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FOREWORD

The work described herein was performed by Lockheed Aeronautical Systems

Company (LASC) -Burbank during the period of October 1986 through December

1990. The program emphasis was on reducing high sound pressure level propfan

tones in the NASA-Lewis/Lockheed-Georgia Propfan Test Assessment (PTA)

aircraft cabin. Analytical and experimental research was performed on the

noise reduction (NR) of flat double-panel wall assemblies containing acoustic

resonators. Subsequent laboratory and flight tests were performed with a

cabin trim and resonator-support structure built for the PTA test aircraft.

A number of personnel worked on this project in California and in Georgia.

L.S. Wirt and D.L. Morrow developed and refined the flight test resonators.

D.L. Morrow, J.L. Hayward, Carl J. Looper, H.L. Kuntz, E.P. Feltz, and J.R.

Trott organized and performed laboratory research and development tests

involving: a laboratory fuselage mockup section, flat panels, active sound

cancellation, and individual resonators. R.J. Gatineau designed the acoustic

enclosure (cabin trim and resonator-support structure) and assisted R.A. Prydz

in overseeing the acoustic enclosure flight tests, which were performed by

Georgia personnel. The LASC-Georgia PTA Flight Test Department, headed by

D.T. Poland, provided valuable design specifications for the enclosure. A

LASC-Georgia engineering team, directed by R.U. Nazarowski, reviewed the

design of the enclosure and provided CADAM drawings for the final construction

phase. J.R. Withers, Chris J. Looper, M. Adames, D.F. DeFrancis, and others

worked on the Acoustics Laboratory TL facility and laboratory fuselage section

construction and modifications. W.G. Thomas, D.M. Dean, E.D. Rollo, and

others fabricated the acoustic enclosure at Rye Canyon. D.L. Morrow and H.L.

Kuntz developed double-tuned resonators for testing. As part of this

contract, L.D. Pope (L.D. Pope & Associates) modified the Propeller Aircraft

Interior Noise (PAIN) computer program, which is used to predict aircraft

interior sound pressure levels. This modification implemented a theoretical

addition of resonators within the walls formed by the cabin trim and the

fuselage shell.

R.A. Prydz was Program Manager/Principal Investigator from October 1986

through August 1988; F.J. Balena was Program Manager/Principal Investigator

from September 1988 through August 1989; and H.L. Kuntz was Program Manager/

Principal Investigator from September 1989 through project completion.

D.G. Stephens was NASA Technical Contract Monitor from October 1986 through

December 1987. K.P. Shepherd was NASA Technical Contract Monitor from January

1988 through project completion. The work described in this report was funded

by NASA-Langley Research Center contract NAS1-18036. The flight tests were

performed at LASC-Georgia in conjunction with tests performed under the NASA-

Lewis Research Center Propfan Test Assessment (PTA) Contract NAS3-24339 from

October 1985 through July 1989.

This report was originally printed as LASC Lockheed Engineering Report

LG90EROII9 (October 1990).
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SUMMARY

From January 1987 through December 1990 design, testing, and analyses were

performed to evaluate the use of Helmholtz resonators in aircraft cabin
sidewalls. The Helmholtz resonators are used to increase the transmission loss

(TL) of the sidewalls at propfan blade passage frequencies. The primary

development work consisted of designing and testing a Helmholtz resonator

which had a well-defined response and could fit into the sidewall of a trimmed
Gulfstream II aircraft. The development and design work consisted of

integrating Helmholtz resonators within a special aircraft cabin trim-
simulating enclosure. The enclosure was built and tested in the Rye Canyon,
CA, Acoustics Laboratory, and was flight tested in the Propfan Test Assessment

aircraft in Georgia. The analysis work consisted of parameter analyses on the
performance of single resonators, of resonators in double-panel wall
assemblies, and of resonators mounted inside the fuselage cabin trim. This

final report summarizes the work performed during this project.

The results of this investigation show that the resonators increase the TL of

double-panel structures at and near the design resonance frequencies of the

resonators. Resonators may be tuned to the blade passage frequencies of the

propfan or to any other specific, narrow frequency bandwidth where the TL

needs to be increased. Flat panel tests showed that the resonators greatly

improved the sidewall TL for a narrow frequency bandwidth. Flight testing and

laboratory fuselage testing showed TL increases over a fairly broad frequency

range and a significant increase in the wall peak TL values at the resonance

frequency of the resonators. The reasons for the TL differences between flat

double-panel walls and flight test curved wall configurations were explored

and are explained herein.

In addition to investigating the use of single-frequency Helmholtz resonators

within cabin sidewalls, other methods of increasing double-panel wall TL were

developed and explored. Three different types of double-tuned resonators were

developed and two types were tested in flat double-panel walls. In addition,
the effectiveness of active sound cancellation was tested within flat double-

panel wall assemblies. The results of these latter tests show promise, but

the results are preliminary and further development testing is suggested.
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1. INTRODUCTION

i.I Summary

The prime objective of the NASA Acoustic Treatment Technology Program contract

with the Lockheed Aeronautical Systems Company (LASC) was to evaluate the

acoustic performance of an advanced cabin wall treatment which uses acoustic

resonators* in the Propfan Test Assessment (PTA) Gulfstream II aircraft.

This objective was accomplished. Except for flight testing, this program was

performed in the Acoustics Laboratory at the Kelly Johnson Research and

Development Center at Rye Canyon, Saugus, CA and was funded by the NASA-

Langley Research Center. The present program was awarded in support of the

overall PTA program awarded to LASC-Georgia, funded by NASA-Lewis Research
Center, and completed in 1989. 1,*

As a basis for the wall treatment design, numerous transmission loss

measurements were performed in the Acoustics Laboratory. Resonator concepts,

which had been developed in the laboratory prior to NASA contractual

affiliation on this program, were used in these tests. As a result of this

development, an efficient hemispherical Helmholtz resonator design was

achieved. In addition, a unique method for rapid resonator and trim panel

installation and removal was developed.

A standard Gulfstream II trim panel treatment in which the resonators could be

placed was not available. In addition, isolation of the cabin interior from
structure-borne noise was considered to be important. As a result, a

complete, stand-alone, acoustic enclosure was designed and fabricated. This
enclosure was used to simulate the cabin trim in a portion of the PTA aircraft

cabin. The enclosure was constructed in California, shipped to Georgia, and

installed and flown in the Gulfstream II test aircraft. After the enclosure

flight test evaluation, the enclosure was returned to California for
subsequent laboratory testing. 2'3 Because of the limited test aircraft

availability, the flight test program preceded the laboratory testing.

Seven test flights were performed with the enclosure installed in the PTA

cabin at LASC-Georgia. Flight tests were performed at three altitudes, and

acoustic measurements were made for a series of propfan rotation speeds. A

variety of enclosure and resonator configurations were tested during these

flights.

Following the flight test evaluation of the sidewall treatment, tests were

performed with a salvaged Gulfstream II fuselage section (3.49 m long and 2.39

m diameter) in the Acoustics Laboratory at Rye Canyon. These tests were

*A resonator is a device in which it is easy to excite oscillations at one

or more discrete frequencies.

+LASC-Burbank contributions to program was summarized in "Propfan Test

Assessment (PTA) Program Interior Noise Analysis", H.L. Kuntz, Report

LR31482, for NASA under Contract NAS3-24339 (September 1988).



performed to enhance our knowledge of the resonator performance with various
sidewall configurations.

In order to attenuate multiple harmonic cabin tones generated by the propfan
propeller, resonators with multiple resonance frequencies were developed and

then tested in an acoustic impedance tube and in the laboratory's transmission
loss facility.

1.2 Background

Figure i summarizes the chronological events and accomplishments relating to

the development of cabin sidewall treatments for attenuating high sound
pressure level (SPL) propeller (or propfan) tones within an aircraft cabin.
Events, beginning with Lockheed's IRAD studies using Helmholtz resonators

within flat double-panel wall assemblies in the mid 1970's and ending with the
NASA funded acoustics tasks of the late 1980's and 1990, are outlined in this

figure.

In the 1940's propeller manufacturers studied the feasibility of developing
radically-swept propeller blades which would permit aircraft to cruise at

altitudes and speeds comparable to tho_e achieved by current turbojet and
turbofan-powered aircraft. During the late 1940's, Hamilton Standard designed

and built model swept blades and experimented with supersonic model propellers
equipped with various swept blade configurations. Blade flutter and blade

stress problems were encountered during these early model tests. These

problems resulted in putting this propeller concept on hold. In addition, the

noise generated by these propellers was considered an obstacle to their

implementation. 4 During this same period, the development of new jet power

plants for high-altitude, high-speed cruise overtook propeller development and

by the mid 1950's it became apparent that the use of propellers on long-haul

aircraft was coming to an end. The commuting public preferred to fly in jet-

powered aircraft whose cabins were relatively quiet compared to the propeller-

powered DC-7's, Constellations, Electras, and other propeller-driven

airliners. The noisy cabins of the latter aircraft were attributed mainly to

the propeller blade passage noise striking the fuselage shell. In the 1950's,

jet fuel cost was between lO and 14 cents a gallon, when bought in large

quantities. Airlines were not very concerned about the high fuel consumption

of early jet-powered airliners like the B-707, DC-8, CV-880, etc. The

introduction of the high bypass turbofan power plant for the B-747, with

improved fuel utilization over the turbojet, further increased the preference

for jet-powered airliners over propeller-powered airliners. In addition to

improved fuel utilization, the turbofan's reduced primary jet velocities

resulted in a quieter aircraft, both inside and out.

In the 1960's renewed interest was shown in a propulsion system using a swept-
bladed unshrouded propeller driven by a jet turbine. Studies showed the

feasibility of designing a propeller/turbine power plant capable of cruising
at 35,000 feet and speeds of 0.7 to 0.8 M. In addition, a large reduction in

fuel consumption could be achieved over any of the current jet power plants in
existence at the time. Such an improved performance power plant using



supersonic swept blades was called a propfan power plant t_ distinguish it
from the turbofan or turboprop power plants of the period.

Interest heightened in this power plant concept after the large jet fuel cost

increases experienced by the airlines during the 1974 oil embargo. Research

and development of model propfans by NASA and engine manufacturers accelerated

during this period. This resulted in the construction of full scale propfan

power plants for testing on various test aircraft. One propeller

manufacturer, Hamilton Standard, developed several model propfan blades for

laboratory testing at Windsor Locks, CT and at the NASA-Lewls Research Center

in Cleveland, OH. Model propfan testing was accomplished in the 1970's and

1980's. In addition, some model propfan flight testing was performed with

model propfan power plants mounted on a Lockheed Jet Star aircraft at NASA-

Dryden in California. 6,7 The structural integrity of these swept blades was

demonstrated in various flight environments, and the noise fields generated by

these model propfan propellers were defined. These noise data permitted

enhanced predictions of noise generated by full scale propfan power plants

during flight. This model testing led to the development and construction of

a full scale tractor propfan designed for installation on a Gulfstream II
aircraft.

During the 1980's, successive propfan development led to the SR-7 series of

blades, of which the 8-bladed SR-7L was used on the NASA/Lockheed Gulfstream

II Propfan Test Assessment (PTA) aircraft. 1,8 A sketch of the modified

Gulfstream II aircraft is shown in Fig. 2. The propfan fuel efficiency has

been estimated to be up to 19% greater than current turbofan efficiency. 9 The

high helical tip speed (up to 1.2 M) results in intense SPLs at the blade

passage frequencies (BPF). Typical fundamental tone SPLs on the fuselage
shell were predicted to be as high as 147 dB, _U with the overall level

approaching 150 dB during cruise flight. 9 These high levels require a greatly

increased sidewall transmission loss (TL) at relatively low frequencies (i.e.,

225 Hz). Large increases in TL usually require significant additional

structural weight, resulting in lower aircraft efficiency. The fundamental

tone usually dominates the A-weighted sound levels measured in the cabin of a

propeller-driven aircraft. Therefore, an acoustic investigation was conducted

to develop a weight-efficient sidewall treatment for use in reducing cruise-

flight cabin noise to acceptable levels (between 80 and 85 dBA). The

investigation led to the development of Helmholtz resonators suitable for use
within the cabin sidewall cavities formed between the fuselage shell and the

interior trim panels.

During the late 1970's, the Acoustics Groups of the Lockheed-California

Company performed studies and experiments aimed at the development of high
transmission loss structures for use in aircraft cabins. 9 The theoretical

concepts of Beranek and Work II were used to predict TL of simple double-panel

assemblies with and without sound-absorptive thermal blankets within the

walls. In addition, the theory was extended to include the effects of

sidebranch resonators for increasing double-panel wall TL in limited frequency

bands. 12 In order to demonstrate the validity of the theory, experiments were

performed in an impedance tube equipped with a doub]e-panel section which

3



included sidebranch resonators between the panels. .3 Lockheed applied for a
patent on this concept and was awarded a _tent in 1986.13 Others attempted
to apply this concept to aircraft panels.

During the mid-1980's, Lockheed-supported theoretical and experimental efforts
were performed at Rye Canyon. Nonlinear behaviors of resonator nozzles
operating in high noise environments were evaluated. +40thersl5,16, 17 have
performed work in this area and their work provided a foundation for and
confirmation of the Lockheed studies. Lockheed's experimental work was
performed using an acoustic impedancetube and a continuous flow resistance
measurementapparatus. Someof this work was concurrent with the NASA-
sponsored development of various Helmholtz resonator configurations for
possible installation within the sidewall of an aircraft cabin.

In 1985 NASA-LewisResearch Center awarded PTAContract NAS3-24339to the
Lockheed-Georgia Company. Lockheed purchased a Gulfstream II aircraft and the
Gulfstream Aerospace Corporation plant in Savannah, GAmodified the aircraft
to accept a single rotor SR-7L tractor propfan power plant on the left wing
for full-scale testing. Extensive flight testing was performed to evaluate
propfan performance, obtain propfan blade stress data, and evaluate propfan
generated acoustic pressures on the aircraft surfaces and in the cabin during
various flight conditions. This flight testing was performed in Marietta, GA
during 1987. Exterior noise data were measuredon the fuselage and on the
wing surfaces with a large numberof flush-mounted microphones. Internal
noise data were measuredwith a large numberof cabin microphones. The test
results were reported in 1989.1

In October 1986, in support of the PTAproject, NASA-LangleyResearch Center
awarded Task 3 of Contract NASI-18036 to the Lockheed-California Company
Acoustics Group at Rye Canyon. This c_tract, and two similar contractsawarded to Boeing Commercial Airplanes and to Douglas Aircraft Company,19,20
dealt with the reduction of interior noise levels in propfan-equipped

aircraft. Both the Douglas and Boeing aircraft were equipped with fuselage-

mounted pusher-type counter-rotating propfans.

3 "Development of High Transmission Loss Structures", L.S. Wirt, D.L. Morrow,

and F.J. Balena, Lockheed-California Company, IRAD, LR2f1447, Volumes I and

II (1978).

4+"Interior Noise Analysis and Testing of Helmholtz Resonators", L.S. Wirt,

Lockheed-California Company, IRAD, LR30g76 (December 1985) and "Resea[ch

of High Transmission Loss Structures", L.S. Wirt, Lockheed Aeronautical

Systems Company - Burbank, IRAD, LR31363 (May 1989).



1.3 Objectives

The objectives of this program were to:

(1) develop a Helmholtz resonator sidewall acoustic treatment which

could significantly increase low frequency cabin TL,

(2) build an acoustic enclosure containing this acoustic treatment for

evaluation in the PTA Gulfstream II aircraft, and

(3) develop improvements to sidewall acoustic treatment designs.

1.4 Significance

The cabin noise generated by propfan operation limits the use of the propfan
configuration until more effective and efficient noise reduction methods can

be developed to create a comfortable cabin environment. Significant results

have been achieved as a result of this program in developing lightweight,
acoustically reactive treatments which show promise for reducing low frequency

tonal noise in propfan-equipped aircraft.

With the October 1986 award of the NASA contract to Lockheed, double-panel TL

testing and preliminary enclosure design were started. A sub-contract study

was awarded to L.D. Pope Associates to incorporate resonators into the
Propeller Aircraft Interior Noise (PAIN) computer program.21, 22 The PAIN

program modifications were completed, predictions were compared with flight

test results, and a report and updated program were delivered to Lockheed in
September 1988. 12

The design, development, and testing of a flight test resonator, shown in Fig.

3, were completed by August 1987. Forty-eight tests of noise and vibration
reduction by double-panel walls with various resonator and non-resonator
configurations were completed in the laboratory TL facility by October 1987. 3

The Gulfstream II aircraft did not have a trim panel configuration which could

be modified to support the resonators. Thus, a flight test acoustic enclosure

was designed and fabricated. This design was concurrent with the panel tests.

Fabrication started in December 1987 and was completed in February 1988. The

enclosure was designed with high TL end walls, an aluminum frame support

structure, vibration isolation, and interior trim panels, which were designed

for quick access to the sidewall resonators. Velcro* -like tapes were used

to attach the resonators to the trim panels and the trim panels to the frames.

A photograph of this enclosure on its shipping base is shown in Fig. 4. Three

of the 28 trim panels (two with 16 resonators each) are in place. One of the

heavy high TL end walls can be seen to the left of the enclosure in the

photograph. The PTA aircraft is in the background. The enclosure was

installed during seven test flights during March 1988 and was returned to
California for subsequent laboratory testing.

*Velcro is a registered trademark of Velcro USA INC., Manchester, NH. Velcro

and similar materials, manufactured by several companies, were used in this

project.



Laboratory testing of the enclosure was performed in the Acoustics Laboratory
at Rye Canyon.2, 3 Testing was performed in the large reverberation room,

which was modified to be almost anechoic. Figure 5 is a photograph of the

modified reverberation room showing the fuselage section in which the acoustic
test enclosure was tested. The laboratory modification and the enclosure
tests were performed between August 1988 and September 1989.

Concurrent with the laboratory test program, new resonator concepts were
studied. These studies were aimed at attenuating the propfan fundamental and

second harmonic tones. During the Summer of 1989 conceptual work started on
dual-tuned resonators. Tests and development work started in January 1990.

Resonator bench testing and double-panel wall TL testing were completed in
August 1990.

Active sound techniques, using small loudspeakers installed within double-

panel wall assemblies, were evaluated very briefly during early 1990. Such

techniques have been used to attenuate exhaust stack fan noise, transformer

noise, cabin noise, engine noise, and vibration. No attempt was made to

expand this concept for use within aircraft cabin sidewalls, or to determine

if such an approach to cabin noise attenuation is feasible or cost effective.

The small panel tests were encouraging and this approach is considered worthy

of additional study and development.

The report is further divided into the following Sections (§):

§2 A mathematical description of resonators and of sidewall design with
resonators.

§3 A description of the resonator test results.

§4 A description of TL test results on various walls with and without
resonators.

§5 A description of the acoustic enclosure design.

§6 A description of the flight test results with the enclosure in the PTA
Gulfstream II aircraft.

§7 A description of the laboratory test results with the enclosure in the

Gulfstream II fuselage section.

§8 A summary of the test program.
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2. RESONATOR DESIGN

In this section the design of resonators and their usages in aircraft noise

reduction systems are discussed. Tests on individual resonators are described

in §3 and tests of resonators in double-panel walls are described in §4.

2.1 Concepts of Resonator Usage

Acoustic resonators have been used for thousands of years to modify acoustic

environments.24, 25 In recent times they have been used extensively to

attenuate sound at selected frequencies in enclosed spaces, 25 in jet engine

nacelles, 26 and in double-panel systems. 13

There are a variety of resonators which may be designed for specific

applications. These resonators include: Helmholtz,27, 28 quarter-wavelength,

half-wavelength, cascade, 29 waveguide, 30 and combinations of the above. 31,32

Resonators and some applications within aircraft cabins are discussed in this

section.

2.2 In-Panel Resonators

In order to increase the TL of an enclosure with walls constructed from two

panels and an enclosed airspace, resonators and acoustically absorptive
materials may be placed between these double-panel walls. II'12'13 An example

of the double-wall construction is sketched in Fig. 6. At resonance, the

resonators have low impedance and selectively reduce the transmission of sound

through the wall. In the case of resonators tuned to multiple frequencies the
sound transmission characteristics of the wall are improved at these multiple

frequencies.

At frequencies other than resonance, resonators can still influence the

double-panel wall TL. Increased nozzle resistance broadens the resonator

response bandwidth and lowers the resonator response amplitude. In turn, this

change both lowers and broadens the TL increase of a double-panel wall near

the resonance frequency. In addition, this acoustically reactive device can

reduce the wall TL response at a frequency greater than its resonance

frequency.12, 23 This reduction is localized in frequency and is usually

offset by the introduction of absorption within the double-panel wall

assembly. Absorptive material within the double-panel assembly increases the

wall TL at all frequencies, but is less effective at lower frequencies (f<300

Hz).

The TL of a flat panel of infinite extent with normal incidence, plane sound
waves is 33

TL = lOLog[1 + (mOs/20c) 2 ] , 1

where m=2mf, f is the frequency in Hz, ms is the panel surface density in

kg/m 2, p is the density of the surrounding fluid, in this case air, and c is
the speed of sound in the surrounding fluid. This equation is valid at

frequencies below the critical frequency



f < fcrit = (c2/l'8t)_m/E , 2

where fcrit is the critical frequency, t is the panel thickness, Pm is the
panel density, and E is the Young's modulus of the panel material. The

critical frequency is the frequency at which the speed of sound in air equals

the propagation speed of a bending wave in a flat panel. In the region of the

critical frequency, panel damping greatly affects the panel TL. 3J

When two panels are used to construct a double-panel wall assemblyp a
resonance condition exists such that the TL is lowered at and near the

panel/air/panel system resonance frequency

fdw = Kl/d Pl P21 (PI+ P2) ,

where Pl and P2 are the surface densities of the two panels, d is the panel

spacing, and K=49.1 (English), 189 (cgs), and 59.9 (SI).34, 35

The development of equations for calculating the transmission loss of layered
walls has been discussed elsewhere,ll, 12 and shall be briefly reviewed here.

For walls constructed from multiply-layered components, the TL is described by

Z1 + PoCo Pl P2 P3 Pn
TL = 20Log .......... ,

2ZI P2 P3 P4 Pt

4

where Z1 is the input impedance of the source side element, PoC o is the

characteristic impedance of the source side fluid, Pl is the sum of the

incident and reflected sound pressures, Pt is the transmitted sound pressure,

and pn/Pn+l is the sound pressure ratio across an element n. The pressure

ratio across an element is calculated from the knowledge of the characteristic
and termination impedances of the element.ll, 36

With the introduction of a resonator array 12 into the panel system, the

acoustic resonator model needs to be defined. A physical schematic of the

system is presented in Fig. 6. The input impedance of a single Helmholtz
resonator is

Zn = R n - j(00In - 1/00Cn) ,

where Rn is the acoustic dissipation of the n th resonator, In is the acoustic

inertance, and Cn is the acoustic compliance. This array of resonators has a

combined acoustic impedance of

<Z> = I/£(I/Zn)

The specific acoustic impedance of the resonator array in MKS rayls is

<z> =S<Z> 7



where S is the area of the module array. The specific acoustic impedanceof
the resonator array acts as a side-branch impedancebetween the outer and
inner panels. The combination of the resonator and receive side, or trim,
panel impedances is

Zb = <zYZtp/(<zY+Ztp)
8

where, in the case of a limp trim panel,

Ztp = pici - J_Ps 9

These equations may be used with Eq. 4 to calculate the system TL. II The

inclusion of the resonators into the system results in a substantial increase

in the TL at the resonance frequency of the resonator. In the case of

resonators with multiple resonance frequencies, increases at these multiple

frequencies are predicted. In addition to the TL increases, the equations

predict a substantial TL decrease at frequencies other than the resonator

tuning frequencies. 12 The frequency and magnitude of the decrease depends on

the ratio of the double-panel assembly air space volume to the combined volume

of the resonators. The reason for this decrease is that a single degree of

freedom oscillator (the resonator) is added to a compliant element (sidewall

air space) and adds another degree-of-freedom to the system; the combination
becomes a "tonraum" oscillator. 37 This result is most easily determined from

a lumped element model including lossless Helmholtz resonators. The Helmholtz

resonator impedance is described by

Zr = j_I r + I/jeC r

where C r = Vr/poCo2 and V r is the volume of the resonator body.

impedance of the air space is

I0

The acoustic

Z s = 1/jcoC s
11

where

Cs = Vs/PoCo 2 12

and Vs is the volume of the air space. It is assumed that the wall compliance
is much smaller than the air-space compliance, Cs.

Because the resonator spacing in the sidewall airspace is much less than the

resonance frequency wavelength, the summed resonator impedance is

EZ r = Zr/N
13

where N is the number of resonators. The impedance of the airspace is in

parallel with the resonator impedances. The impedance the source side panel

encounters is

Za = j(_21rC r - I)/[_(NC r + C s) - _31rCrCs]
14



The resonance frequency of the sldewall/resonator combination is merely the
resonance frequency of a single Helmholtz resonator in free space

Yo = I/(2_/I-rCr) 15

On the other hand, the anti-resonances* occur at
= o 16

and

fx = (I/2_)/(Cs + NCr)/CsCrlr 17

This last equation may be rewritten as

_x = _o/(Vs + NVr)/Vs 18

2.3 Illustrations of the Double-Panel _all Assembly Resonance

Figure 7 shows the TL versus frequency for three configurations. The TL of a

single panel shows a relatively uniform increase in the TL over the frequency

range. The double-panel assembly shows a low frequency TL minimum at the

double-panel resonance frequency (Eq. 3), and the TL increases more rapidly at

the higher frequencies than it does for the single wall. The surface mass of

each of the panels in the double-panel structure were taken as half of the

single panel surface mass (14.6 kg/m2). The inclusion of resonators in the

space between the panels shifts the double-panel resonance frequency. This

shift is caused by changes in the receive side panel surface mass and wall's

internal acoustic volume, both caused by the addition of resonators. The

large peak is at the mean resonance frequency of the resonator array. The TL

minimum at the higher frequency is caused by the interaction of the wall

volume compliance and the combined resonator compliances (Eq. 18).

Higher order cross modes detrimentally affect the double-panel TL when these

cavity resonances occur as a result of the double-panel cavity edge
terminations. These cavity resonance effects are not included in the

theoretical predictions presented above. Additional modes occur at higher
frequencies where the wall spacing is on the order of k/2, where k is the

acoustic wavelength. This latter effect is shown in Fig. 7, where the TL is

reduced at the high frequencies. Panel structural modes interact with cavity

modes and with resonator response modes to further complicate the TL response

of the double-panel system.

tAnti-resonances are discrete frequenci-s at which it is very difficult to

excite a resonator or acoustical system. In this case, the second anti-

resonance occurs because the resonator has added another degree of freedom

to the double-panel assembly. The anti-resonance r_duces the TL of the

double panel wall assembly at this frequency.
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Resonators may be tuned to any frequency within the constraints of nozzle and

resonator sizes. Part of a resonator array may be tuned to a fundamental

frequency and another part may be tuned to a different frequency, such as to

the anti-resonance frequency, shown by the 265 Hz minimum in Fig. 7. Figure B

shows the effect of tuning 48 resonators to 234 Hz and 16 resonators to 265

Hz, the frequency of the anti-resonance (note the vertical scale change to 50

dB). There is a slight drop in the TL at the 234 Hz resonance frequency, but

a substantial rise in the TL at the 265 Hz resonance frequency. Two new, but

lesser, TL minima have replaced the single 265 Hz minimum, and have been

introduced at frequencies just above and below 265 Hz. The additional minimum

has been caused by the introduction of another degree-of-freedom into the

system.

In addition to the pressure ratio method, described in §2.2, a parallel

mathematical approach was developed during the present program. This approach

is called a transfer matrix method. 12 Comparison to the above approach is

favorable. Figure 9 compares the TL predictions obtained from the pressure
ratio method and from the transfer matrix method.

2.4 Resonators within Cabin Space

When resonators are placed inside the cabin space, they operate as spatial

sound absorbers/scatterers. 24,25,36,38 The absorption of sound in the space

depends on the existing passive absorption (e.g., seats and surface coverings)

and on the properties o£ the added resonators (i.e., acoustic dissipation,

acoustic reactance, number, and distribution) within the cabin. The NR

resulting from the placement of resonators in the cabin is similar to the NR

resulting from the placement of resonators in the above-described double-panel

module. The exception is that, in the latter case, one must account for the

distribution of the resonators and the resulting wave effects.

In order to simplify the acoustical model of how resonators may affect the SPL

in an enclosed space, some simplifying approximations were made for the

enclosure space. The actual aircraft enclosure is cylindrical with a flat

cabin floor which is parallel to the cylinder axis. A rectangular volume of
similar dimensions is mathematically simpler to analyze, 38,39,40 and may be

used to illustrate the acoustical effects of adding resonators to a volume.

In the following example, the enclosure absorption is chosen to be relatively

low. The resonators are assumed to have minimal dissipation, and room mode

theory is used for this relatively small room. The impedance seen by a point
source in a room is

c2 m_0_n(x, y, z )

Zn(x,y,z ) = , 19

V[(4_0nkn) 2 + (m2 - a_n2)2]I/2

where the n subscripts indicate the n th mode, k = u/c, c = Co_ o, co = 331.6

m/s, T is the absolute temperature, To is the reference temperature, V =
LxLyLz is the room volume, and Lx, Ly, and Lz are dimensions of the room. The

sound pressure distributions in the room for each mode are

II



nxnX ny_y nz_Z
_n(X,y,z,) = cos(--)cos(--)cos(--

Lx Ly Lz

The normal frequencies of the roomare

2O

I nx II12
Yn = (c/2) I (__)2 + (ny)2 + (nz)2 I ,

I Lx Ly Lz I

21

where nx, ny, and n z are integers which index the mode number and x, y, and z
are the coordinates at the measurement point.

The array of resonators inserted into this room affects the room modes in the

vicinity of the resonance frequency. Although this configuration is similar

to the resonators in the sidewall, the wave effects are more important here.

The resonator influence depends on the impedance and the spatial distribution
of the resonators. 38 If we consider the modes at the origin (x=y=z=0) and add

a weighted-average resonator impedance, <Zra> , to the source impedance, then

we may approximate the effect of the resonators on the SPL at the origin.
From this result we may infer how the sound field is affected in the rest of

the enclosure. The equation for the SPL at each frequency becomes

SPL(0,0,0) = -20Log{Oref[(I/ZZn(0,0,O)) + (i/<Zra>)]/Pref ] , 22

where Ore f is the source strength of a tone in the room and Pref = 20 _Pa.

Figure IO shows the approximate effect of He]mholtz resonators (234 Hz) placed
in the room. The dashed curve indicates tho SPL measured in the corner of a

rectangular room containing moderate surface absorption. The solid curve

shows the effects on the SPL with the addition of a resonator array having

minimal internal dissipation. If the resonators were dissipationless, the

attenuation would be concentrated around the resonance frequency. The room

modes away from the resonance frequency would not be affected as in Fig. 10.

The measurement position was taken to be at the room origin and all the modes

in the frequency range were summed at intervals of 2.5 Hz. If a spatial

average had been taken, the modes would not be as dominant as in this figure,
and the broad frequency effect of the resonators would not he as obvious. At

the resonance frequency the SPL at this position was reduced by 25 dB.

Although this is not a rigorous model, it illustrates that the placement of

resonators within the cabin reduces the SPL at the resonance frequency.

2.5 Resonator Types

A variety of resonator types have been devised and tested under the present

program. Photographs of these different resonators are shown in Figs. 3 and
11. The designs of these resonators are discussed in the following
paragraphs.

12



2.5.1 Helmholtz

Classical Helmholtz resonators consist of two components (a nozzle and a

volume) which contain three acoustical elements (inertance, compliance, and

resistance). Photographs of the flight test resonators are sbown in Fig. 3.

A sketch of other Helmholtz resonator constructions used in the development

program are shown in Fig. 12. The volume is the compliance element and the

nozzle, or throat, constitutes the inertance and resistance elements. A

resonator in free space has the acoustic impedance of

Z = Ro + j(_I + I/0aC)

where the resistance is13,41, 42

23

R o = (L'/nao3)¢_pp00 , 24

I = pL'/S, C = Vr/pC2 p is the fluid density, u is tile viscosity of air, L' =

L + 2AL, AL is the end correction, 28,43 S = ,ao2, ao is the nozzle radius, and

V r is the resonator volume. The value of tile end correction may have a

variety of values, which depend on the configuration. When Ro=O , the
resonance frequency is

3_o = i/(2Tt I¢7C) 25

The measurement of resonator amplification is used to describe the frequency

response of a resonator. The resonator amplification is the ratio of the

acoustic pressure inside the resonator to the acoustic pressure driving the

resonator (pr/p).

The peak amplification factor (AF) and the resonator quality factor (Q) are

related at resonance by

AF = 20Log(Q) 26

In general, the quality factor is defined as

f2-fl

27

where fl and f2 are the frequencies of the half power points, to either side

of the resonance frequency, on an amplification response curve. The Q is

inversely proportional to the loss factor of an oscillating system. 44

For a lightly damped Helmholtz resonator the quality factor is

1 PrlO=- - I
R pI o

28
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For resonators other than Helmholtz resonators, this equation is not
applicable. Good design procedure dictates that any dimension of the

Helmholtz resonator should be less than k/lO, where k = c/f at f=fo"

The above equations are valid for low SPLs. At higher SPLs, the nonlinear

behavior of the nozzle results in the resonator performance being dependent on

the SPL. This results from airflow turbulence in the nozzle, with resulting
acoustic resistance increases with SPL. As the resistance increases, the

resonator quality factor decreases.

The resistance may be divided into two parts such that the total resistance
may be written asl2,15

R = Ro + RIU 29

The linear resistance, Ro, was given in Eq. 24 and the nonlinear resistance
factor is 15

R1 = P/(rEr2) 2 30

Because the resonators are located between the walls and the radiation field

is not free for this condition, the radiation resistance term R r = pck2/2R has
been deleted from Eq. 29.

The rms nozzle flow velocity in a narrow frequency band is

U = [E(pn2/(R2 + Xn2))]l/2 , 31

where X is the resonator reactance [for a Helmholtz resonator Xn=_0nI-(1/a_C)]
and n is the summation index over the frequency band. For the case of a
single excitation frequency at resonance, X=O and

U = p/R 32

In long-throated (L>ao) resonators tile nonlinearity threshold is higher than
in short-throated (ao>L) resonators. 15 For some resonators the nonlinearity
threshold may be as low as 100 dB at standard air conditions.

The next step is to relate the throat resistance to the acoustic pressure and

the SPL. The following calculations are performed at the resonance frequency.
Combine Eqs. 29 and 32 to obtain

R = Ro + RIP/R 33

In the right hand term the R is still a function of the velocity.

R = Ro + RIP/(R o + RIU )

Through use of the binomial expansion, an approximation to this equation may

be written. This approximation is va]id for URI/Ro<I , and is written

34
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R = R o + PR1/R o - (R1/Ro)2pU + "'" 35

The first two terms on the right hand side of Eq. 35 are a first approximation

to the resistance relation between the resistance and the acoustic pressure.

These terms are equivalent to the substitution of the linear term of Eq. 32

(P/Ro) into Eq. 29. This first approximation assists in approximating the

values of Ro and R 1 for use in the Eq. 29, the exact relation.

Although these equations for the nonlinear behavior of resonators have been
presented in the context of Helmholtz resonators, the general conclusions

should apply to all acoustic resonators described in this project. With

increasing SPL each resonator should have an increasing acoustic resistance
and a decreasing O.

2.5.2 Waveguide

Another resonator developed for evaluation in this program is one termed as a

"waveguide" resonator. 30 At the fundamental resonance frequency, this

resonator has a length on the order of X/IO<L2<X/4, and has a nozzle at one

end. Figure 11 contains a photograph of a waveguide resonator. A sketch of
the resonator is shown in Fig. 13. The length of the resonator precludes the

use of the Helmholtz resonator equation in calculating the resonance

frequency. If the area difference between the body and nozzle is not too

large (S2<10S1), a good approximation for the impedance of the lossless
resonator in free space is

A+ i ej2kLl + 11
Z=_0c \A- lJ _ ,

s1 ( +11

where A = j(S1/S2)cot[k(L2-L1)I, L 1 is the nozzle length, L 2 is the total

length, S 1 is the nozzle cross-sectional area, and S 2 is the body cross-
sectional area. The nozzle length, L 1, should be increased by a factor of _L,
as noted in the Helmholtz resonator equation, above. When the numerator of

this equation is zero, the resonator is at a resonance, and the resulting

transcendental equation to be solved is

36

cot[k(L2-L1) ] = (S2/S1)tan(kL1)
37

When the denominator is zero, the resonator is at an anti-resonance, and the

resulting transcendental equation to be solved is

cot[k(L2-L1) ] = (S2/S1)cot(kL1)
38

In each case, the frequency is determined by finding a value of k which

satisfies the equation, since f = kc/2m. Both cases are multi-valued, i.e.,

15



there are multiple resonances and anti-resonances. These resonances and anti-
resonances are not harmonically related, and, in some cases, this is

advantageous. The frequency ratios of the resonances may be adjusted by

modifying the area ratio $2/S 1 and the length ratio L2/L I.

2.5.3 Half and Quarter Wavelength Resonators

The simplest acoustical resonators without nozzles are half wavelength (k/2)
and quarter wavelength (k/4) resonators.28, 43 These resonators are related to

organ pipes and are easily fabricated. As with the other resonators, the end

effect must be included in the calculations. The governing equation for the

idealized k/2 resonator acoustic impedance is

Z = (pc/S) sin(kL') 39

and the resonance frequencies are

fn = nc/2L' , where n = 1,2,3,4,..., 40

L'=L+26L, S is the cross-sectional area, and p is the fluid density. This
equation was derived under the assumption that the reflection at each end of

the tube involves a complete phase inversion. This assumption is not exact,

but suffices as an approximation to the resonator behavior.

The governing equation for the idealized X/4 resonator acoustic impedance is

Z = (0c/S)cot(kL') 41

and the resonance frequencies are

fn = [(2n-1)c]/4L' , where n = 1,2,3,4,... 42

and L'=L+AL. The end correction for this l:e._onator is only half as large as
for the X/2 resonator because only one end of the tube is open.

2.6 Double Tuned Resonators

Double tuned resonators come in a variety of forms. Three forms are discussed

in the following paragraphs. Although there are many possible perturbations

of shapes and types, the following three resonators were built and tested

during the program.

2.6.1 Double Helmholtz Resonator

Two Helmholtz resonators may be incorporated into a single^_tructure by a

simple modification of the standard flight test resonator. 31 A photograph of
this resonator is shown in Fig. 11. The hemispherical resonator is

constructed with the nozzle in the vertical position. A truncated cylinder is
placed over the hemispherical resonator. A second nozzle is positioned in the
side of the cylinder. This construction is shown in the sketch of Fig. 14.
The two volumes are independent and both act as individual Helmholtz
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resonators. A disadvantage of this design is that it needs at least two

nozzle diameters (5 cm) of space between the top nozzle and the sidewall

insulation above the nozzle. This constraint leads to thicker sidewall
construction.

2.6.2 Double-Tuned Waveguide Resonator

Two waveguide resonators may be made to resonate at any two frequencies in a
single body. 30 The construction saves weight as the end plates are the same

for each resonator. In addition, the resonators may be constructed from a

single tube. An example of this resonator is shown in the photograph of Fig.
11 and in the sketch of Fig. 15. The resonator in the photograph was

constructed from two separate tubes to facilitate ease of fabrication by hand.

2.6.3 Cascaded Helmholtz Resonator

Multiple Helmholtz and/or waveguide resonators may be combined to resonate at

multiple frequencies and still have only a single nozzle exposed to the

outside environment. 29 An example of this resonator is shown in the

photograph of Fig. ii and in the sketch of Fig. 16. The resonator depicted in
these two figures is a double cascaded Helmholtz resonator.

Cascaded resonators are more complicated to analyze than are the other

resonators. The cascaded resonator may be constructed from either Helmholtz

and/or wavegulde resonators. The simplent analynin of the above resonators is

performed with cascaded Helmholtz resonators.

The impedance for a lossless, double cascaded Helmholtz resonator is

_412C212C 2 - _2[II(C2+C2)+I2C2] + 1

Z = 43

_3CII2C 2 - _(CI+C2)

The two resonance frequencies are

Y+ = __1 /II(CI+C2) + I2C 2 ± /[Ii(Cl+C2) + I2C2] 2 - 4IICII2C 2 44
2_ 211CII2C 2

The two anti-resonance frequencies are

Cl + C2

__ = /2_C112C i and f = 0 45

The inertances and compliances are defined in the section on Helmholtz

resonators. The subscripts of the elements refer to the outer (1) and inner

(2) resonators.

_aveguide resonators can be made into cascaded resonators. Some measurements

on cascaded waveguide resonators were compared to predictions and the
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agreement was poor. Cascadedwaveguide resonators were not tested beyond the
parameter testing stage.
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3. RESONATOR TESTS

The Acoustic Materials Laboratory at Rye Canyon has instrumentation for small

scale acoustic resonator and materials testing. Resonators were tested under

free-field conditions by the measurement of the transfer function between an

external excitation sound field and the resultant resonator internal sound

field. The resulting frequency response is called the resonator amplification

(see §2.5.1). Resonator impedance may lye measured in the laboratory's

standing wave tube at discrete frequencies.

Resonators were tested in order to determine parameter characteristics, refine

design equations, and improve the various designs. Tests were performed to
determine the acoustical characteristics of nozzle to volume cross-sectional

area ratio, resonator nonlinear behavior, resonator size to wavelength, and

multiple frequency resonators. The test setup is shown in the photograph of

Fig. 17. Free-field high-intensity resonator amplification response was

measured in an anechoic room at levels of up to 135 dB. For these high-

intensity measurements, the small loudspeaker shown in the photograph was

replaced by an Emilar driver and horn.

Resonator impedance was measured in an acoustic standing wave (impedance)

tube. The nonlinear behavior of resonators was measured at SPLs of up to 145

dB with this apparatus. A photograph of the standing wave tube system is

shown in Fig. 18.

After individual resonators were tested and tile designs refilled, sets of

resonators were fabricated and then evaluated in the TL facility in various

flat double-panel wall assemblies (see §4.2). In a double-panel wall assembly

the resonator operation was measured as a function of the surrounding volume,

the internal absorption, and the wall TL.

3.1 Parameter Tests

Parameter tests were performed on Helmholtz, waveguide, and cascaded

resonators. These parameter tests were used to study the effects of wall

stiffness, body air leaks, wavelength to body dimension ratio, nozzle length,

and nozzle-to-body area ratio.

In each resonator the communication between the compliant element (volume) and
the outside should only be through the nozzle. Leaks through the body

construction seams are detrimental to resonator operation, as summarized by
the data in Fig. 19. The data in this figure were obtained with a 240 Hz

hemispherical Helmholtz resonator. Smal] holes (1 mm diameter) were drilled
in the body to determine the effects of leaks on resonator amplification and

tuning. As seen in the figure, increasin_ the leak area progressively reduces

the magnitude of the peak amplification _nd inclea_es the resonance frequency.

Another important aspect of resonator design is the acoustic compliance of the

structure enclosing the volume. The resonance frequency of Helmholtz

resonators with compliant walls cannot be predicted with Eq. 25. 12 The

effects of wall compliance were measured with the same 240 Hz Helmholtz
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resonator as used above. The thickness, shape, and materials of the bottom

plate were changed and the transfer functions were measured. Four examples
are shown in Fig. 20. A 6.3 mm thick glass plate was used as a standard in
these tests. A 0.8 mm thick concave aluminum bottom was selected for the

flight test resonator configuration. The acoustic response of this

configuration closely approximates the resonator response of the configuration
with the glass plate. When a flat aluminum plate of the same thickness as the

curved bottom was used, the resonance frequency and amplification factor were
greatly modified relative to the two previous cases. Note that an anti-
resonance (minimum) appears at about 360 Hz. (The anti-resonances of the two

previous cases were not observed because they occurred at frequencies greater

than 400 Hz.) In this case the compliance of the resonator has been increased
because of the increased compliance of the wall. A further illustration of

the effect of wail compliance is the final substitution of a flat 0.3 mm thick
aluminum plate. The resonance frequency was greatly reduced and another

resonance and anti-resonance appeared. These results illustrate that, in
order to build resonators out of flat-walled boxes, the walls would have to be

very stiff (small compliance). On the other hand, cylindrical and spherical
resonators have inherently stiff walls and may be designed with thinner walls,

with a resulting reduction in mass. Thus, resonator shape and inherent wall

stiffness are important to the design of efficient resonators.

The wavelength of sound at resonance relative to the resonator size plays a

major role in the manner in which a resonator functions. Parameter tests were

performed with resonators made from two cylindrical tubes (48 and 74 mm I.D.).

The resonator volume was changed in each tube by moving a massive piston in

the tube. Calculations were compared to measured resonance frequency data.

It was determined that while X>O.ILB, where LB is the longest body dimension,

the resonance frequency could be accurately calculated with Eq. 25. When

X<O.ILB, Eq. 25 became progressively less accurate and the use of Eq. 37

became necessary. Equation 37 was accurate for the whole wavelength range

when $2>SI>$2/4 (see Fig. 13).

When the area ratios between the nozzle and the bodies became too large

(SI<$2/4), the use of Eq. 37 was less accurate in predicting the resonance

frequency. In addition, this constraint applied to the calculation of the

anti-resonance with Eq. 38. A large area ratio (lid not appear to affect the

accuracy of Eq. 25, as long as X>O.IL B.

Typical SPL amplification curves of three double-frequency resonators tested

during the parameter tests are shown in Fig. 21. Each of the resonators

tested had an internal nozzle diameter of 23.6 mm. The nozzle lengths were
varied from 9.96 to 49 mm. The resonator volumes were varied from 162 to 2470

cm 3. Resonators with the larger volumes tended to exhibit a higher

amplification factor, but, because of the increased particle velocity in the

nozzle, they also tended to exhibit a lower threshold of nonlinear behavior

(see §3.2 and §3.3). The band-limited excitation (I00 through 500 Hz) used

during the parameter tests was at an overall SPL of 95 dB.

The resonance frequencies are indicated by the locations of the peaks in the

amplification curves. The minimum in the cascaded Helmholtz resonator curve
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indicates the anti-resonance of that resonator. The cascaded Helmholtz

resonator (see Fig. 16) response, indicated by the solid line in Fig. 21,

shows resonance frequencies of 225 and 455 Hz and an anti-resonance of 315 Hz.

The Helmholtz resonators used during the flight tests (see Fig. 3) had a

single resonance frequency at 234 Hz. The high frequency Helmholtz resonator

modification (see Fig. 14) added to the hemispherical resonator had a

resonance frequency at 455 Hz. The dashed lines of Fig. 21 show the responses

of the two Helmholtz resonators. The double waveguide resonator (see Fig. 15)

was made from two separate resonators coaxial]y bonded together into a single

body. The two dotted curves o£ Fig. 21 show the fundamental resonance

frequencies to be at 241 Hz and 422 Hz.

The low frequency waveguide resonator had the highest peak amplification (41

dB) and the cascaded Helmholtz resonator had the lowest (29 dB @ 455 Hz). The

peak amplifications of all three resonators were quite good, which indicated

low nozzle resistances and adequate volumes.

3.2 Free-Field Measurement of Nonlinear Behavior

Band limited acoustic excitation (I00 through 500 Hz) was used during these

tests at overall SPLs of: 90, I00, ii0, 120, 125, 130, and 135 dB. The

amplification responses, between the outside and inside of the resonator, were
recorded at each SPL. The Q's were calculated by using the built-in software

of the 2 channel spectrum analyzer.

The changes in the peak amplification and the qua]ity factors of the

resonators versus driving SPL are shown in Figs. 22 and 23, respectively. As

described by Eq. 28, the 0 and peak amplifJcatiou are inversely proportional

to the acoustic resistance (dissipation) of the Uelmholtz resonator. In

addition, the curves of Figs. 22 and 23 indicate that this relation holds true

for the other resonator types.

3.3 Impedance Tube Measurement of Nonlinear Behavior

The resonators, described in §3.1 and §3.2, were tested in the impedance tube.

Tests were performed at SPLs of: I00, 120, 125, 130, 140, and 145 dB. The

impedances were measured at selected frequencies from 200 through 800 Hz, in
accordance with the ANSI Standard. 45 The specific frequencies used depended

on the individual resonator being tested.

The maximum fluid velocity in the throat occurs at the resonance frequency.
It is for this reason that the nonlinearity threshold SPL is the lowest at the

resonance frequency. The reactive part of the impedance was determined to be

constant with increasing SPL, as shown in Fig. 24. At resonance the reactance

values of resonators should be zero (X = 0). The range of acoustic reactance

values throughout the frequency range for all resonators was between -II and

6pc MKS rayls.

In the case of the low frequency waveguide resonator, there was an error in

recording the frequency at which the resonatoY was tested. Measurements

performed before and after the impedance tube tests both showed a resonance

21



frequency of 226 Hz. The frequency, recorded as 226 llz, for this impedance
test was not the resonance frequency. Unfortunately, this error was not

discovered until all the impedance tests had been completed and the equipment
dismantled. This error leads to an erroneous value for the impedance at
resonance. From the amplification and Q data (§3.1 and §3.2), it was

determined that the low frequency waveguide resonator had a lower, not higher,
resistance than the flight test resonator.

At and near the resonance frequency, the resistive part of the resonator
impedance increases with SPL, as shown in Fig. 25. The resistance increases
affect the dissipation, peak amplification, and the effectiveness of the

resonator for the present application. The use of a resonator in a double-

panel wall requires that the resonator resistance he as small as possible.

This suggests using an array of many resonators, since the array impedance is
inversely proportional to the number of resonators (see Eq. 6). Any increase
in the resistance adversely affects the resonator performance within a wall
assembly. However, resonators placed into the confines of a room to absorb

sound should have a moderate amount of absorption, so that some of the

acoustic energy may be dissipated in the resonator rather than being
reflected back into the room.24, 25

The cascaded Helmholtz resonator has an anti-resonance between the first two

frequencies of interest. This anti-resonance exhibits a decrease in the

resistive part of the impedance with SPL increase. This effect is seen in

Fig. 26, which shows the resistive part of the impedance versus frequency with
SPL as the curve parameter.

As would be anticipated from the results of the impedance data, the resonator

absorption coefficient depends on the SPL. In single frequency resonators the

maximum change is at the resonance frequency. The absorption coefficient of

the resonators at their resonance frequencies versus SPL are shown in Fig. 27.

For the cascaded Helmholtz resonator the ma×imum absorption change was in the

region of the anti-resonance (314 Hz), as shown in Fig. 28.

The termination of the impedance tube is not perfect (g#_). The resistive

part of the termination impedance ranged between 21 and 53pc MKS rayls. These
values are much higher than the values presented in Fig. 25 and results in

negligible measurement error. The reactive part wa.q as m,med to he zero (this
is the method of calibrating the microphone location]'-)). The ah_orption
coefficient of the r-eference termination ran_.ed from 8 through 18%, which
tends to be smaller than the values preseuted in Figs. 27 and 28.

The data in Figs. 22, 23, 25, 26, 27, and 2R show that the nonlinear behaviors

of each resonator follow the theoretical conclusions drawn from the discussion

in §2.5. Through the use of Eq. 35 the values of R_ and R_/R^ were
' _ • U

calculated by using a least squares fit to the data In Fig. 25. The values

for each resonator are listed in Table I. In addition, the correlation

between the data and the fit is listed for each resonator. An example of this

fit to the data is presented for the flight test Helmholtz resonator in Fig.
25.
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The data fit is excellent for the Helmholtz and the waveguide resonators at
all SPLs. The nonlinear behavior of the low frequency waveguide appears to be
muchgreater than for the other resonators. This increased nonlinear behavior
maybe caused by these measurementsbeing madeat an off-resonance frequency,
as noted in the discussion of Fig. 24. However, the data presented in Figs.
22 and 23 also show this increased nonlinear behavior.

Although the cascaded resonator appears to follow the samegeneral trend of
nonlinear behavior, a better approximation to someof tile data might be to use
_-p, instead of p, for the nonlinear term because the curves tend to flatten
with increased SPL. This flattening is seen in Fig_. 23 and 25.

23



Table I: Table of First Approximations to Resonator Nonlinear Acoustic Flov
Resistance Parameters.

Resonator Type Ro R1/R o Correlation

Hemispherical
Helmholtz

(Flight Test) 0.122 0.0022 0.9961

High Frequency

Helmholtz 0.396 0.0018 0.9517

Low Frequency*

Waveguide 0.518 0.0049 0.9956

High Frequency

Waveguide 0.025 0.O019 0.9913

Low Frequency
Cascade 0.283 0.0020 (}.9280

High Frequency

Cascade 0.516 0.0017 0.9756

* A frequency measurement error led to an error in this data, see text.
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4. DOUBLE-PANEL _ALL ASSEMBL7 TESTS

4.1 Transmission Loss Test Facility

The Acoustics Laboratory consists of anechoic, reverberation, and

instrumentation rooms. The rooms are inter-connected such that a variety of

tests may be performed. The reverberation room, with inner dimensions of 16.2

x 7.9 x 6.1 m (53 x 26 x 20 ft), was used in conjunction with the anechoic

room, with inner dimensions of 5.5 x 5.5 x 4.3 m (18 x 18 x 14 ft), to test

flat double-panel wall assemblies equipped with acoustic resonators. The

reverberation room is connected to the anechoic room by a 1.130 x 1.130 m

opening in the common wall. A plan view of the two rooms_ as set up for TL

testing, is sketched in Fig. 29. An isometric s_tch of tile TL facility in

the area of the panel is shown in Fig. 30. A sketch of the clamping mechanism

and clamp supports for the wall panels is shown in Fig. 31. A sketch of the

wall dimensions and the microphone and accelerometer locations is shown in

Fig. 32. This facility is used to test the normal incidence transmission loss

of flat wall assemblies. Testing is performed with either random noise or
tonal excitation. The SPL differences between the six source and the six

receive side microphone pairs are power-averaged to yield a noise reduction

(NR) spectrum. Since the receive side is an anechoic room,

TL = NR - 6 dB 46

This wall opening allows normal incidence transmission loss testing to be

performed on 1.08 by 1.08 m walls of single or multiple-panel wall

construction with wall thicknesses up to 0.165 m. Typical double-panel wall

configurations are shown in Fig. 33. The outer (source side) panel of the

wall assembly consists of a panel which may be of limp or stiffened

construction. When glass fiber insulation batting was installed within
double-panel assemblies, the batting usually was in contact with the source

side panel. The resonators were usually attached on the inner surface of the
receive side (trim) panel of this assembly. During the laboratory tests,

resonator attachment was accomplished by various methods. The easiest method
for making configuration changes was determined to be with the use of "Velcro-

like" tape bonded to the panel surface and to the backs of the resonators.
This attachment method was also employed for the flight test configuration.

The installation of resonators between the paneis of the wall assembly made it
possible to define the TL increment achieved with various resonator

configurations. The surrounding wall structure is very massive and has a very
high TL. The method used to mechanically isolate the source and receive side

panels from one another was through the use of closed-cell peripheral seals

between the panels and the assembly frame. These seals were 3 mm thick before

being pre-loaded with the panel edge-mounting spring clamps (see Fig. 31).

In the original resonator TL tests, 64 hemispherical Helmholtz resonators,

with cylindrical nozzles facing the source panel, were glued to the inner

surface of the receive side panel. The panel became the bottom for all the

side-by-side resonators. The results of these tests in the flat wall test

facility were encouraging and resulted in follow-on testing of various panel
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assembly/resonator configurations. This follow-on work was funded by NASA
under the present contract. The results of testing flat panel assemblies with
sinGle-frequency Helmholtz resonator arrays are summarizedhere and in Ref.
23.^ Forty-eight configurations were evaluated, using different resonator
shapes, panel spacings, panel weights, panel dampings, sidewall absorptions,
and panel materials. Wall assembly TL tests using single-frequency resonators
were performed during the period from February 1987 through October 1987.
Similar tests using double-tuned resonators were performed during July and
August of 1990. Ten, flat wall and resonator-equipped configurations were
tested. Two types of double-tuned resonators were installed and tested in the
various double-panel wall configurations.

4.2 NRTests of Double-Panel Wall Assemblies with Internal Resonators

Double-panel wall assembly tests were run on 58 panel/resonator
configurations. The assemblies were configured with various surface
densities, panel characteristics (damping, stiffness), and additional panel
stiffeners. Six resonator types were tested: hemispherical Helmholtz (Types
B and C), integral cylindrical (Type D), cylindrical waveguide (double and
single frequency), and double cascaded Helmholtz resonators. See §2.5 and
§2.6 (Figs. 3 and II through 16) for descriptions of these resonators.

4.2.1 Single-Tuned Helmholtz Resonators

Forty-eight of the flat panel wall assemblies, most equipped with various
resonator configurations, were used in the evaluation of single-tuned
Helmholtz resonators in the TL facility. Fig,re 34 shows the NRof a typical
double-panel (aluminum panels) wall assembly equipped with 64 Helmholtz
resonators on the inner surface of the receive side panel. Two NRcurves are
shown, one with active and one with inactive resonators. At the resonator
tuning frequency of 234 Hz, the NR is increased by 13 dB when the resonators
are active. The maximumNRwas measured to be 64 dB. Note the NR minimum
occurring at approximately 265 Hz as a result of resonator/panel volume
interaction (see §2.2). This minimumin the NR at 265 Hz would not be of
concern unless a higher frequency excitation tone should coincide with the
frequency of the minimum. For this test, no glass fiber batting was installed
within the double-panel wall assembly. The data curves are not as smooth as
predicted in Fig. 7. The difference results from acoustic cross modeswhich
start at 157 Hz in the double-panel cavity. This cross modeactivity affects
the location of the minimumNR, which occurs at 265 Hz instead of at the
anticipated 256 Hz.

Figure 35 shows additional NRdata obtninpd with thi_ wn]] assembly. This
test was performed with Helmholtz resonators tuned to 207.5 Hz. Glass fiber
batting was introduced between the panels a,d bonded to the source side panel.

_"Noise Reduction Measurements on Double-Wall Panels with Acoustic

Resonators", R.A Prydz, R.J. Gatineau, H.L. Kuntz, and D.L. Morrow, work

performed by Lockheed Aeronautical Systems Company - Burbank, LR31650, for

NASA under Contract NASI-18036 (April 198Q).
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This batting cleared the resonator nozzles by approximately 5 cm. The NRat
the resonator tuning frequency is affected by the proximity of the batting to
the nozzles. With the glass fiber bait addition, the reduction in the peak NR
is 3 dB, but at frequencies near the peak NR there is little change. Other
tests 2 have shown that if the batting is within one to two nozzle diameters
(2.5 to 5 cm), the resonator response is affected and the wall assembly NR is
significantly reduced at the resonance frequency.

Figure 36 shows the effect on the NRof changing the panel spacing of a
double-panel structure with resonators. The source and receive side panels
were aluminum and the resonators were installed on the inner wall of the
receive side panel. No glass fiber batting was installed between walls for
this test. Three different panel spacings were used. The solid curve is for
minimumspacing. In this case, the resonator nozzle is less than Ii mm(less
than one-half inch) from the source side panel. This spacing applies to

resonators with nozzles centered in the hemlspherJcal body (nozzles at 90

degrees to the panel surface). If this nozzle spacing is further reduced, the

resonator performance degrades rapidly. The tuning frequency has shifted to

212.5 Hz and the NR to 57 dB. Increasing the panel spacing to 0.165 m, from

the minimum spacing of 0.0762 m, causes the NR to increase from 57 to 64 dB

This change introduces a downward shift in peak frequency from 212.5 Hz to

207.5 Hz. The increase in peak NR is primarily due to increasing the gap

between the resonator nozzle exit and the source side panel. The bandwidth of

the NR curves at an NR of 55 dB change from 16 Hz (0.076 m) to 24 Hz (0.109

m), to 18 Hz (0.165 m). These changes in bandwidth indicate that, although

the peak is affected by the wall spacing, the resonators may be effective over

a bandwidth which changes little with wall spacing.

At frequencies between the resonance frequency and 300 Hz, a NR minimum,

caused by the presence of the resonators, is observed. As the double-panel

spacing increases, the frequency at which this minimum occurs decreases, gith

the smallest spacing of 0.0762 m, this minimum occurs neap: 263 Hz. With the

largest spacing of O.1651 m, the minimum occur_ n_ar 228 Hz. Uith the

intermediate panel spacing of 0.1142 m, the minimum is near 240 Hz. The

explanation for these NR minima occurring with resonator activity is discussed

in §2.2.*

Figure 37 shows the effect of the number o[ resonators on the NR of a double-

panel aluminum wall structure. One curve shows the NR values versus frequency
when all 64 resonators within the wall are active. The second curve shows the

result of taping over the nozzles of alternate resonators, deactivating 32 of

the 64 resonators. As expected, the NR peak at the average resonator tuning

frequency drops by 3 dB, because the overall resistance of the array has

doubled (see Eq. 13). The NR peak at the tuning frequency is still

substantial with only 32 resonators operating. This result shows that if

multiple BPF harmonics were to be attenuated, some of the resonators within

tAs the wall spacing increases, a point of diminishing return is approached.

AS the minimum approaches the peak, the NR of the peak is progressively

reduced.
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the panel assembly could be tuned to these other harmonics. The effect would
be to enhance the panel NR at two or more propfan blade passage frequencies.
In addition, if a specific minimumoccurred in the NR of a double-panel
structure, resonators could be used to reduce the effects of that minimum.*

Figure 38 shows the effect of single- and double--tuned resonators on the NRof
a double-panel aluminum wall structure. Onecurve gives the NR values for the
assembly containing 64 active resonators. The NR peak occurs at the resonator
tuning frequency of 234 Hz. At 265 Hz an NRminimumoccurs. This minimumis
attributed to resonator operation (see §2.2). It is possible to modify this
minimumby introducing a second group of resonators tuned to 265 Hz. Sixteen
of the 64 resonators were modified to resonate at 265 Hz while the rest of the
resonators remained tuned at a nominal 234 Hz. The dashed NR curve shows the
result of this resonator combination. Note that the NRminimumat 265 Hz has
been eliminated and replaced by an NRpeak at 265 Hz. Twonew, but less
significant minima, have been introduced at frequencies just below and above
265 Hz. This is analogous to the operation of a tuned dynamic absorber in a
mechanical system, where side peaks are introduced within the system frequency
response when the primary response is altered by the absorber. This test
shows the feasibility of mixing different resonators within a panel assembly
to achieve multiple tone attenuation, even if the tones are not harmonically
related.

Figure 39 shows the effect of using 64 }lelmholtz resonators between two 7.32
kg/m2 (1.5 lb/ft 2) limp vinyl panels separated by a 0.]65 m (6.5 in) airspace.
These hemispherical resonators were tuned to 234 Hz and increased the receive
side panel surface density to 12.0 kg/m2. The II dB g_in is _imilar to the 13
dB gain seen in Fig. 34 with the aluminum panels. The maximumNRwas measured
to be 62 dB. The double-tuned resonators, discussed in the next section, were
tested between these samevinyl pane]s.

4.2.2 Double-Tuned Resonators

Twosets of double-tuned resonators were tested in the TL facility. Oneset
consisted of 38 double waveguide resonators tuned to 241 and 422 Hz. The
other set consisted of 52 cascaded Helmholtz resonators tuned to 225 and 455
Hz. These resonators were tested within a wall assembly consisting of two
7.32 kg/m2 (1.5 lb/ft 2) limp vinyl panels separated by a 0.165 m (6.5 in)
airspace. Tests were performed with and without 0.05 m thick glass fiber
insulation attached to the inside surface of the source side panel. TL tests
were not run with the double-frequency Helmholtz resonators because, for a
practical installation, the low frequency nozzle of this design is too close
to the insulation surface for efficient op_,-at_on (_ee Fi_. 36).

*Note that as the number of resonators is reduced, the frequency of the NR

minimum, caused by the resonator/air_pac_ int_ractlon, i_ al_o redllced. As

the number of resonators approaches zero the p_ak and minimum approach each

other in frequency and NR value, until the r_sonator eff_r_t vanishes.
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The 38 double waveguide resonators were mountedwithin the limp vinyl double-
panel wall assembly such that the nozzles were not facing each other; half the
resonators were placed vertically and half horizontally. Each nozzle was at
least 76 mmfrom the nearest obstruction. Figure 40 shows three NR data sets
for a double-panel wall assembly with the 38 double waveguide resonators
installed. The resonator masses increased the surface density of the receive
side panel to 15.2 kg/m2. This surface density is 1.27 times greater than for
the case with the Helmholtz (flight test) resonators on the samepanel. This
increased surface density led to a negligible NR increase (resonators taped)
over the 225 through 245 Hz frequency range. The three test cases were with:

(1) both resonator sections operating,
(2) only the 242 Hz resonator section operating, and

(3) only the 422 Hz resonator section operating.

The test results indicate that the 242 Hz resonators increased the NR by 5.9

dB and the 422 Hz resonators increased the NR by 5.5 dB. Tlle maximum NRs were

measured to be 59 and 67 dB at the two resonance frequencies. As discussed in

§3.1, the low frequency waveguide resonators have a lower resistive component

than the flight test Helmholtz resonators. Even though there were only 38

waveguide resonators, compared to the 64 Helmholtz resonators evaluated during

a similar test, it was anticipated that the results would be similar, with the

waveguide resonators yielding a NR as much as 2 dB higher than the flight test
resonators. This was not the case. The 64 Helmholtz resonators exhibited

better performance, with a II dB NR increase (see Fig. 39). The Helmholtz

resonator NR was only 3 dB greater than the NR with the double-waveguide

resonators at the lower resonance frequency.

The 52 cascaded Helmholtz resonators were mounted such that the nozzles all

faced upward in four rows of 13 resonators per row. Each nozzle was at least
82 mm from the nearest obstruction. The resonator mas_e_ increased the

surface density of the receive side panels to 19.0 kg/m 2. This surface

density is 1.58 times greater than the case with the Helmholtz (flight test)

resonators attached to the same panel. This increased surface density led to

a measured average NR increase (resonators taped) of 0.2 dB over the 225

through 245 Hz frequency range (compare Figs. 39 and _I). Figure 41 shows two

data sets of the resonators operating and *hon inactive (taped). At the low

frequency resonance the NR increase was _.7 dB, and at the high frequency

resonance the increase was 7.4 dB. This per[ormance was better than that

obtained with the waveguide resonators, but not as good as that obtained with
the Helmholtz resonators. The maximum NRs were measured to be 57 and 65 dB at

the two resonance frequencies of 225 and 452.5 Hz, respectively. As seen in

§3.1 and §3.2, the maximum amplification_ _nd O's of the He]mholtz and
cascaded resonators were similar. Because of the difference in resonator

count (64 to 52) and panel surface densities, it was anticipated that the NR

at resonance should have been 2 dB lower with the cascaded resonators.

However, the overall NR of the Helmholtz resonators was 5 dB higher at the

lower resonance frequency.

The flight test Helmholtz resonator was somewhat optimized for a mass-to-

performance ratio in these tests. However, in an integral aircraft
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application the resonator/trim panel masscould be further reduced, thus
increasing the efficiency of the system. The double-tuned resonators were
constructed in an expedient mannerwithout regard to their masses. Through
further development, it is anticipated that their massescould be greatly
reduced and their acoustical properties enhanced, as was done for the flight
test (Helmholtz) resonators.

4.2.3 Active SoundControl

As part of the program to increase the TL of double-panel walls, tests using
active sound control within the cavity were performed from January through
March 1990. Tests were performed with tonal and randomexcitation at
frequencies from 20 to 500 Hz. The separation between the panels of the
double-panel assembly was 0.165 m. These tests were performed as a
feasibility study and the algorithm used for generating the signal for the
control loudspeakers was not optimized for each condition. The samealgorithm
was used for broadband and tonal signals. In addition, the placements of the
loudspeakers and the reference microphones were not optimized. The
loudspeakers are used to control the SPLwithin the total airspace between the
walls, and not the motion of the panels directly. Thus, the most uniform
sound field is generated by the control loudspeaker when it faces either the
source or receive side panel. The results appear to be independent of which
panel the loudspeaker faces.

The control loudspeakers were Radio Shack Model 40-2055 loudspeaker units with
a 0.12 m diameter loudspeaker in a box. The integral tweeter loudspeaker was
disconnected for these tests. Cross-modesb_tween the pane]_ were recognized

as defining a limiting frequency for the effe(:tiven_ of nctive sound control

with a single loudspeaker. The first pane] cavity cross-mode occurs at 157

Hz. Two types of tests were performed in order to rpduce the effects of the

cross-modes. For the first configuration, 0.1 m thick glass fiber batting was

placed between the walls with a single loudspeaker unit and one reference

microphone. Figure 42 shows the setup from the receive side without the

receive side panel in place and without the batting. The single loudspeaker

unit is shown on its support stand. For the second configuration, partitions

were made to divide the TL facility "window" into four equal and smaller

sections. As shown in Fig. 43, each section contained one loudspeaker unit,

one reference microphone, and glass fiber batting.

Figure 44 compares receive side SPL spectra at a location 1 m from the panel.

These spectra were measured with and without the single control loudspeaker

operating and with the nine, in-phase loudspeaker source array driven with a

single frequency electrical input. The reduction in the lO0 Ilz input tone SPL

was 36 dB at lO0 Hz. Note that reductions occnrred at additional frequencies.

The active control system tended to flatten the spectrum in the frequency

domain, as much as was possible. The control system worked on the background

noise spectrum as well as the primary tonal signal. The second harmonic tone

generated by the source array at 200 Hz was also attenuated by the active

control system. In all tests there were moderate h_oadband reductions, and

some increases, with the use of the active control. Only the results of the

tonal tests are presented here.
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Figure 45 illustrates the effect of active sound control with a single control
loudspeaker at discrete, single tone inputs from 20 through 400 Hz. The
insertion loss (IL) is calculated as the difference between the NR with the
control loudspeaker operating minus the NRwith tile control loudspeaker off.
This calculation ensures that the samesource side SPL is used in each
calculation. The sound source, which generated plane acoustic waves for the

tests, was an array of nine loudspeakers driven in phase. These single tone

IL values were measured with the pair of six-microphone arrays described in

§4.1. For the case without the glass fiber batting, the system was tested

only up to 260 Hz, because the IL introduced by the active control system was

negligible at the higher frequencies. Without glass fiber batts, the highest
measured IL was 28.5 dB at 100 Hz. At 160 Hz the IL was reduced to 5 dB

because of the influence of the first cross-mode between the panels. The poor

performance below lO0 Hz is a result of the low acoustic output of the small

control loudspeaker. In the case with the batting in place, the maximum IL

was measured to be 20.5 dB at 80 Hz and the minimum IL was measured at 160 Hz.

The IL is greater at frequencies above 160 Hz. The presence of the absorptive

material reduces the highest value of the IL and bi. oadeus the frequency range
over which the active sound control system is effective.

Figure 46 shows the results of using a single loudspeaker as a source instead

of the nine loudspeaker array. Again, a single control loudspeaker was used.

The wave fronts radiated from this loud_peaker approximate spherical rather

than planar wave fronts and it was anticipated that the IL would be
significantly less with the single source. Examination of Figs. 45 and 46

indicates that, without the glass fiber batts, the 60 through 120 Hz IL, is
greater when the nine loudspeaker array is the source. The 160 and 180 Hz IL

is greater when the single loudspeaker is used as a source. For the case with
the glass fiber batts, the ILs for the two different sources are essentially

equivalent. These results lead to the conclusion that the cross-modes between
the panels affect both the NR and the IL.

Figure 47 compares the IL resulting from the use of four active control

loudspeakers, with single, discrete tone inputs (20 through 400 Hz) from the
nine loudspeaker array. The signals from the four reference microphones, one
for each control loudspeaker, were electronically averaged to provide a single

input to the computer. The four control loud._p_al_ers were driven by a single
output signal from the computer. The partitions wore installed to increase

the frequency of the first cross mode from 131 Hz to i_l/,Hz. It was

anticipated that the minimum at 160 Hz in Fig. 45 wo,]d be moved to a much

higher frequency. The results in Fig. 47 show that this was not the case, as

the minimum was moved to 180 Hz. The explanation of this result is not known,

but two causes are possible. The first ca,se may have been that the use of

common inputs and outputs from the computer to calculate the noise control

signal in each section was not appropriate, even though each of the four panel

sections should have the same acoustic input. Phase differences between the

four loudspeakers and their respective microphones may have been introduced

into the system and this would cause a poor system response. The second cause

may have been that the method of partitioning the panel may have caused the

panels to vibrate as four independent sections, even though care was taken to

avoid this occurrence. The maximum ILs were 22.5 dB without the glass fiber
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baits and 15 dB with the glass fiber batts.
Hz is a result of using four loudspeakers.
frequency region of I00 Hz is unknown.

The enhanced response below i00
The reason for the minima in the
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5. FLIGHT TEST ACOUSTIC ENCLOSURE DESIGN

Concurrent with the panel tests (§4), plans were finalized to evaluate the

effectiveness of in-wall (between the cabin trim panels and the fuselage

sidewall) resonators in the NASA Gulfstream II PTA aircraft scheduled to be

test flown in Marietta, GA. A sketch of the PTA aircraft is shown in Fig. 2.

Since this aircraft was untrimmed, a cabin acoustic enclosure was constructed

for evaluating the sidewall treatment concept. Flight test scheduling did not

allow time for the design and installation of a conventional cabin trim

configuration which would have incorporated the test resonators. The decision

was made to design and construct an acoustic enclosure that could be shipped

to Georgia as an assembly. The acoustic enclosure consisted of a metal

framework, plywood end acoustic barriers and floor, removable metal trim

panels with removable resonators attached, and enclosure assembly vibration

isolator mountings. Figure 48 is a photograph of this enclosure upon its

arrival in Marietta for the flight tests. The trim panels have not been

installed, and the enclosure is still attached to a rigid plywood and metal

shipping frame, which also acted as an assembly fixture for the enclosure.

The assembly fixture ensured that the enclosure-supporting vibration isolators

were positioned so as to fit precisely on the e×istin_ aircraft cabin seat

track rail fittings. The thick plywood end access doors were not installed

when this photo was taken. Metal bolts were ,sed in_tead of rivets to secure

all components together, and to permit ensy disassembly and reassembly. The

propfan, mounted on the Gulfstream II aircraft, can be seen just behind the
enclosure framework.

Figure 4 is a photograph showing three of the 28 metal trim panels positioned

on the framework. Each panel can accommodate 16 hem]spherlcal resonators.

Resonator attachment was accomplished by using Velcro-like fastener tabs

bonded to both the panels and the resonator bottoms. A total of 448

resonators (16 x 28) were used on the trim panels. In the aircraft, 152

additional resonators were installed between the enclosure and cabin floors.

These 152 resonators were used to minimize the propfan fundamental tone noise

admitted through the enclosure floor. Thes_ floor resonators were always

active (operating) during the flight and laboratory test programs. The
enclosure was installed in the aircraft such that it was approximately

centered in the rotation plane of the propfan. Trim panel removal for
resonator access was easily accomplished Jn the aircraft since the panels were
attached to the frames with Velcro-like edge strips and cloth sealing tape.

For flight safety reasons, the enclosure struvtnral components, attachments,

trim panels and resonator attachments were a]] stre._sed to accommodate

specified crash loads:

Ultimate

nx -9.0 g (forward),

ny +1.5 g,
nz 72.0 (up), and

+4.5 g (down).
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Various limit design conditions were specified and the stress calculations

showed high safety margins for both the ultimate and limit design conditions.
The framework of the enclosure was made very rigid to withstand these crash

loads. Non-contacting safety fittings were designed to prevent enclosure

forward, upward, and sideward motions in the event of a crash. Two safety
fittings were installed in seat tracks near the rear of the enclosure, and two

between-frame safety fittings were installed at an elevated level at the rear
of the enclosure. The 21 vibration isolators securing the cabin to the
enclosure floor were selected to accommodate the specified loads, and to

minimize the enclosure noise generated by cabin floor vibrations. These stiff
rubber isolators (Barry C-2090-T6) supported a test chamber mass of 552 kg

(1214 ibm). This represented an average axial load of 26 kg (58 ibm) per
isolator. Each isolator can accommodate axial stai Jc Ion(Is of 455 kg (1000

lbm). Assuming rigid floor points, an average isolator would have a natural
frequency of about 40 Hz, which represents a transmissibility of 0.06 at a
propfan fundamental frequency o£ 226 Hz.

Two drawing packages were generated:

(I) Interface Control - PTA Acoustic Enclosure, drawing number IOT0308,

FSCM number 98897, job number PTAA2823B03, two sheets, 8/18/87.

(2) Acoustic Enclosure Assembly - PTA Test Bed Acft, drawing number

IOT0412, FSCM number 98897, job number PTAA2823B, two sheets, 1/28/88.

The frame segments, stringers, and floor beams were constructed of 7075-T6

segments spliced and gusseted together with components of the same material.

Figure 49 describes the section properties of the frames, stringers, and floor

beams. Figure 50 is a photograph showing circular frames, frame splices,

stringers, stringer base plates riveted to stringPr hat sections, and frame-

to-stringer gusset plates. The assembly was in the pto,:ess of being
fabricated when this photograph was takers. Fib, re 51 _hows details of the
circular frame-to-floor beam junctions with _olid steel "ho,:key stick" load

transfer fittings installed within the frame hat s_ctions. The fittings were
also used to transfer the vibration mount ]o_d_ from the _:ahin floor to the

enclosure, and vice versa. Seven vihration isolation mounts were attached to
the seven floor frames at each edge of the enclosure, for a total of 14 side

mounts. A single vibration isolator is shown in Fig. 51. Seven additional

mounts were attached to the center spans of the floor beams. This resulted in
a total of 21 mounts securing the seven floor cross beams to the cabin floor

seat track fittings. Figure 52 is a photograph showing an installed "kick

plate" used as a load transfer plate between frames, and which also acted as
an acoustic barrier between the cabin and the enclosure. This 3 mm (1/8 in)

thick plate, constructed of 6061-T6 aluminum alloy was installed along each

floor edge of the enclosure.

The floorboards were constructed of ]9 mm (3/4 in) thick, 14-ply Finland birch

plywood. They were bolted to the floor beams and they overlapped the

horizontal surfaces of the kick plates by 88.9 mm (3.5 _n) at each floor edge.

These heavy floorboards were used to minimize floor radiated noise.

34



The woodend barriers, including the enclosure access doors, were constructed
of 12.7 mm(1/2 in) thick7 9-ply Finland birch p]ywood. These double-panel
assemblies were 0.279 m (II in) thick and the hollow interiors were filled
with glass fiber batting to prevent internal standing, acoustic waves from
occurring. The inside surfaces of the end walls w_re covered with a weighted
vinyl septum isolated from the plywood surfaces with a 12.7 mm(1/2 in) thick
layer of glass fiber. This internal treatment added additional acoustic
transmission loss to the end walls. The outer peripheral covers of the
double-panel barriers consisted of 7075-T6 aluminum alloy sheets 0.254 m wide
by 1.6 mmthick (i0.0 x 0.063 in) bolted to the two end frames at each end.
The plywood componentsof the enclosure accounted for about half of the total
enclosure weight.

The enclosure was sized so that the sidewall resonators cleared the internal
flanges of the fuselage frames by 13 mm. Calculated enclosure side
deflections under the most severe loading showed that the enclosure would not
deflect enough to cause structural interference and impacting of the
resonators on the fuselage frames. This 13 mmclearance also provided space
for a 12.7 mm(0.5 in) thick glass fiber blanket covering of the fuselage
frames. Although the tops of the resonators contacted the glass batts at some
locations on the frame, the glass was soft eno,_h to vibration isolate the
enclosure from the fuselage frame vibrations.
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6. FLIGHT TESTS

Flight tests were performed to determine propfan performance and acoustical
characteristics with the PTA Gulfstream II aircraft, shown in Fig. 2.

Acous_i_ data were obtained inside and outside a bare, untrimmed cabin during
1987.1, ° In addition, vibration data were obtained on the wing, fuselage

skin, and floor of the cabin. 1,8,46 The acoustic enclosure, with sidewall

trim and attached resonators, was f]own and evaluated in the same Gulfstream

II aircraft during March 1988.

6.1 Untreated Aircraft Tests

In preparation for the acoustic enclosure flight te_ts, flight test
measurements were obtained in tile untrimmed cabin of tile PTA aircraft. The

objective of the test program was to quantitatively define tho paths through
which acoustic energy enters the PTA aircraft cabin. The acoustic energy was

expected to follow two paths. The first path was assumed to be a direct

airborne path from the propfan blades to the fuselage skin and then into the
cabin. The second path was assumed to be a structure-borne path from the

propfan rotor wake, into the wing, along the wing and fuselage structures, and
then radiation into the cabin. Each path was instrumented with appropriate
transducers: 32 wing accelerometers, 45 fuselage (internal and external)
accelerometers, 44 wing microphones, 18 stationary cabin microphones, 15 cabin

microphones on a mobile tram, 45 external fuselage microphones, and 14
airframe strain gages. 1 Figure 53 is a sketch of the cabin microphone

designations and locations for the untreated cabin flight test program. A
mobile tram with 15 microphones was able to be positioned, in incremental

steps, from FS239.5 through FS424 (the MB#It microphones in Fig. 53). The
propfan rotor was located at FS301. The external instrumentation remained the

same for all flight tests, but the cabin instrumentation was different for the
flight tests with the enclosure inside the aircraft cabin. Cabin enclosure
test instrumentation is described in §6.2.

The following two sections contain a synopsis of the data analyzed under the
associated baseline program, which was ,,,,,dt,¢.ted with an tmtrimmed cabin.

6.1.1 Ground Tests

Acoustic tests were performed with the PTA aircraft in order to determine the
relative effects of external fuselage and wing surface propfan tone SPLs on

cabin SPLs. 1,8 A tonal acoustic signal was introduced in the prop plane of

the fuselage with an Emilar loudspeaker and horn combination. The highest

tonal SPLs generated at the first three harmonics of the BPF were 124, 131,
and 138 dB re 20 vPa, respectively. In addition, measurements were taken at
levels which were 6, 12, and 18 dB lowe_ than the highest levels. At the

highest input SPL, the average harmonic SPLs of the 15 tram microphones at
eight tram positions were: 80 dB (225 Hz), 93 dB (450 Hz), and 86 dB (675
Hz). The data were well above the 60 dB measurement system noise floor.

Additional tests were performed with the acoustic ._ource placed under the wing
and inboard of the propfan power plant. The resulting ,qPLs Jn the cabin were
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below the electrical noise levels of tile cabin acoustic instrumentation.

These cabin SPLs were found to be negligible relative to the cabin SPLs

resulting from direct acoustic excitation of tile fuselage in the propfan

plane.

Vibration tests were performed on the PTA aircraft ill order to determine the

effects o£ wing vibrations on the cabin _;PL. A vibration signal, which was

constructed from three tonal components, was introduced into the underside of

the wing at three different locations. One location was on tile rear spar and

inboard of the propfan power plant. The other two locations were on the

forward spar, one inboard and one outboard of the propfan power plant. In

each case, an Unholtz-Dickie vibration shaker (UD-4C), driven by a power

amplifier (TA-250-6-4C), was used to drive the wing. An Endevco force

transducer (2104-1000) was used to measure the force input to the wing. This

transducer was attached between a plate, which was attached to the wing

surface, and the tubular drive rod of the shaker. Four tonal input force

levels were generated by the shaker: 45, 89, 134, and 178 N peak. The tonal

signal frequencies incorporated the first three harmonics of the propfan BPF:

225, 450, and 675 Hz. One level (134 N) was used for the vibration tests

using broadband excitation signals.

The average acceleration level of the wing was determined to have a linear

response relative to the force input. The responses of the cabin microphones

were, for the most part, linear relative to the foY,'e input only at the higher
force levels. At the lower force levels the hack_.ronnd noise levels of the

cabin instrumentation in£1uenced the mea_,IIed levels. The force input at the

inboard front spar generated the highest %PL value._ in the cabin. The three

plots in Fig. 54 show the relative force level input versus the cabin SPL

measured at a single location (MB04) at a tram mic,ophone in the prop plane.

The thin straight lines indicate the s]opo of linear system response. The

cabin instrumentation background noise levels were near 60 dB at 225 and 450

Hz, and near 55 dB at 675 Hz.

Through the analysis of the above data, relationships were determined for

calculating the relative effects o£ wing acceleration levels and the external

fuselage SPLs on cabin SPLs during the flight tests. These data indicated

that the predominant path for energy entering the cabin was directly through

the fuselage wall. The structural transmission of wing vibrations to the

cabin, caused by prop-tip wake impingement and power plant vibration, was

determined to be a secondary path for the generation of cabin noise. These

relationships were used for some of the cabin SPL predictions discussed in the

next section.

6.1.2 Flight Tests

Flight tests of the untreated PTA Gulfstream [I ailcraft were performed during
1987 and 1988. As part of these tests, a_!ou_tic: data were taken at various
altitudes, flight conditions, propfan inflow anRle_, and power settings. I'8

The propfan rotation rate was varied such that the fundamental BPF varied from

174 through 237 Hz, which was 77% through ]05%, respectively, of the nominal

cruise BPF of 225.6 Hz. Tlle altitudes at which most of the acoustic data were
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taken were, nominally: 1,520, 3,660, 4,570, 8,840, and 10,700 m MSL.
Atmospheric conditions varied significantly over the period of the flight test
program.

The location of the maximum propfan SPL measured on the fuselage varied with

condition, but it was generally aft of the propfan rotation plane. The
spatial distributions of the first three harmonic tones on the fuselage skin

are presented in Fig. 55. A sample spectrum at a single fuselage microphone
position is shown in Fig. 56. In addition, the SPL spectrum measured at this
fuselage position with the propfan removed is given as a reference in this

figure. The reasons for the existence of the low frequency peak with the

propfan removed are not known. The corresponding SPL spectra at a single
cabin microphone are given in Fig. 57.

Spatial power averages {<SPL>=10Log[(].IN)r.(pn/p, ef)2l} of the external
fuselage skin microphone and internal cabin microphone ,_gnals were taken at a

series of BPFs and their corresponding harmonics. These spatial power
averages were used in order to normalize conditlon-dependent spatial. SPL

variations on the fuselage and within the cahin. For these spatial averages
the tram microphone array was located in the propfan plane of rotation.
Figure 58 shows the <SPL>s measured on the fusela_.e skin and in the cabin at

six BPFs and at four shaft powers. The helical mach numbers of the propfan
blade tips are seen to vary from 0.932 to 1.0a5 N. The <SPL> increases with
heiical math number. 8

The difference between the external fuselage <SPL> and the internal cabin

<SPL> is the spatially-averaged noise reduction, <NR>, of the aircraft. The
differences are shown in Fig. 59 and are seen to be relatively constant over
the altitude and BPF frequency ranges. Note that the <NR> is typically on the

order of 25 dB over the BPF range. In addition, similar <NR> values were
measured at the second and third harmonics of the BPF. 8

In order to determine the relative input levo]s of the acoustic and structure-

borne paths of propfan excitation, the data from tho ground tests (§6.1.1)
were analyzed. Data obtained at two altit,Mo_ were compa_:ed wilh

corresponding ground test data. Both tho fu_elago surface <SPl,>s and the
spatially-averaged wing acceleration levels (<AI.>) were nsed in this
comparison. From the results of these comparisons, predictions of the cabin

<SPL>s for each path were made for the first three BPF harmonics. Figures 60A
and 60B are comparisons of the predicted and the measured cabin <SPL>s at

these two cruise conditions. The predicted and measured <SPL> values in the
cabin at 10,700 m MSL are shown in Fig. 6OA. For this comparison, two
different spatial averages of the cabin SPL were made. The first spatial

average was made with the tram at a single location in the prop plane of

rotation. The fifteen tram microphone signaIs were averaged with all the
cabin microphone signals for this average. The second spatial average was

made with the tram at the 18 different locations. The predictions are divided
according to source. The structure-borne sound from the wing is predicted to
generate a much lower <SPL> than the airborne <SPL> generated from sound

transmitted directly through the fuselage skin. The same information for an
altitude of 1,520 m MSL are presented in Fig. 6Og. In this case the measured
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<SPL> values are seen to be much closer to the <SPL> values predicted from

wing <AL> values. The structure-borne generated <SPL> values continue to be

much lower than the airborne values at the first two harmonics of the BPF, but

are equivalent to the airborne and measured values for the third harmonic of
the BPF.

The results of these analyses led to conclusion that that tile cabin acoustic

signal was dominated by the propfan airborne acoustic signal directly

impacting the fuselage. Additional concl,_ions were that:

(1) the wing vibration and its contribution to cabin noise remains
similar at all altitudes;

(2) the acoustic signal input to the fuselage increases with the
combination of altitude, propfan power, and helical mach number; and

(3) because of air density and fuselage stiffness effects, cabin
pressurization decreases the average <NR> by 3 dB at 3,660 m MSL. 8

These results concerning the effects of structure-borne sound on the cabin
<SPL> are similar to the results of an independent study performed by Unruh. 46

6.2 Acoustic Enclosure Flight Tests

A total of seven flights were made from 1_5 through 24 March 19fl8 for PTA
acoustic test chamber and resonator evaluations. These test flights and
related test results are described further in Refs. 3 and /,7.*

6.2.1 Interior Acoustic Treatment

The interior acoustic treatment used fol the _ evalnatio, of resollator

effectiveness in a flight environment is descrihed in §5. A trim panel

support framework with plywood floor and plywood acoustic end barriers
supported the aluminum alloy trim panels with attached resonators, _/ith the

panels in place on the framework, a semi-circular acoustic enclo._ure resulted

which permitted resonator evaluations during flight. The installation of the

enclosure in the aircraft cabin formed an annular airspace located between the

enclosure surfaces (i.e., trim panels and floor) and the surrounding aircraft

surfaces (i.e., fuselage shell and floor). Resonators were placed within this

annular airspace, in a way similar to the laboratory double-panel flat wall

assemblies tested in the acoustics laboratory TL facility (see §4). The TL

facility panels were surrounded by massive concrete walls, which, essentially,

eliminated the flanking noise path around the test panels. On the other hand,

the enclosure was located within the high SPL environment of the aircraft

cabin. The annular gaps at the ends of tho onc]nsure were not initially

sealed, and allowed flanking noise to be directly admitted into the annular

space containing the resonators.

*"Flight Teat cabin Treatment Acoustic Analy_i< gummazy R_p_rt Prqpfan T_st

Aircraft", R.J. Gatineau, H.L. Kuntz, and R.A. Prydz, wnrk performed by

Lockheed Aeronautical Systems Company - Burhank, I,,317)0, for NASA under

Contract NASI-18036 (September 1989).
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During the course of flight testing, this flanking noise problem became
obvious and partial peripheral acoustic seals were added to the chamber ends

to minimize this noise flanking path. Full sealing was not possible because

of safety concerns in the event of cabin decompression forward or aft of the

enclosure. Gaps were left between the cabin floor and the enclosure floor.

Resonator effectiveness was evaluated during flight without and then with

these peripheral vinyl and tape end seals. During all test flights, the

resonators between floors remained active to supplement the floor TL at the

fundamental BPF. The resonator test changes involved only those resonators

attached to the twenty-eight trim panels. A total of 600 resonators were

installed for these tests, 448 of which were installed between the trim panels
and the fuselage shell.

By virtue of the enclosure's rigid and massive construction, most of the cabin

noise admitted into the acoustic enclosure was through the trim panels.

However, the trim panels with attached resonators were relatively heavy

compared to typical trim panel assemblies. The 1.6 mm thick a]umlnum trim

panels had a surface density of about 4.6 kg/m 2 with tile Velcro-like edge

attachment strips. The panels were highly clamped because of their method of

attachment to the enclosure framework. The resonators, also equipped with

attachment strips, added another 4.3 kg/m 2 to tile panel assembly for a total

of approximately 8.9 kg/m 2 total panel surface density. The Velcro-like edge

attachment strips provided considerable damping as did the strips securing the

resonators to the trim panel surface. The trim panels did not ring when
tapped. The panels with resonators attached constituted an effective acoustic

barrier, even with the resonators inactive at the fundamental propfan
frequency. 2

This high TL tends to partially conceal the noise attenuation effects of the

resonators when the resonators are activated. The schedule did not permit

selecting an optimum panel weight prior to flight testing. It is probable
that if the panel assembly weight had been significantly less than that
tested, the resonator effectiveness would have been more apparent. Still,
even with the massive and damped trim panels tested, the resonators were
effective in reducing the BPF tone <SPL> in tile cabin.

The acoustic enclosure was assembled and positioned within the aircraft cabin

so that its center was located close to the prop[an i)]ane of rotation at

FS301.03, as shown in Fig. 61. The end planes of the enclosure at FS246.88

and FS366.88 are where the partial per_ph-_a[ vinyl seals were located.

The propfan radiated intense SPLs at the BPF harmonics, the fundamental BPF

being 225 Hz during cruise flight for an online _etting of lOOg RPH. The
fundamental BPF was varied from 192 Hz through 237 Hz by incremental changes

in engine RPH. Flight speed and altitude were kept constant by varying the
thrust of the fuselage mounted rear power plants. In order to define the SPL
distribution on the fuselage, nineteen microphones were installed on the

fuselage surface. Figure 62 shows the microphone locations of the array

centered around the propfan plane. The SPLs detected by this microphone array
was power-averaged at each of the first seven propfan BPF harmonics. The
<SPL>s were normalized to account for power plant noise output variations at

/,O



specified test points from flight-to-flight. The difference between the

external and internal <SPL>s at an RPM setting of the propfan defines the <NR>

for that setting. The individual <NR>s at the first seven harmonics were used

to compare the enclosure configuration changes from flight to flight.

Figure 63 shows the positions of the microphones installed within the

enclosure (24 total) and within the wall cavity between the trim panels and

the fuselage (4 total). In addition, the locations of the three
accelerometers used to monitor enclosure frame and floor vibration are shown.

The resonators were tuned to a single resonance frequency of 225 Hz at an

ambient temperature of O°C. Since tile resonator environment within the

sidewall varied from 5 ° through 18 ° C during cruise fliRht, resonator tuning

often exceeded 230 Hz. This resulted in resonator tuning frequencies being

higher than the maximum BPF tone during some cruise flight conditions.

Changes to the enclosure configurations were made between flights. The trim

panel configurations were:

I. Resonators active

2. Resonators inactive (taped nozzles)

3. Resonators removed from the trim panels

A fourth configuration change, involving the last two flight tests, was the

addition of partial vlnyl-seals (barriers) to the peripheral (annular) end

gaps formed between the enclosure and the fuselage shell.

6.2.2 Resonator Effects

Typical fundamental tone <NR>s during four identical hiRh a]titude cruise

flights, three with different trim panel confiEu, ations nnd a fourth without

the enclosure, are shown in Fig. 64. With active resonators, the BPF <NR> of

the enclosure/fuselage shell has a peak of about 47 dB at 232 Hz. With the

resonators deactivated, by taping their nozzles closed, the <NR> drops to
about 42 dB, a 5 dB reduction at 232 Hz. The resonator effect is obvious over

a broad BPF range. Removing the resonator masses from the trim panels further

reduces the <NR> to about 38 dB at 232 Hz. This 4 dB drop is attributed to

trim panel mass reduction. The bottom curve of this figure shows the

fundamental tone <NR> of the fuselage shell alone which is approximately 23 dB

at 232 Hz. The acoustic enclosure with active resonators adds another 24 dB

of tone <NR> at this frequency which results in a total <NR> of 47 dB at 232

Hz. As noted above, if the trim panels and resonators had been considerably

lighter, the resonator effectiveness would have been more obvious.

As noted above, the high SPLs in the cabin, forward and aft of the enclosure,

were admitted into the wall cavity contai,in_ the lesonators through the end

peripheral gaps. This intense flankinK noi._e fu, ther complicated the
evaluation of resonator effectiveness. Figure 65 show._ the effect on the <NR>

caused by the reduction in flanking noise by the addition of the peripheral
barrier seals. With the barrier seals Jn plnep, the <NR> exceeded 50 dB at

232 Hz. With such a barrier seal conf. igur_tion, the <NR> increment attributed
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to the enclosure with active resonators exceeds that of the <NR> of the

pressurized fuselage alone (see Fig. 64).

Typically, in the untreated cabin, the second harmonic <SPL>s were 12 dB below

the fundamental tone <SPL>s, and the third harmonic <SPL>s were 23 dB below

the fundamental tone <SPL>s (see Fig. 60). As a result, the high SPL

fundamental tone has considerable influence on the A-weighted average noise
level within the enclosure. The first seven harmonic tones were used to

calculate spatially averaged A-weighted cabin sound levels (<SL>). These

computed levels are shown in Fig. 66 for three cabin configurations:

(I) Bare interior,

(2) Enclosure with resonators removed, and

(3) Enclosure with active resonators plus end barrier seals.

The target A-weighted <SL> for the enclosure within the fuselage with active

resonators was 80 to 85 dB. At the resonator tuning frequency, the A-weighted
<SL> was 86 dB at the resonance frequency. With some minor refinements, the
treatment is expected to operate within the ta,_et _an_e. This refinement was

one of the goals of the laboratory tests (soe _I). "l'he_e ]eve]s are similar to
a typical turbofan aircraft's A-weighted interior <_1> during cruise flight in
the cabin regions of the power plants.

6.2.3 Altitude Effects on Cabin Noise

Figure 67 summarizes the fundamental tone <NR>s o£ the fuselage/enclosure

combination at three different cruise altitudes with active resonators.

During a later flight test, the resonators were inactive and the fundamental

tone <NR>s of this flight are given in Fig. 68 for the same cruise conditions

as in Fig. 67. Note that the <NR> curves with active resonators are about 6

dB higher than the <NR> curves with inactive resonators in the fundamental BPF

region above 230 Hz. Based on cabin and resonator temperatures measured

during these flights, resonator tuning occurred above 230 Hz. This tuning may

account for the <NR> curves converging at 230 Hz.

At lower BPFs, the low altitude cruise <NR>s are significantly less than for

the two higher altitude cruise <NR>s. This difference is apparent for both
the cases with active and inactive resonators. Since this <NR> is for the

enclosure/fuselage combination, the reduced <NR> at the lower altitude cruise

condition for the lower tone frequencies is lik_]y caused by fuselage

pressurization affecting the fuselage modes differently for this lower

altitude case. In addition, the increasod impedance of the e×ternal air at

the lower altitude should decrease the TL ,,f the system. _ While the acoustic

enclosure was fairly well sealed acoustJcnl]y, its trim panels showed no

evidence of separating from the enclosure framework because of pressure

differential between the cabin and enclosure. Door leakage was likely

adequate to equalize the pressure across the enclosure trim panels and no

problems were encountered during flight with door opening and closing for
chamber access.
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6.2.4 Vibration Isolation Effects

The acoustic enclosure was attached to the cabin floor seat tracks with 21
vibration isolators (see §5). Vibration isolator deactivation or "shorting"
provisions existed within nine isolators attached to the three central floor
beams. Bottoming out the central bolt of each of these nine isolators ensured
solid metal coupling between the enclosure floor beamand the cabin floor seat
track.

Figures 69, 70, and 71 show the tone <NR>sof the first three harmonics of
propfan noise: (1) with 21 active vibration _solators and (2) with nine of the
isolators deactivated. Mechanically deactivatin_ nine isolators essentially
eliminates the effectiveness of the other 12 is,_lators. A comparison of the
<NR>sat the fundamental BPF for the two vihration ]so]ator configurations
(Fig. 69) shows negligible vibration isolation benefit obtained from these
nine central isolators.

Figure 70 compares the tone <NR>at the second harmonic of the BPF. The
active vibration isolator configuration provides more <NR>than the shorted
isolator configuration. The sameconclusion can be madefor the third
harmonic tone (Fig. 71). In each of these two cases the maximumisolation is
2.5 dE. The isolators do have an effect, but not large enough to be measured
in the range of the fundamental BPF.

The use of vibration isolators between the enclosure and cabin floors did not
significantly affect the <NR>. This is not surprising, in view of the
conclusion reached from ground vibration test data obtained on the aircraft
(see §6.1). This data indicated that the predominant path for propfan noise
entering the cabin was directly from the h]adps to thp cabin wa]], and thence,

by re-radiation, into the cabin.

6.2.5 Enclosure Absorption Effects

Except for the interior end wall surfaces of tho enclosure, the interior

surfaces were hard surfaces with little _ound ahsorption. The interior end

walls were covered with a 0.102 m thick layer o£ bagged glass fiber batting to

reduce the effects of longitudinal standing waves within the enclosure.

Acoustic data were obtained in the enclosure with and without six 0.305 x

0.305 x 1.220 m (i x 1 x 4 ft) plastic foam blocks resting close to the

sidewalls to simulate seat and passenger absorption. Three blocks per side

were stood on end and were kept in place using the microphone longitudinal

support tubes, which extended about 25.4 cm (lO inches) from the sidewall_
These evenly distributed foam blocks had a total volume of 0.65 m 3 (24 ftai

compared to the enclosure internal volume of 5.4 m3 (192 ft3). The total

exposed surface area of the foam blocks was 9.2 m2 (102 ft2), and this open

cell foam had 40 pores per cm (I00 per i,ch).

The effect of introducing the six foam blocks within the enclosure (100%

absorption) can be seen on the average t.ne ,eduvti,m of the first three

propfan harmonic tones in Fig. 72, 73, and 74, renpo_:tive]y. The foam blocks
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are not effective in attenuating the fund_m_nt_| tone, based on the data

curves shown in Fig. 72. The effect of ad(lo(l ah._ol:pt_on on the <NR>s is more

obvious at the second and third haL-monic._, a._ shown in Figs. 73 and 74.

During most of the tests for determinin_ re._onato1: effectiveness, the six foam
blocks were within the enclosure.
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7. LABORATORY FUSELAGE/ENCLOSURE TESTS

During 1989 a series of tests was performed on the resonator-equipped acoustic

enclosure which was installed in a Gulfstream II fuselage section and located

in the Acoustics Laboratory at Rye Canyon. 2 Figure 5 is a photograph of the

fuselage section in the laboratory. The Acoustics Laboratory consists of

anechoic, reverberation, and instrumentation rooms. The laboratory

fuselage/enclosure tests were performed in order to answer some of the

questions raised during the flight tests about resonator operation within the

cabin sidewall. Questions raised during the flight tests were:

(i) Why was tile resonator effect spread over such a broad frequency

range?

(2) Why was the anticipated <NR> not ac:hJev_d?

(3) What was the effect of flanking sound around the ends of the
enclosure?

(4) How could the operation of the resonators he improved?

Laboratory tests were performed with two types of acoustic source signals and

with numerous variations in the enclosure and resonator configurations. An

attempt was made to re-create the flight test acoustic conditions and results.

As was the case with the flight tests, any changes made to the resonators did
not involve the under-floor resonators. These resonators were operational

throughout the laboratory test series.

For the laboratory test program involving the acoustic enclosure, the large
reverberation room was made almost anechoic. Glass fiber insulation rolis were

installed on the room surfaces, as shown in Fig. 5. The room has inner
dimensions of 16.2 x 7.9 x 6.1 m (53 x 26 x 20 ft). _/ith the fuselage in

place, the average reverberation time is 0.091 s (range: 0.079 - 0.101 s) in
the 100 through 1000 Hz 1/3-octave band_. 2 The fu_._l:_.o shol], _hown in Fig.

5, is 3.49 m long and 2.39 m in diameter and was _alvs_.od from a Gu]fstream II
aircraft. The fuselage shell was acoustically e:_:ciCed with a Ling EPT-94A

electro-pneumatic driver attached to an EmJlar Ell ))1_ acrobatic horn.

The following sub-sections are a synopsis of the ]ahoratory test results which
are presented in Refs. 2 and 3.

7.1 Fuselage Excitation Signals

Two different acoustic signals were used to excite the fuselage shell during
the laboratory tests. The first acoustic signal approximated the propfan

signals recorded during the flight tests at a cruise altitude of 10,700 m MSL.
Frequency distribution, spatial distribution, and SPLs were simulated. The
fundamental tone was varied in 2 Hz steps from 225 Hz to 245 Hz. This range
was chosen because the resonators were tuned to 235 Hz at an average

laboratory temperature of 25 ° C. The fundamental BPF <SPL>s measured on the
fuselage at three altitudes during the flight tests are compared to the SPLs

measured in the laboratory in Fig. 75. A typical laboratory tonal spectrum
(fundamental 235 Hz) measured on the fuselage near the location of the
propeller plane is shown in Fig. 76. Altho_l_h tho spatial SPL distributions
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of the flight and laboratory tests were similar in the region near the plane

of the propeller, the SPLs fore and aft of the prop plane were lower in the
laboratory. 2

The second acoustic signal used during the l_horatory tests was band-limited

random noise with an overall level of 138 dB. A typical acoustic spectrum

measured on the fuselage in the highest part of the sonnd field is shown in

Fig. 77.

7.2 Flanking Noise Paths

During the course of the flight tests, it was determined that the high SPL

interior tones in the untreated portions of the cahin forward and aft of the

enclosure interfered with the evaluation of resonator effectiveness (see

§6.2.1). These sounds may have entered the enclosure through two paths. The

first path was around the ends of the enclosure where an annular gap existed.

This annular gap was located between the fuselage skin and floor surfaces and

the enclosure trim panel and floor surfaces. The second path was through the
end walls of the enclosure. The construction of the enclosure was such that

it was assumed that this second path was insignificant, because of the

inherently high TL of the end barriers.

For the laboratory enclosure/fuselage <NR> m_a._,rements, it was decided to

eliminate, as completely as possible, th_ end flankinp, path and to further

increase the TL of the enclosure end walls. This permitted hetter measurement

of the enclosure/fuselage <NR> by virtually eliminatSnp, the f]anking noise
admitted into the enclosure.

The end barrier seal treatment consisted of:

(I) adding complete annular and floor gap seals (weighted, limp vinyl)

between the fuselage shell section and the enclosure,

(2) adding limp vinyl (9.76 kg/m 2) over the enclosure end walls and door

surfaces,

(3) adding limp vinyl (4.88 kg/m 2) over the ends of the 3.5 m long

fuselage section, and

(4) installing 50 active resonators in each end cavity formed by the

enclosure end wall and the fuselage section end curtain.

This sealing treatment reduced the noise admitted from the enclosure ends to
insignificant levels. Prior to adding this end treatment to the enclosure and
fuselage shell section, tone levels were measured at the enclosure end walls

with the loudspeaker noise source activato,I. Tone SPLs on the enclosure end
walls and at the peripheral gaps were gp,rta]ly simi]a," to those measured

during cruise flight and reported in Rely. 2 and 6.

Prior to adding this end wall treatment, fusela_olenclosure tone <NR> data

were obtained with active resonators and with 100% absorption within the

enclosure. These measurements were repeated with the full end treatment

configuration. The difference between these two measurements shows the effect

of these end treatments on the <NR> of the fundamental tone through the
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fuselage/enclosure sidewall combination. Figure 78 contains curves of <NR>
versus tone frequency for the fundamental tone (resonators active) with and
without end barriers in place. These <NR>curves are similar in level to the
fundamental tone <NR>levels obtained during cruise flight with and without
end peripheral seals. The <NR>levels of the flight data (Fig. 65) are
slightly higher than those of the laboratory data summarized in Fig. 7B.
Also, the barrier effect is more obvious during flight, amounting to an <NR>
difference of about 4 dB at 233 Hz, the approximate resonator average tuning
frequency. The <NR>difference for the laboratory test data was small,
averaging but a few dB in the frequency band above 230 Hz.

A larger difference had been expected in the laboratory for testing with and
without barriers since the flanking noise paths were almost completely
eliminated by extensive fuselage/enclosure end sea]inR.

Figure 79 shows the effect of this end sealing, when tile fuselage was excited
with band-limlted randomnoise. The <NR>differentia] is more like that
observed during cruise flight (4 dB typical). Note that the response curves

show more of a resonance peak in the laboratory test results than in the

flight test results over the 192 through 237 Hz frequency range (see Fig. 65).

7.3 Individual Resonator Response

As part of the tests of resonator operation, individual resonators were

instrumented within the sidewall. A trim panel with 16 resonators was

modified to hold two microphone probes. One probe was used to measure the

acoustic signal in the resonator (resonator probe) and the other probe was

used to measure the acoustic signal just outside the resonator (sidewall

probe). The panel was mounted on the enclosure frames in the standard fashion
at two different locations.

Figure 80 shows the SPL spectra measured inside the resonator" and between the

wall panels with the two probe microphon_. Th_ m_,dified trim pmlel was

mounted near mid-cabin on the loudspeaker side of the enclosure. Because of

the large data range, the vertical scale i. Fig. /IO ha_ been expanded to I00

dB, instead of the usual 50 dB. The sidewall probe sho_ a doep SPL minimum

at the resonance frequency of the resonator array (236 H.z). When the
resonators are inactive (taped) this minimum disappears. 2 In addition, there

is a minimum (at 242 Hz) in the SPL spectrum mea,_ured inside the resonator.

The minima are not at the same frequencie._ because of the relative responses
of the sidewall and resonators. This latter minimum occurs because:

(I) The resonator amplification is always the same at a specified input

SPL and frequency (see §2.5 and next paragraph).

(2) Only a limited amount of energy enters the sidewall to excite the

airspace at the resonance frequency.

(3) The resonators cancel sidewall sound at the resonance frequency,

thus reducing the energy available to excite the resonators in the

sidewall at the resonance frequency.
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If these three operations do not occur, then the resonators cannot increase
the TL at the resonance frequency.

Resonator amplification is measured in the same manner in the sidewall as in

the laboratory (see §3); the differences between tile curves of Fig. 80 are

calculated. In the sidewall case, the acoustic field is in an air cavity, not

in free space. The amplification curve for the sidewall resonator mounted at

mid-cabin is shown by the solid curve in Fig. 81. The resonance frequency is

seen to be at 236 Hz and the maximum amplification is 42 dB. This maximum

amplification is 5 dB higher than measured in the parameter evaluation tests

on a similar Helmholtz (flight test) resonator (see Fig. 21). Next, the

modified trim panel was swapped with a trim panel at the aft end of the

enclosure on the loudspeaker side of the enclosure. The measured

amplification of the resonator at this location is shown by the dashed line in

Fig. 81. In this latter case there appears to be interference with the

resonator operation because the response peak was shifted to 34 dB at 238 Hz,

an 8 dB drop from the mid-cabin response. Analysis of these test results

contributed to the testing for sidewall insulation interference, which is

discussed in §7.5.

7.4 Resonator Effects

The effectiveness of resonators in reducing cabin enclosure <SPL>s, when

attached to the cabin trim panels, was demonstrated in the lahoratory in a
manner similar to the flight test demonstration. 2

Figure 82 shows <NR>s of the fuselage and enclosure combination when the

assembly was excited with random noise. The three curves show <NR>s of three

configurations: active resonators, inactive (taped) resonators, and sidewall

resonators removed. For these configurations the end barriers and sidewall

thermal blankets were installed. Taping the resonators reduced the <NR> in

the vicinity of the resonance frequency. The peak <NR> was at 240 Hz and the

maximum <NR> difference (9.5 dB) was at 225 Hz. The resonators were found to

be effective in the frequency range of 207 through 251Hz.

The difference in <NR> levels between active and removed resonator

configurations shows the total effect of the resonators installed on the trim

panels. In this case, the positive effect is over the frequency range between
150 and 380 Hz. The maximum effect is 18 dB at 243 Hz. At 424 Hz the <NR>

was reduced by 8 dB. This reduction is at a frequency below the second

harmonic and, for this cabin configuration with propfan excitation, is not

considered to be significant.

As illustrated by the tonal test data in Fi_.. 83, the tonal test results

exhibit similar changes in the <NR> as for the three broadband excitation

cases of Fig. 82. The main difference in the_e tests is that the tonal test

data do not exhibit as sharp a peak in the <NR> when the resonators are

operating, as do the random noise test data.
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7.5 Thermal Insulation

Thermal insulation batting is commonlyused on the inner surface of the
aircraft fuselage skin to reduce the heat flux between the cabin and the
external environment. In addition, this insulation acts as an acoustic
barrier which limits the entry of fuselage-radiated high-frequency noise into
the cabin. Thermal insulation blankets wrapped in Kapton bags were used on
the Gulfstream II fuselage ceiling and walls, both during the flight and
laboratory tests. The baggedglass fiber blankets were 50 mmthick. The gap
between the fuselage skin and the trim panels was 156 mm. Theoretically, the
resonators (67 mmdeep) and the thermal blanket combine to fill 118 mmof this
wall space. This is supposed to leave a 48 mmclearance between tile resonator
tops and the thermal insulation. It was found that someKapton bags sagged
enough to touch the tops of someresonators, thus reducing somenozzle-to-bag
clearances to less than 15 mm. In addition, the typical 76 mmdeep fuselage
frames were covered with 13 mmthick bagged insulation. Someof this
insulation was close to someresonator nozz]es.

Tests were run to determine what effect thermal insulation had on resonator
performance. The end flanking barriers were present thrnughout these tests.
With the resonators active and then inactive, tests were conducted with and
without the sidewall insulation installed.

Figure 84 shows the active resonator <NR>values with tile insulation installed
and then removed from the sidewalls. Tile thermal insulation effects were
substantial at all frequencies greater than 200 Hz. At the resonance
frequency there was minimal change in the <NR>. Whenthe insulation was
removed, the <NR>values were reduced at frequencies above and below the
resonance frequency. Figure 85 shows changes in the <NR>when tonal
excitation was used. In agreement with the data in Fig. 84, the changes were
small across this limited frequency range.

In order to depict the effect of the sidewall insulation on the resonator
function, measurementswere madewith and witho,lt the sidewall insulation
present and with inactive resonators. In FiF.. 86 ihe 1;e_onator <IL> values
are plotted for the two cases (with sidewa]l _n_ulation and without sidewall
insulation). The values for each curve _¢e,ecalct,]ated with

<IL> = <NR>active - <NR>inactJve 47

where the subscripts denote the resonator operation. Note that the
differences at frequencies above and below the resonance frequency tend to be
near 0 dB. Essentially, the effects of the in_t,]atin_ materials were removed
from the comparison; the inactive resonator <NR>sbecamethe baseline
comparisons. The effects of the resonators under the two conditions become
obvious. With the insulation removed, the peak frequency was shifted from 225
to 236 Hz (the resonance frequency), the -3 dB bandwidth of the main peak was
reduced from 34 to 20 Hz, and at 236 Hz the <IL> increased from 7.5 to II dB.
The minimumat 275 Hz appears to be a restilt of the interaction between the
resonators and the sidewall acoustical properties (see §2.2). In the case
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where the insulation was installed, this minimumwas eliminated by the
absorptive properties of the material.

7.6 Sidewall/Under-Floor Measurements

Three microphones were located within the sidewall cavity. A single
microphone was located between the enclosure and fuselage floors. The
sidewall microphones were located at mid-height (WL]I3) with one at the front,
one at the middle, and one at the rear of the enclosure resonator array on the
propfan side. The under-floor microphone was located under the center of the
enclosure. These microphones were used to monitor the resonator operation at
these different locations.

With the resonators operating, the single point NR between the fuselage <SPL>
and the centrally located sidewall microphone SPLwas measured in flight and
during the laboratory tests. The four curves in Fig. 87 show tonal NR flight
data at three altitudes with tonal laboratory data superimposed. For each of
these conditions there were no end barrier seals (the annular gap was open)
and the resonators were active.

The under-floor SPLwas more affected than the sidewall SPLby the presence of
the resonators. The airspace between the floors was 9.5 cmdeep and there was
no thermal insulation present. Figure 88 is a comparison of the normalized
<SPL>spectrum of the three sidewall microphones, with and without sidewall
insulation, and also the normalized SPLspectrum of the under-floor
microphone. In this example, the end barrier seals were installed and the

resonators were active. The SPL minimum under the floor was at the resonance

frequency, whereas the sidewall minimum was at a lower frequency. In

addition, the minimum under the floor was 17 dB lower than the average

sidewall minimum. As long as the sidewall innll]ation was installed, the

performance of resonators located near the individual sidewall microphones was

not as good as for those located near the under-floor microphone. Removal of

the sidewall thermal insulation improved the operation of the sidewall

resonators to more closely approach the operation of the under-floor
resonators. 2

7.7 Resonators in Cabin

Laboratory tests were performed to show the effectiveness of resonators

mounted on the inside surfaces of the trim panels in attenuating simulated

propfan tones within the enclosure. The <NR> obtained with this configuration

was more pronounced at the resonator tuning frequency than with the in-wall

configuration. Figure 89 is a comparison of the <NR> with the resonators

placed inside the sidewall to the <NR> with the resonators placed within the

enclosure cabin. The <NR> difference of the peal< values is almost 5 dB. The

effective bandwidth has been reduced from 34 Hz (_idewal] resonators) to 7 Hz
(cabin resonators).

From an acoustic viewpoint, locating the resonators inside the cabin seems
preferable to installing them out-of-sight within the cabin sidewall.

However, internal installation presents problems from a practical viewpoint.
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These problems include safety and aesthetic considerations, as well as

acoustical property degradation by passenger and crew tampering. Close to the

resonator nozzles the sound field may be higher than without the resonators

because of local amplification effects. 48

In their standard positions, the cabin microphones were relatively close to

the internally mounted resonators (9 cm). In order to determine if this

microphone proximity enhanced the measured <NR>, four microphones were

relocated across the cabin for this test only. The microphones were placed at

mid-cabln, 1 m above the floor, and 0.41, 0.74, 1.22, and 1.63 m from the

source side enclosure trim panels. At the resonance frequency, the individual

cabin microphone NRs (between the fuselage <SPL> and each fixed cabin

microphone SPL) ranged from 47 to 65 dB. The NRs for the four mid-cabin

microphones ranged from 54 to 58 dB. This latter range contains the <NR>

value of 56 dB shown in Fig. 89. The large range of NRs at the individual

microphones near the resonators indicate that an internal resonator

installation would need to be kept away from passenger ears because of local

amplification effects.

7.8 Vibration

Vibration tests were performed on the enclosure framework first without and

then with the resonator-equipped trim panels. The results of these test are

summarized in Ref. 2. The following is a brief summary of the results.

Before the panels were attached to the framework, the frame structure was tap

tested to define its vibration responses. Frame vibration modes were found in

the region of the fundamental propfan frequency and at higher frequencies.

The enclosure structure was again tested after the panels with resonators had

been attached. A Velcro-like tape was used for mounting both the resonators

to the panels and panels to the enclosure frame. The attachment of the panels

with resonators substantially increased the damping of the frame structure,

and modified the modal response.

In order to determine some vibration characteristics of the frame-panel-

resonator system, vibration tests were performed using a partial frame section

supporting a typical resonator-equipped trim panel. This assembly was bolted

to a vibration excitation table. Velcro-like tape, as used in the enclosure,

was used to secure the trim panel to the frame section, and to secure the

sixteen resonators to the curved aluminum trim panel. The Velcro-like tape

was found to be very nonlinear in its response to different driving

amplitudes. In addition, the tape vibration characteristics changed with each
attachment. These tests showed that the Velcro-like tape acted as a variable,

highly damped, nonlinear spring, and the mounting of the resonators and panels
acted as scatter-tuned vibration absorbers.
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7.9 RecommendedAdditional Fuselage/Enclosure Testing

Additional laboratory fuselage tests could include the effects of:
trim panel stiffness,

• mixing resonator locations both in the cabin and between the sidewalls,
• partial resonator coverage in the sidewalls,
• resonator and trim panel weight optimization, and
• SPLdependent nonlinear behavior of the resonators in the sidewalls.

The results of these tests would allow the further refinement of the design of
sidewall and cabin treatments using single- and multiple-tuned resonators. We
believe that the large stiffness of the fabricated enclosure and the curved
aluminum panels partially maskedthe effect of the resonator operation. The
use of soft, vinyl panels (in place of the aluminum panels) would reduce the
effect of the panel stiffness on sound transmission. The placement of the
resonators in the cabin was found to be successful and further work should
study the effect of introducing someresonators into the cabin and leaving the
remaining resonators between the sidewalls.

The primary acoustic source acted on a limited area of the £uselage. The
effects of partial resonator coverage on this limited area is considered

important because of the great weight savings possibilities. Some double-

tuned resonators were designed and tested. Resonator design refinements and

fuselage testing would be useful in reducing higher harmonic tones in the

cabin. The nonlinear behavior of the resonators may have played some role in

the performance of the resonators in the flight and laboratory tests at the

higher SPL tones. This behavior needs to be explored, because resonators can

be designed to be linear over a wider range of SPl,s.
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8. CONCLUSIONS

The work summarized in this report shows that acoustic resonators installed

within an aircraft cabin sidewall cavity, formed by the fuselage shell and

cabin trim panels, can be used to attenuate propeller tones. The cabin

enclosure fabricated for this investigation simulated a cabin trim
installation with resonators attached to the outer surfaces of stiff trim

panels. The high TL characteristics of the enclosure with inactive resonators

tended to partially mask the tone reduction potential of the resonator system.

However, the resonator effect was still significant, providing five to six dB

of additional tone reduction within the enclosure over a broad frequency range

during the flight tests. Through modifications made to the system during the

laboratory fuselage tests, it was shown that the additional NR attributed to

the resonator operation could be increased to around ii dB. Had the enclosure

TL been less at the fundamental tone frequency, the tone reduction attributed

to resonator operation would have been greater.

In evaluating the concept of attenuating propfan tones with resonators, flight

and laboratory acoustic tests were performed. In order to take advantage of

the aircraft availability, the flight tests were performed with the enclosure

installed in the PTA Gulfstream II aircraft prior to the laboratory

development tests. Optimum scheduling would have placed the flight test

effort after the laboratory tests. The PTA aircraft employed a single, wing-

mounted tractor propfan power plant as the acoustic source. The laboratory

tests were performed with the enclosure installed in a Gulfstream II fuselage

test section. The laboratory and flight tests were a first attempt at

reducing propfan fundamental tone SPLs in an aircraft cabin by using this in-

wall resonator concept. The data summarized ill this report are adequate for

providing guide lines to acoustic designers interested in reducing propeller
noise within aircraft cabins.

The enclosure added about 25 dB of <NR> to the approximately 25 dB of <NR>

obtained by the untreated fuselage shell. The average A-weighted sound level

approached 85 dB during high-altitude cruise flight. This is about 5 dB

higher than a recommended 80 dB A-weighted sound level. However, with an

acoustically refined cabin configuration, it would be possible to achieve this

80 dB A-weighted sound level. Laboratory tests showed that the cabin

fundamental tone SPL reduction could be improved by redncin_ the interference

of the sidewall insulation with the resonator performance, and by adding

resonators into the cabin.

In addition to testing hemispherical Helmho]tz resonators, special double-

tuned resonators were designed, fabricated, and then tested in the flat panel

TL facility. The double-tuned resonator lefts were feasibility studies and no

attempt was made to optimize the resonator performances. The double-tuned

resonator TL performances were not as high a_ predicted from the parameter

measurements. Design refinements are necessary for their efficient use in

aircraft.

Another method to control the interior cahin noise levels is through the use

of active sound control devices. Tests of this concept were performed in the
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flat panel TL facility. In order to increase the TL of the wall, the control

loudspeakers were placed between the panels of the wall. Significant

increases in the TL were measured with the operation of the active noise

control system at low frequencies. It was determined that the use of glass

fiber batts affected the TL at all frequencies. At the frequencies of peak
performance, the active control attenuation was reduced by the presence of the

sound absorbing batts. At all other frequencies the performance of the active

control system was enhanced. This application shows promise and should be

studied further. The use of active noise control within the cabin has been

studied by other investigators. 49

If aircraft performance studies support the development of an aircraft with

propfan power plants mounted on the wing, then new and novel approaches to

cabin tone attenuation are needed. The use of sidewall acoustic resonators is

one such approach, since a conventional cabin trim configuration may not be

acoustically acceptable for such a design. Present-day trim configurations

are relatively lightweight and are designed primarily for attenuating boundary

layer noise. Storage compartments, air-conditioning ducts and slots, racks,
and galleys, all of which are attached to the fuselage, tend to transmit

external noise into the cabin. These short-circuit noise paths all tend to

negate or degrade cabin sidewall and ceiling acoustic barrier treatments.

Treatment of the noise at its source would be the most effective solution to

this acoustic problem. However, if source treatment is not feasible, then
effective fuselage and cabin trim designs will be needed to create an

acceptable cabin acoustic environment. Acoustic resonators for noise control

within sidewalls is but one of several cabin quieting concepts that has been

considered by Lockheed. Other approaches have been studied, e.g., propeller

synchro-phasing, fuselage shielding, passive fuse]age damping, and fuselage
tuned vibration absorbers. One or more of these cabin noise attenuation

methods (including resonators) may be needed to p_()duce an acceptable cabin

noise level. It is recommended that some or all of th_se methods be studied

in the acoustics laboratory with the aim of defining an acceptable cabin noise

treatment for an aircraft equipped with wing-mounted propfan or propeller
power plants.

Unlike active devices, which tend to be complex and require maintenance, the

passive resonators are simple, maintenance-free devices. In order to develop

various sidewall treatments of acceptable weight and construction, refinements

that are effective in reducing propeller or propfan tones within aircraft

cabins to acceptable levels should be studied further. For example,

compartmentalized sidewall trim panels with integral resonators could be

designed where the trim compartment dimensions are well-defined and would

behave acoustically like the flat panel configurations tested in the

laboratory TL facility. Multi-tuned trim panel configurations could be

developed to attenuate more than one propfan tone within the cabin.

Combinations of in-wall and in-cabin resonator configurations should also be
studied.
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FIGURE 3: Flight Test Hemispherical Resonator Configuration.
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FIGURE 4: Photograph of Trim Panel Installation In Enclosure with

Resonators Attached.
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FIGURE 31: Transmission Loss Test Fixture (1.118 by 1.118 m).
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SOUND

SOURCE

RESONATORS MOUNTED
TO TRIM PANEL WITH

ADHESIVE SEALANT

CONFIGURATION I /CONFIGURATION II

2" THICK FIBERGLASS

(WITH AND WITHOUT F.G.I

__ OUTER

.', e"

":2:': , ""_'n"-"--_ESONATOR"-----

CONFIGURATION IV

CYLINDRICAL RESONATORS
MOUNTED BETWEEN

HONEYCOMB PANEL

.j.,..,_ TRIM
PANEL

_ RESONATOR

,INDIVIDUAL RESONATORS

WITH DISHED BOTTOM
PLATES MOUNTED TO

TRIM PANEL WITH
VELCRO TAPE

_VELCRO

FIGURE 33: The Four Basic Double-Panel Wall Assembly Test Configurations.

gl



C2.

O

N
N
O
Z

O

O

_3
n"

EE.N
• C3" "l-

O'cn

q3 _.._ Cq
c.- ..._

_<_> ,--
_ "-- O

0 _._ 0 _ 11.}

¢.) < _ o0 rr" r_

O

(3

N
N
O

Z

t-
O
ffJ

OZ 09 0_ 0_'

'u0!J,0npe1:leS!0N

Q

O

O

C_

C3
(3)

_=_

<

O

N
N

O

Z

_=_

O

Z

0£

o
o

o
- LI3

o
(:3
,q.

N

on"
IZ3

(3

c-

O

o

U=

o

o
o

(3
143
,f==

0_

>,

E

<

_=

I

o

Z N

o

o e'.

¢-
o E

_" E

.,..<

,,,i

t_

92



N

-r

L_

O

C'Q

©
rn
"O

cO

rn

.Q

U-

rn

O
r-

o_

E
E
C3" _

a; C_) -_

mc0_
EQ- ._-

°0

e,

0

@
rn

CO
v

E
aO

0
L_
O

c_
II

rn

a_
r_

i,

_o

J

ro ._ _ c0 rr rr

OL

o
Q
L_

O

.w

N
N

O

Z

O

Z

r-

I

-- 0
r_ _-.

o t-
o
r_

o 0 n"

0 n" "0

o c_

o t-

u._
IJ

C3

o_ _E

LU
C3

0,1 0'3

UJ
n"

0 C.'3

_-- 14.

0_

93



A

N

"I"

tO

O_

©

10

E

tO

O

O

N

-r-

O

©

rn

E
O)

O

I
I

E
E_

4,,, _

0 CO _-.-

.._.. _e

 ees
•"_ _ _ • _ _ _-"

o=o©o o

A

N

"1"

O

@

m

CD
v

E

I
I
I

0L 09 0_ 0_ 0£

BP 'uo!_,onpo_ _S!ON

w.a

E

(n

<

='_

43 CW

O m

O

_r

Z o
rr

t-
O ID

r-

U

c

<

u _

U.I

L_

94



e-

£2.

0

N
N
0

z

0

c-

O

s:

r,D

c-
_3
O.
O

¢/'J
_3

N
N
O

z

O

O
_J
_3

n"

(O

L
I

og

r

Og 01_

8P 'uot_,onpo_ oS!ON

95



E
E6-

OL

96



_- O

C_. m

O O
u_ u_

N N
N N
0 O
z z

0 O

0 0

• •

I
I

E
E _ N

_ .._ _"
O_ CO

_' 00J

o=

0 "i 0g rr n"

OZ O9 0_ Ok

_p 'uo!_onp_ eS!ON

O

,_ N

< o

0£

o
o
t_

O

o
o

N

o'_
t_

0

c-

O

0

o

o

o

O_

.gl

E
o

<

e-

!

.c]

o

C_

o.

E
._1

o

Z

¢-
o

o

e--

..-1
',- h-
o

N

14.



rr
Z

L.
O

C
O

rr

N N
"1" 3:

C30
_1" T-

@@
m m
_3 _3

N N

OJ O4

@@
cO cO
O3 03

F
J

N

3:
C3

0_

@

m

U)

N

3:
0_

0_

@

0_

J

N
-r

C3

@

rn

qD

N

O_

_r

@

O)

0Z

E
E

0_ O3

0_

\

\

r

O_

0

0

U3

0
t43

0

O

C3

0_

N

on"

O
r-

C3
C3
0_

C3
U3

0_

U.

r-

n

_o

o_
_3

_o
_..
0

¢ (n

•o rr"

_ >
al

lID

[-

0

U.I

,-r

98



N

N :Z:

n, @@
z

N N

0
... tO U')

o @@
@I

rr _

0L 09 0g 01_ 0g 0g

_]p 'uo!_,onp_l aS!ON

99



w

as w
Q

m

• • .._
Cb C: 4)
r- 0 C

O.a.

o

U..

100 ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH



I01

BLACK AND WHITE FHO;GGRAPH



..... L_ " " .

0 0

_>

102



rn

01

--CD

°_

cIS

_E
0"_.

ZO

ss

_E_Z Z._

0 c_ < -_ 0o rr Z r_

0 0 0 0

(SIP) <-I1>

[

L]

0

0
0
L_

0
0

0
0

N

ZZ
v

(D
_Z
_D

0-

0 a_

0

0

0

i

,m

0

¢-

-i

_ e-

0 ,,."

en
ID

m Co

e- e'-

_ E

_4

103



rn

(/)

_E
0"_,
Zo

II

E

5: ----
0 _ < "_ cO n" Z cO

0 0 0 O

(SP) <ll>

/

0

0
0
_D

0

C

0

C _

o o _

I ©

"='

• E

"0 0

0 _

ii

n"

0

!

104



(o
CO

_0
00

(o

_E
0'7,
Zo

II

E

-_ _o<_
m ol v._

°
0 o_ ,_ "7 00 rr O. u..

o o
,_- co

(3 o

(8P} <71>

o

0
o
_3

o
o

o
(3

7-
v

(J

q)

O"
_J

(:D _..
o u_
('4

(3
(3

(D

o

!

o

c

"o '_'

o rn

-.J
m

0 ""

0

In

e" e"

_E

m •

o

111
_r

(.0

105



106
OR;GINAL _, '_

8LACK AND WHITE PHOTOGHAPH



,_ o

. _ "_ _ "--+_M
o

107

I

m +: +

2

_o
z

g_

I

,++_+++++_

+I
_. oo_ _

!I+........+ __• ,:... o_'+

iio++ o.0!o._+i.
-- + +

• _.,,-,..

t -" I

+.l ,.+.,m
t ,,_o.

+++,..,,.
+ _. +...

+++++I

o

0

tD

01

o

e-
ul

<

m
t_

107



108
ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH



i

109

¥

o

i,,,

0

o

" d

°.

t_

tU

la.

BLACK A_"_D _< ''



0

3:
q)

>

m

"{2
i--
al

t--
0

(:

e-

4-1

n

(.}

r-
Q.

m C

2a
0 0
t.- W

(3. C

°_

o_

It)

LU
E

3

(.9
I,

110
ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH



\

\
\

!

MC05'• •MB02 •M803

MA03

OMB04

MC080 OMB08

• MB05 OMB06

• MB09 OMB10

•M807

•MB11

/

•MA01

•MC01•MC02

• MC04•MC05 •MC06

• MA02•MAO3 •MA04 •MA65 @MA08

• MC07eMC08 O"M-C 09 _ ""_" -""- ----.....

• MC10•MC11 •MC12 FLOOR

F.S.300 4(]0

FIGURE 53: Cabin Microphone Designations and Locations Superimposed on Cabin

Cross Sections.

111



m
-5

o.
0)

90

35

30

75

7O

6_

_5

5O

A.... A "_5:_, Outboard Front Spar

_--_ .2:3Xllnboard Rear Spar Lznear_
I---I i_<iInboard Front Spar

1 -0

/ .....°,..,.,_ °e..°.°.°..._ ".

MB04 225 Hz

73

.J
O.

m
-o

.J
0.

FIGURE 54:

_,_

A .... l _SZIOutboard Front Spar

@5- _--# 2_'I Inboard Rear Spar

1----i i5>i Inboard Front Spar

30" ' Linear

75.

70. ..............."

_5

I MB04 675 Hz
5_

0 5 tO i5 20

Relative Force Level, dB

Dependence of Tonal SPLs at Cabin Microphone In Prop Plane versus

the Relative Input Force Level for the Three Force Locations

in The Wing.

112



"%

FLOOR

i
20O

f e'_, 225 Hz

., ,o,,, °% o,,,o °% 14odB
°_" I i "e _ "o 'e re 20 micropascals

o...._; .% o,,.."% .% j_., .,, "% .,,

"q r'-. o1,>
"f

2,0 F.S.3°°., ._3,o ,oo

/
f

450 Hz

/
"%

.@

FLOOR

200
"% %

250 F.S, 300 "# "P350 400

°% 134 aa t
•_, re 20 micropascals

°'% \
i

= _.°e. 675 Hz

/ ! "_' "s,
125 dB

•% "o, t'% "% *2, *% 2omctop,,o_,•e .o" -e "e re
/ I i_ (

, "e "e eaz j L._') ",, "e "_ "'_

, °_,_ °% , L
200 2so F.S.3oo -_ ","3so ,oo

FIGURE 55: Fuselage SPLs Measured at the First Three Harmonics and at an

Altitude of 10,700 m and Speed of 0.8 M.

113



150

146.9

i

....140

(3.

0
0

0130 IlL
0 ||

m Z20 I
_ -

12. I

ii0

!

i00 .I-I
p

0

141.4

Frequency: 226.2 Hz
Altitude: 10,700 m (35,000 ft)
Power: 2,260 kW (3,017 hp) _
Flight Speed: 0.814 M

130 .1 129.5
127.4 -128.3--

Propfan Removed

I I I I I I I ] l " J [ i I '
q

50O

I I I 1

i000 1500 2000

Frequency (Hz)
FIGURE 56: Fuselage SPL Spectra Measured 63.5 cm Behind the Prop Plane With

and Without the Propfan at an Altitude of 10,700 m and Speed

0.aM.

rL

04

120

3 113.3

110 I
111.0

Frequency: 226.2 Hz
Altitude: 10,700 m (35,000 ft)
Power: 2,260 kW (3,017 hp)

Flight Speed: 0.814 M

0 !00 ' ]

o i 89.990 I

m ij j'

rt ! ,_

-i Propfan Removed _.......-I

o 500 _ oo _5oo _ooo

Frequency (Hz)

FIGURE 57: Cabin SPL Spectra Measured In the Prop Plane With and Without the

Propfan at an Altitude of 10,700 m and Speed of 0.8 M.

114



Flight Helical Shaft Power (kW)
Mach # Mach # Range Average

SYMBOL CONDITION

© 0 0.704-0.736 0.949-1.078 2185-2559 2395
[] ....... _ 0.707-0.721 0.932-1.082 1868-2133 2002
•_................ ,", 0.700-0.720 0.939-1.085 1167-1309 1243

-'7 0.708-0.716 0.937-1.083 415- 555 483

o

,..._. o
_,e3

n ,-

0
0
0
0

ii

mR

@

o

.......A.............i.---.7"
-" "_"_"'_-Fu s e Ia g e

C abi n--.-..._, _ __ ..--'_

j,,.,"t_.. - "_ ............ {3 ..... ......... _ ............

El'" ........... ._-
..........4 ........ .. _ - 7

Altitude" 8,840 m MSL

I ,, ' I ] I I

170 180 190 200 210 220 230 240

Blade Passage Frequency (Hz)

FIGURE 58: Fuselage and Cabin <SPL>s versus BPF and Four Average Shaft Powers
at an Altitude of 8,840 m.

115



Z
0
E EEEE

oooor-,, c,,i
o h._

0 , "

>- :

<

O_

I

I

t'

:/

'4
,y
! •

I "

I

I:

12

j-

"1
f-

r;

[]

I I I

O_ O_ OL

(gP)ddg @ <}:IN>

o

0
co

o

N
I
v

0 0

O"

U-

Q.

IU

a_

II1

0

0

0

L.,

o

ii
el
I11

A
n.-
Z
V

,-r

116



O
¢N

(3"o
e4_-
o
o
o
o

o

D.
¢.,0o

0

0

0

.0 • .............. _

................................... ' "......

"_'_'-_,_,. "'"'"'"'"..%,....

Frequency: 225.8 Hz "
Altitude: 10,700 m (35,000 ft) _'-
Power: 2,260 kW (3,017 hp)
Flight Speed: 0.811 M

SYMBOL CONDITION

O O Measured: 18 Tram Positions
[3....... -El Measured: Tram in Prop Plane

..............._ Predicted from Fuselage <SPI.,>
_7_ -_ Predicted from Wing <ALP

[ , I L I

O0 300 400 500 600

Frequency (Hz)

A

7O0

O- o

0
0
0
0

0

5
(1.
(/)o
V®

........................................ i! tiwqti r!ni ,Y:'8{2_k6_1((5Hz50800hfPl

• , .........4 Flight Speed: 0.319 M

200

I I I I

300 400 soo 600
Frequency (Hz)

B

7OO

FIGURE 60: Cabin <SPL>s for the First Three BPF Harmonics Measured at

Two Altitudes and Predicted from the Ground/Flight Wing

Acceleration and Fuselage SPL Analyses.

117



FIGURE 61: Cabin Interior Arrangement with Acoustic Treatment.
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