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This paper summarizes ongoing efforts to understand and exploit active control techniques for low-frequency
noise suppression in aerospace applications. Analytical models are used in an effort to understand the mecha-
nisms of noise transmission into acoustic spaces enclosed by lightweight structures and to examine the results of
experimental implementations of active control schemes. Emphasis is placed on attaining global noise reductions
using a minimum number of actuators rather than localized control over many subregions. This program has
demonstrated the effect of synchrophasing and interface modal filtering in limiting the modal density within the
acoustic space and how strong reactive effects may occur in two-dimensional geometries, Finally, the perfor-
mance of active control systems using acoustic and vibration actuators is evaluated in a simplified model.
Suppressions of 10-30 dB are demonstrated, and performance is discussed in relation to the physical mechanisms
and parameters of the system.

Introduction

I NTEREST in the application of active noise and vibration
control concepts has picked up momentum in recent years,

motivated by weight-sensitive aerospace applications. Analy-
ses indicate that systems such as the advanced turboprop air-
craft, rotorcraft, and space station will all suffer from high
cabin noise environments but require that a minimum of addi-
tional weight be added because of performance penalties. Ac-
tive noise control is ideally suited to such applications, because
of its effectiveness at low frequencies. At such frequencies,
significant additional mass is traditionally required for rela-
tively minor decreases in interior noise levels. Used in conjunc-
tion with passive techniques, this concept, with the aid of
emerging computational technology, holds the promise of an
improved acoustic environment with little increase in weight.

Much work in this area has dealt with the one-dimensional
propagation problem, where harmonic and random noise in
ducts has been significantly reduced. Many of the mechanisms
and power flow relations have been derived for this simpler
one-dimensional geometry, and the performance seems well
understood. However, in more complex geometries, especially
where interactions between different propagating media occur,
the effect of active control systems on the transfer and flow of
acoustic energy is only beginning to be examined.

The first work to apply active noise control in an aircraft
environment was reported by Zalas and Tichy.1 This program
to reduce harmonic noise in the interior of a commuter aircraft
in flight was successful over a limited spatial volume. Subse-
quent work by other investigators has focused on more funda-
mental evaluations in laboratory models or analytical studies.
This work involved controlling the resonant behavior of multi-
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dimensional cavity modes in rigid enclosures.2 Noise sources
and control sources consisted of point monopoles or acoustic
velocity sources and provided effective control only near reso-
nance. More current research has included distributed sources
arising from vibrating boundaries and the implications of res-
onance and off-resonance behavior3'4 on controller perfor-
mance.

Ongoing work at NASA Eangley Research Center, both
in-house5"7 and under grant8'9 has provided an improved dy-
namic model of a simplified fuselage by coupling the exterior
acoustic source, shell response, and interior acoustic response.
The analytical model and a companion experimental program
have provided insight into the physical mechanisms that affect
the operation of active control in coupled systems. Active
control employing both acoustic and vibrational sources has
been investigated. The purpose of this paper is to review these
results to date. System performance is studied by demonstrat-
ing the noise suppression attained using the above-mentioned
techniques and examining the mechanisms by which control is
exercised over the interior noise field. Finally, it should be
noted that throughout this work, emphasis has been placed on
exercising control over extended spatial domains rather than
attaining localized suppressions.

Analytical Model
Figure 1 shows the primary model used for the analytical

development. A complete description of the analytical model
is given in Ref. 10. The fuselage is represented as an infinitely
long, thin, uniform, elastic cylinder of radius a and thickness
h . Cylinder vibration is excited by exterior monopole sources
representing propeller noise sources. The analytical solution
assumes a steady-state response, and the exterior and interior
acoustic fields are coupled by the radial displacement of the
cylinder wall. Both the shell response and the interior acoustic
response are expressed as a finite series of modes, with the
interior pressure represented as

p(x,r,0) = (1)

where S5> are the known external complex source strengths and
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Fig. 1 Analytic model of cylindrical fuselage.

Control
sources

1\

0 Exteric1 ' source
Lead vinyl

damping Microphones

Fig. 2 Schematic of NASA test apparatus using acoustic control
sources.

Ns is the number of external sources (Ns =2 in this paper). The
source modal distribution functions $„$ are given in Ref. 10.
These functions involve inverse Fourier transforms, with inte-
grands defined in terms of complex Bessel functions and the
various shell parameters. Note from Eq. (1) that the solution
is represented as a finite sum of N azimuthal modes. Both
external monopole sources were located at the same radial
distance, r^, from the axis but at azimuthal positions of 0^ = 0
and TT, as shown in Fig. 1. Equation (1) is used to predict the
interior pressure and to illustrate the mechanisms inherent in
the experimental results.

A similar expression for the shell displacement response Wns
can be derived in terms of the same azimuthal mode expansion
and, from this, an expression for the modal coupling factor
relating the modal response of the shell displacement to the
modal pressure response of the interior cavity is obtained as
Eq. (2).

Wm

_ Q

~ Pf
Cj Jn(k'sr)

(2)

where k'sa = \I(QCL/C/.-)2 — k^sa2 is the radial wave number and
kns the free axial wave number in the cylinder for a mode (n ,s),
obtained by solving the normal mode dispersion equation of
the system. The term P;,S is the circumferential pressure ampli-
tude in the (n ,s) mode evaluated at r. Fluid density is p/, and
the speed of sound in the fluid and shell is Cr and CL, respec-
tively. The nondimensional frequency is given by tt = 2irfa/
C[ . Equation (2) describes the coupling between the shell and
interior acoustic motion for the mode (n ,5) and is the basis of
the interface modal filtering effect to be demonstrated in the
following sections. Only modes in which the motion is pre-
dominantly normal shell response are considered. Therefore,
Eq. (2) is used to evaluate how effectively shell motion will
drive the interior acoustic field for a particular mode (i.e.,
modal coupling coefficients).

For the results to be presented, both the shell motion and the
interior acoustic response will be expanded in terms of az-

Fig. 3 Schematic of VPI&SU test setup using vibration control
sources.

imuthal modes. This representation will have the form of
,v

Y(6) = ^A,, cosn6 + Bn s'mnO (3)
n --- 1

where Y(6) represents the azimuthal distribution of either the
acoustic pressure or shell acceleration in terms of a Fourier
series of azimuthal modes having coefficients An on the cosine
terms and Bn on the sine terms. The sum is taken over a finite
number of modes representative of the response being de-
scribed. Further, the coefficients, taken generally as complex
constants in this paper, are functions of axial position in the
shell and axial and radial position in the interior acoustic
space.

Experimental Apparatus
The experimental results to be presented came from two test

facilities. An active control experiment using interior noise
sources was performed at NASA Langley Research Center,
and an experiment using vibrational control sources was per-
formed at Virginia Polytechnic Institute and State University
(VPI&SU). The two test setups were similar in their transducer
arrangement and control system, using radial and azimuthal
arrays of transducers to define both the interior pressure fields
and shell vibration. The source control systems also operated
with similar optimization algorithms.

The NASA facility is shown in schematic form in Fig. 2. The
fuselage model consisted of a 1-mm-thick aluminum cylinder,
40 cm in radius and 1.2 m long. Ribs at either end supported
the skin and !/z-inch-thick aluminum end caps sealed the enclo-
sure. In order to reduce interior axial acoustic reflections, the
cylinder ends were covered with 15 cm of acoustic foam. Sim-
ilarly, two strips of lead vinyl were attached to each end of the
cylinder wall, one inside and one outside, to reduce structure-
borne axial reflections in the shell.

Two exterior point sources were used on either side of the
cylinder (0^ = 0 and TT). These were driven either in-phase or
out-of-phase in order to excite different primary acoustic
fields within the cylinder. The acoustic field was measured by
an array of 10 microphones spaced across a diameter as shown
in Fig. 2. The array could be traversed in both the azimuthal
and axial directions. This allowed the mapping of the interior
acoustic field in all three dimensions and provided a basis for
determining the performance of the active control systems. In
addition, 16 accelerometers, mounted on the shell in an azi-
muthal array, measured the shell response at various fixed
axial locations and provided an evaluation of the azimuthal
modal response of the shell using Eq. (3). These were 0.3-g
accelerometers and were selected to minimize the loading ef-
fects on the cylinder.

Finally, as shown in Fig. 2, four control sources were lo-
cated within the cylinder all in the same axial plane as the
exterior sources. These were driven in such a way as to mini-
mize the sum of the mean squared pressures at the 10 micro-
phone locations. Additional information on the convergence
algorithm is documented in Ref. 13.

A schematic of the facility at VPI&SU is shown in Fig. 3.
Here a similar experimental setup was used. The cylinder was
25.4 cm in radius, 1.245 m long, and 1.63 mm in wall thick-
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ness. One exterior acoustic source provided the primary excita-
tion of the cylinder in contrast to the two used in the NASA
facility. The control was provided by either one or two mini-
shakers exerting a force input at a point or points on the
cylinder wall. These shakers were mounted to a stand secured
to the anechoic room floor. All the excitation was in a single
axial cross section.

The transducer arrangement was similar to the NASA setup,
but with three microphones across a single radius rather than
10 across the diameter. Data was acquired at 24 azimuthal
positions and two axial positions. Additionally, 24 accelerom-
eters were arranged in an azimuthal array in the source plane,
allowing a decomposition of the shell response into azimuthal
modes.

Results
The results to be presented include an overview of the noise

transmission phenomenon for the above-mentioned special-
ized geometries and illustrations of the performance of active
control systems using either acoustic or vibration control
sources. These results will be shown in terms of the azimuthal
modal response, Eq. (3), of both the shell and the interior
acoustic field. Contours of the interior pressure fields are pre-
sented for various exterior source conditions, and the analyti-
cal model is used to explain the measurements. The interior
pressure field is shown to be a highly reactive two-dimensional
sound field with large spatial variations in the acoustic re-
sponse. The interface modal filtering effect is shown to influ-
ence the number of modes excited in the acoustic space, and an
extension to more complicated geometries is presented. Fi-
nally, the performance of the active control systems in terms of
global reductions is illustrated. The parameters influencing the
performance and extent of the spatial suppressions are exam-
ined and quantified.

The cases chosen are presented in terms of a nondimensional
frequency 0 = 2-K/a/CL, where CL is the phase speed of axially
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Fig. 4 Normalized pressure level contour maps for three source con-
ditions: a) in-phase exterior sources, ft = 0.22; b) in-phase exterior
sources, ft = 0.10; and c) out-of-phase exterior sources, ft = 0.22.

propagating waves in the shell. A value of 0 = 0.2 corresponds
to a 170-Hz tone in a 2-m-diam aluminum fuselage. This non-
dimensional frequency is representative of the second har-
monic of blade passage frequency (BPF) for current commuter
aircraft or approaches the fundamental BPF for the advanced
turboprop aircraft.

Noise Transmission Effects
The effect of source configuration and frequency on mea-

sured interior pressure distributions is demonstrated in Fig. 4.
In the figures, the interior acoustic field is shown as a normal-
ized pressure level contour for a specified nondimensional
shell frequency (0 = 2irfa/CL). The key relates the sound pres-
sure levels (SPL) corresponding to seven gray scales in 10-dB
increments. These levels are relative to the exterior SPL mea-
sured at the shell wall in the source plane at 0 = 0 and TT.
Therefore, these results indicate some measure of the trans-
mission loss through the cylinder wall subject to the modal
response of the cylindrical shell and the interior acoustic space.
As will be shown, these levels are affected by the phasing of the
exterior sources.

In Fig. 4a, results are presented for a nondimensional shell
frequency of 0 = 0.22 or 475 Hz in the NASA test facility. The
exterior monopoles were operated in-phase, resulting in a
dominant n =2 [i.e., A2 from Eq. (3)] azimuthal mode in the
interior acoustic space. An azimuthal expansion of this pres-
sure field shows the n = 2 mode 20 dB higher than the next
highest mode, the n = 4 azimuthal mode. Correspondingly, the
four-lobed pattern in the pressure field is characteristic of the
n =2 mode with alternate peaks in this pressure field 180 deg
out-of-phase. This case is near the n = 2 mode resonance in the
cross-sectional space, and this leads to the dominance of this
mode and the rather low transmission loss, about 14 dB. At the
lower frequency of 216 Hz, 0 = 0.10, the measured pressure
field is as shown in Fig. 4b. This is plotted to the same scale as
Fig. 4a, and it is evident that the interior levels are significantly
lower. Here the n = 2 mode is down 23 dB over that of Fig. 4a.

As an illustration of the effect of source structure on the
interior pressure response, the pressure contour map is shown
for out-of-phase exterior monopoles in Fig. 4c for 0 = 0.22. A
decomposition of the interior pressure field near the wall re-
veals the A3 azimuthal mode to be approximately twice as
strong as the A2 and B2 modes, which are of equal strengths.
As discussed in Ref. 14, the out-of-phase sources should not
excite the sine modes or any of the even modes [i.e. from Eq.
(3), An=Q for n =0,2,4,6,. . . and Bn =0 for all n ] . However,
asymmetries in the test setup and the cylinder seam accentuate
the scattering effects and, thus, some Bn response and even
modes are observed. It is important to note that changing the
source phase by 180 deg has reduced the level of the n = 2 mode
by nearly 30 dB over Fig. 4a and near the meaningful noise
floor of the measurement. Overall, the transmission loss for
this condition has increased by 20 dB for this alternate source
structure.

Comparison of Figs. 4a and 4c illustrates the effect of syn-
chrophasing or source phasing on the interior acoustic field.
Dramatic reductions of interior noise are achieved using this
technique because the shell modes that couple most efficiently
to the interior acoustic space are reduced. Source phasing may
be considered another aspect of active control as it is optimiz-
ing one source with respect to another to minimize the interior
acoustic field. These results consider only the simple aspects of
monopole sources; however, with the use of counter-rotating
propellers, additional source phasing parameters are available
and need to be integrated into the total picture of an active
control system.

The coupling of the shell displacement to the interior pres-
sure as computed by Eq. (2) is illustrated in Fig. 5. This plot
relates the individual azimuthal modes in the shell to corre-
sponding acoustic modes in the interior and does not account
for the shell excitation. For a symmetric cylinder, no coupling
can occur between structural and acoustic modes of different
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Fig. 6 Normalized mode levels for the acoustic pressure and shell
displacement in the source plane; o —, acoustic modes; D — , shell
modes.

azimuthal order as they are orthogonal. Therefore, for an
azimuthal mode to appear in the acoustic field, it must be
present in the shell. Note that the analysis is for an infinite-
length cylinder and, although the test cylinders are finite, the
analysis does illustrate the coupling mechanisms, trends, and
magnitudes. These curves were evaluated at r/a =0.93, and
the peaks of the curves correspond to the cut-on frequencies of
the respective interior acoustic modes. Each interior acoustic
radial, as well as azimuthal, mode generates a curve as noted
for the n = 0 curve, which corresponds to the first higher-order
axisymmetric radial mode. However, as stated previously,
only normal shell response solutions are investigated; thus,
peaks in the curves correspond to coincidence between the free
shell response and higher-order interior mode response. The
peak for the plane wave mode or breathing mode occurs at
12 = 0.0 and generally is not excited.

At any given nondimensional shell frequency 12, a distribu-
tion of shell azimuthal modes will generally give rise to one or
two dominant interior acoustic modes, according to this reso-

a) in-phase

SPL 0 -5-10-15-20-25

b) out-of-phase

Fig. 7 Normalized pressure level contours in aircraft cabin geometry
using finite-element model, ka =3.5.

nant behavior. This was illustrated in the cases presented in
Fig. 4 where, for in-phase or symmetric excitation, a dominant
cos20 mode was excited both at resonance where a strong
response resulted and away from resonance where a signifi-
cantly reduced overall response occurred. For antisymmetric
excitation (out-of-phase), a dominant cos30 mode was excited
but at reduced levels because the frequency was significantly
below the resonance of this mode.

Figures 6a and 6b further demonstrate the filtering effect of
the structural-acoustic coupling (interface modal filtering) be-
tween the shell and the acoustic cavity. Normalized modal
levels for the first eight cosine azimuthal modes (An) are com-
pared for the structure and the interior space. For the discus-
sions to follow, the sine modes (Bn) were found to be of
negligible amplitude in the shell, and acoustic space and refer-
ences to azimuthal modes should be taken as references to
cosine modes (An). At 12 = 0.15 (324 Hz), the n =2 azimuthal
mode dominated the shell and acoustic response. However,
other modes strongly present in the shell were negligible in the
interior acoustic space. This is demonstrated even more dra-
matically in Fig. 6b, where the n = 1 mode dominated the shell
response but is not detected in the acoustic cavity response.
This effect was evident throughout the tests conducted at both
the NASA and VPI&SU facilities. Thus, interface modal fil-
tering has the benefit of reducing the modes that need to be
controlled in the acoustic space and has different implications
for acoustic and force control inputs, as will be pointed out
later.

As the responses shown so far apply only to an idealized
fuselage geometry, results that model a more realistic interior
geometry are taken from Abrahamson.11'12 This analysis uses
a finite-element model to approximate the acoustic response of
an aircraft cross section. The reader is directed to the refer-
ences for additional details of the model. Cross sections repre-
senting the free acoustic space in a two-aisle passenger cabin
with overhead bins are represented in Figs. 7a and 7b. The
upper boundary is a hard wall, and the lower boundary, repre-
senting seats and carpet, is given a normalized specific acoustic
impedance of 1.0. The left and right boundaries are taken as
piston sources (vibration sources) and driven in-phase in Fig.
7a and out-of-phase in Fig. 7b. A dominant symmetric mode
response is produced in Fig. 7a, with in-phase excitation of the
sidewalls. A dominant antisymmetric mode response is pro-
duced in Fig. 7b, with out-of-phase excitation. Note also the
reduced levels of Figs. 7a over 7b, indicating a similar interface
modal filtering effect due to the source phasing effects as
previously demonstrated. This occurs even with the more lo-
calized excitation and irregular geometric and acoustic charac-
teristics. These results, in combination with the known effec-
tiveness of synchrophasing in aircraft, imply that the same
coupling effects and cavity responses will apply for more com-
plex geometries and that the results from the cylindrical ge-
ometry will apply to more realistic models.

Returning to the cylinder model, Fig. 8 shows a normalized
plot of the predicted interior intensity and pressure fields at the
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wall, r/a = \.Q, resulting from in-phase exterior monopole
sources at fi = 0.22. The reactive behavior of the interior cross-
sectional space is evident, even in this infinite duct model,
from the intensity levels that are 6-20 dB down from the
interior sound pressure levels. For free-field radiation from a
point source, the relative levels of the SPL and intensity level
would be the same. Alternate peaks of the intensity correspond
to ingoing and outgoing flows of acoustic energy. Preliminary
experiments confirm this effect, but more detailed measure-
ments are needed. Here the coupling of the azimuthal modes
in the intensity is apparent with the strong variation of the
intensity vs 6, resulting from the interaction of the n = 2 mode
and the n =4 mode at the shell wall. This strong variation in
acoustic intensity with wall position is a common characteristic
of the acoustic fields measured in propeller-driven aircraft1'14

and explains why intensity measurements in aircraft are so
difficult. In effect, the wall vibration is a high-order multipole
source inputting and extracting energy around the wall circum-
ference.

Other calculations demonstrate that, by shifting the fre-
quency slightly to the opposite side of the resonance peaks of
Fig. 5, the sign of the intensity flux at the interior shell wall is
changed.15 This occurs because the resonance of the pressure
response is crossed while the shell velocity response remains at
the same phase. This has implications for the use of passive
treatments in aircraft as the regions of energy inflow and out-
flow can change dramatically with slight shifts in frequency
and source phasing16 (i.e., synchrophase angle).

Active Control with Acoustic Sources
This section will illustrate the use of active noise control in

the NASA cylindrical fuselage model. As mentioned in the
experimental setup section, the test setup was limited to a
distribution of four acoustic sources. Optimization was carried
out by minimizing the sum of the squared pressures for the 10
interior microphones with the array at a fixed position. Be-
cause of the nature of the excitation forcing the interior field

/-SPL

90 270 360180
e, (teg.

Fig. 8 Comparison of normalized SPL and intensity level predictions
at the interior wall (r/a = 1.0); x/a =0.0 and 11 = 0.22.

-1.0 -20 -30
Level, dB

a) Primary b) Composite
Fig. 9 Normalized pressure level contours in the source plane (x/a
= 0.0) for primary alone and composite noise sources with in-plane
exterior sources, ft = 0.22.

over a large spatial extent in one dominant mode, multimodal
control was not attempted on account of the increased number
of control sources necessary. To exercise control over the n = 3
azimuthal mode at a single cross section, an array of six con-
trol sources would be needed in order to avoid modal spillover
effects.6 This was beyond the scope of this preliminary exper-
imental work, and the results presented are restricted to the
n = 2 azimuthal mode.

The results presented in Figs. 9a and 9b illustrate the mea-
sured performance of the active noise control system for
Q = 0.22. Figure 9a shows the pressure level map of the interior
field in the source plane due only to the exterior in-phase
monopoles. Here, all interior SPLs are referenced to the peak
interior sound pressure for the primary source alone at x/a
= 0. As before, this field is dominated by the n =2 azimuthal
mode. The operation of the active control system with four
acoustic monopole sources near the wall at the horizontal and
vertical radii (6 = 0, ir/2, TT, 3?r/2) results in the composite field
(primary + control), shown in Fig. 9b. Here, the peak levels
are down by more than 10 dB, and the dominant n =2 mode
has been reduced by over 30 dB.

The global nature of this noise reduction is illustrated by the
pressure field comparisons of Figs. lOa and lOb. These figures
show the primary and composite fields at the axial plane x/a
= 0.15. The primary field of Fig. lOa is about 5 dB lower than
at the source plane and is still dominated by the n =2 azi-
muthal mode. The operation of the controller yields the com-
posite field shown in Fig. lOb. Although the reduction in levels
is somewhat less than in the source plane, the axial distribution
of sound in the composite field is relatively uniform. Note here
that the azimuthal n = 2 mode appears to be relatively strong
in the composite field at x/a = 0.75 compared to the composite
field at the source plane.

The performance of the control system for the azimuthal
mode n =2 is presented in Figs, lla and lib. Here the axial
distribution of the modal amplitude and phase are plotted vs
axial position for the three source conditions. The level of the
primary acoustic field decays about 5 dB over an axial distance
of 0.75a. The axial distribution of the amplitude closely
matches that of the control sources. The phase variation is

a) Primary b) Composite
Fig. 10 Normalized pressure level contours at x/a = 0.75 for primary
alone and composite noise sources with in-phase exterior sources,

AMPLITUDE, dB

b)

Fig. 11 Normalized mode level and phase change from source plane
for n = 2 mode, in-phase exterior sources at fi = 0.22; D——, primary;
o —, control; A - - - , composite.
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Fig. 14 Normalized radial acoustic intensity at shell wall, x/a =0.0,
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Fig. 13 Normalized shell displacement level for n = 2 mode at
ft = 0.22 for three source conditions; D - - , primary; o —, control;
and A - - - , composite.

negligible over a length of 0.25# from the source plane but
then closely matches that of the control sources. At this fre-
quency, the n = 2 mode is just cut on and, hence, its axial wave
length is very long, which is typical of the structural wave
length. It is this close matching of these two n = 2 modal wave
fields that accounts for the global reduction within the en-
closed cylindrical space. As noted in the pressure maps and
illustrated by the composite curve in Fig. 11, the n = 2 mode is
strongly controlled in the source plane but is regenerated away
from the source plane by the wall vibration. However, a con-
sistent 10-15 dB of suppression was attained over the cylin-
der's interior.

At lower frequencies, away from mode cut-on, the level of
suppression provided by this control system did not provide
noise reductions as large as exhibited for fi = 0.22; however the
interior levels due to the primary sources were significantly less
as demonstrated previously in Figs. 4a and 4b. The modal
representation of the interior pressure field for the 12 = 0.15
case is shown in Fig. 12, where 15 dB of suppression for the
second-order azimuthal model was obtained in the source
plane. However, away from the source plane, only minimal
attenuation was attained as the wave fields from the primary
source and control sources did not match in their axial distri-
butions. The axial decay of the n = 2 mode due to the control
sources was much higher than that due to the primary sources.
The phase response of the primary field was characterized by
the long wave lengths of the shell wave field, indicating a
dominant forced response. Axial arrays of control sources
may possibly be used to better match the axial characteristics
of the control field to the primary field and improve the global
suppression.

Finally, in order to examine the shell response for these
cases, the displacement of the shell, as measured by the accel-
erometer arrays, is presented in Fig. 13. The response for the
n =2 azimuthal mode is shown for the fi = 0.22 case with in-
phase exterior sources. The primary response was typical of all
the cases, that is, a uniform axial response due to the exterior
sources. Although the monopole sources are localized in these
cases, the shell response seems to be excited in the source plane
and propagates away with little damping. The built-up struc-
ture of aircraft would be expected to increase this damping
significantly. This effect would help to reduce the spatial ex-
tent over which the active control system would have to exer-
cise control.

Interestingly, for this case, the operation of the active con-
trol sources increases the displacement response of the shell.

a) Primary b) Composite

Fig. 15 Normalized pressure level contours for two source conditions
using single shaker control of interior pressure field, fl = 0.2, x/a
= 0.0.

This occurs because the active control system reduces the back
pressure loading on the wall and, thus, the wall is essentially
uncoupled from the cavity space. Because this case is at reso-
nance for the n = 2 mode, this back loading is larger than at
other frequencies (i.e., the pressure response is larger for a
given wall displacement), and the operation of the control
system yields this noticeable effect. However, for none of the
other frequencies tested was the composite wall acceleration
discernible from the primary case alone.

Further evidence of the noise suppression mechanism is
shown in Fig. 14, taken from Ref. 5. Here, the predicted
interior radial intensity at the wall is shown for the primary
and composite sources. A negative intensity is taken as energy
into the cylinder. The primary source case shows the regions of
inflow and outflow due to the dominant n = 2 and residual
n =4 modes. As expected, a net influx of energy occurs as a
result of the slightly higher negative peak value. The composite
source case demonstrates the reduced radial intensity that ac-
companies the operation of the control sources. Rather than
absorbing the incoming acoustic energy, the control sources
reduce the pressure in combination with the primary sources.
The input impedance of the cavity is significantly reduced, and
less energy can be transferred from the shell vibration (even
with the vibration increase) to the cavity space. In combina-
tion, all the sources produce less acoustic energy than when
operated alone.

Active Control with Vibration Sources
This section deals with the active control work using vibra-

tional inputs done at VPI&SU under grant to NASA. The
setup is shown in Fig. 3, and more detail is given in Refs. 9, 17,
and 18. The cylindrical shell was excited with a nondimen-
sional shell frequency of fi = 0.2 by a single monopole at 6 = TT.
For this configuration, the sine modes (Bn) were excited to a
greater extent and, therefore, the discussion will account for
these modes. The optimization was carried out initially by
minimizing the interior acoustic field at a single interior point
(r/a= 0.925, 0 = 0) using a single shaker at 6 = 0. Subse-
quently, an additional shaker for a second test case was added
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a) Primary b) Composite

Fig. 16 Normalized pressure level contours for two source conditions
using single shaker control of interior pressure field, 11 = 0.2, x/a
= 1.0.

a) cosine mode

.5

Q&--O—B-~y—P-—t
0 1 2 3 4 5 6 7 8 9 1 0 1 1

Azimuthal Mode
b) sine mode

Fig. 17 Relative azimuthal mode response of shell for three source
conditions, fi = 0.2; D - - , primary; o —, control; A - - - , compos-
ite.
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Fig. 18 Relative azimuthal mode response of interior cavity for three
source conditions, fl = 0.2; D — — , primary; o—, control; A- - - ,
composite.
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Fig. 19 Normalized pressure level contour of composite field using
two control sources, ft = 0.2 at source plane.

at 0 = 7r/4, along with a second error microphone at r/a
= 0.925 and0 = 7r/4.

The primary acoustic field due to the single exterior source
is shown as a contour of normalized SPLs in Fig. 15a. This
field is characterized by a dominant A2 azimuthal mode similar
to that obtained in the NASA facility. The proximity of this
frequency to resonance for this mode as noted previously (Fig.
5), is the reason for this singular dominant mode response.
Operation of the active control system using a single shaker at
0 = 0 to control the interior sound field results in the sound
field mapped in Fig. 15b. Here pressure levels have been re-
duced by 15 dB, and the dominant residual mode is a B2 sine
mode. Note the pressure minimum occurring at the shaker
location, 0 = 0. Out-of-plane performance is illustrated by
comparing Figs. 16a and 16b. These pressure maps show the
primary and composite normalized SPL maps at x/a = 1, or
one radius away from the source plane. The dominant n = 2
mode in the primary field is reduced by nearly 20 dB with the
operation of the single control shaker, thus producing good
global reduction.

The azimuthal mode response of the shell is shown in Fig.
17, where the dominant shell modes in the primary field are the
n =2, 4, and 7 cosine modes of Fig. 17a. However, the opera-
tion of the control source, while reducing the n =2 modes,
causes many additional higher-order modes to be excited. This
is known as control spillover. As will be seen, these modes do
not couple well to the interior cavity response because of the
interface modal filtering described previously and are of no
consequence in the acoustic field. Thus, the control spillover is
constrained to the shell.

When the pressure fields are viewed in terms of the modal
response plotted in Fig. 18, the significant reduction for theA2
acoustic mode corresponds to the reduction of the A2 shell
mode of Fig. 17. The lack of any higher-order-mode contribu-
tions in the control or composite field attests to the efficiency
of the filtering effect of the structural/acoustic coupling.

However, in Fig. 18, the dominant residual acoustic mode is
seen to be the sin20 mode B2. Because this mode is orthogonal
to the A2 cosine mode, it is uncontrollable with this controller
configuration. If a second control shaker at 0 = 7r/4 and an
interior error microphone at 6 = Tr/4 are utilized, control could
be exercised over this residual mode as well, The pressure field
for the two control actuators operating is shown in Fig. 19 and
indicates the reduction over that of Figs. 15a and 15b. Thus,
the two control forces independently control the two orthog-
onal modes. Care must be taken in the location of the control
forces and error sensors so that they efficiently couple into,
and sense, respectively, the individual modes to be attenuated.

By exercising control using vibrational inputs, much of the
interior control spillover effects encountered using acoustic
sources can be avoided. This attacks the noise source in the
shell, where the transmitting medium is essentially two dimen-
sional, and therefore, the radiated characteristics of the con-
trol field are likely to match those of the primary field with
respect to spatial distribution. Thus, a more global reduction
may be attained with a reduced number of controllers. How-
ever, the price to be paid is increased control spillover into the
shell response, which has implications for structural fatigue.
Damping encountered in real fuselage structures will tend to
reduce these spillover effects, especially for higher orders. In-
creasing the number of controllers will reduce this problem as
well, but then acoustic sources become more attractive.

Concluding Remarks
This paper has summarized the ongoing efforts at NASA

and VPI&SU to understand and exploit active control tech-
niques. The analytical model has been shown to be a valuable
asset in defining the mechanisms of the noise transmission
phenomenon and guiding the application of active control
schemes. This effort has centered on understanding the mech-
anisms that govern noise transmission into lightweight en-
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closed structures and examining the results of experimental
implementations of active control schemes. The emphasis in
the controller design has been to attain global noise reductions
using a minimum of actuators rather than localized control
over many subregions.

Active control of sound fields in elastic closed cylinders by
the two methods of interior acoustic sources and point forces
applied at the shell wall have been independently studied. Both
methods show very good global reductions, and the success of
the methods has been largely demonstrated to be due to the
interface modal filtering effect. Although acoustic sources ap-
pear to require more control sources to achieve global reduc-
tion than point forces, they reduce the sound field without
significantly increasing shell response. Both methods have
been shown to be sensitive to control actuator and sensor
location. In combination with source phasing control (syn-
chrophasing), both methods offer great potential for a variety
of applications in both aerospace and nonaerospace environ-
ments.
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