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Active flow control of cavity tones has been successful in controlling Rossiter tones in 
both subsonic and supersonic flows.  While closed-loop control promises the lowest actuator 
power requirements and the ability to adapt to changing flow conditions, so far it has only 
been demonstrated on subsonic cavities.  Suppression of Rossiter tones in supersonic cavities 
has been demonstrated using open-loop techniques.  Progress and issues related to closed-
loop control and controlling supersonic cavities are reviewed. 

Nomenclature 
Acavity = cavity area length x width 
Ainj = injector area 
a = local speed of sound 
Bc = blowing coefficient 
L = cavity length 
M = Rossiter mode number, 1, 2, 3… 
m&  = mass flow through actuator 
M = Mach number 
N = phase delay factor in Rossiter equation 
U = freestream flow speed 
St = dimensionless frequency 
Vinj = average velocity exiting actuator 
Vw = actuator injection velocity 
W = cavity width 
δ = boundary layer thickness 
γ = ratio of specific heats 
κ = shear layer wave speed normalized by freestream speed 
ρ∞ = freestream density 
ρw = actuator fluid density 

I. Introduction 
ECENT progress in active flow control of cavity acoustic tones is reviewed with attention toward supersonic 
flow and advances in subsonic closed-loop control.  Although closed-loop flow control techniques have been 

successful in reducing noise levels in subsonic cavities, acoustic tones in supersonic cavities have only been 
suppressed with passive, open loop and quasi-static closed loop techniques1.  Nevertheless, the closed-loop control 
techniques being developed for subsonic flow cavities will extend to the supersonic case, once sufficiently energetic 
and broadband actuators are developed. 

 R

 
Research into controlling cavity acoustic tones is primarily motivated by the need for fighter aircraft to carry stores 
internally in a weapons bay2.  Aircraft survivability could be enhanced if stores could be released during supersonic 
flight conditions, which implies increased sound pressure levels relative to subsonic flight.  Even at subsonic Mach 
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numbers, large amplitude acoustic tones exceeding 160 dB may occur, resulting in structural fatigue within the 
aircraft or ordnance from exposure to such large sound levels.  McGregor & White3 determined cavity drag levels 
were 250 percent larger during acoustic resonance compared to drag at non-resonant conditions.  Store separation 
characteristics may be different under resonant conditions.  For these reasons, some type of sound suppression 
technique is needed.   
 
In supersonic and hypersonic flows, cavity flows also arise naturally in compression corners, as the boundary layer 
separates from the wall upstream of the corner, and reattaches downstream.  Early studies of this type of impinging 
shear flow were performed by Bogdonoff and his colleagues at the Princeton Gas Dynamics Laboratory Refs.[4, 5]..  
Although details of the unsteadiness were not explored, and in particular it was not clear whether resonant tones 
were present, Bogdonoff proposed that the unsteadiness in these flows could be reduced or eliminated by injecting 
mass into the cavity, at a rate equal to the entrainment by the separated shear layer, Bogdonoff6.  One would indeed 
expect such a technique to be effective, but in practice prohibitively large amounts of mass are required, so other 
solutions are also of interest. 
 
The standard technique for reducing acoustic tones in a weapons bay is to deploy a perforated fence or spoiler at the 
leading edge of the cavity when the weapons bay doors are opened7.  The effectiveness of passive flow control 
devices is limited to speeds close to the design condition, and the device may even increase sound pressure levels at 
off-design conditions2,8.  Passive devices increase the drag on the flight vehicle, requiring an increase in thrust to 
maintain constant speed.  Given these limitations, active flow control methods of sound suppression are being 
investigated that can adapt to changing flight conditions, and which do not incur significant drag penalties.  A 
variety of active flow control techniques are being 
investigated to determine their sound suppression 
capabilities and to evaluate their potential to replace 
passive devices.  Before describing the active flow 
control techniques, a brief review of the basic sound 
production mechanisms in cavities is helpful for 
understanding the active flow control techniques. 
 

A. Cavity Tone Production Mechanisms 
 

There are at least four mechanisms by which cavities 
can resonate9.  The first is by normal acoustic modes 
in the longitudinal or transverse directions, which are 
excited by vortex propagation in the shear layer10.  This mechanism occurs at lower flow speeds, and is common in 
automobiles with sunroofs.  A second mechanism known as the “wake mode” was first observed in experiments by 
Gharib and Roshko11.  This instability leads to extremely large disturbance amplitudes, and is associated with an 
absolute instability of the shear layer.  While commonly seen in two-dimensional numerical simulations12, it is not 
so common in experiments, probably because of three-dimensionality in the experimental flows.  Helmholtz 
resonance is a third type of instability that occurs between the bulk volume and oscillating acoustic field at the 
opening of the cavity.  The fourth mechanism for cavity resonance is known as the “Rossiter mode13”, involves 
coupling between the Helmholtz shear layer instability and longitudinal acoustic modes in the cavity.  The Rossiter 
mechanism is the most relevant to aircraft cavities.   

 

 

tvortex = L/Uv 

tacoustic = L/c 

ta + tv = (m-n)/f 
U/c + U/Uv = (m- γ)U/fL 
fL/U = (m-γ)/(M + 1/κ) 
where κ = Uv/U 

Figure 1. Sketch of flow over the cavity showing the time 
delays associated with the Rossiter mechanism. 

   
The acoustic tone generation mechanism in cavities with high speed external flow speeds was first identified by 
Rossiter13.  The Rossiter mechanism sketched in Fig. 1 consists of four elements: 1) growth and convection of 
vorticity waves in the shear layer, 2) creation of an oscillating pressure field through interaction of the shear layer 
with the downstream end of the cavity, 3) acoustic feedback by upstream propagation of the acoustic waves in the 
cavity, and 4) conversion of the acoustic field into vorticity waves through receptivity at the upstream edge of the 
cavity.  This mechanism applies to both subsonic and supersonic flows.   
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An improved version of Rossiter’s formula introduced by Heller and Bliss14 is 
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For Mach numbers less than about M < 0.2, the normal acoustic modes appear to be the dominant mechanism, 
according to Tam & Block10.  Their careful measurements showed that a gradual transition occurs between the 
normal acoustic modes and Rossiter modes as the Mach number increases.   
 
As the Mach number increases from M ~ 0.2 into the supersonic regime (until M ~ 3 – 5) the Rossiter mode 
dominates.  An example of the acoustic spectrum showing five Rossiter at M = 1.86 is shown in Fig. 2.   
 
 
Each curve in the figure corresponds to a different stagnation pressure, which has no effect on the Rossiter mode 
frequency, but does change the overall sound pressure level.  A linear dependence of the overall r.m.s. pressure 
fluctuation level on the stagnation pressure is shown 
for two independent experiments in Fig. 3.  Data at 
M = 2.0 from Zhuang, et al.15 is superposed with data 
from a recent experiment at Illinois Institute of 
Technology at M = 1.86.  At the time of this writing, 
there is some question about the accuracy of the IIT 
calibration, but the linear behavior is correct, 
supporting Zhuang et al.’s measurements. 
 
There does appear to be an upper Mach number limit 
to the validity of the Rossiter mechanism.  At high 
supersonic Mach numbers (M ~ 5) Ünalmis, et al.16 
found the coherence between the acoustic field and 
the shear layer oscillations decreased.  As the Mach 
number increases, the Rossiter tone frequencies 
approach those of normal acoustic modes, making it 
difficult to distinguish the two mechanisms.  
Ünalmis, et al. suggest that the Rossiter mechanism 
may not represent the correct flow physics at high 
supersonic Mach numbers.   
 
The following discussion on active flow control techniques is limited to controlling the Rossiter resonance 
mechanism. 

Figure 2. Fluctuating pressure spectra in an L/D = 4 
cavity at M=1.86. 
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Figure 3. Overall r.m.s. pressure fluctuation levels in 

two different cavities.  Data from IIT and Zhuang, et al. 
AIAA 2003-3101. 
 

 

II. Supersonic Cavity Sound Suppression by Active Flow Control 
As previously mentioned, the passive control techniques work well at design Mach numbers, but may enhance the 
sound levels at off-design conditions.  Modern techniques of active flow control are of interest, because in principle, 
they allow adjustment to changing flow conditions, and can be optimized in real-time flight situations.  The strategy 
for active flow control suppression of the Rossiter mechanism is quite simply to disrupt one of the four elements in 
the feedback mechanism.  Breaking the feedback loop can be done in many different ways, and the cavity response 
is equally varied.  Therefore, controlling cavity tones has become a canonical problem for the active flow control 
community.  We will begin by examining the sound suppression approaches used in supersonic flow control, then 
discuss progress made in the dynamic type of closed-loop control of subsonic flows.  Following Cattafesta, et al.17, 
“dynamic” closed loop control refers to actuator response on a time scale commensurate with the Rossiter mode.  
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“Quasi-static” closed loop control refers to feedback on a much longer time scale, usually when averaging has been 
done to achieve a measurement of the r.m.s. level. 
 
A summary of active flow control experiments aimed at controlling supersonic cavity flows is listed in Table 1 in 
the appendix.  The table is an updated version of data originally presented by Cattafesta, et al.17.  With the exception 
of the Shaw & Northcraft experiment (quasi-static closed loop) and Cattafesta experiment (dynamic closed loop), all 
control techniques for suppressing tones in supersonic cavities have been either passive or open loop approaches.  
The active control actuators include static and oscillating fences and flaps, steady and pulsed air injection systems at 
low and high frequencies relative to the Rossiter tones, rods oriented in the cross flow direction to produce high 
frequency vortex shedding, and micro-jets.  For steady and pulsed jet-type actuators, the blowing coefficient defined 
by Vakili & Gauthier18 is a common measure of the forcing amplitude with pulsed and steady blowing 
actuators
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ρ & .  From Table 1 we find values of Bc ranging from 0.09% with helium injection19 

to a high value of Bc = 7% for pulsed air injection20 at low frequencies.  Zhuang, et al. show a comparison of the 
acoustic spectrum at M=2 with and without micro-jet control in Fig. 4.  It is clear that micro-jets reduce the 
broadband spectrum in addition to the specific Rossiter tones. 
 
The mechanisms by which the acoustic resonance is disrupted resulting in reduced Rossiter tone amplitudes can be 
summarized as: 

• “Lifting” the shear layer which changes the downstream reattachment point21,22 
– modification of mean shear profile combined with lifting23 

• Change of shear layer stability characteristics by thickening the shear layer12,19 
• Low-frequency excitation of the shear layer at 

off-resonance condition20,22,24-30 
• High-frequency (hifex) excitation19,30 

– Accelerated energy cascade in inertial 
range “starves” lower frequency 
modes31 

– Mean flow alteration, which changes 
stability characteristics32 

• Oblique shock flow deflection and reduction of 
longitudinal flow speed6 

• Cancellation of feedback acoustic wave33 
The first five mechanisms are associated with passive 
and open-loop forcing experiments.  The last 
mechanism refers to the approach used by Cattafesta, et 
al.33 in a dynamic closed-loop approach.   
 
The suppression mechanisms listed above are primarily 
intuitive, and do not offer much predictive capability.  
Progress toward developing a predictive model of the 
effect of shear layer thickening and the change in stability characteristics is discussed in detail by Colonius12.  
Sahoo, et al.9 developed physics based model to explain the mechanism by which micro-jets suppress cavity 
resonance in a supersonic flow.  By considering the effect of an oblique shock formed at the leading edge of the 
cavity by the micro-jets, they were able to estimate the flow deflection angle and speed reduction effects.  Their 
model correlated very well with the experimental data. 

 
Figure 4. Effect of microjet control on sound spectrum 

at M = 2.0.  Reproduced from Zhuang, et al. AIAA 2003-
3101. Bc < .002.  

 

 
The passive and open-loop techniques have been successful not only in reducing the Rossiter tone amplitudes, but 
also in reducing the overall sound pressure levels (OASPL) as shown in Fig.4.  In particular, the micro-jet9,15 and 
powered resonance tube31 actuators appear to be making significant progress toward transitioning to actual aircraft 
applications.  However, open-loop forcing techniques require “large” actuator amplitudes, because they are 
modifying the mean flow directly through mass addition or in-directly through non-linear interactions between the 
actuator and the vorticity waves in the shear layer.  A comparison of steady blowing and pulsed-blowing with 
comparable blowing coefficients is shown in Fig. 5.   
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Truly adaptive control with the lowest possible actuator power requirements can only be achieved with the dynamic 
closed loop approach.  The cancellation of the acoustic waves feeding back through the cavity to the leading edge 
can in principle be done as a linear process, in principle with orders of magnitude less power than the open-loop 
techniques.  This was the objective of the Cattafesta, et al.33 experiment that used a real-time adaptive feedback 
control system.  Unfortunately, degradation of the bi-morph piezoelectric actuators prevented a successful 
demonstration of the control system.  However, this is an important experiment that should be repeated, because the 
wave cancellation approach to control opens the possibility of adaptive controllers with the least amount of actuator 
power, and possibly the least amount of drag on the aircraft.   
 
 
 

 
Figure 5 - Steady and Pulsed (1.65kHz) Blowing 

Effect at M = 1.86 
 

III. Progress in Closed-loop Control of 
Subsonic Cavities  

Sound suppression with closed-loop active flow 
control in its simplest form requires a flow state sensor 
to provide a feedback signal to the actuator.  For the 
cavity, the flow state is usually determined by pressure 
sensors located inside the cavity.  Some processing of 
the feedback signal is done with analog or digital 
circuitry before it is sent to the actuator.  Four 
approaches that have been successful in 
controlling subsonic cavity tones will be 
described: 1) heuristic, 2) classical control, 3) 
model-based control, and 4) adaptive control. 
 
We refer to closed-loop approaches based on 
some intuitive concept for wave cancellation as 
“heuristic” control.  Many investigators have 
used this approach in subsonic cavities, including 
Gharib34, Shaw & Northcraft1, Kegerise, et al.35, 
Ziada, et al.36 and Samimy, et al.37.  The heuristic 
control designed by Williams, et al.38 uses 
bandpass filters in parallel to isolate the 
individual Rossiter mode signals.  Each signal is 
phase-shifted and amplified by manually 
adjusted circuitry before being fed back to the 
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Figure 6 – Block diagram of heuristic controller used to 

obtain 20dB sound suppression shown in the following 
figure. 
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actuator.  A block diagram of the heuristic controller used by Rowley, et al. to achieve 20 dB tone suppression is 
shown in Fig. 6.  The effect of the control can be seen in the comparison of spectra with and without control in Fig. 
7.  Although good suppression is achieved at the Rossiter mode of 340Hz, an undesirable peak at 420 Hz is 
introduced by the controller.  The simplicity of the heuristic approach leads to other adverse effects in the 
suppressed sound spectrum, such as the introduction of new resonant frequencies, and “peak splitting” on either side 
of the suppressed Rossiter peak.  
 
 After a model for the controller was developed, then these adverse effects could be predicted by linear control 
theory, which is discussed in more detail in Rowley, et al.39, 40 and Rowley & Williams41.  The heuristic approach is 
useful for demonstrating the basic suppression achievable with a closed-loop architecture, but it does not provide 
insight into how the control system may be improved, and it is not clear how the gain and phase should be changed 
when flow conditions are changed.  
 

Performance improvements in the controller are 
expected when a model of the system to be 
controlled is obtained, which leads us to model-
based control approaches.  In addition to 
performance enhancements, fundamental limits of 
performance for any linear controller (for a given 
configuration of sensors and actuators) can be 
obtained for a given configuration.  Knowing how 
much suppression can be achieved and 
understanding the origin of spurious modes that 
appear in the spectrum of the controlled flow is 
valuable information for the design of practical 
control systems.   Ideally, the compressible 
Navier-Stokes (NS) equations would provide the 
system model42, but at the present time, computing hardware is far from being capable of providing real-time 
solutions necessary for control.  Therefore, it becomes necessary to search for approximations to the NS equations 
that capture the important physics behind the Rossiter tones.  It turns out that there are many approaches that provide 
approximate solutions that can be use as the cavity model, and a few of the more successful ones are described next.   

Figure 8 – Block diagram of Rowley’s39 linear transfer 
function cavity model. 

 

 
Cattafesta, et al.24 were the first to demonstrate dynamic closed-loop control of the cavity flow.  They used system 
identification techniques to obtain a discrete time transfer function model of the system.  System identification 
techniques (a.k.a. black-box models) are computationally efficient for real-time control hardware, but do not provide 
much guidance into how the model can be improved or how it varies when flow parameters change.  Their approach 
was successful in achieving 20dB suppression in the overall sound level in the subsonic flow.  Comparisons of the 
actuator power required with open loop and closed loop control showed that 5 to 20 times less power was required 
with closed-loop control.  A similar approach by Cabell, et al.43, used a discrete-time, linear quadratic control 
method combined with balanced truncation to obtain a low-dimensional control algorithm.   
 
In an attempt to gain more insight into the behavior of the controlled cavity, Rowley, et al.39,40 used physics-based 
transfer functions to model the four elements of Rossiter’s mechanism, which combined formed a linear model for 
the overall cavity.  A block diagram of the linear model is shown in Fig. 8.  The shear layer dynamics were modeled 
as a second-order system with a time delay (G), the acoustics model (A) captured longitudinal modes including 
reflections, but ignoring vertical components from the floor of the cavity.  The complicated processes of scattering 
(S) and receptivity(R) were modeled as constant gains, which is quite crude but sufficient for this relatively simple 
approach to control.  Furthermore, the overall cavity model had poles corresponding to the Rossiter modes. The 
physics-based model explained the peak-splitting phenomena and fundamental performance limitations of the 
control system, by purely linear mechanisms.   
 
The controllers described above did not work well in simultaneously suppressing multiple Rossiter modes, and in 
some cases introduced their own spurious modes.  Often when one Rossiter mode was suppressed, the energy would 
reappear in another mode.  It was expected that better models of the cavity flow would lead to better controllers, 
which motivated several groups to investigate the use of POD-based Galerkin models, which capture the most 
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“energetic” structures of the flow.  Working with 2D direct numerical simulation data, Rowley, et al.44,45 developed 
models that accurately capture the nonlinear 
dynamics of the cavity flow.  Ukeiley, et al.46 also 
obtained POD modes for a cavity.  With an accurate 
model of the flow it would be possible to use 
modern control theory to design optimal controllers.  
An overview of the optimal control design process 
is given by Cattafesta, et al.17.  This approach 
requires the instantaneous state of the flow to be 
known.  Outside of numerical simulations, it is not 
feasible to obtain the full state of the flow, but state 
approximations can be obtained using an observer.  
Two approaches have been used for observers.  One 
is the use of linear and quadratic stochastic 
estimation to produce a static observer, in which the 
state estimate depends only on the sensor measurements at the present time; the other approach is to use the Galerkin 
model to obtain a dynamic observer, such as a Kalman filter, which uses the time history of the sensor signals. 
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x
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-
+
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plant state
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r(t) Cx’=Ax + Buug y(t)
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K

χ(o)
χ Estimate of 

plant state

x(o)

Figure 9 – Block diagram of model-based state 
feedback control with a dynamic observer.   

 
 

 
Rowley, et al.47 and Rowley and Juttijudata48 used proper orthogonal decomposition and Galerkin projection of the 
Navier Stokes equation to obtain a low-dimensional model of the flow.  The model was also used to design a 
dynamic observer which allowed accurate reconstruction of the flow state with a limited number of sensors (only 1).  
A block diagram of a model-based state-feedback control architecture with a dynamic observer is shown in Fig. 9.  
The observer receives both input (u) and output y(t) from the plant, then sends its flow state estimate (χ) to the 
feedback matrix (K.)  Rowley made comparisons 
of the performance of static (linear and quadratic) 
and dynamic observers using direct numerical 
simulations of the cavity.  In a noisy environment 
the dynamic observer outperformed the stochastic 
estimation in accurately reproducing the flow state, 
and even without noise, the static observer requires 
more sensors for the same accuracy of state 
estimate.   
 

Rowley and Juttijudata48 used a Galerkin model to 
design a state feedback controller.  One issue with 
all POD based controllers is that the basis 
functions change once the control is turned on.  
Rowley accounts for this by adding extra POD modes obtained from the flow when it was in a suppressed state.  
This was done using a heuristic controller to suppress the Rossiter modes, then using the snapshot POD method.  
After linearizing the model about an equilibrium point, they used the LQR method to obtain the state feedback 
matrix K.  With careful tuning of the feedback matrix, they were able to achieve complete suppression of the 
oscillations in the full DNS simulation.  However, though oscillations were eliminated, the transient response for the 
LQR controller did not match that predicted by the model.  This is presumably because the LQR controller 
attempted to obtain a fast transient response, which when implemented, created different spatial structures than were 
captured by the POD modes, so the system left the region of validity of the POD model.  A phasor-based controller 
based on those used for cylinder wakes by Noack, et al.49 and Tadmor, et al.50, which better respected the region of 
validity of the model, was able to completely eliminate oscillations in the full simulation, while the transient 
behavior did match that predicted by the model48. 

Inner Loop

Outer Loop

Inner Loop

Outer Loop

Figure 10 –Block diagram of a self-tuning adaptive 
controller.  Reproduced from Kegerise, et al. AIAA 2004-
0572. 
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The first attempt at using POD/Galerkin control in a cavity experiment was reported by Caraballo, et al.51.  A 
reduced order model using the proper orthogonal decomposition of experimental particle image velocimeter data 
was obtained at M=0.3 cavity flow.  Galerkin projection of the Navier Stokes equations on the experimentally 
derived basis functions produced the reduced-order system of ordinary differential equations.  Quadratic stochastic 
estimation was used as a static observer to obtain real-time estimates of the temporal coefficients representing the 
flow state from four pressure sensors in the cavity.  A linear quadratic state feedback controller was implemented to 
convert the estimated state into a feedback signal for the actuator.  In addition, gain and saturation functions were 
added to prevent damaging the actuator.  The controller was designed for M = 0.3 flow and tested at M = 0.27 and 
M=0.32 as well.  Approximately 15dB suppression of the dominant Rossiter peak was observed, and the system 
shifted from single-mode into multi-mode oscillations.   
 
The techniques of model-based control are constructed around flow models at one specific flow condition.  Similar 
to the case of passive and open loop control, it is not known how well the controllers will perform when the external 
flow conditions change from the design point.  One way to deal with changing flow conditions is to design an 
adaptive control algorithm, which uses real-time estimation of the flow state as shown in Fig. 10 (reproduced from 
Kegerise, et al.52  This controller architecture has two loops, an inner loop for the standard feedback control and an 
outer loop that performs system identification and modifies the parameters of the controller.  The inner loop has a 
time response fast enough to suppress the Rossiter modes, while the outer loop only needs to keep pace with the 
changing external flow conditions.  In the actual experiment the system identification was done off-line at several 
different Mach numbers.  Using a fixed plant model at M=0.275, the controller was started and the outer loop 
adjusted the controller coefficients in real-time.  Convergence of the controller coefficients was fast and produced an 
effective suppression of four Rossiter tones as shown in Fig. 11.  At the time of their experiment, they lacked the 
hardware necessary to perform real-time system identification, which would allow the controller to fully adapt to 
changing flow conditions.  Nevertheless, the results of this experiment are extremely encouraging, and suggest that a 
real-time adaptive controller for subsonic cavity flows is feasible.   
 

IV. Summary 
Significant progress has been made in controlling acoustic tones in cavities in supersonic and subsonic flows.  

Closed-loop control in subsonic flow has demonstrated the ability to suppress specific Rossiter modes with an order 
of magnitude less actuator power than is required with open-loop control.  The architecture for controllers capable of 
adapting to changing flight conditions has been developed, but not yet fully demonstrated.  Similarly, good progress 
with open-loop control of supersonic flows has been achieved, primarily through the development of high amplitude 
actuators, such as powered resonance tubes and micro-jets.  Closed-loop control on a time scale commensurate with 
the Rossiter modes has not been achieved in supersonic cavities, but the lessons learned and the techniques 
developed for subsonic cavity flows should readily transfer to the high-speed case.   
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Figure 11 – Comparison of baseline and controlled spectra 

t M=0.275.  Reproduced from Kegerise, et al. AIAA 2004-
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VII. Appendix 
 
Table 1: Summary of Supersonic Cavity Noise Suppression Experiments –  
(updated from Cattafesta, et al. (2003)) 

Study Conditions Method of Actuation Control Approach Comments 
 

Sarno & 
Franke 
(1994) 

M = 0.6, 0.7, 
0.9, 1.1, 1.3 1.5 
L/D = 2 

• Static and oscillating 
mechanical fences 
(<220 Hz) 

• Steady and pulsed flow 
injection (<80Hz) at 
either 0o or 45o w.r.t. 
freestream at leading 
edge 

• Bc up to 7% 

Open loop • Insufficient actuator bandwidth 
• Low frequency forcing ineffective 

Significant 3D effects possible 

Vakili & 
Gauthier 
(1994)  

M = 1.8 
L/D = L/@ = 
2.54 

• Steady mass injection 
through porous plates 
upstream of cavity 
leading edge 

• Bc ~ 4% 

Open loop • Defined blowing coefficient 
• 

cavitycavity

inj

ee

ww
c AU

m
A
A

V
VB

∞∞

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

ρρ
ρ &  

• Proposed noise reduction mechanism by 
shear layer thickening which alters 
stability characteristics. 

Shaw (1998) M = 0.6, 0.85, 
0.95, 1.05 
L/D = 6.5, L/W 
= 3.67 

• Oscillating flaps at 
leading edge 

• Pulsed fluidic injection 
• HFTG using 1/16, 1/8 

and 3/16 in. diameter 
cylindrical rods  

Open loop • Discussed possible mechanisms of HFTG 
(mode competition, shear layer instability) 

• Low frequency, notched flaps effective 
when oscillating flap reaches BL edge 

• Showed normal injection (Bc < 4.5%) 
superior to tangential 

Cattafesta, et 
al. (1999) 

M = 0.4 – 1.35 
L/D = 5 

• Piezoelectric flaps at 
cavity leading edge 

• fres = 475 Hz 
• 2.5 um/V @ 500 Hz 
• 1.875mm max 

displacement 

Dynamic closed loop 
control 
 

• Feedback signal is pressure near leading 
edge of cavity 

• Adaptive disturbance rejection controller 
using ARMARKOV System ID 

Shaw & 
Northcraft 
(1999) 

M = 0.6 – 1.05 
L/D = 6.46, 
L/W = 3.67 

• Pulsed fluidic at leading 
edge, 90o w.r.t. flow 

• Frequency < 650Hz 

Quasi-static closed loop 
 

• Mass flow and frequency adjusted based on 
rms levels with 3 frequency bands 

Stanek et al. 
(2000) 

M = 0.4, 0.6, 
0.85, 0.95, 1.19, 
1.35 

• Powered resonance tube 
• Protruding 

piezoceramic driven 
wedges 

• Cylindrical rod 
• Passive resonance tubes 

Passive & Open loop • Successful hifex forcing claimed for 
powered resonance tube at Bc = 1.6% 

• Hypothesize that mechanism is “accelerated 
energy cascade” 

Perng & 
Dolling 
(2001) 

M = 5 
L/D = 3-5 
W/D = 3 

• Altered wall geometry 
with slots and vents 

 
• Spoilers 
• Vortex generators 

Passive • Weak coupling between vorticity in shear 
layer and sound fields at high Mach 
numbers 

• Normal acoustic modes match experiment 
as well as the Rossiter mode suggesting 
the Rossiter mechanism may not be valid 
at high Mach numbers 

Bueno, et al. 
(2002) 

M = 2 
L/D = 5,6,8,9 
W/D = 3 

• Six fast-response 
(~3ms) jets used to 
study effects of 
upstream pulsed and 
steady mass injection 
via a staggered 
configuration 

• Studied single short 
duration (1-2ms) and 
long duration (50% 
duty cycle of forcing 
frequency of 50 or 80 
Hz) pulses 

Open loop • Bc = 0.28%, 0.24%, 0.18% and 0.16 % at 
L/D = 5,6,8,9 respectively, for continuous 
injection with all 6 valves 

• Found that continuous mass injection was 
more effective than pulsed injection in 
suppressing tones and overall noise level. 

Ukeiley, et M = 0.6, 0.75, • Leading edge fence Passive • Shear layer profiles suggest that rod works 
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al. (2002) 0.8 1.4 
L/D = 5.6, 9 
W/D = 2 

• 0.03 in. diameter 
cylindrical rod at 
various locations in 
BL 

by “lifting” the shear layer and also by 
altering the mean shear 

Stanek, et al. 
(2002) 

Similar 
conditions as in 
Stanek et al. 
(2000) 

• Powered and 
unpowered resonance 
tubes, microjets  

Open loop & passive • Proposed that hifex forcing alters the mean 
flow and its inviscid stability 
characteristics such that the growth of 
large-scale disturbances is prevented. 

• Provides evidence that substantial amount 
of suppression in powered resonance tubes 
may be due to steady blowing effects 
(optimal Bc ~ 0.6%) 

Stanek, et al. 
(2003) 

Similar 
conditions as in 
Stanek et al. 
(2000) 

• Cylindrical rod in 
crossflow 

• End caps and fences 

Passive • Recommended optimal location is rod 
center at BL edge, optimal diameter is 2δ/3 

• Concluded that acoustic suppression is due 
to high frequency rod shedding 

Ukeiley, et 
al. (2003) 

Similar 
conditions as in 
Ukeiley et al. 
(2002) 

• 8 powered whistles to 
superimpose hifex 
perturbations 

• horizontal steady 
blowing at the leading 
edge with heated air, 
nitrogen and helium 

Open loop • Used Bc up to 0.4% but best results were 
with lowest steady helium injection rate 
(Bc~0.09%) 

 

Zhuang et al. 
(2003) 

M=2 
L/D = 5.1 
L/W = 5.8 

• 12 micro-jets 400 um 
diameter with vertical 
injection at leading 
edge 

Open loop • Bc<0.14% provides large tonal and OASPL 
reductions 

• Saturation of suppression effect noted as Bc 
increased 

Schmit, et al. 
(2005) 

M = 0.85, 1.19 
L/D = 5 
W/D = 1 

• Powered resonance tube 
• Rod 
• Rod wrapped with wire 
• Rotary pulse-blowing  
• Sawtooth spoiler 

Open loop & passive • Direct comparisons of low and high 
frequency forcing did not show one 
method to be superior to the other. 

• Passive methods were ineffective at 
supersonic speeds 

Sahoo, et al. 
(2005) 

Same as 
Zhuang, et al. 
2003 

• Micro-jet actuators, as 
in Zhuang, et al. 2003 

Open loop • Developed physics-based model explaining 
the effects of micro-jet blowing on 
supersonic cavity control 
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