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FOREWQORD

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.W. 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
LG90ER0119 (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. 1In 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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NOTATION

a Radius, m

BPF Blade Passage Frequency, Hz

C Acoustic Compliance, m*s“/kg

c Speed of Sound in Air, m/s

cp Flat Plate Bending Wave Speed, m/s

E Young’s Modulus, Nt/m2

f Frequency, Hz

f Resonance Frequency, Hz

forit Frequency at which ¢ = cp, Hz

fgy  Double Wall Resonance Frequency, Hz

FS# Fuselage Station, # in incheg

g Normalized Acceleration, m/s2/9.807 m/s2

I Acoustic Inertance, kg/m

IL Insertion Loss. Difference between the sound pressure levels before and
after an acoustical treatment has been introduced, dB.

j V-1

k Wavenumber, = w/c, m-1

L Length, m

LASC Lockheed Aeronautical Systems Company
Log Logarithm to the base 10

M Mach Number, =v/c

MSL  Reference Altitude: Mean Sea Level

n Index number, 1, 2, 3, 4,...

NR Noise Reduction. Difference between the incident and transmitted sound
pressure levels across a barrier. = SPL1 - SPL2, dB.

<> Indicates a spatial average of quantity "-"

p Acoustic Pressure, Pa

Pr Acoustic Pressure in a Resonator, Pa

Pref Reference Sound Pressure, 20 uPa
PTA  Propfan Test Assessment

Q Quality Factor

Qref Reference Source Strength

r Specific Acoustic Resistance, kg/mzs
R Acoustic Resistance, kg/mAS

R, Linear Resistance, kg/mas

Ry Nonlinear Resistance Factor, kg/m5
Ry Radiation Resistance, kg/s

rpm  Revolutions Per Minute

S Cross-Sectional Area, m

SPL Sound Pressure Level, dB re 20 uPa
TL Transmission Loss. Difference between the incident and transmitted

sound power levels across a barrier.
U Volume Velocity, m?/s
v Velocity, m/s
v Volume, m
WL# Water Line, # in inches
X Specific Acoustic Reactance, kg/mzs
X Acoustic Reactance, kg/m*s )
z

Specific Acoustic Impedance, kg/m‘s



Acoustic Impedance, kg/m4s

Radiation Impedance, kg/s

Acoustic End Correction, m

Acoustic Wavelength, =c/f, m

Viscosity, Nts/m

Density, kg/m3

m Material Density, kg/m3

s Surface Density, kg/m
Angular frequency, = 2nf
Sound Pressure Distribution
Report Section
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Normalization levels (fuselage <SPL>) for data reduction:
Blade Passage Frequency: 142 dB
Second Harmonic Tone: 136 dB
Third Harmonic Tone: 128 dB
Broadband Random Noise: 120 dB
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1. INTRODUCTION

1.1 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 awvarded to_ LASC-Georgia, funded by NASA-Lewis Research
Center, and completed in 1989. 15+

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. 1In 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 englgsure was returned to California for
subsequent laboratory testing.“? 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 vere
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

* . 3 : . . P
A resonator is a device in which it is easy to excite oscillations at one
or more discrete fregquencies.

*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 1 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
vithin 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 those achieved by current turbojet and
turbofan-powvered 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. 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-
povered aircraft whose cabins were relatively quiet compared to the propeller-
powvered 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. 1In the 1950's,
jet fuel cost was between 10 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. 1In 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 reneved 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. 1In 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 tg 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-Lewis 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.®s/ The structural integrity of these swvept 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. The
high helical tip speed (up to 1.2 M) results in intense SPLs at the blade
passage frequencies (BPF). Typical fundament?l tone SPLs on the fuselage
shell were predicted to be as high as 147 dB, 0 yith 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.? The theoretical
concepts of Beranek and Workll vere 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 1In order to demonstrate the validity of the theory, experiments were
performed in an impedance tube equipped with a double-panel section which



included sidebranch resonators between the panels.*3 Lockheed applied for a
patent on this concept and was awarded a Eatent 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 resonatYL nozi%e
operating in high noise environments were evaluated.*4 Others 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 impedance tube and a continuous flow resistance
measurement apparatus. Some of 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-Lewis Research Center awarded PTA Contract NAS3-24339 to the
Lockheed-Georgia Company. Lockheed purchased a Gulfstream II aircraft and the
Gulfstream Aerospace Corporation plant in Savannah, GA modified 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 measured on the fuselage and on the
wing surfaces with a large number of flush-mounted microphones. Internal
noise data were measured with a large number of cabin microphones. The test
results were reported in 1989.

In October 1986, in support of the PTA project, NASA-Langley Research Center
avarded Task 3 of Contract NAS1-18036 to the Lockheed-California Company
Acoustics Group at Rye Canyon. This c?ntlact, and two similar contracts
awvarded 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, Lockheesd-California Company, IRAD, LR28447, Volumes I and
II (1978).

4¥"Interior Noise Analysis and Testing of Helmholtz Resonators”™, L.S. Wirt,
Lockheed-California Company, IRAD, LR30976 {(December 1985) and "Research
of High Transmission Loss Structures”, L.S. Wirt, Lockheed Aercnautical
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
wvas awarded to L.D. Pope Associates to incorporate resonatgrs into the
Propeller Aircraft Interior Noise (PAIN) computer program.2 122 The PAIN
program modifications were completed, predictions were compared with flight
test results, and a report and updated program vere delivered to Lockheed in
September 1988. .

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 IT 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 vas 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.<4» Testing was performed in the large reverberation room,
wvhich wvas 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 vall 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 sidewvalls, 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 wor thy
of additional study and development.

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

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

§3 A description of the resonator test results.

§4 A description of TL ‘test results on various wvalls 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.



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+23 In recent times they have been used extensively to
attenuate gound at selected frequencies in enclosed spaces, in jet engine
nacelles,2 and in double-panel systems.

There are a variety of resonators which may be designed _for specific
applications. These resonators includg: Helmholtz,<’» quarter—wavelgng&h,
half-wavelength, cascade,29 vaveguide, 0 and combinations of the above. 1,32
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 abiorptive
materials may be placed between these double-panel walls.11,12,13 " pp 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.lz’ 3 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 (£<300
Hz).

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

wvaves is
TL = 10Log[l + (weg/2pc)?] 1

where w=2nf, f is the frequency in Hz, pg is the panel surface density in
kg/mz, 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



£ < fopir = (c2/1.8t)Vo 7 2

vhere f..q, is the critical frequency, t is the panel thickness, pp 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.

When two panels are used to construct a double-panel wall assembly, a
resonance condition exists such that the TL is lowered at and near the
panel/air/panel system resonance frequency

faw = K/Vdpypp/(p1+09) 3

wvhere p1 and py are the surface densities of the two pangls3 d is the panel
spacing, and K=49.1 (English), 189 (cgs), and 59.9 (SI). 4,35

The development of equations for caliulating the transmission loss of layered
wvalls has been discussed elsewhere,1 »12 and shall be briefly reviewed here.
For walls constructed from multiply-layered components, the TL is described by

Z1 + poCo P1 P2 P3  Pp
TL = ZOLOg —_— et e e ® e ¢ 8 e , 4
224 P2 P3 P4 Py

where Zq is the input impedance of the source side element, PoCo 18 the
characteristic impedance of the source side fluid, pj is the sum of the
incident and reflected sound pressures, pt is the transmitted sound pressure,
and p,/pp,1 is the sound pressure ratio across an element n. The pressure
ratio across an element is calculated from ihe knowledge of the characteristic
and termination impedances of the element.11,36

With the introduction of a resonator array12 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 = Ry - j(eI, - 1/aC,) y 5
wvhere R, is the acoustic dissipation of the nth resonator, I, is the acoustic
inertance, and C, is the acoustic compliance. This array of resonators has a
combined acoustic impedance of

<Z> = 1/5(1/2y) . 6

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

<z> =S<Z> ’ 7



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

Zb = <z>th/(<z>+th) 8
vhere, in the case of a limp trim panel,
th = pjci - jwps . 9

These equations may be used with Eq. 4 to calculate the system TL.11 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 substanti%I TL decrease at frequencies other than the resonator
tuning frequencies. 2 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 degrse—of—freedom to the system; the combination
becomes a "tonraum" oscillator.3/ This result is most easily determined from
a lumped element model including lossless Helmholtz resonators. The Helmholtz
resonator impedance is described by

Z, = jol, + /jeC, 10

vhere C,. = Vr/pocoz and V. is the volume of the resonator body. The acoustic
impedance of the air space is

Zg = 1/juCg 11

where

12

2
Cs Vs/ poCo

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

Because the resonator spacing in the sidewall airspace is much less than the
resonance frequency wavelength, the summed resonator impedance is

£2, = Z./N 13

vhere 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 1is

2y = §(W2TCp - 1)/[o(NCy + Cg) - WL Cq] . 14



The resonance frequency of the sidewall/resonator combination is merely the
resonance frequency of a single Helmholtz resonator in free sSpace

fo = 1/(2n/TCy)

On the other hand, the anti-resonances® occur at
fx =0

and

fx = (1/2m)V(Cq + NC,)/CCp1,

This last equation may be rewritten as

fx = Fo/(Vg + NV )7V

2.3 Illustrations of the Double-Panel Wall 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 a
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/mz). 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 A2, where A\ 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.

.Anti—resonances are discrete frequencies 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 reduces the TL of the
double panel wall assembly at this freguency.
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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 8
shows the effect of tuning 48 resonators to 234 Hz and 16 resonators to 2653
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.l? 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 insige éhe cabin space, they operate as spatial
sound absorbers/scatterers.24:23,36,38 The absorption of sound in the space
depends on the existing passive absorption (e.g., seats and surface coverings)
and on the properties of 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,3 197 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

( N Czpwwn(X!Y7z) 19
Zn Xy¥Ys2 = '
V[(4wnkn)2 + (w2 - wn2)2]1/2

where the n subscripts indicate the nth mode, k = w/c, ¢ = coVT/Ty, ¢o = 331.6
m/s, T is the absolute temperature, T, 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

11



Ny Nx n,ny n,nz

¥h(X,y,2,) = cos( Ycos( Ycos( ) . 20
Ly Ly L,
The normal frequencies of the room are
[ ny n, |1/2
fno= (e/2) | (=)% + (D)2 4 (D2 : 21
Ly Ly L, |

wvhere ng, Ny, and n, 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 inflyence 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, <Z,5>, 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{Qe¢l[(1/12,(0,0,0)) + (1/<2,:22) Y/ Pref) 22
where Q.of is the source strength of a tone in the room and Pref = 20 vpPa.

Figure 10 shows the approximate effect of Helmholtz resonators (234 Hz) placed
in the room. The dashed curve indicates the 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 vere 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 be 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 shown 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 =Ry + j(wl + 1/aC) , 23
wvhere the resistance isl3v41’42
Ry = (L’/na03)¢2puw , 24

I = pL’/S, C = Vr/pcz, p is the fluyid density, 5 is the viscosity of air, L' =
L + 248L, AL is the end correction,2 43 5 - na,<, a, is the nozzle radius, and
V, is the resonator volume. The value of the end correction may have a
variety of values, which depend on the configuration. When R,=0, the
resonance frequency is

fo = 1/(2VIC) . 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 (p./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
fo
f2-f1
vhere f1 and f2 are the frequencies of the half power points, to either side
of the resonance frequency, on an amplification response curve. ThzaQ is

inversely proportional to the loss factor of an oscillating system.

For a lightly damped Helmholtz resonator the quality factor is
1 I Pyl
Q=- [- = —| . 28
RV C p | To
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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 A\/10, where A\ = c¢/f at f=f,-

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 ma¥ bi divided into two parts, such that the total resistance
may be written as 2,15

R =Ry, + RiU . 29

The lineaisresistance, Ry, was given in Eq. 24 and the nonlinear resistance
factor is

Ry = o/(nxl)2 | 30
Because the resonators are located between the walls and the radiation field
is not free for this condition, the radiation resistance term Ry = pck2/2u has
been deleted from Eq. 29.
The rms nozzle flow velocity in a narrow frequency band is

U= [E(p27(R? + x 20 11/2 31
vhere X is the resonator reactance [for a Helmholtz resonator Xp=wnI-(1/w,C)]
and n is the summation index over the frequency band. For the case of a
single excitation frequency at resonance, X=0 and

U = p/R . 32
In long-throated (L>ay) resonators the nonlinearity threshold is higher than
in short-throated (a,>L) resonators.12 For some resonators the nonlinearity
threshold may be as ?ow 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 =R, + Rip/R . 33

In the right hand term the R is still a function of the velocity.
R = Ry, + Ryp/(R, + RyU) 34

Through use of the binomial expansion, an approximation to this equation may
be written. This approximation is valid for UR1/Ry<1, and is written
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R = R, + pRy/Ry ~ (Ry/Ry)ZpU + --- : 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/Ry) into Eq. 29. This first approximation assists in approximating the
values of R, and R; 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 Q.

2.5.2 Vaveguide

Another resonator developed for evaluation in this program is one termed as a
"waveguide" resonator. At the fundamental resonance frequency, this
resonator has a length on the order of A/10<Ly<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 (S9<10Sy), a good approximation for the impedance of the lossless
resonator in free space is

A+ 1 )
— | eJ2kl1 41

pc 1 \A -1
Z = - , 36
51 H A+ 1 .
\ eJZkLl -1
WA -1
\

where A = j(S3/Sp)cot[k(Lo-Ly)], Ly is the nozzle length, Ly is the total
length, Sy is the nozzle cross-sectional area, and Sy is the body cross-
sectional area. The nozzle length, Lj, should be increased by a factor of 4L,
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

cot[k(Lg-L1)] = (S/S7)tan(kly) . 37

When the denominator is zero, the resonator is at an anti-resonance, and the
resulting transcendental equation to be solved is

cot[k(Lo-L1)] = (Sz/Sl)COt(kLl) . 38

In each case, the frequency is determined by finding a value of k which
satisfies the equation, since f = kc/2n. Both cases are multi-valued, i.e.,
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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 S9/Sq and the length ratio Lo/Lq.

2.5.3 Half and Quarter Wavelength Resonators

The simplest acoustical resonators without nozzles are half wavelength (\/2)
and quarter wavelength (M4) 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 A/2 resonator acoustic impedance is

Z = (pc/S) sin(kL’) 39
and the resonance frequencies are
fn = ne/2L7 y vhere n = 1,2,3,4,..., 40

L'=L+24L, 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 A\/4 resonator acoustic impedance is

Z = (pc/S)cot(kL’) 41
and the resonance frequencies are

Fn = [(2n-1)c]/4L’ , vhere n = 1,2,3,4,... 42

and L’=L+8L. The end correction for this resonator is only half as large as
for the A\/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 itructure by a
simple modification of the standard flight test resonator.3l 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 Vaveguide 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. 11 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 waveguide resonators. The simplest analysis of the above resonators is
performed with cascaded Helmholtz resonators.

The impedance for a lossless, double cascaded Helmholtz resonator is

w412C2I2C2 - w2[11(02+02)+12C2] + 1

w3C1I9Cy - w(C1+Cy)

The two resonance frequencies are

1 I1(C1+Co) + I9Cyr + /[II(C1+C2) + IzCz]z - 411C119Cy
g~ —-

- - 44
2n 211C112C2

The two anti-resonance frequencies are

C1 + C2
f = [ and f =0 . 45
2nCq1I7Cy

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.

Waveguide resonators can be made into cascaded resonators. Some measurements
on cascaded waveguide resonators were compared to predictions and the
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agreement vas poor. Cascaded waveguide 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 be 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 the designs refined, sets of
resonators vere fabricated and then evaluated in the TL facility in various
flat double-panel wall assemblies (see §4.2). Tn 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. Small 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, increasing the leak avea progressively reduces
the magnitude of the peak amplification and incieases 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 wall 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\>0.1Lg, where Lp is the longest body dimension,
the resonance frequency could be accurately calculated with Eq. 25. When
X0.1Lg, Eq. 25 became progressively less accurate and the use of Eq. 37
became necessary. FEquation 37 was accurate for the whole wavelength range
when S9>51>S9/4 (see Fig. 13).

When the area ratios between the nozzle and the bodies became too large
(51<S7/4), 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 did not appear to affect the
accuracy of Eq. 25, as long as M0.1lLp.

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
em3. 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 (100 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 coaxially bonded together into a single
body. The two dotted curves of 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 (100 through 500 Hz) was used during these
tests at overall SPLs of: 90, 100, 110, 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 quality factors of the
resonators versus driving SPL are shown in Figs. 22 and 23, respectively. As
described by Eq. 28, the Q and peak amplification are inversely proportional
to the acoustic resistance (dissipation) of the Helmholtz vesonator. 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: 100, 120, 125, 130, 140, and 145 dB. The
impedances were measured at select%d frequencies from 200 through 800 Hz, in
accordance with the ANSI Standard. 5 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 -11 and
6pc MKS rayls.

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

recording the frequency at which the resonator was tested. Measurements
performed before and after the impedance tube tests both showed a resonance
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frequency of 226 Hz. The frequency, recorded as 226 Hz, 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 dissipaied in the resonator, rather than being
reflected back into the room.Z24,25

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 maximum 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 (Z#»). 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 was assumed to he zero (this
is the method of calibrating the microphone 1ocationh3). The ahsorption
coefficient of the reference termination ranged from 8 through 18%, which
tends to be smaller than the values preseunted in Figs. 27 and 28.

The data in Figs. 22, 23, 25, 26, 27, and 28 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 R1/R, vere
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
much greater than for the other resonators. This increased nonlinear behavior
may be caused by these measurements being made at 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 same general trend of
nonlinear behavior, a better approximation to some of the 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 Figs. 23 and 25.
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Table I: Table of First Approximations to Resonator Nonlinear Acoustic Flow
Resistance Parameters.

Resonator Type R, R1/R, Correlation
Hemispherical

Helmholtz

(Flight Test) 0.122 0.0022 0.9961

High Frequency
Helmholtz 0.396 0.0018 0.9517

Low Frequencyx*
Vaveguide 0.518 0.0049 0.9956

High Frequency
Waveguide 0.025 0.0019 0.9913

Low Frequency
Cascade 0.283 0.0020 0.9280

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 WALL ASSEMBLY 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 sketch of the 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 vere usually attached on the inner surface of the
receive side (trim) panel of this assembly. During the lahoratory tests,
resonator attachment was accomplished by vavious 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 panels 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, vere 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 summarized here 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
vere 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 NR Tests of Double-Panel Wall Assemblies with Internal Resonators

Double-panel wall assembly tests were run on 58 panel/resonator
configurations. The assemblies vere configured with various surface
densities, panel characteristics (damping, stiffness), and additional panel
stiffeners. Six resonator types vere 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 11 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. Figure 34 shows the NR of a typical
double-panel (aluminum panels) wall assembly equipped with 64 Helmholtz
resonators on the inner surface of the receive side panel. Two NR curves 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 maximum NR was 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 minimum in 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 modes which
start at 157 Hz in the double-panel cavity. This cross mode activity affects
the location of the minimum NR, which occurs at 265 Hz instead of at the
anticipated 256 Hz.

Figure 35 shows additional NR data ohtained with this wall assembly. This
test was performed with Helmholtz resonators tuned to 207.5 Hz. Glass fiber
batting was introduced between the panels and bonded to the source side panel.

."Noise Reduction Measurements on Double-Wall FPanels with Acoustic
Resonators", R.A Prydz, R.J. Gatineau, H.L. Kuntz, and D.L. Morrow, work
performed by Lockheed Aeronautical Systems Company - Butrbank, LR31650, for
NASA under Contract NAS1-18036 (April 1989).
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This batting cleared the resonator nozzles by approximately 5 cm. The NR at
the resonator tuning frequency is affected by the proximity of the batting to
the nozzles. With the glass fiber batt addition, the reduction in the peak NR
is 3 dB, but at frequencies near the peak NR there is little change. Other
tests? 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 NR of 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
minimum spacing. In this case, the resonator nozzle is less than 11 mm (less
than one-half inch) from the source side panel. This spacing applies to
resonators vith nozzles centered in the hemispherical 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
912.5 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 wvall 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. With
the smallest spacing of 0.0762 m, this minimum occurs near 263 Hz. With the
largest spacing of 0.1651 m, the minimum occurs neav 228 Hz. VWith 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 of 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 shovs 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

*As 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 minimum occurred 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 NR of
a double-panel aluminum wall structure. One curve 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 NR minimum occurs. This minimum is
attributed to resonator operation (see §2.2). It is possible to modify this
minimum by 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 NR minimum at 265 Hz has
been eliminated and replaced by an NR peak at 265 Hz. Two new, 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 Helmholtz resonators between two 7.32
kg/m2 (1.5 1b/ft2 ) limp vinyl panels sepavated by a 0.165 m (6.5 in) airspace.
These hemispherical resonators were tuned to 234 Uz and increased the receive
side panel surface density to 12.0 kg/mz. The 11 dB gain is similar to the 13
dB gain seen in Fig. 34 with the aluminum panels. The maximum NR was measured
to be 62 dB. The double-tuned resonators, discussed in the next section, were
tested between these same vinyl panels.

4.2.2 Double-Tuned Resonators

Two sets of double-tuned resonators were tested in the TL facility. One set
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 1b/£t2 ) 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 operation (see Fig. 36).

.Note that as the number of resonators is reduced, the freguency of the NR
minimum, caused by the resonator/airspace intsraction, is also reduced. As
the number of resonators approaches zeroc the peak and minimum approach each
other in frequency and NR value, until the resonator e#ffert vanishes.
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The 38 double waveguide resonators were mounted within 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 mm from the nearest obstruction. Figure 40 shows three NR data sets
for a double-panel wall assembly with the 38 double waveguide resonators
installed. The resonatgr masses increased the surface density of the receive
side panel to 15.2 kg/mz. This surface density is 1.27 times greater than for
the case with the Helmholtz (flight test) resonators on the same panel. 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. The 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 theve 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 7 dB higher than the flight test
resonators. This was not the case. The 64 Helmholtz resonators exhibited
better performance, with a 11 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 masses increased the
surface density of the receive side panels to 19.0 kg/mz. 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 41). Figure 41 shows two
data sets of the resonators operating and then inactive (taped). At the low
frequency resonance the NR increase was 8.7 dB, and at the high frequency
resonance the increase was 7.4 dB. This perfovmance 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 amplifications and 0’s of the Helmholtz 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.
Hovever, the overall NR of the Helmholtz resonators was 5 dB higher at the
lower resonance frequency.

The flight test Helmholtz resonator was somevhat optimized for a mass-to-
performance ratio in these tests. However, in an integral aircraft
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application the resonator/trim panel mass could be further reduced, thus
increasing the efficiency of the system. The double-tuned resonators were
constructed in an expedient manner without regard to their masses. Through
further development, it is anticipated that their masses could be greatly
reduced and their acoustical properties enhanced, as was done for the flight
test (Helmholtz) resonators.

4.2.3 Active Sound Control

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 random excitation 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 same algorithm
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 SPL within the total airspace between the
valls, 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 hox. The integral tweeter loudspeaker was
disconnected for these tests. Cross-modes between the panels were recognized
as defining a limiting frequency for the effectiveness of active sound control
with a single loudspeaker. The first panel cavity cross-mode occurs at 157
Hz. Two types of tests were performed in order to reduce 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 100 Hz input tone SPL
was 36 dB at 100 Hz. Note that reductions occurred 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. 1In all tests there were moderate broadband 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 NR with the control loudspeaker off.
This calculation ensures that the same source 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 100 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
wvas measured to be 20.5 dB at 80 Hz and the minimum IL was measutred 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 broadens 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 loudspeaker 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 londsperakers were driven by a single
output signal from the computer. The partitions weve installed to increase
the frequency of the first cross mode from 157 Hz to 34 Hz. 1t was
anticipated that the minimum at 160 Hz in Fig. 45 would 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 cause 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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batts and 15 dB with the glass fiber batts. The enhanced response below 100
Hz is a result of using four loudspeakers. The reason for the minima in the
frequency region of 100 Hz is unknown.



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
allov 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 existing aircraft cabin seat
track rail fittings. The thick plywood end access doors were not installed
wvhen this photo was taken. Metal bolts were used instead of rivets to secure
all components together, and to permit easy 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 hemispherical 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. 1In 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. These floor resonators were always
active (operating) during the flight and labovatory 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 in 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 structural components, attachments,
trim panels and resonator attachments were all stressed to accommodate
specified crash loads:

Ultimate
Ny -9.0 g (forward),
ny +1.5 g,
n, -2.0 (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 1by). This represented an average axial load of 26 kg (58 1lby) per
isolator. Each isolator can accommodate axial static loads of 455 kg (1000
1by). 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 of 226 Hz.

Two drawing packages were generated:

(1) Interface Control - PTA Acoustic Enclosure, drawing number 10T0308,
FSCM number 98897, job number PTAA2823B03, two sheets, 8/18/87.

(2) Acoustic Enclosure Assembly - PTA Test Bed Acft, drawing number
10T0412, 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 stringer hat sections, and frame-

to-stringer gusset plates. The assembly was in the process of being
fabricated when this photograph was taken. Figure 51 shows details of the
circular frame-to-floor beam junctions with solid steel "hockey =stick" load
transfer fittings installed within the frame hat sections. The ftittings were

also used to transfer the vibration mount loads from the cabin floor to the
enclosure, and vice versa. Seven vibration 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 19 mm (3/4 in) thick, 1l4-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 in) at each floor edge.
These heavy floorboards were used to minimize fleoor rvadiated noise.
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The wood end barriers, including the enclosure access doors, were constructed
of 12.7 mm (1/2 in) thick, 9-ply Finland birch plywood. These double-panel
assemblies were 0.279 m (11 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 wvere 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 mm thick (10.0 x 0.063 in) bolted to the two end frames at each end.
The plywood components of 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 mm clearance 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 enough 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 ig data were obtained inside and outside a bare, untrimmed cabin during
1987. % In addition, vibration data were obtained on the wing, fuselage
skin, and floor of the cabin.1s8, The acoustic enclosure, with sidewall
trim and attached resonators, was flown and evaluated in the same Gulfstream
I1I aircraft during March 1988,

6.1 Untreated Aircraft Tests

In preparation for the acoustic enclosure flight tests, flight test
measurements were obtained in the untrimmed cabin of the PTA aircraft. The
objective of the test program was to quantitatively define the paths through
which acoustic energy enters the PTA aivcraft 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## 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 aivcraft cabin. Cabin enclosure
test instrumentation is described in §6.2.

The following two sections contain a synopsis of the data analyzed under {he
associated baseline program, which was conducted vith an untrimmed cabin. 8

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 pPa, respectively. In addition, measurements were taken at
levels which were 6, 12, and 18 dB lower 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 source placed under the wing
and inboard of the propfan power plant. The resulting SPLs in the cabin vere
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below the electrical noise levels of the cabin acoustic instrumentation.
These cabin SPLs were found to be negligible relative to the cabin SPLs

resulting from direct acoustic excitation of the fuselage in the propfan
plane.

Vibration tests were performed on the PTA aivcraft in order to determine the
effects of wing vibrations on the cabin SPL. 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 the 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 pover plant. In
each case, an Unholtz-Dickie vibration shaker (UD-4C), driven by a powver
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 vesponses of the cabin microphones
were, for the most part, linear relative to the force input only at the higher
force levels. At the lower force levels the background noise levels of the
cabin instrumentation influenced the measured levels. The fovce input at the
inboard front spar generated the highest SPL values 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 microphone in the prop plane.
The thin straight lines indicate the slope 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 of 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 IT aivcraft vere performed during
1987 and 1988. As part of these tests, acoustic data were taken at vari?us
altitudes, flight conditions, propfan inflow angles, and power settings. '8
The propfan rotation rate was varied such that the fundamental BPF varied from
174 through 237 Hz, which was 77% through 105%, respectively, of the nominal
cruise BPF of 225.6 Hz. The altitudes at vhich 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. 1In 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[(l/N)X(pn/prgf)z]} of the external
fuselage skin microphone and internal cabin microphone signals were taken at a
series of BPFs and their corresponding harmonics. These spatial power
averages were used in order to normalize condition-dependent spatial SPL
variations on the fuselage and within the cabin. 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 fuselage 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 1.085 M. The <SPL> increases with
helical mach number.

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 vere
measured at the second and third harmonics of the BPF.

In order to determine the relative input levels of the acoustic and structure—
borne paths of propfan excitation, the data from the ground tests (§6.1.1)
vere analyzed. Data obtained at two altitudes were compared with
corresponding ground test data. Both the fuselape surface <SPl>s and the
spatially-averaged wing acceleration levels (<AL>) were used in this
comparison. From the results of these comparisons, predictions of the cabin
<SPL>s for each path were made for the fivst 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. 60A. 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 signals 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. 60B. 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 the cabin acoustic
signal was dominated by the propfan airborne acoustic signal directly
impacting the fuselage. Additional conclusions 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. %6

6.2 Acoustic Enclosure Flight Tests

A total of seven flights were made from 15 through 24 March 1988 for PTA
acoustic test chamber and resonator evaluations. These test flights and
related test results are described further in Refs. 3 and 47.°

6.2.1 Interior Acoustic Treatment

The interior acoustic treatment used for the evaluation of resonator
effectiveness in a flight envirvonment is descuibed in §5. A trim panel
support framework with plywood floor and plywood acoustic end barriers
supported the aluminum alloy trim panels with attached resonators. With the
panels in place on the framework, a semi-circular acoustic enclosure 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 wvere placed within this
annular airspace, in a way similar to the laboratory double-panel flat wall
assemblies tested in the acoustics labovatory 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 the enclosure vere not initially
sealed, and allowed flanking noise to be directly admitted into the annular
space containing the resonators.

*"Flight Test Cabin Treatment Acoustic Analysis Summary Repnrt Propfan Test
Aircraft", R.J. Gatineau, H.L. Kuntz, and R.A. Pryd=z, unrk performed hy
Lockheed Aeronautical Systems Company - Burbank, FLR31730, for NASA underx
Contract NAS1-18036 (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 aluminum trim
panels had a surface density of about 4.6 kg/m’? with the Velcro-like edge
attachment strips. The panels were highly damped because of their method of
attachment to the enclosure framework. The resonators, also equipped with
attachment strips, added another 4.3 kg/m2 to the panel assembly for a total
of approximately 8.9 kg/m2 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, eyen with the resonators inactive at the fundamental propfan
frequency.

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 the cabin.

The acoustic enclosure was assembled and positioned within the aircraft cabin
so that its center was located close to the propfan plane of votation at
FS301.03, as shown in Fig. 61. The end planes of the enclosure at FS$246.88
and FS366.88 are where the partial peripheral vinyl seals were located.

The propfan radiated intense SPLs at the RBPF harmonics, the fundamental BPF
being 225 Hz during cruise flight for an engine setting of 100% RPM. The
fundamental BPF was varied from 192 Hz through 237 Hz by incremental changes
in engine RPM. 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
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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 0°C. Since the resonator environment within the
sidewall varied from 5° through 18° C during cruise flight, 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 wvere made between flights. The trim
panel configurations were:

1. 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 vinyl-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 jdentical high altitude cruise
flights, three with different trim panel configurations and a fourth without
the enclosure, are shown in Fig. 64. With active rvesonators, 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 bheen more obvious.

As noted above, the high SPLs in the cabin, forward and aft of the enclosure,
were admitted into the wall cavity containing the 1esonators through the end
peripheral gaps. This intense flanking noise further complicated the
evaluation of resonator effectiveness. Figure 65 shous the effect on the <NR>
caused by the reduction in flanking noise by the addition of the peripheral
barrier seals. With the barrier seals in place, the <NR> exceeded 50 dB at
232 Hz. With such a barrier seal configuration, 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:

(1) 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 tavget vange. This refinement was
one of the goals of the laboratory tests (see §7). These levels are similar to
a typical turbofan aircraft’s A-weighted intevior <51> 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 of 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 ¢ruise
condition for the lower tone frequencies is likely caused by fuselage
pressurization affecting the fuselage modes differently for this lower
altitude case. 1In addition, the increased impedance of the external air at
the lower altitude should decrease the TL of the system.n Vhile the acoustic
enclosure was fairly well sealed acoustically, 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 beam and the cabin floor seat
track.

Figures 69, 70, and 71 show the tone <NR>s of the first three harmonics of
propfan noise: (1) with 21 active vibration isolators and (2) with nine of the
isolators deactivated. Mechanically deactivating nine isolators essentially
eliminates the effectiveness of the other 17 isolators. A comparison of the
¢NR>s at the fundamental BPF for the two vibration isolator 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 same conclusion can be made for the third
harmonic tone (Fig. 71). 1In each of these two cases the maximum isolation is
2.5 dB. 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 suvprising, 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 blades to the cabin wall, and thence,
by re-radiation, into the cabin.

6.2.5 Enclosure Absorption Effects

Except for the interior end wall surfaces of the enclosure, the interior
surfaces were hard surfaces with little sound absorption. The interior end
walls were covered with a 0.102 m thick layer of 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 (1 x 1 x 4 ft) plastic foam blocks resting close to the
sidevalls 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 (10 inches) from the sidewallﬁ.
These evenly distributed foam blocks had a total vglume of 0.65 m3 (24 ft°2)
compared to the enclosure internal volume of 5.4 m3 (192 £t3). The total
exposed surface area of the foam blocks was 9.2 m? (102 ftz), and this open
cell foam had 40 pores per cm (100 per inch).

The effect of introducing the six foam blocks within the enclosuve (100%

absorption) can be seen on the avevage tone teduction of the fivst three
propfan harmonic tones in Fig. 72, 73, and 74, respectively. The foam blocks
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are not effective in attenuating the fundamental tone, based on the data
curves shown in Fig. 72. The effect of added ahsorption on the <NR>s is more
obvious at the second and third harmonics, as shown in Figs. 73 and 74.

During most of the tests for determining resonator 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 vere 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:

(1) Why was the resonator effect spread over such a broad frequency
range?

(2) Why was the anticipated <NR> not achieved?

(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 rolls 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). With 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 bands.? The fuselage shell, shown in Fig.
5, is 3.49 m long and 2.39 m in diameter and was calvaged from a Gulfstream II
aircraft. The fuselage shell was acoustically excited with a Ling EPT-94A
electro-pneumatic driver attached to an Emilar EIN-330 acoustic horn.

The following sub-sections are a synopsis of the laboratory 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 vere 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. Although the 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.

The second acoustic signal used during the laboratory 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 sound 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 cabin 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> measurements, it was decided to
eliminate, as completely as possible, the end flanking path and to further
increase the TL of the enclosure end walls. This permitted hetter measurement
of the enclosure/fuselage <NR> by virtually eliminating the flanking noise
admitted into the enclosure.

The end barrier seal treatment consisted of:

(1) 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/mz) over the enclosure end walls and door
surfaces,

(3) adding limp vinyl (4.88 kg/mz) 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 activated. Tone SPLs on Lhe enclosure end
walls and at the peripheral gaps were generally similar to those measured
during cruise flight and reported in Refs. 2 and 6.

Prior to adding this end wall treatment, fuselage/enclosure 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. 78.
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 sealing.

Figure 79 shows the effect of this end sealing, vhen the fuselage was excited
with band-limited random noise. The <NR> differential 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 wvere
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 microphones. The modified trim panel was
mounted near mid-cabin on the loudspeaker side of the enclosure. Because of
the large data range, the vertical scale in Fig. 80 hasz been expanded to 100
dB, instead of the usual 50 dB. The sidevall probe shows a deep SPL minimum
at the resonance frequency of the resonator array (236 Hz). When the
resonators are inactive (taped) this minimum disappears.” 1In addition, there
is a minimum (at 242 Hz) in the SPL spectrum measured inside the resonator.
The minima are not at the same frequencies because of the relative responses
of the sidewall and resonators. This latter minimum occurs because:

(1) The resonator amplification is alwvays 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 the 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 laboratory in a
manner similar to the flight test demonstration.”

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 251 Hz.

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 Fig. 83, the tonal test results
exhibit similar changes in the <NR> as for the three hroadband excitation
cases of Fig. 82. The main difference in these 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 commonly used 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 bagged glass fiber blankets were 50 mm thick. The gap
between the fuselage skin and the trim panels was 156 mm. Theoretically, the
resonators (67 mm deep) and the thermal blanket combine to fill 118 mm of this
wvall space. This is supposed to leave a 48 mm clearance between the resonator
tops and the thermal insulation. It was found that some Kapton bags sagged
enough to touch the tops of some resonators, thus reducing some nozzle-to-bag
clearances to less than 15 mm. In addition, the typical 76 mm deep fuselage
frames were covered with 13 mm thick bagged insulation. Some of this
insulation was close to some resonator nozzles.

Tests were run to determine what effect thermal insulation had on resonator
performance. The end flanking barriers were present throughout these tests.
Vith 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 the insulation installed
and then removed from the sidewalls. The thermal insulation effects were
substantial at all frequencies greater than 200 Hz. At the resonance
frequency there was minimal change in the <NR>. When the 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, measurements were made with and without the sidewall insulation
present and with inactive resonators. TIn Fig. 86 the resonator <IL> values
are plotted for the two cases (with sidevall insulation and without sidewall
insulation). The values for each curve were calculated with

<IL> = <NR>3ctive - NR>jpactive ! 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 insulating materials were removed
from the comparison; the inactive resonator <NR>s became the 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 11 dB.
The minimum at 275 Hz appears to be a result of the interaction between the
resonators and the sidewall acoustical properties (see §2.2). In the case
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vhere the insulation was installed, this minimum was eliminated by the
absorptive properties of the material.

7.6 Sidewall/Under—Flopr 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 (WL113) 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 SPL was 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 SPL was more affected than the sidewall SPL by the presence of
the resonators. The airspace between the floors was 9.5 cm deep 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 SPL spectrum 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 insulation 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.

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 peak values is almost 5 dB. The
effective bandwidth has been reduced from 34 Hz (sidewall 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.”

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-cabin, 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 chavacteristics 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 Recommended Additional 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
- SPL dependent 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 masked the 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 some resonators into the cabin and leaving the
remaining resonators between the sidewalls.

The primary acoustic source acted on a limited area of the fuselage. 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 he explored, hecause resonators can
be designed to be linear over a wider range of SPls.
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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 11 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 ovder to take advantage of
the aircraft availability, the flight tests were performed with the enclosure
installed in the PTA Gulfstream II aircraft priov 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 in 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-veighted sound level. However, with an
acoustically refined cabin configuration, it would be possible to achieve this
80 dB A-weighted sound level. Laboratory tests showved that the cabin
fundamental tone SPL reduction could be improved by reducing the interference
of the sidewall insulation with the resonatov performance, and by adding
resonators into the cabin.

In addition to testing hemispherical Helmholtz resonators, special double-
tuned resonators were designed, fabricated, and then tested in the flat panel
TL facility. The double-tuned resonator tests were feasibility studies and no
attempt was made to optimize the resonatov performances. The double-tuned
resonator TL performances were not as high as predicted from the parameter
measurements. Design refinements are necessary for their efficient use in
aircraft.

Another method to control the interior cabin 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.

If aircraft performance studies support the development of an aircraft with
propfan pover 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 fuselage damping, and fuselage
tuned vibration absorbers. One or more of these cabin noise attenuation
methods (including resonators) may be needed to produce an acceptable cabin
noise level. It is recommended that some or all of these 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
powver plants. .

Unlike active devices, which tend to be complex and require maintenance, the
passive resonators are simple, maintenance-free devices. 1In 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.

62 ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH



"UIOH Ylim J8Alld ¥6-1d3 pue
uolloeg oBejasng ayl yym A1o03ei0qeT] 89{1sn0ooy j0 ydeibBoioyd :S IHNDIL

63

JoHAPH

HU 1L

2l

BLACK AND WHItTL f



l
>
!

!
#4— RESONATOR — TRIM PANEL ASSEMBLY

OUTER (SKIN) PANEL -:4-—INTERIUR {TRIM) PANEL

!
’ WMoe  Ping) | ’ Wirans  PY
% (ﬂreﬂ) | P&
INSULATION (OPTIGNAL) S RESONATOR CAVITY
|
AIRGAP

my = RESONATOR + TRIM PANEL SURFACE OENSITY

RESONATOR AREA, A

\%‘ 0]

~ 0

THROAT AREA, A, 2 | \J.\

MODULE AREA, S - MA Oﬁ\ | O

M RESONATORS/MODULE | O\}\\

- AA

7 O\‘l\ | O
| o\}\_

0)

FIGURE 6: Flat Double-Pane! Waill Assembly with Resonators.

64



*$101BUOSOY z1joyw|oH YliM |[puBd-8|gnoQg pue

‘laued-o|qnoQ ‘|aued-a|BU|S YI|M SB||qQUASSY [|[BM JO SHN Pa1dIpaid L 3HNDI4

ZH pgg 19ouruOSay |

slieg sse|H ON
sjoued dwjq
wegoL o :eovdSJY
:uoyeunByuon

zZH ‘Aouanbaiy
0l6 OL8 OLZ O0L9 OLS Oty OLE Ole

oLt

ot

V 1 1 I i 1 ] i

T

|Jaued-9|Bujs w-bs/B) 9yl QUON —

|joued-9|qnog w-bs/B) g9yl 2UON ———

jsued-ajqnog wbs/6) 102 ¥9
Alisuaq
2oeIng Si10}BUOSAY

ieloL

o

00}

gp 'ss07 uoissiwsuesl

65



‘(zH 92 pu® pgg) sa|ouanbaiy om|

0} peuny ueyy pue (zH vgeg) Aouenboeiy euD 0] peun) Si0jBUOSOY
ZHIOyWw|aH ym Alquassy ||em [3UBd-0[qNOQ B JO SHN PaIo|paid g JUNDIL

00S

ZH ‘Aouanboauy
oSy 00¥ 0se 00¢ 0se 002

oSt

siieg sse|o ON

w'bs/By g ¢l :jaued 19A9|09Y
w'bs/By g/ :jaued 92In0g
sjaued dwjq

wegglL'p :9oedsuy

i 1 ¥ T 1 1

:uojleanBijuon

ZH G9C ©® 91 ? ZH ¥€C ® 8y — —

ZH ¥€C ® ¥9 —

s10)}BUOSSY

12>

oy

0s

09

0L

08

gp ‘ssoq uoissiwsuel]

66



‘SPOYloW 1U8I9}J|g OM]L AQ palo|pald 8I0JBUOSAY
zjjoywieH Yiim A|qQuessy ||BM |euBd-8|qno( JO UN [B2(1ei08y]l 6 JHNDIL

ZH ‘Aousnboauy
00§ 00¥ 00€ 002 00t

! i T T o

slieg sse|o ON

9 :S101BUOSAY

w'bs/BY 60l :jaued ©8Al998Yy
w-bs/6) 0'p :|joued ©21n0g
wgQso°0 eoedsiy
:uojreanBijuo)

0L

3AJ}OBU| SI0}BUOSAY
POYla|y OlleYy 9inssald —-——----

Kioayl xjnew

gp ‘SsO07] uojissiwsue.]
67



“$101BUOSSOH Z}|OYW|OH INOYlIM PUB Yl|M 8WN|OA B U] BID6dS 1dS :0F IHNOIA

ooe

0)74

(zH) Aousnbaiy

oot

06l

001

1

0§

(dP) 1dS

o8

S101BUOS3Y 1NOYIIM T1dS
$1012U0S3Y YlIM 1dS

001

68



Photographs of Three Types of Double-Tuned Resonators.
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FIGURE 17: Test Setup - Evaluation of Individual Resonators.
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WINDOW FRAME
(WHICH FITS

4’ x 4" HOLE IN
WALL BETWEEN
CHAMBERS)

—— .

FIGURE 31: Transmission Loss Test Fixture (1.118 by 1.118 m).
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FIGURE 33: The Four Basic Double-Panel Wall Assembly Test Configurations.
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Closeup Photograph of Kick Plate Installation and Side View of a

Vibration Isolator.

FIGURE 52
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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.
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Flight Helical Shaft Power (kW)
Mach # Mach # Range Average

SYMBOL CONDITION

G S 0.704-0.736 0.949-1.078 2185-2559 2395
3------- 4 0.707-0.721 0.932-1.082 1868-2133 2002
Lyereresmenens: A 0.700-0.720 0.939-1.085 1167-1309 1243

w—— ¥ 0.708-0.716 0.937-1.083 415- 555 483
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FIGURE 58: Fuselage and Cabin <SPL>s versus BPF and Four Average Shaft Powers
at an Altitude of 8,840 m.
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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.
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FIGURE 62: Fuselage Surface Microphone Locations.
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FIGURE 63: Interior Microphone and Accelerometer Locations.
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resonance frequency of the resonator array. Increases in NR of up to 11 dB were
measured. The effects of flanking, sidewall absorption, cabin absorption,
resonator loading of trim panels, and panel vibrations are presented. Resonator
and sidewall panel design and test are discussed.
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