscillations are observed in each time his-
tory, like the one in Fig. 10 for the baseline flow. The lower
frequency oscillation may be tentatively attributed to a kind of
flapping motion involving the whole cavity shear layer. This low
frequency oscillation is also present in the case of the controlled
flow with about comparable frequency and amplitude.

The observed higher frequency of about 10 Hz (St¼ 1) corre-
sponds to the frequency of the second Rossiter mode and it is attrib-
utable to the dynamics of the vortical structures along the cavity
mouth. High frequency oscillations are also observable in the drag
time histories for the controlled flow, but they are of smaller ampli-
tude and they show considerable variation in frequency.

In order to visualize the flow in instants of high and low drag, a
conditional average of the flow fields based on CD>CD,mean

þCD,rms and CD<CD,mean�CD,rms was performed, leading to
the flow configurations in Fig. 11. It is clearly noticed for both

Fig. 9 Dimensionless spatial amplification factor as function
of the Strouhal number. Plain symbols: baseline flow. Empty
symbols: controlled flow.
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the baseline and the controlled flows that instants of high drag
are connected with an inflow into the cavity, whereas instants
of low drag are connected with outflow. Howe [22] also found
such a relation between cavity oscillations and the drag. In the

case of controlled flow the primary recirculation zone appears
enlarged. For both flows the mean detachment point of the back-
ward flow on the bottom wall is moved closer to the leading edge
in the case of inflow and the shear layer impinges onto the top of

Fig. 10 Instantaneous cavity drag coefficient per unit spanwise length in function of time
(seconds)

Fig. 11 Conditional averaged streamlines

Fig. 12 Instantaneously detected vortices superimposed to the velocity field for the baseline flow
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the forward facing step, while it jumps over the cavity in the case
of outflow.

It has been previously observed that the drag oscillations, and
consequently the inflow-outflow processes, are due to the dynam-
ics of the vortical structures along the cavity mouth.

PIV measurements allow us to visualize this process. In Fig. 12
instantaneous detected vortices are shown superimposed to the ve-
locity field for the baseline flow. Figure 12(a) refers to an instant
of high drag (inflow) and Fig. 12(b) refers to an instant of low
drag (outflow). It is clearly seen that outflow takes place when the
vortex jumps over the trailing edge; conversely inflow takes place
when the vortex is approaching the trailing edge. Similar oscillat-
ing behavior is observed in the case of the controlled flow, not
shown here.

Shear layer oscillating behavior is also described by Ukeiley
and Murray [23]. They demonstrated the pumping action occur-
ring in an open cavity (with L/H¼ 5.16 and subsonic flow
M¼ 0.2), showing cycles of inhalation phase followed by exhala-
tion phase. They observed that the pumping cycles are driven by a
build up of fluid beneath the shear layer.

Finally, the observed inflow and outflow oscillations and flow
continuity suggest for the baseline and the controlled the existence
of a transversal periodic motion. This is highlighted also by the
spiral nature of the primary recirculating bubbles in Fig. 11.

Conclusions

Time resolved PIV measurements have been applied to nomi-
nally 2D cavity flows having the ratio length-to-depth L/H¼ 3.
The primary objective was to contribute to the understanding of
the physics governing the suppression mechanism of the cavity
flow self-sustained oscillations by means of a cylindrical rod posi-
tioned transversally just upstream the cavity entrance. The rod
was positioned at the external edge of the incoming boundary
layer. The present measurements confirm the effectiveness of this
device for the cavity self-sustained oscillations suppression.

As reported in the Introduction, several physical mechanisms
have been hypothesized to explain the cavity tone suppression
resulting from the use of the cylinder in cross flow. The most
accredited mechanisms are that the suppression is due (a) to the
lifting-off of the shear layer, (b) to the altered stability characteris-
tics of the shear layer, (c) to a specific reorganization of the vortic-
ity in the shear layer due to the spanwise breakdown of the
initially spanwise coherent pair of counterrotating vortices in
the cylinder wake, and (d) to a disturbance effect provoked by the
direct interaction of the cylinder wake with the shear layer.

It has to be expected that various causes may simultaneously
concur to the cavity tone suppression by the rod in cross flow, but
the present experimental results almost exclude contributions to
the observed tone suppression by the first two mechanisms (a) and
(b). The result in Fig. 4 does not show evident lift-off of the shear
layer induced by the rod to justify the cavity tone suppression.
The result in Fig. 9 shows that the presence of the rod does not al-
ter significantly the stability characteristics of the shear layer.
Namely, the spatial amplification factor and the range of unstable
frequencies are only slightly reduced by the control.

About the third mechanism the present results show that a rear-
rangement of the vorticity field takes place, due to the presence of
the rod, producing reduction of the spanwise coherence of the vor-
tical structures in the shear layer. As observed by Stanek et al.
[10], this vorticity reorganization is in the direction of more ran-
dom field; therefore pushing the flow toward stability and contrib-
uting to the cavity tone suppression. In addition, the results in
Figs. 5 and 6 show that a direct interaction between the cylinder
wake and the shear layer takes place in the region near the cavity
trailing edge. It may be argued that this interaction also contrib-
utes to a less two-dimensional organized motion of the vortices in
the shear layer and to the reduction of the negative vorticity in the
shear layer due to an expected unwind action by the positive Kar-
man vortices in the cylinder wake lower side.

The scenario which appears from the present results for the con-
trolled flow is the following. The high frequency excitation, due
to the unsteady wake of the cylindrical rod, controls an instability
process in the shear layer, near the leading edge, by forcing it at a
frequency corresponding to the von Karman vortex shedding fre-
quency (Fig. 7). As shown by the stability analysis and as found
by Panickar and Raman [13], this high frequency excitation lies
outside the envelope of the amplified instabilities (Fig. 9) then
decays rapidly as it is convected downstream along the shear layer
(Fig. 8). Moreover, vortical disturbances at a frequency of the
order of the tone frequency for the baseline flow, appear in the
controlled shear layer from about 2/3 of the cavity and are ampli-
fied going downstream (Figs. 7 and 8). These vortices, possibly
due to the previously mentioned mechanisms (c) and (d), do not
show the regular behavior expected in the case of self-sustained
oscillation conditions, as in the case of the uncontrolled flow.
They give rise only to a modest broadened peak in the velocity
spectra (Fig. 8).

A global analysis of the flow field by looking at the cavity in-
stantaneous drag per unit span shows for the baseline flow a drag
fluctuation of relatively high frequency superimposed to a lower

Fig. 13 Spanwise autocorrelation function of the streamwise
component of the velocity at y/H 5 0.05 and at different distan-
ces from the cavity leading edge. Plain symbols: baseline flow.
Empty symbols: controlled flow. (a) x/H 5 0.4; (b) x/H 5 1.1; and
(c) x/H 5 2.9.
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frequency fluctuation of larger amplitude. The observed high fre-
quency corresponds to the frequency of the cavity tone (St¼ 1)
and it has been attributed to the dynamics of the vortical structures
along the cavity mouth. The approaching of a vortical structure to
the trailing edge induces inflow, causing high drag, conversely a
vortical structure passing the trailing edge induces outflow, caus-
ing low drag. A similar process is observed for the controlled
flow, but the drag oscillations show considerable variation in fre-
quency and appear to be of smaller amplitude with respect to the
one in the baseline flow.

The low frequency oscillation has been tentatively attributed to
a kind of flapping motion involving the whole cavity shear layer.
This low frequency oscillation is also present in the case of the
controlled flow with comparable frequency and amplitude.

Appendix

Results of a preliminary PIV experiment performed in the plane
(x,z) parallel to the cavity floor at y/H¼ 0.05 are reported in this
Appendix. The flow conditions are the same of the PIV measure-
ments in the plane (x,y), reported in Table 1.

The spanwise autocorrelation function of the streamwise com-
ponent of the velocity Ruu at different distances from the cavity
leading edge, is shown in Fig. 13. Near the leading edge and at
about half cavity length, the correlation Ruu shows for the con-
trolled flow a much smaller spanwise integral scale with respect to
the case of the baseline flow, while near the trailing edge the
scales of the two flows appear comparable.
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