43rd AIAA/JASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Con AIAA 2002-1355
22-25 April 2002, Denver, Colorado

AlAA 2002-1355

EVACUATED ENCLOSURE MOUNTED ACOUSTIC ACTUATOR AND PASSIVE
ATTENUATOR

Benjamin K. HendersdnSteven A. Lane
Air Force Research Laboratory/VSSV, Kirtland AFB, NM 87117-5776

Steven F. Griffi}
Boeing-SVS, 4411 The 25 Way, Suite 350, Albuquerque, NM 87109

Joel Gussy
University of Michigan, 3055 Whisperwood Dr, Ann Arbor, MI 48105

Kevin M. Farinholt
Virginia Tech Mech. Eng. Dept., 307 New Engineering Bldg., Blacksburg, VA 24061-0261

ABSTRACT commercial space launch. Proposed approaches to
It is often desired that acoustic actuators or passivanitigate this acoustic environment often involve the use
attenuators be mounted in relatively small, seale®f acoustic actuators, such as acoustic actuators
enclosures to meet space constraints or in order to mak@udspeakers), or passive attenuator elements. Such
the device unobtrusive. However, the large stiffnesglements are commonly mounted in sealed enclosures,
contribution from the air volume of such an enclosureor cabinets, to enhance acoustic radiation by preventing
can significantly increase the natural frequency of alipole behavior. However, the mechanical resonance
conventional system, degrading performance at lovirequency (i.e. the natural frequency) of the speaker
frequencies. In this work, a novel concept is presentefay be significantly increased due to the air-spring
in which a diaphragm is mounted in a small, sealeg@ffect of the air volume within the enclosure. This
enclosure, yet the overall system exhibits an extremelg€grades the low-frequency performance of the speaker,
low natural frequency. This is accomplished bysince speakers radiate sound less efficiently below their
partially or completely evacuating the air from the natural frequency._ Therefore, speakers deS|gned for
enclosure to minimize the air-spring effect. A buckling'oW-frequency applications are often mounted in large
suspension, exhibiting a nonlinear spring-rate, i§_nclos_ures. Large—yolume enclosures have less of an
utilized to counteract the large loads associated with th&ir-SPring effect, which allows for a lower resonance.
pressure difference across the diaphragm whild\lthough this is acceptable for most applications, many

retaining a low stiffness in the range of operation. ThigPPlications have constraints on the amount of space
work presents theory, modeling, simulations andavaﬂable for the speaker enclosures. Examples include

experimental results from a prototype that demonstrategoMpPact sub-woofer de&gr;s, and active noise centrol
the utility of the proposed concept, actuators for automobile, aircraft, and launch vehicles.

In such cases, it is desired to have speakers mounted in
INTRODUCTION small enclosures that maintain good low-frequency
rg:)erformance.

The structural dynamics of enclosed volumes ca
generate an acoustic response that, through structural-
acoustic interaction, can damage a delicate payload in a
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If an active feedback circuit is implemented to regulataesponds as a simple mass-spring-damper system, and

the motion of the diaphragm, the loudspeaker’s natural
frequency can be tuned to a specific frequency. Such
feedback loops have been widely used to control
diaphragm motion and produce speaker systems with
enhanced low-frequency performance™. In addition to
audio applications, motion controlled speakers have
also been successfully implemented in noise control
applications where the low frequency response of the
actuator is crucial®®. However, this technique has the
disadvantage of requiring active feedback circuitry and
additional power sources, and may not be practical to
implement in volume and mass critical aerospace
applications.

The concept introduced here uses a novel approach to
develop an acoustic actuator or passive diaphragm
mounted in a small sealed enclosure that exhibits a low
natural frequency. This is accomplished in part by
partially or completely evacuating the air from the
enclosure to minimize the air-spring effect. The
conventional diaphragm suspension is replaced with a
buckling suspension system that produces a non-linear
spring-rate (stiffness). The suspension is designed to
support the large loads associated with the pressure
difference across the diaphragm while simultaneously
exhibiting a low stiffness on the order of conventional
Speaker suspensions.

In the following, an analysis of the design concept is
presented, and a rudimentary model is developed.
Numerical simulations are presented to demonstrate the
advantages of this approach using parameters of a
typical loudspeaker. This is followed by experimental
measurements of a proof-of-concept prototype device
that validate the given models and theoretical
predictions.

THEORY

To illustrate the proposed concept, a coupled
model of the electro-mechanical speaker dynamics and
enclosure will be presented. Then the effects of
implementing a non-linear suspension and evacuating
the enclosure will be discussed. The system will then
be modeled as a baffled piston, and the effects of the
design parameters on the on-axis radiated sound
pressure will be computed to illustrate the design
advantages.

A schematic diagram of a typical moving-coil
loudspesker is presented in Figure 1. The diaphragm is
attached to the frame by the spider and the surround,
both of which provide stiffness and damping to the
loudspeaker system. At low frequency, the speaker

can be modeled as shown in Figure 2 using a mass
element representing the moving mass of the system, a
spring element and a damper element, representing the
gtiffness and damping of the speaker suspension,
respectively, and an electromechanical force input. The
electrical dynamics of the loudspeaker can be modeled
as shown in Figure 3 by an inductor, a resistor, and a
controlled voltage source. The inductance effect results
from the voice coil, and the resistor models the DC coil
resistance. The voice coil is positioned in a magnetic
field created by a permanent magnet. A voltage, vq(t),
applied across the speaker input terminals pushes
current through the voice coil. The passage of current
through the coil wire creates the driving force that
moves the attached diaphragm and generates the
acoustic pressure response. The movement of the voice
coil within the magnetic field induces the flow of
current in the opposite direction, which creates a back
em.f. (electromotive force), modeled here as an AC
voltage source. The back em.f., vy(t), is proportiona to

the diaphragm velocity, X(t) , by the actuator constant
.
diaphragm

s surround

'« frame

input
terminals

magnet
voice coil

Figure 1: Schematic diagram of a typical moving-cail
acoustic actuator
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Figure 2: Mass-spring-damper model of the low
frequency dynamics of a moving-coil acoustic actuator
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Figure 3: Model of the low frequency electrical
dynamics of a moving-coil acoustic actuator

As evidenced by Egs. (3) and (4), the spring constant
may be reduced by decreasing the radiating area,
increasing the enclosure volume, changing the enclosure
gas, or reducing the gas pressure. Increasing the
enclosure volume is the conventional solution, although
it has the disadvantage that speaker enclosures tend to
be very large when low-frequency response is required.
The use of a gas other than air is problematic in that it
requires that the manufacturer tightly seal the enclosure.
Furthermore, the values pfor gasses that are both safe
and readily available are fairly close to those of air,
offering only a minimal advantage.

Using Newtons second law of motion, the mechanicalThe other alternative, reducing the gas pressure, is
dynamics can be modeled by a second-order differentialifficult to achieve. As implied by the ideal gas law,

equation, given as:

mx(t) +d x(©) +kx(t) =g i), 1)

wherei(t) is the driving currentx(t) is the diaphragm
displacementm is the moving masgj is the system

pressure can be reduced significantly by maintaining a
very low temperature, but this is a costly solution in
terms of power and complexity. Assuming that the
system is isothermal, the density of the air in the
enclosure is directly proportional to the absolute
pressure in the enclosreTherefore, a reduction in the

damping, and s the stiffness. The electrical dynamics jnternal pressure of the enclosure translates directly into
can be modeled by a first-order differential equation; yequction in the stiffness of the air spring.  This

using Kirchoffs voltage law:

di(t)
dt

L + Ryci(®) +@ X(t) =va(t), (2)

where L is the coil inductanceRqc is the DC coll

resistance andva(t) is the voltage applied to the

terminals.

approach is more practical, and is used in the approach
presented in this work.

The suspension for a conventional speaker diaphragm is
relatively soft. As a consequence, even a small pressure
difference between the front and rear of a conventional
speaker cone would quicklibottom-out” the speaker,
preventing the cone from proper operation. Conversely,

if the suspension were redesigned to have a large spring

For the case of a sealed enclosure, the enclosed &pnstant to counteract the load due to the pressure

volume behaves as an air spring in parallel to th
suspension, and is simply added to the suspensi
For an ideal gas under isotherma

stiffness, k.
conditions, the air spring, denoted &g may be
represented by

2
(= pn= LS e

where

Sy
p=re, @

whereA is the radiating area of the diaphragmis the

difference, it would have a very small excursion when
difiven at reasonable power levels, resulting in poor
| sound radiation. Additionally, the pressure difference

would likely cause significant deformation or even
failure of the diaphragm itself.

A nonlinear suspension is proposed to provide a
solution to the pressure loading effect resulting from
evacuating the enclosure. It is desired to design a
suspension to carry the large static pressure load while
exhibiting a reduced stiffness at the operating point. In
the ideal case, the suspension stiffness is reduced to a
very small value at the desired interior pressure level. If
the enclosure were completely evacuated, the air-spring

density of the air in the enclosure,is the speed of Stiffness would disappear completely, and the residual
sound,y is the ratio of specific heat at constant pressurgtiffness would result only from the non-linear

to specific heat at constant volumg= 1.4 for air at
standard temperature and pressuf®),is the static
pressure of the enclosed air, avids the volumé If

the enclosure is small, the air-spring stiffness ma)P

greatly exceed the speaker suspension stiffness.

3

suspension element.

This desired nonlinear tiffness behavior has been
bserved in eccentrically shaped buckling beams’.
Figure 4 presents a representative force versus
deflection curve for a dender beam with an initia
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eccentricity. As the loading force increases to thecoupled model relating the applied voltage to the
desired load value, indicated &S, the diaphragm radiated sound pressure.

deflects from its initial positionx, to the desired

operating pointx'. The slope of the curve represents SIMULATIONS

the spring-rate of the beam or support member. Notictlsing parameters of a typical loudspeaker listed in
that as the deflection increases, the slope of the curv@ppendix A, three simulations were computed for
and hence the stiffness, decreases. This curve is valihrious configurations of an enclosure mounted
as long as the material is not stressed beyond its elastmudspeaker. In each case, the air-spring stiffness was
stress limit. It is desired to design a buckling supportomputed using Eq. (3) and added to the valu& of
apparatus for the speaker system that behaves in thigven in the appendix. In the first case, the speaker was
fashion. By careful design of the support apparatus, thmounted in a 1-thenclosure. This was contrasted to
stiffness can be made to approach zero at the operatitige response computed using a smaller, 0.0064-m
point. This yields a system with very low stiffness enclosure. The frequency response functions relating
contribution from the supporting apparatus. Thethe voltage input to the pressure output are given in
damping of the buckling suspension can be optimizedFigure 5. These plots show that the smaller volume
by the designer through material selection or passivenclosure significantly increases the resonance
damping treatments to achieve the desired performancérequency of the speaker, which reduces the acoustic
output at low frequencies by approximately 15 dB. The
response using the 0.0064-enclosure system with a

F b 90% vacuum is also shown in Figure 5. In this
simulation, it was assumed that the suspension stiffness
was reduced to 10% of the suspension stiffness given in
Appendix A, and that the damping of the non-linear

()] . suspension is reduced by 50%. In this case, the
,L_’ i resonance frequency was reduced below the frequency
(@] ! of the large enclosure system. The low frequency
L ' pressure response was increased by approximately 3
i dB. Although this is an idealized simulation, it clearly
; illustrates the possible advantages of the proposed
i concept.
: X’
% Deflection %
g % o
Figure 4: Typical force versus deflection curve for a EE‘?
buckling slender beam. S5 o
B2
For simplicity, the enclosure mounted loudspeaker can 2.
. A B8O ‘
be modeled as a baffled piston radiating into free-space. E 50l ,
As such, the magnitude of the pressure response 1-meter g < large enclosure
directly in front of the speaker is given by T 40} ______ small enclosure
. P g— - small evacuated enclosure
pressureampliudeatl meter= 301 " e e
2p, C| X(t)| SinEEC_U | N+ a2 _]] %‘ , (5) Frequency (Hz)
02 c U

Figure 5: On-axis radiated pressure simulation results.
where p, is the air densityc is the speed of sound,
X(t)is the diaphragm velocityw is the frequency of DEVICE REALIZATIONS

lati f the diaph ralis the diaoh An active device can be built using a voice-coil and
oscl ation o the diaphragm, andl1S the diaphragm magnet apparatus in order to be used as an acoustic
radius. This can be used as a reasonable

L f1h diated f K actuator. However, without the voice-coil and magnet,
approximation of the pressure radiated from a Speakqfe ey jce can be used as a passive acoustic attenuator.

mounted in a sealed enclosure as a function of th$ L ; :
. his is achieved by tuning the natural frequency of the
applied voltage. Together, Egs. (1), (2), and (5) from Yevice to couple to the acoustic modes of an enclosure.
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This realization allows the device to couple to and addandwiched between two layers of carbon-epoxy
damping to low-frequency acoustic modes. composite. This material was chosen because of its low
weight and high strength. Three threaded holes were
Figure 6(a) is a schematic of a possible activedrilled into one side of the aluminum base to
realization of the device using a collapsible supporiccommodate a vacuum pump connection, a relief
mechanism. The support functions as the surround ofaalve, and a pressure gage.
conventional speaker system by providing an airtight
seal between diaphragm and enclosure. Figure 6(b) is &uarly experiments showed that extremely thin
illustration of a device with a rectangular geometry. suspension plates were required to provide the
necessary deformation while avoiding plastic
deformation and fatigue. As a result, each of the four
suspension members consisted of three 0.127-mm thick
layers. The three layers were not bonded, and thus
carried no shear loads at their interfaces. The
deformable height of the suspension members was 55.7-
mm, and each of the spring-steel members had a
uniform initial pre-bend that resulted in a 4.7-mm initial
out-of-plane displacement at mid-height. Such
eccentricity allows for post-buckling behavior. The
corners were covered with plastic patches that were
bonded to the suspension with epoxy. Any leaks were
sealed with silicone sealant to create a nearly air-tight
enclosure. The total initial volume of the enclosure was
0.0048-n.

diaphragm

spring-steel
suspension

aluminum base

Figure 7: Photograph of the experimental prototype
device.

(b)

Figure 6: Schematic (a) and illustration (b) of the devicqS determined, was measured by applying a series of

The load curve of the suspension, from which stiffness
using buckling beams to support the diaphragm. 4 ynward displacements through a load cell to the
diaphragm and recording the resulting load cell voltage.
EXPERIMENTAL SETUP AND The measurements were taken with the vacuum pump

) ) P,ROCEDURE o disconnected and the relief valve completely open to
A passive realization of the system shown in Fig. 6(b), i any air-spring effects. In the next set of

was built and tested to experimentally investigate th%xperiments, the change in the natural frequency of the

effects of evacuating the enclosure and using @ystem was then measured as a function of vacuum
collapsible suspension. Figure 7 shows a photograph ofacsure.  This was done using a vacuum pump to

the aluminum base, suspension system, and diaphragificrementally decrease the internal air pressure. At
The interior dimensions of the aluminum base WeT&ach increment, the natural frequency was measured
0.212-mx 0.212-mx 0.0415-m. Blue tempered Spring- ysing a force hammer, an accelerometer, and a spectrum
steel shims replaced both the suspension and surrouB@alyzer. The accelerometer was affixed to the center
components that might be expected in a conventiongif the diaphragm with wax, with its output connected to
speaker. The shims were affixed to the base anghe spectrum analyzer. The force hammer (with a load
diaphragm with aluminum shims, which were attachecte|l) was connected to the secondary channel of the

with screws to provide a rigid, clamped condition. Theanalyzer. The analyzer was set to record the transfer
diaphragm was an aluminum honeycomb structure
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function between force hammer and accelerometer in

1805
the frequency domain, with the force hammer serving as 160
a trigger signal. Ten signals were averaged and T 140
: - < 120
recorded, and the natural frequency was identified. z ;5
This process was repeated over a range of vacuum & ‘go .
pressures from 0 Pa to 13546 Pa in increments of 1935 & 60 S
Pa. 40
20

2000 4000 6000 8000 10000 12000 14000

0
The measured parameters of the system for the case of 0
Pressure (Pa)

no vacuum and maximum vacuum were used to
compute the effective baffled piston model parameters, )
which are given in Appendix B. The model was then Figure 9: Natural frequency asa functlon. of vacuum
used to predict the effect that the vacuum and buckling pressure for the experimental device.

suspension would have on the radiated pressure of an )
active realization of the experimental device. Using the baffled piston model and the measured

parameters of the experimental system given in
EXPERIMENTAL RESULTS Appendix B, the effect of the buckling suspension and

Figure 8 is a plot of the load-displacement curve for thdh® partial vacuum on the radiated pressure was

experimental system. The slope of the curve at angomputed and is presented in Figure 10.  This
point is a measure of the suspension stiffness at th&mulation assumes that a voice-coil and magnet can be

displacement value. The suspension exhibits th@dded to the system without having a significant effect
behavior described with regard to Figure 4. That is, th@n theé measurements obtained from the passive
stiffness is high at low displacements, such that §xper|mental system. This is reasonable since the mass
vacuum load might be supported, and low after theof a \{0|ce-00|l is typlc.ally much less than the masslof
displacement exceeds a critical value. Therefore, thi'® diaphragm used in this prototype. The damping

system would be expected to exhibit a low naturaf@io ~was estimated from transfer function
frequency in the range of operation. measurements.  The simulation predicts that the

evacuated system would provide a significant increase
(greater than 10 dB) in the low frequency acoustic

120 output of the system.
= 100
£ 800 9 \
8 600 // T 80 A
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200 8 o / L
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Figure 8: Load d|splacem¢nt curve of the buckling 30!  non-evacuated
suspension.
201 - evacuated
Figure 9 presents the experimentally measured natural 10 :
10 107 16

frequencies of the prototype device for a range of

vacuum pressures. As the enclosure is evacuated, the

natural frequency of the device was reduced as
predicted.

Frequency (Hz)

The enclosure volume was also slightlyFigure 10: Predicted on-axis radiated pressure response

reduced with increasing vacuum, since the diaphragmsing experimental values of the prototype device at full
air pressure and when partially evacuated.

height was lowered. The resonance frequency of the
system was reduced from 175 Hz to 59.5 Hz at the
maximum vacuum pressure.

CONCLUSION

Simulations of a simple model of the proposed
evacuated enclosure mounted speaker indicated that a
significant increase in the low-frequency acoustic output
may

6
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configurations. A prototype device was built and APPENDI X A
tested, and it was demonstrated that a non-lineqfoudsjeaker parameters used for Figure 5 simulations:

suspension might be effectively used to support larg@1oving mass, m: 0.05 kg
pressure loads and yet provide low stiffness at thegrce congtant, 6.7 N/A
operating point. The results showed that partiaIIyStiffn%S' k 3158 N/m
evacuating the enclosure and using a non-lineap~ | resistance, Ry 470

suspension could significantly reduce the natural amping constant, d: 75NEm
frequency of the prototype device. The performance o nductance. L: " 26 mH
an active realization of the prototype device wa iaphragm' raﬂius a 10 cm
predicted using a baffled piston approximation, an%reeajrrwonance' f'_ 40 Hz
indicated an improvement in the low-frequency output T
of approximately 20 dB. Although the prototype deviceEnclosure parameters
is not practical for actual applications due to its size aml’_arge enclosure: i 1me
mass, it does illustrate the key design innovations of thi§m Al enclosure: 0.0064 m?
work. ' '

3

ACKNOWLEDGEMENTS Other parameters:

. - Sound speed, c: 343 m/s

This work was supported by the Air Force Reseam[}l\irdensity o 1.21 kg/m®
L] e .

Laboratory, Space Vehicles Spacecraft Component
Technology branch (AFRL/VSSV), and by the Air

Force Office of Scientific Research (AFOSR) with . APPENDIX B
Program Manager Dan Segalman. Simulations parameters.
Moving mass, m: 0.453 kg

REFERENCES Force constant, (. 6.7 N/A
Erath, L. (1992),Feedback System for a Sub-wooferDamping ratio, {: 0.02
LoudspeakerUS Patent #5086473. DC cail resistance, Ry 47Q
Tanaka, S. (19963ass Reproduction Speaker System Diaphragm surface area: 0.047 m?
US Patent #5588065. Inductance, L: 20 mH
*Daniels, M. A. (1998)oudspeaker Phase Distortion Enclosure volume without vacuum: 0.0048 m®
Control Using Velocity FeedbackUS Patent # Enclosure volume with partial vacuum: 0.0032 m*
5771300. Natural frequency without vacuum: 175Hz

“Lane, Steven A., Clark, Robert L., Southward, StephemNatural frequency with partial vacuum: 59.5 Hz
C., “Active Control of Low Frequency Modes in an

Aircraft Fuselage Using Spatially Weighted Arrays,” BIOGRAPHY
Journal of Vibrations and Acoustic¥ol. 122., No. 3,
pp. 227-234, 2000. Benjamin Kyle Henderson is the Manager of the

*Kinder, L. E. and Frey, A. R. (1982), Fundamentals of  Advanced Spacecraft Mechanisms Program in the
Acoustics, fg edition John Wlley and Sons, New Y ork. Spacecraft Component Techno|ogy Branch at AFRL’s
Van Wylen, G. J. and Somntag, R. E. (1986),  Space Vehicle Directorate. He received his Ph.D. in
Fundamentals of Classical Thermodynamics® 3 Aerospace Engineering from Texas A&M University in
edition, John Wiley and Sons, New Y ork. 2000, and has been a part of AFRL since 1994. He has
Seely, F. B. and Smith, J. O. (1959), Advanced \yorked in the areas of wave propagation, composites,

Mechanics of Materials, "2 edition John Wiley and acoustics, vibration isolation, and smart structures.
Sons, New Y ork.

7
American Institute of Aeronautics and Astronautics



