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The present paper addresses both active-flow-control actuator technology development and the demonstration
of the effectiveness of actuators that could be easily integrated into practical aircraft applications. The actuator
used is an adaptation of the Hartmann oscillator. Demonstration experiments that illustrate the effectiveness of
this actuator include cavity tone suppression at transonic speeds and the reduction of jet-impingement tones. The
actuator concept is based on a high-speed jet aimed at the mouth of a cylindrical tube closed at the other end. The
result is a high-amplitude self-sustaining fluctuating field accompanied by an intense narrowband tone, all in the
region between the supply jet and the resonance tube. Using unsteady pressure sensors and flow visualization, we
explored the effect of varying actuator parameters such as the spacing between the power jet and the resonance
tube, supply pressure, resonance-tube depth, diameter, shape, and lateral spacing. By varying the depth of the tube,
the frequency could be varied from about 1.6 kHz to over 10 kHz and amplitudes as high as 156 dB (microphone
location dependent) were obtained in the vicinity of actuation. To integrate this concept into practical aircraft
applications, two generations of a more complex version of this device known as the powered resonance-tube
bank (PRTB) were developed and demonstrated. Results indicate that by using high-frequency excitation at 5-kHz
suppression levels in excess of 20 dB were consistently obtained over a range of operating conditions in both cavity
and impingement flow situations. Based on our results, we have grounds to believe that a properly designed PRTB
has significant advantages over conventional actuators such as acoustic, piezo, and oscillatory microstructures.

Introduction

I N this paper we describe the development of novel powered
resonance-tube actuators. The actuators operate over a range of

frequencies and produce high amplitudes of pressure fluctuations.
Such actuators are attractive alternatives to conventional electro-
magnetic and piezoelectric actuators. The conventional actuators are
fragile and have high power and maintenance requirements. This pa-
per describes our attempts to harness the oscillatory field of the Hart-
mann oscillator by suitable adaptation and integration. The final re-
sult is a high-frequency actuator with no moving parts that can inject
high-amplitude fluctuations into a flow that we wish to control. Such
actuators could eventually replace steady mass-addition methods
with oscillatory addition of fluid at lower mass-flow (bleed) levels.
Two examples of applications (cavity and impinging jet) that demon-
strate the effectiveness of this type of actuator are also provided.

The role of an actuator is to inject perturbations at a prescribed
frequency, amplitude, and mode (spanwise or azimuthal) at loca-
tions where the flow is most receptive to these inputs. The actuation
then leverages or disrupts the flow to bring about a desired effect.
An example of leveraging is the excitation of jet or shear-layer insta-
bility modes within their most amplified frequency band that in turn
energizes large-scale-coherent structures. The energetic large-scale
coherent structures can grow, interact, and engulf surrounding fluid,
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thus enhancing mixing. Examples of disrupting flow phenomena
to bring about a desired change are suppression of cavity or jet-
impingement tones. Flow-induced tones are suppressed when the
excitation destroys the spanwise coherence or damps out organized
structures in the nascent shear layer and prevents the sustenance of
the flow-induced resonance. We are particularly interested in the
cavity and jet-impingement tone suppression because these situa-
tions can cause problems in weapons bays of military aircraft and in
short-takeoff-and-vertical-landing aircraft (STOVL). Our objective
here is to develop scalable and integrable actuators for use in future
military aircraft applications.

In our quest for an ideal actuator, we considered the adaptation of
the Hartmann whistle as a high-frequency actuator for use in active
flow-control applications. The idea for this adaptation was first sug-
gested by Kibens and Raman in 1998 and was subsequently awarded
a U.S. patent. In the following paragraphs we elaborate on our mo-
tivation and provide background information on the Hartmann tube
before proceeding with the discussion of our adaptation.

Motivation
Our technology development program was motivated by two pos-

sible applications.
First, there are weapons-release problems with internal weapons

bays of military aircraft. Current military aircraft use passive sup-
pression (spoilers) for reducing the intensity of the acoustic environ-
ment in weapons bays. However, these spoilers are ineffective above
a Mach number of 1. The goal of the U.S. Air Force is to release
weapons above M = 1 because this represents a tactical advantage
in combat. Our focus therefore is to develop active flow-control
(AFC) techniques for cavities that are effective at M > 1.

Second, STOVL aircraft problems include lift loss caused by
suck-down effects, hot gas reingestion, ground erosion, and sonic
fatigue. In addition, high acoustic levels and wall-jet flows on air-
craft carriers are of prime concern to ground personnel. There is a
need to develop AFC methods to improve the aerodynamic perfor-
mance of STOVL aircraft in the ground environment. This includes
improvement of aircraft stability, lift optimization, and improved
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ground-impingement properties (fountain location, suck-down, and
pressure distribution on wings).

Background
The resonance-tube phenomenon was first discovered by Hart-

mann in 1918. He then published several papers in the 1920s and
1930s1,2 describing the generation of the strong pressure oscilla-
tion and intense noise produced by a jet aimed at the open end of a
tube closed at the other end. There are two phases of operation of the
Hartmann tube. In the first phase the jet penetrates the tube and com-
presses the air in the tube. The compression produces a shock wave,
which is reflected by the end wall of the tube. When the reflected
shock wave arrives at the open end of the tube, it interacts with the
jet and, under some conditions, pushes it backwards. At this point in
time, the second phase of the oscillation begins. In this phase the tube
empties itself. In terms of wave dynamics, one can think of an ex-
pansion wave moving towards the closed end, being reflected there,
and then the reflected expansion wave moving towards the open end
of the tube. As this expansion wave approaches the open end of the
tube, the low pressure associated with the expansion wave draws
the supply jet into the tube, thus perpetuating the oscillatory cycle.
The process then repeats itself, thus producing strong pressure os-
cillations without the use of any moving parts. Nearly 40 years later
after Hartmann’s discovery, Sprenger3 found that in long tubes the
flow oscillation can produce significant heating of the tube wall. The
longer tubes are thus referred to as Hartmann–Sprenger tubes. Sub-
sequently several papers have addressed various aspects of the Hart-
mann and Hartmann–Sprenger tubes.4,5 Rakowsky et al.6 evaluated
various powered resonance tubes for rocket engines and weapons
ignition systems. The geometries examined included cylindrical,
tapered, and stepped tubes. However, their focus was not on the
functioning of these devices as actuators but on the maximum tem-
perature that could be generated at the closed end of the tube. The
stepped tube was seen to produce the highest temperature [2000◦F
(1093◦C)] at the closed end, followed by the tapered tube [1500◦F
(816◦C)], the cylindrical being the least [1000◦F (538◦C)]. Other
studies on the Hartmann and Hartmann–Sprenger tubes were con-
ducted by Brocher and coworkers.7−13 High temperatures are ob-
tained in a Hartmann–Sprenger tube only for large tube depths. In
the present work the tube depths were all 1.27 cm where thermal
effects were not significant.

Note that the resonance-tube phenomenon in itself is not new,
but its application as an AFC actuator is unique. Using unsteady
pressure sensors and flow visualization, we explored the effect of
varying actuator parameters such as the spacing between the power
jet and the resonance tube, supply pressure, resonance-tube depth,
diameter, shape, and lateral spacing. By varying the depth of the
tube between 3/16 and 2 in. (0.476 and 5.08 cm) (depth/diameter,
d/D = 0.75 to 8), the frequency could be varied from about 1.6 to
over 10 kHz. The amplitudes were as high as 156 dB (microphone
location dependent) in the vicinity of actuation. The demonstra-
tion includes experiments at the Illinois Institute of Technology
(IIT), The Boeing Company, and Defense Evaluation and Research
Agency (DERA, United Kingdom) on a variety of flow-induced
resonance suppression situations.

Search for a High-Frequency Excitation Device
Wiltse and Glezer14,15 found that exciting a flow in the inertial

subrange can significantly alter the energy cascade. Based on Wiltse
Glezer’s work, Cain suggested in a 1997 private communication that
high-frequency excitation would be a very effective method to sup-
press flow-induced resonance. To verify Cain’s idea, Raman et al.16

conducted several experiments with high-frequency excitation de-
vices. The effort began using piezoelectric actuators to suppress
subsonic edgetones (see Fig. 1). Figure 1 shows the edgetone setup
using a rectangular jet a M = 0.07 impinging on a wedge. Addition
of energy at 5130 Hz was seen to suppress all tones (the primary
edgetone frequency was 672 Hz). Both tonal and integrated (over the
entire frequency spectrum) sound-pressure levels were suppressed.
Because piezoactuators are fragile and more suitable for laboratory
applications, an effort was made to develop a more practical high-

a)

b)

c)

Fig. 1 Edge-tone suppression using high-frequency excitation (via
piezoelectric actuators) for the suppression of flow-induced resonance:
a) schematic diagram of the setup, b) unsuppressed (——) and sup-
pressed (- - - -) edge-tone spectra, and c) integrated spectral level differ-
ence (∆ dB for various actuator displacements).

frequency excitation device. Raman et al.16 developed and demon-
strated powered resonance-tube actuators (see Fig. 2). A powered
resonance-tube bank (PRTB) was developed17 and was subsequently
tested by Stanek et al.18,19 Later Cain et al.20 also studied the high-
frequency excitation phenomenon through simulations of a plane
transitional wake. In addition, illustrative flow-visualization images
of the functioning of PRT devices is shown in the paper by Kast-
ner and Samimy.21 In the present paper we study in considerable
detail the characteristics of single-and multiple-powered resonance-
tube actuators. In particular, we provide a detailed documentation of
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Table 1 Summary of powered resonance-tube configurations evaluated

Configuration Diameter, in. (cm) �x , in. (cm) �p, psig (NPR) Frequency range, Hz

Single 0.25 0.25–0.625 30–80 4,352–6,080
cylindrical (0.635) (0.635–1.588) (3.076–6.536)

0.125 0.25–0.5625 5–80 5,120–6,528
(0.3175) (0.635–1.429) (1.346–6.536)
0.0625 0.0625–0.375 5–80 4,360–7,296

(0.1588) (0.1588–0.953) (1.346–6.536)
Single stepped 0.25 0.25–0.5625 3–80 7,040–11,070

(0.635) (0.635–1.429) (1.208–6.536)
Single tapered 0.25 0.25–0.5625 1–80 7,744–11,010

(0.635) (0.635–1.429) (1.069–6.536)
Powered 0.25 0.125–0.6875 1.5–33 4,000–6,400

resonance-tube banks (7 tubes, 0.635) (0.3175–1.746) (1.1–3.3)
0.125 0.125–0.4375 2–50 4,672–6,016

(9 tubes, 0.318) (0.3175–1.111) (1.138–4.460)
0.125 0.125–0.3125 2–50 4,800–5,824

(9 tubes, 0.318) (0.3175–0.7938) (1.138–4.460)

a)

b)

c)

Fig. 2 Experiment demonstrating the performance of the Hartmann
whistle as a high-frequency excitation actuator: a, b) Schlieren pho-
tographs of two phases of oscillation of the Hartmann whistle (supply
jet on left, resonance tube on right) and c) spectrum of signal from mi-
crophone in the nearfield. Supply pressure = 20 psig, ∆x/D = 1, D =
0.254 cm, d = 1.5113 cm, f = 4.32 kHz, and d/D = 6:1 (D, diameter; d,
depth).

single and multiple PRTB of various lengths, shapes, and diameters.
The configurations tested are described in Table 1.

Experimental Details
The resonance tubes examined in this paper mainly consist of

cylindrical tubes of various diameters and depths. A few tapered
and stepped resonance tubes were also examined. More complex
configurations including several versions of the PRTBs were also
studied. For the single resonance tubes the microphone was located
at y = 0, x = 0.625 in. (1.5875 cm) and z = 0.5625 in. (1.4288 cm),
where x is along the length of the resonance tube, y is the transverse
dimension, and z is the vertical dimension. The origin is at the
center of the entrance to the resonance tube. For the resonator bank
the microphone was located at y = 0, x = −0.625 in. (−1.5875 cm),
and z = 0.3750 in. (0.9525 cm). Figure 3 shows the experimental
setup at IIT. The microphone location is shown in Fig. 3a. The setup
pictured consisted of a supply jet of 1

4 in. (0.6350 cm) diam aimed
at a resonance tube of 1

2 in. (1.27 cm) depth, 1
4 in. (0.6350 cm) diam.

The distance between the supply jet and the resonance tubes could
be varied in small increments. Drawings for various resonance tube
shapes shown in Figs. 3b–3d include cylindrical, tapered (conical),
and stepped.

One of the problems with the single resonance tube that we used
was that the spillage of air occurred circumferentially all around
the tube. In a practical application such a device would have to be
embedded in a cavity or nozzle (for example), and pulsations are
desired only on one side of the device. To facilitate such action,
a shielded resonance tube was designed and tested. It was found
that the shield did not affect the operation of this device or the
sound-pressure levels (SPLs) produced by this device. The shielded
powered resonance-tube idea was advanced a step further by build-
ing an integrated device that housed seven resonance tubes. Figure 4
shows the integrated Boeing/IIT powered resonance-tube actuator.
Schematic, assembled, and exploded views are used to describe the
apparatus. Figure 4a shows that all resonance tubes in the PRTB
share the same plenum. A perforated plate is used to condition the
incoming flow. The PRTB 1A actuator that is pictured in Fig. 4
consists of seven 1

4 -in. (0.6350-cm) tubes set at a spacing of 1
2 in.

(1.27 cm) (from center to center) or 1
4 in. (0.6350 cm) from edge

to edge. The actuator edge to nozzle spacing for supply nozzles 1
and 7 was also 1

2 in. (1.27 cm). There are some important differ-
ences between the design of single resonance tubes and the PRTBs.
First, PRTB 1A consists of seven convergent–divergent supply jet
nozzles that are designed to operate shock free at M = 2. Second,
a thin needle was inserted along the axis of each jet nozzle. This
improvement was originally proposed by Brocher et al.7 to prevent
operation problems at occur at supersonic Mach numbers. (At su-
personic supply-jet Mach numbers the functioning of the tube was
hindered by the presence of a shock near the mouth of the resonance
tube.) The cylindrical needle works by reducing the total head of
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a)

b)

c)

d)

Fig. 3 Single resonance-tube actuator and geometries: a) schematic of
single resonance-tube actuator (supply jet on right, resonance tube on
left), b) cylindrical resonator with diameter D and depth d, c) tapered
(conical) resonator, and d) stepped resonator.

a)

b)

Fig. 4 Boeing/IIT powered resonance-tube bank (PRTB IA): a)
schematic diagram of PRTB and b) photograph of assembled PRTB.

the jet coming out of the nozzle around the axis. Thus, the total
head in this region will be lower than that coming out of the res-
onance tube during the expansion (or tube evacuation) phase. The
flow from the resonance will be able to push the supply jet back
farther during the expansion phase. This will result in a more com-
plete evacuation of the resonance tube, and the supply jet will then
be able to penetrate the resonance tube fully during the compres-
sion phase. Note that the enhancements are not always necessary.
Both the single-nozzle actuators and the PRTB IB, C used conver-
gent nozzles without a needle. However, all PRTBs had a scalloped
plate that guided the supply jets to the resonance tubes. The single-
nozzle actuators used a supply nozzle with a slight chamfer at the
exit. Other variations of the PRTB IA actuator bank were also built
and tested. These actuators (PRTB I B, C) were switchable between
9 and 5, 1

8 -in. (0.3175-cm) resonance tubes. The nine nozzles in
the nine-nozzle PRTB 1B actuator were spaced 0.4 in. (1.016 cm)
apart when measured from center to center. The actuator-edge to
nozzle-center spacing for supply nozzles 1 and 9 was also 0.4 in.
(1.016 cm), whereas for the five-nozzle PRTB IC configuration the
jet spacing was 0.8 in. (2.032 cm) when measured center to center.
The actuator-edge to nozzle-center spacing was 0.4 in. (1.016 cm)
for supply nozzles 1 and 5. The Gen-II actuator was similar in design
to the Gen-IA actuator with the following improvements. The Gen-
II actuator could be operated with either 7 or 15 resonance tubes.
In addition, a bleed provision allowed for controlled variation of
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mass injected into the flow without changing the supply pressure to
the actuator. The variables in our experiment included the nozzle
pressure ratio, the spacing between the supply jet, and the powered
resonance tubes. A limited study was conducted on the effect of
resonance-tube shape, diameter, and tube depth. For all resonance
tubes studied, the diameter of the supply jet was the same as that of
the inlet of the resonance tube.

The precision of the omnidirectional B & K microphones used
in the present study is 0.5 dB. Consequently, the zeroth order es-
timate of the error is SPL = SPL ± 1 dB for the frequency range
from 0–10 kHz. The resolution of the frequency spectra provided
a zeroth-order estimate of 4 Hz. The error in setting the supply
pressure was 0.2 psi. A statistical analysis of the data included a
standard deviation, and the values quoted for the repeatability tests
are based on the 95% confidence interval of twice the standard de-
viation. From the repeatability tests the frequency error was less
than 20 Hz (0.4% at a resonance frequency of 5 kHz) for the high-
amplitude steady cases. For some cases this error rose to 60 Hz
(1.2% at 5 kHz). The error in measuring the amplitude of reso-
nance was about 2 dB. The total errors were 2.23 dB for the SPL
and 60.14 Hz for the frequency. For the measurements reported in
this paper, sampling was at 50 kHz, and the antialias filter was set
at 25 kHz.

a)

b)

c)

Fig. 5 Performance characteristics for single cylindrical powered
resonance-tube actuators. Resonance-tube depth/diameter ratio d/D =
8. Resonance tube and supply-jet diameter = 0.635 cm. a) Actuator fre-
quency. b) Actuator amplitude for various nozzle pressure ratios and
jet-resonance-tube spacings. c) Microphone spectrum at NPR = 3.079;
spacing between supply jet and resonance tube x/D = 1.

Results and Discussion
Single-Resonance-Tube Actuator Characteristics

Table 1 provides a summary of powered resonance-tube configu-
rations considered in the present work. This includes single-powered
resonance tubes of various diameters, lengths, and shapes as well
as several versions of the Boeing/IIT PRTB. Our goal was to docu-
ment the frequency and amplitude of fluctuations produced by vari-
ous configurations. Detailed data will now be presented for various
configurations in the following format. Frequency and SPL maps
will be documented for various operating pressures and supply jet
to resonance-tube spacings. Each set of maps will be followed by a
typical spectrum for the case under consideration. The frequency and
SPL maps are for the primary frequency in the spectrum. Harmonics
are present in many cases but are not documented herein except in the
sample spectra. Many of the frequency and amplitude maps exhibit
“null” regions, where the resonance tube does not produce oscil-
lations, and these regions appear in white color in the plots. This
result agrees with Hartmann’s observation that in order to obtain
high-amplitude oscillations the inlet of the resonance tube should
be located in the compression region of the supply-jet’s shock cell-
system. Thus, not all spacings produce sharp tones. Figures 5 and 6
show such data for a deep and shallow resonance tube, respectively.
Although the documentation of frequency is quite straightforward,

a)

b)

c)

Fig. 6 Performance characteristics for single cylindrical powered
resonance-tube actuators. Resonance-tube depth/diameter ratio d/D =
0.75. Resonance tube and supply-jet diameter = 0.635 cm. a) Actuator
frequency. b) Actuator amplitude for various nozzle pressure ratios and
jet-resonance-tube spacings. c) Microphone spectrum at NPR = 4.460;
spacing between supply jet and resonance tube x/D = 1.5.
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Table 2 Actuator amplitude metrics {cylindrical resonance-tube spacing [x = 0.375 in. (0.953 cm), x/D = 1.5]}

Pressure, psig (NPR) Frequency, Hz SPL, dB Prms, Pa Power, W Energy density

45 (4.114) 4928 135 112.46 0.1747 0.1008
50 (4.460) 5120 152 796.21 8.7558 5.0082
55 (4.806) 5184 154 1002.37 13.8770 7.9160
60 (5.152) 5312 156 1261.91 21.9936 12.481

no single standard metric exists for the documentation of amplitude.
In the absence of such a standard, we report the amplitude as sound-
pressure level (SPL, dB), p′

rms, sound power W , and acoustic energy
density E .

Table 2 provides representative data on the performance of pow-
ered resonance-tube actuators. The amplitude of actuation is char-
acterized using metrics from linear acoustic theory such as acoustic
power W and acoustic energy density E . These quantities are de-
rived from the SPL as follows: SPL = 20 Log10(prms/pref), where
pref = 20 µPa. The acoustic power W = (p2

rms/ρ0c)4π R2, where R
is the distance from the microphone to the resonance tube, ρ0 is
the density of air (1.21 Kg/m3), and c is the ambient speed of
sound (343 m/s). The acoustic energy E = p2

rms/ρ0c2(1 + 1
2 k2r 2),

where r is the distance from the source, k = ω/c = wave number,
and ω = 2π f , where f is the frequency. The metrics just described
are subject to several assumptions (including spherical radiation of
sound into open space). The usefulness of the sound-power metric
is that it eliminates the microphone location as a parameter. (SPL
depends on the microphone location, but the sound-power level is a
characteristic of the source that is independent of microphone loca-
tion.) The energy density E metric includes the effect of frequency
and provides the average acoustic energy present in a unit volume of
the medium. An illustration of the usefulness of the amplitude met-
rics is provided in the following example. Consider three actuators
operating at different frequencies and producing 154 dB. Although
this corresponds to 13.87 W for all actuators, the energy density
for each case is different because the actuators operate at different
frequencies. The acoustic efficiency of a typical PRT device can be
calculated by taking the ratio of the output power to the input power.
Input power is given by the product of pressure and volume flow rate.
The acoustic efficiency of the PRT device ranges from 3 to 9% de-
pending on operating conditions. Although the numbers might seem
small this is quite large for a fluid-powered device because sound
production by a jet is a small fraction of the kinetic energy of the jet.

For the frequency one can obtain approximate relationships for
the eigen-frequencies using linear acoustic theory ( f = c/4L); the
measured results do not always agree with the predictions. For ex-
ample, a resonance-tube length variation from 3/16 in. (0.4763 cm)
to 2 in. (5.08 cm) [for the 1

4 -in. (0.635-cm)-diam resonance tube
and 1

4 -in. (0.635-cm)-diam supply jet, d/D variation from 0.75 to
8] produced a measured frequency change from about 10 to 1.6
kHz. The corresponding quarter-wavelength frequencies obtained
from f = c/4L were 17.6 kHz [3/16 in. (0.476 cm), d/D = 0.75]
and 1.65 kHz [2 in. (5.08 cm), d/D = 8]. Thus for long tubes the
measured and calculated values appear to agree. However, there
is considerable departure for short tubes. No end correction was
used for our calculations. It is believed that the use of an end correc-
tion will significantly improve the predictions for shallow resonance
tubes. In this context it should be noted that there are other phenom-
ena, such as screech tones, where the acoustic amplitudes are very
large and frequencies based on shock-cell spacings obtained from
linear theory are quite accurate (with an adjustable constant). A re-
cent paper by Raman et al.22 provides a suitable correction using the
Kerschen method that accounts for the interaction of the resonance
tube with the integration slot and the compliance of the mass of fluid
in the integration slot.

A few spot checks with longer tubes revealed that an actuator
frequency of 500 Hz could be obtained with a 6-in. (15.24 cm;
d/D = 24)-long resonance tube. In the present work the tube depth
was changed by building several tubes ranging in depth from 3/16 to
6 in. (0.47625 to 15.24 cm). A slightly different approach was used
in the experiments done at Boeing16 and in the more recent work

a)

b)

c)

Fig. 7 Performance characteristics for the Boeing/IIT PRTB IA
integrated actuator with seven resonance tubes. Resonance-tube
depth/diameter ratio d/D = 2. Resonance tube and supply-jet diameter-
0.635 cm. a) Actuator frequency. b) Actuator amplitude for various
nozzle pressure ratios and jet-resonance-tube spacings. c) Microphone
spectrum at NPR = 2.287; spacing between supply jet and resonance
tube x/D = 1.5.

of Raman et al.,22 where a computer-controlled piston and cylinder
assembly was used to change the depth of the tube.

We now proceed to compare the performance of tapered (conical)
and stepped tubes all having a depth of 0.5 in. (1.27 cm) and a tube
opening diameter of 0.25 in. (0.635 cm; see Figs. 3c, and 3d). The
shaping of the tube appears to change its effective length. It was
very clear that the tube shape had a great effect on the frequency
of resonance. Both the stepped and the tapered tubes resonated in
a frequency range from about 7–11 kHz, whereas the cylindrical
tube resonated in the range 4.352–6.080 kHz. Surprisingly the peak
amplitudes produced by the three tubes were the same (156 dB).

In an effort to lower the mass flow though the actuator, we ex-
amined various diameters. For all cases the supply-jet diameter was
always the same as that of the resonance tube. Data were acquired
for tubes ranging from 0.25 to 0.0625 in. (0.635 to 0.1588 cm). For
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the 0.25-in. (0.635-cm)-diam tube the oscillations were strong only
above 30 psig. In contrast, for the 0.125- and 0.0625-in. (0.3175- and
0.1588-cm)-diam tubes the onset of oscillations occurred at lower
pressures {5 psig [1.346 nozzle pressure ratio (NPR)]}.

Resonance-Tube Actuator Banks
A more complex version of this device known as the powered

resonance-tube bank (PRTB) that easily integrates into practical ap-
plications was developed and demonstrated.17 Two generations of
PRTBs were developed. This included three versions of the gen-
eration I device (IA-C) and a version of the generation II device.
Version IA consisted of a bank of seven 1

4 -in. (0.635-cm)-diam jets
aimed seven resonance tubes of 1

2 -in. (1.270-cm) depth having the
same diameter. For the range of pressures tested, the mass flow var-
ied from 0.0611 kg/s at 14.2 psig (1.983 NPR) to about 0.1857 kg/s
at 71.3 psig (5.934 NPR). The IB and IC PRTBs, designed with
the idea of reducing the mass flow without loss of actuation effec-
tiveness, had nine and five 1

8 -in. (0.3175-cm) jets, respectively. The
mass flow through the nine and five tube PRTBs (IB, C) were lower
by 51 and 67% at 15 psig (2.038 NPR) and lower by 42 and 65% at
30 psig (3.076 NPR), respectively.

Data from the PRTB actuators are given in Figs. 7 and 8. The
0.25-in. (0.635-cm) PRTB (1A) produced a SPL of 159 dB at 20 psig
(2.384 NPR). In contrast the 0.125-in. (0.3175-cm) PRTB with five

a)

b)

c)

Fig. 8 Performance characteristics for the Boeing/IIT PRTB IB
integrated actuator with nine resonance tubes. Resonance-tube
depth/diameter ratio d/D = 4. Resonance tube and supply-jet diameter-
0.318 cm. a) Actuator frequency. b) Actuator amplitude for various
nozzle pressure ratios and jet-resonance-tube spacings. c) Microphone
spectrum at NPR = 2.0381; spacing between supply jet and resonance
tube x/D = 2.

tubes (IC) produced a peak level of 149 dB at 20 psig (2.384 NPR).
It is seen from the operating maps for PRTB IA,C actuators that
for resonance tubes of constant depth vast regions of relatively high
amplitude exist at approximately constant frequencies.

Application of PRTs for Cavity and Impingement
Noise Suppression

We will now provide two concrete illustrations of applications
where the PRTB actuator was used successfully.

In the first application the Gen-IA device was tested in a
DERA (United Kingdom) weapons bay cavity (length/depth = 5,
length/width = 5, width = 4 in. or 10.16 cm) tested at Aircraft Re-
search Association (ARA; United Kingdom) transonic wind tunnel
(see Refs. 18 and 19 for a detailed account). The cavity had bay doors
that were fixed at 90 deg. Cavity tone suppression tests were run at
freestream Mach numbers ranging from M = 0.4 to 1.35. Figure 9
shows photographs of the cavity model in the ARA transonic wind
tunnel. The Gen-IA actuator was installed upstream of the cavity
(Fig. 9c). The Gen-IA device was operated with a 1

4 -in. (0.635-cm)
spacer at an NPR range from about 1.9 to 7.0. The corresponding
actuator plenum pressure and mass flow ranged from 14.2 to 71 psig
(1.983 to 5.913 NPR) and 0.0611 to 0.1857 kg/s, respectively. The

a)

b)

c)

Fig. 9 Successful implementation of the Boeing/IIT PRTB IA in the
DERA cavity at the ARA transonic wind tunnel18: a) photograph of
the model in the transonic tunnel (note the installation of the PRTB
upstream of the cavity) and d, e) unsuppressed and suppressed cavity
noise spectra at wind tunnel M = 1.19.
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a)

b)

Fig. 10 Photographs of two-dimensional nozzle with integrated ac-
tuator and jet-impingement apparatus: a) view of nozzle details and
b) impinging jet setup.

cavity tones (250 and 500 Hz) were suppressed by 25 dB at the rear
wall and by 28 dB on the floor of the cavity at x = 3 in. (7.62 cm)
(x /cavity length = 0.15) from the upstream end of the cavity. Spec-
tra are shown for the rear-wall location in Figs. 9d and 9e for the
unsuppressed and actuator suppressed cases. The suppression oc-
curred at a cost of 0.1417 kg/s mass flow through the actuators. The
excitation signal itself was at 5 kHz (over an order of magnitude
higher than the cavity tone) and is not within the scale of the x axis
because our focus here is on the cavity tones. Multiple cavity tones
in the range from 250–1000 Hz were simultaneously suppressed
using high-frequency excitation around 5 kHz.

A second test was designed with the objective of evaluating the
effectiveness of the Gen–II high-frequency actuator in suppressing
jet-impingement tones. Experiments were conducted in the Boeing
“flute room” at St. Louis. The flute room is a high-speed flow facility
capable of high mass-flow rates. A two-dimensional jet nozzle was
installed at the end of a settling chamber. The flow from the noz-
zle impinged on a vertically mounted ground plate. Two Boeing-II
PRT actuators were integrated within and on either side of the long
dimension of the rectangular nozzle (variable exit dimensions). The
nozzle and impingement plate apparatus are shown in Fig. 10. The
assembled view of the nozzle with the Gen-II actuator appears in
Fig. 10a. The Plexiglas® side wall was only used for display pur-
poses. In the actual test two 1-in.-thick Al plates were used (see
Fig. 10b). Figure 10b also shows the impinging jet setup and the
actuator pressure supply lines at the top of the nozzle. The slot seen
on the top inside wall of the actuator represents the gap between
the supply jet and the resonance tube. The Lexan windows were
inserted for flow visualization.

The effectiveness of a single actuator bank located on the top wall
of the nozzle is shown in Fig. 11. Phase-conditioned schlieren pho-
tographs show that large-scale antisymmetic oscillations produced
by the M = 0.98 impinging jet are completely eliminated when the
high-frequency actuation is turned on. In Fig. 11c the thick line rep-
resents the unsuppressed case and the dashed line the suppressed
case. The primary impingement tone was at about 1.3 kHz and the
actuation frequency range from 5–5.3 kHz. The corresponding ratio

a)

b)

c)

Fig. 11 Impingement noise suppression using powered resonance-
tube actuators: a, b) Schlieren photographs for unsuppressed and sup-
pressed cases and c) spectra for unsuppressed and suppressed cases.

of excitation frequency/frequency of the impingement tone varied
from 3.85–4.07. Increasing actuator pressures from 6–37 psig re-
sulted in complete destruction of the impingement tone. Similar data
were also obtained for a M = 1.09 jet (not shown for brevity). For
the subsonic impinging jet it was observed that suppression begins
at a mass-flow rate of 0.01 kg/s and is complete at 0.07 kg/s (2.02%
of the main jet’s mass flow). In contrast, for the supersonic jet case
suppression begins at 0.065 kg/s and is complete at 0.13 kg/s (3.6%
of the main jet’s mass flow). Further efforts should focus on reducing
the mass-flow requirements.

Conclusions
The present paper addressed both high-frequency actuator tech-

nology development and the demonstration of the effectiveness of
actuators that could be easily integrated into practical applications.
The parameters that influenced the operation of a single subelement
that could be integrated into a more complex device were first ex-
amined. The parameters included the effect of tube length, diameter,
shape, integration slot spacing, and supply pressure. The output of
the actuator was characterized by an oscillation frequency and am-
plitude. Metrics used to characterize the amplitude included sound
pressure level p′

rms, acoustic power, and acoustic energy density.
Following our studies on single PRTs, two generations (Gen-I and

Gen-II) of linear arrays of powered resonance-tube banks (PRTBs)
were developed. Gen-I included three versions of PRTBs. The first
(IA) consisted of a bank of seven 1

4 -in. (0.635-cm)-diam jets that
injected a mass flow of 0.0612 kg/s at 15 psig (2.038 NPR) and
0.0924 kg/s at 30 psig (3.076 NPR). The IB and IC PRTBs, designed
with the idea of reducing the mass flow without loss of actuation
effectiveness, had nine and five 1

8 -in. (0.3175-cm) jets, respectively.
The mass flow through the nine and five tube PRTBs (IB,C) were
lower by 51 and 67% at 15 psig (2.038 NPR) and lower by 42 and
65% at 30 psig (3.076 NPR), respectively. A Gen-II PRTB that used
either 7 or 15 1

4 -in. resonance tubes and that had mechanisms for
regulating the mass flow was also developed. The mass flow with
no air bleed for the seven-tube Gen-II PRTB was the same as that
for Gen-I but could be reduced using the bleed provision.
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Two demonstration experiments were designed to test the effec-
tiveness of the PRTBs. Both experiments were situations that in-
volved the production of flow-induced resonance (cavity tones and
impinging jets). The first demonstration evaluated the Gen-I PRTB
in a transonic wind tunnel using a length to depth ratio of and 5
rectangular cavity at M = 1.19. Tonal suppression levels of over
25 dB were recorded. In the second experiment the Gen-II PRTB
was tested in a jet-impingement apparatus. The jet was operated at
M = 0.98 and impinged on a ground plane. Tonal suppression of
over 30 dB was recorded.

Our results suggest that the outlook for high-frequency actuators
in shear flow-control applications is very promising. The conven-
tional actuators are fragile, have higher power and maintenance
requirements, and are thus relegated to laboratory demonstrations.
In contrast, the optimized PRTB can reach higher technology readi-
ness levels for application on future aircraft’s flow and noise control
systems.
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