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Presented in this report are the organization of and work completed
for an ongoing general aviation interior noise research project focusing
on the transmisgion of sound through aircraft type panels. Described
are typical noise source, sound transmission path and acoustic cabin
properties and their effect on interior nolse. Based on both annoyance
and physiological damage criteria, it is concluded that typical in-cabin
noise levels of arcund 90 dB(A) or greater are undesirably high. Some
theoretical and empirical methods are discussed that are intended for
prediction and analysis of the transmission of sound through panels.
Included is a description of the construction, calibration and properties
of an acoustic panel test facility. Some preliminary experimental results
obtained in this faecility are presented. These results show an average
sound transmission loss in the mass controlled frequency region comparable
to theoretical predictions. The results also verify that transmission
losses in the stiffness controlled region directly depend on the funda-
mental frequency of the panel. Experimental and theoretical results
indicate that increases in this frequency, and consequently in trans-
mission loss, can be achieved by applying pressure differentials across
the specimen. The significance of this and other ways to reduce panel
sound transmission will be determined through future research work as
outlined in this report.
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CHAFTER 1

INTRODUCTION

This report presents the organization and work completed umnder a
National Aeronautics and Space Administration-funded research project
to study the transmission of sound through general aviation airplane
structures. Also reported are descriptions and discussions of the
testing equipment and procedures of the project and of relevant analysis
and prediction methods. In addition, a description is included of the
exposure of general aviation passengers to noise and of important noise
sources and receiving space (i.e., cabin) effects.

The project is the second of two consecutive phases of a research
program, the broad geoal of which is to reduce interior ncise in general
aviation airplanes. The objective of the first program phase was to
develop an effective and competent noise research team at the University
of Kangasg. This phase was intended as one of the preparations for the
second phase, a long range follow-up research project. During the last
part of phase one and the first part of phase two, many other prepara-
tions were made including the design, construction and calibration of a
test facility, purchasing of equipment, development of testing and data
reduction procedures and the study of pertinent literature. It is this
period of preparation that is covered in this report (February 1977
through the middle of August 1977).

Project phase one officially started on April 15, 1976, when the
Flight Research Laboratory (FRL) of the University of Kamsas (KU) began
work on a grant for the National Aeronautics and Space Administration
(NASA), Langley Research Center (LaRC) entitled "A Research Program to

Reduce Interior Noise in General Aviation Airplanes,”™ MNASA Grant No.



NSG 1301. The activities of this program phase were intended as
preparationg for a follow-up project as can be concluded from the
statement of work outlined in the original proposal to NASA (Reference
1):

1. TFamiliarization with interior noise state—of-the-art;

2. Detail design of an on-board interior noise measuring and

recording system;

3. Development of in—flight procedures for utilizing measured data and of

ground procedures for amnalyzing and interpreting the data; and

4, Definition of a long range follow-up research program in
interior and exterior noise.

On April 30, 1977, the ending date of the preparation phase, NASA
Grant No. NSG 1301 was extended to carry out the continuing work which
was defined and partially prepared during the initial phase. The
proposal for this second project (Reference 2) detailed the program
objectives as follows:

1. 7o determine the sound transmission loss characteristics of

various structural panels and panel treatments (experimentally);

2. To compare test results with predictions from pertinent
analytical methods;

3. To provide a systematic collection of panel and panel treatment
sound attenuation characteristics, based on both experimental
and analytical comnsiderations; and

4., To use these results to extend or develop prediction methods.

These research objectives were the resulis of a study of the factors
that affect interior noise, the exposure of passengers to noise, and of

many exchanges of views with personnel of both NASA  and general aviation



indugtry (Beech and Cessna Aircraft Corporations). It was comncluded
that in—cabin noise levels are generally very high, despite the use of
acoustical treatments. It was also found that the available information
(generally consisting of theories or product specifications by manu-
facturers of sound proofing materials), is quite limited. These
considerations have resulted in a (for general ;viation industry) need
to expand usable knowledge in the areas of noise transmission mechanisms
and control.

Considering the present and possible future regulations concerning
general aviation interior and fly-over noise, a program of research has
been plznned and is being conducted at the NASA Langley Research Center.
As one of many subcontractors, KU was given a NASA grant to do research
in the area of noise reduction. The work to be conducted by KU-FRL
will augment the Langley General Aviation Noise Program goal to inves-
tigate structural transmission phenomena and prediction. It will also
provide information more directly applicable in design and modification
of general aviation aircraft. The latter results were the reason for
general aviation manufacturers to stimulate the KU-FRL research program
with valuable information as well as test specimens.

In addition to general aviation industry, the following individuals,
supporting the project directly and this report indirectly, are
acknowledged:

Mr. D. G. Stephens, NASA LaRC: project technical monitor and

KU ad-hoc professor
Dr. J. Roskam, KU-FRL: principal investigator and director of
KU-FRL

Dr. R. Ross, KU-FRL: dinterim principal investigator



Prof. H. Wittenberg, Delft University of Technology (Netherlands):
Dean of the Department of Aerospace Engineering

Mr. D. Andrews, KU-FRL: graduate research assistant, in-flight
nolse measurements; contacts with industry

Mr. D. Carlson, KU-FRL: technical electronic adviser

Mr. D. Duremberger, KU-FRL: graduate research assistant, theoretical
analysis; design special test sections

Mr. T. Henderson, KU-FRL: graduate research assistant, design,
construetion and calibration of test facility

Mr. E. Shu, KU-FRL: graduate research assgistant, theoretical
analysis.

The project organization is shown in Figure 1.1 on the next page.



J. Roskam,
Principal .Investigator,
Director KU-FRL

T. Peschier,
Student Project
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Figure 1.1.
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CHAPTER 2

PROJECT CHRONOLOGY AND MANAGEMENT

This chapter presents a chronological history of the project, an
outline of the organizations and individuals involved, the project
budget, and the project schedule.

2.1 Project History

In February 1976 a proposal for "A Research Program to Reduce
Interior Noise in General Aviation Airplanes" was submitted to NASA LaRC.
This proposal was the result of a time of exploring necessities for and
possibilities of doing general aviation oriented noise research at the
Univexrsity of Kansas Flight Research Laboratory. In the £all of 1975,
several KU professors and stud;nts discussed the need for noise research
with the Beech and Cessna Aircraft Corporations (Wichita, Kansas).
Industry indicated an interest in this type of research,sec a group from
the KU-FRL went to NASA LaRC to discuss the needs and possibilities of -
getting NASA grants with D. G. Stephens (Noise Effects Branch) and
D. J. Maglieri (Noise Control Branch). As the likelihood of a grant for
an interior noise university research program was high and interested KU
personnel were available, preparations were made for a possible
(interior) noise research program. The KU Department of Aerospace
Engineering included a course, AE790: Sound Generation of General

Aviation Aircraft, im its spring 1976 curriculum to educate interested

people in the basics of pertinent acoustics. Also, theDelft University

of Technology in Holland (involved in gemeral aviation fly-over,
noise) had expressed a willingness to cooperate with such a program and
was contacted about further educating two or three KU students in noise

research. The Delft University was in favor of such cooperation.



Finally, a proposal for a NASA-Industry-TH Delft-KU program was prepared
and submitted to NASA LaRC (Reference 1).

The primary goal of this program was to develop an effective and
competent research team at the University of Kansas in the area of
general aviation interior noise. This would be a preparation for a
long range follow-up research program in both interjor and exterior
noise. The definition of this follow-up program was to be ome of the

major tasks along with the other activities mentioned in Chapter 1.

In April 1976 the request for a grant was approved and the develoe-
ment of a noise research team at XU was intensified. In the summer of
that year Messrs. D. Duremberger and T. Henderson worked for the Beech
Aircraft Corporation in the Structural Dynamics Department. Mr. D.
Andrews went to Holland for six months to work as a research assistant at
the Delft Unlverelty of Technology, and Mr T Peschie;.ﬁorked for the
Cessna Aircraft Company for six months as a test engineer. In January
1977 Mr. D. Durenberger started working for the Delft University. During
the fall of 1976, the noise research team at KU prepared a follow-up
program in the area of general aviation noise. Discussions with NASA
LaRC and the Beech and Cessna Aircraft Corporations finally resulted in
a $225,000 interior noise research proposal to NASA LaRC in December
1976. The emphasis of this proposal was on both laboratory and in-—

flight research, as, during the fall of 1976, it became apparent that

this was an area having the greatest likelihood of NASA support. The

request for this grant was denied and in the spring of 1%77 a new
proposal was prepared (Reference 2). This proposal, suggesting
financial support for interior noise related research of sound trans—

mission through general aviation type structural panels, was accepted



by NASA LaRC. Conéequently, in May 1977, the educétional type noise
research program was continued with a laboratory type sound transmission
research project.

As it became clear during the Spring of 1977 that- this follow-up
program had a high likelihood of getting WASA support, the design and
congtruction of the test facility was initiated before this starting
date. On June 15, 1977, the construction was completed and a month
later the calibration. At the time of writing this project report the
first tests are being conducted. Figure 2.1 presents some of the
milestones during the interior noise research projects.

2.2 Project Support Organization

The groups involved in the various asPécts of the interior noise

research program are indicated in Figure 2.2.

The Noise Effects Branch in the Acoustics and Noise Reduction

Division at NASA LaRC has had respomsibility in funding the general
aviation interior noise work done under NASA Grants NSG 1301. Mr, D. G.
Stephens (LaRC) has been the project technical momitor of this grant.

The noige research is being conducted by University of Kansas

students and faculty in the Space Technology Center, Nichols Hall.
Dr. Jan Roskam is the principal investigator of the project. Mr. T. -
D. Peschier (KU-Doctor of Engineering degree candidate) has been the
student project manager.

The .Delft University of,feéhnologyagﬂolland)‘Haé patticipated -

in the project by educating two KU research assistants in the area of
noise measurement and analysis. The coordinator in Delft was Prof. H.

Wittenberg.
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The Cessna and Beech Aircraft Companies have provided valuable

information. By employing three research assistants in their acoustics
and vibration branches, these companies helped developing a competent
regearch team. Their support alse included the supply of many test
specimens.

Specimens were and will continue to be provided by manufacturers
of sound proofing materials and of aircraft.

2.3 Project Budget

The total funding for the Interior Noise Research Project is
outlined in this section. Funding was obtained from the National
Aeronautics and Space Administration, Langley Research Center, Hampton,
Virginia, and the University of Kansas on a cost-sharing basis. All
income and outflow of project funds were handled through the business
office of the University of Kansas Center for Research, Inc. (CRINC),
by the principal investigator of the project, Prof. J. Roskam, the
interim principal investigator Prof. R. Ross and the student project
manager Mr. T. Peschier. Table 2.1 outlines the budgets and actual
expenditures of the first (educative) program phase (April 15, 1976 -
April 30, 1977) and of the second (panel sound transmission) phase
(May 1, 1977 - April 30, 1978). The amounts of cost-shared funding
provided by KU are excluded from the table. These amounts generally
consisted of matching funds from the University for the principal
investigator's salary during the academic year.

Each item in the breakdown of expenditures in Table 2.1 is
underlined and explained below.

Ly

The actual amount paid for salaries and wages during the first

project phase, was lower than projected. This was a result of having

11



Table 2.1 Projected and Actual Expenditures in the

Interior Noise Research Project

Phase T (April 15, 1976 - April 30, 1977) Projected Actual

Salaries and wages (including fringe

benefits and overhead) 27,114 23,020
Other expenditures 2,971 6,304
Total 25,915 29,324

Phase 2 (May 1, 1977 - April 30, 1978) Projected Actual (8/77)

Salaries and wages (including fringe

benefits and overhead) 42,009 14,476
Electronic equipment 22,115 19,764
Test specimens 1,000 25
Acoustic materials 1,000 107
Construction of plane-wave tube 1,500 304
Other expenditures 2,500 450
Total 70,124 35,626

12




two noise research assistants employed at the Beech Aircraft Corporatiom,
cne at the Cessna Aircraft Company and two at the Techmological Univer-
sity of Delft (Holland) during the course of the project (see section
2.1). This effectively resulted in the training of a KU noise research
team at no cost to NASA.

The actual amount paid for other purposes was higher than projected.
Besides expenditures for supplies, travel and telephone, the cost of
some preparations for the second project phase are included in this item.
These preparations included (1) the construction of certain items for
the test facility (done by subcontractors) and (2) the purchase of some
electronic equipment.

After three and a half months of research in the second project
phase, a significant portion of the funds outlined in Table 2.1 has been
expended.

The funds intended for salaries and wages have been used exten—

sively. This is a direct result of the considerable research effort
during these first months. A sizable research team was employed to
expedite the completion of the test facilities and measuring and
analysis procedures. Also, new research assistants had to be trained,
as several will graduate soon. However, the rate of spending funds for
salaries and wages will decrease by a factor of 2.5 in the near future,

The funds intended for electronic equipment have also been expended

almost completely. However, no fﬁrther.sigﬁificant expenditures are
anticipated as all necessary items have been purchased.

0f the funds intended for the construction of the plane wave tube,

approximately half have been used. The total construction cost was

higher than the amount shown in Table 2.1 but part of this was financed

13



with funds of the first project phase. At the time of writing this
report, the basic test facility, including accessaries for testing
under pregsure, have been paid for. The remainder of the available
funds will be needed for the construction of the special test sections.

The funds for test specimens have hardly been used as many

specimens were obtained from manufacturers at no cest to the project.
However, it is likely that costly configurations will have to be con-
structed in the future.

The expenditures in the category acoustic materials are quite low.

Up till the writing of this report only a small quantity has been
purchased, to improve the characteristics of the test facility. In the
future, similar expenditures will be required for the construction of
special test sections.

The last item in the breakdown in Table 2.1, other costs, refers
to expenditures for supplies, telephone, travel, etc. At the present
rate of expenditure, barring any unforeseen difficulties, the available
funds should be sufficient to complete the project within the budget.

2.4 Project Schedule

The period to be covered by the first phase of "A Research Program
to Reduce Interior Noise in General Aviation Airplanes" was originally
intended to be between April 15, 1976, and September 15, 1976. The
objective of this phase was to develop an effective and competent
research team at XU in the area of general aviation noise. This was
partly accomplished by employing twoé research assistants dt the Beech
Aircraft Company, one at Cessna and two at the Technéiﬁgicai Uhivéfsi%y‘

of Delft (Holland). This effectively resulted in the training of a KU

noise research team at nc cost to.the project., The comsequent savings
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in salaries and wages made it possible to extend the first project phase
to April 30, 1977. The extended period was used to expand the knowledge
of research assistants and to prepare the follow-up noise research pro-
ject.

This second project phase started on May 1, 1977, and will cover a
period of one year. The time phasing of research activities was strongly
influenced by one of the requirements defined by Mr. T. Peschier's com-
prehensive examination committee on Ap;il 8, 1977. This requirement was
in the form of an interim deadline before which certain activities should
be completed. This deadline is indicated on a flowchart of program
activities (Figure 2.3). After applying an elementary form of the
critical path method (CPM) certain conclusions were reached with respect
to the number of research assistants that should be employed in order to
meet this and the final deadline of the project. These conclusions are
shown in Figure 2.4, 1t is expected that implementing this schedule
will result in meeting the interim and final deadline at—the projected
cost. Based on the flowchart (Figure 2.3} and the projected involvement
of research personnel (Figure 2.4) a time-phase diagram of project
activities was constructed. This is depicted in Figure 2.5. Also shown
is the actual progress that has been made between the starting date and
the time of writing. The actual progress will now be discussed.

.The test facility was completed two weeks after the projected date.
This was mainly caused by some construction problems. As a result the
calibration of the facility was also delayed. As this checkout took
a week shorter than projected, the first testing could be done just ome
week after the intended date. The data reduction and analysis was

started at the same time. This was done to check the usefulness and
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validity of all procedures before the size of the research team will
get significantly smaller (end of September 1977). The measurements
of in~flight panel excitations were delayed but completed before the
recorded data could be used in the test facility. The design of the
special section for testing of curved and slanted specimens was started
one month late due to the time needed to complete other (more urgent)

activities. No further delay is anticipated at this time.
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CHAPTER 3

NOISE EXPOSURE IN GENERAL AVIATION ATRCRAFT

This chapter presents some typical general aviation in~cabin noise
levels. The magnitudes of these levels will be discussed in the light
of generalized effects on people and pertinent regulations.

3.1 Noise Exposure Criteria

There are several reasons for concern with cabin noise levels im an
airplane. Noise may cause annoyance and make communications difficult.
Sometimes noise can cause fatigue resulting in performance degradation
of certain tasks. If those tasks are related to efficient functioning
of the pilot, noise becomes a safety factor. In severe cases, humans
may experience physiological damage. Thus from a marketing standpoint
as well as for reasons of safety, health hazards and comfort, noise
must be controlled. To exercise such control, noise criteria must be
available, In the design stage, all noise criteria have the same
bagic objectives; that is, to serve as a guide in decidi;égahether or
not the noise radiation of a system will be acceptable with respect

to the purposes for which it is intended. HNoise criteria are sometimes

classified in accordance with the purposes they serve (Reference 3).

1. Tomprevent the“risk of physiological damage to humans,
2. To minimize the degree of interference with speech communication,
3. To minimize noise induced psychological disturbances.

Reliable criteria are difficult to develop as they are actually a

measure of the effect of noise on people. Satisfactory eriteria to

judge damage-risk to hearing and to amnoyance can only be based on a

vast amount of empirical information. Even then, no simple
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straightforward statement will completely cover all aspects of noise
performance for any specific purpose.

In some cases noise criteria have been established in the form of
enforceable regulations. At this moment, there are no regulations with
respect to aircraft interior noise levels. However, there is a speci-
fication to meet when the customer is the military (MIL-A~8806 A). The
Occupational Safety and Health Administration (OSHA) regulations cover
employees (erew). The OSHA standards are intended to protect ninety
percent of the people over long periods of time from hearing-damage

risk. Table 3.1 presents an abstract from these standards (Reference 3).

Table 3.1 OSHA Permissible Noise Exposures
(Reference 3).

Duration per Day Sound Level (slow response)
~ hours ~ dB(4)
8 80
6 92
4 95
3 97
2 100
1.5 102
1 ! 105
0.5 110
0.25 or less 115

Note: OSHA regulations cover the crew of aircraft.

The noise levels that can cause interference with speech communica-
tion have been thordughly investigated. A relationship among the
variables of distance from speaker to listener, voice levels and a
measure for background noise level is shown in Figure 3.1. In this
graph, the required voice effort is expressed in terms of the preferred

frequency speech-interference level (PSIL), a commonly used criterion
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(Reference 3). This variable is computed by taking the average of the
background noise, measured for the 500, 1000 and 2000 Hz octave bands.
The annoyance~type criteria are based on subjective experiences
more so than the other criteria. The annoyance caused by noise can
depend on many different parameters. Through extensive studies, however,
some of the physical characteristics of noise were related to its
acceptability. To compare the acceptability of one environment with
that of another the noise level is usually expressed in a numerical
scale which depends on several human and acoustic properties. The out-
come can then be compared with empirically established acceptance levels.
Reference 4 presents an excellent example of such an acceptability
study for the case of general aviation aircraft passengers.

3.2 Noise Exposure in General Aviation Aircraft

Figure 3.2 shows a linear and A-weighted* version of a general
aviation interior noise spectrum (KU-FRL test data). Spectra like these
are typical for propeller driven aircraft. Characteristic are (1) the
large number of pezks occurring at the fundamental and successive
harmonics of the propeller blade passage and engine firing frequencies,
and (2) the concentration of the acoustic energy below 2000 Hz., It can
also be seen that the region between 50 and 800 Hz virtunally determines
the overall sound pressure level (both linear and A-weighted).

Interior noise levels like these have been measured in many aircraft.
In Figure 3.3 (from References 4 and 5) these levels are compared with
levels found in other vehicles. In this graph, the noise environment

is expressed dB{A) (i.e., actual noise level corrected for frequency

* A-weighting: frequency dependent attenuation of signal to simulate
frequency dependent sensitivity of human ear.
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dependent sensitivity of the human ear). The use of this scale implies
that the graph gives a first indication of low (light aircraft) interior
noise acceptability as-compared with, for example, automotive vehicles.
The passengers' enviromment being different, an absolute acceptability of
light aircraft in-cabin noise cannot be determined from such a graph.
OSHA's Permissible Noise Exposures (Table 3.1) can be used to
estimate the maximum £light time within which the risk of hearing
damage is small., Based on the "usual levels" from Reference 4 (Figure

"noisy" aircraft

3.3), it can be concluded that one should not fly in
for more than three and one half hours a day. Obviously this type of
criterion establishes an absolute maximum £light time. In many "less
noisy"” aircraft the instantaneous noise level can be high enough to
interfere with speech. The preferred frequency speech interference level
for the noise enviromment depicted in Figure 3.2 is 72 dB. This low
value is a result of the concentration of noise below the 500 Hz octave
band. From Figure 3.1 it can be seen that speech is thus only possible
with a "raised" or "wery loud" voice. It should be noted that this is
not a particularly noisy airplane (see Figure 3.3).

The relation between the criteria described above and passenger
acceptance of the noise environment is being studied extensively.
Figures 3.4 and 3.5 show some of the results reported in Reference 4.
These results indicate that (1) of the envirommental wvarisbles affecting
comfort, noise is the second most important factor (Figure 3.2) and (2)
over sixty-five percent of the passengers (of regularly-scheduled
commercial light aircraft) find aircraft interior noise uncomfortable
(Figure 3.3).

Based on comparisons of general aviation imterior noise data with
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several pertinent criteria, it can thus be concluded that the current

noise sitwation is a subject of concern. -
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CHAPTER 4

SOURCES OF INTERTIOR NOISE

This chapter presents a description of sources of interior noise in
general aviation aircraft. The transmission paths from possible sources to
the cabin interior will be discussed and indications will be given of
the relative importance of these sources.

4.1 Introduction

Control of gemneral aviation in-cabin noise requires knowledge with
respect to the noise sources and transmission paths. Sources include
propellers, engines, auxiliary equipment and the flow of air over the
fuselage. HNoise can enter through the light weight fuselage structure,
windows or through acoustic "leaks”" (for example, holes in the fire wall).
Noise can also be transmitted directly by structural vibrations induced

by the engine (see Figure 4.1), or by other sources of vibrations.

Past research has proven that it is extremely hard to establish

the relative importance of the various noise sources and transmission
paths. 1In the far field (more than approximately a wingspan away from
the aircraft) engine exhaust and propeller noise have proven to be
predominant, but in the near field their importance is questionable.
Interior noise, though definitely influenced by the nearfield of the
aircraft, alsc depends on the direct noise radiation by the engine
(causing structural vibrations), its vibrations (transmitted through the
engine mounts) and noise caused by leaks and vents. This complexity

is the reason that no general rules exist to predict the relative
importance of every source on the in~cabin moise level. To evaluate the

possible merits of contrel of panel sound transmission, it is important

*
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to have an idea of source and transmission characterigtics. In the
following sections these characteristics will be discussed briefly.

4.2 Propeller Noise

The noise spectrum of a propeller exhibits a large number of peaks,
which occur at the fundamental and successive harmonics of the blade
passage frequency. At a given location the magnitudes of these peaks
are dependent on operational variables (power consumed and tip Mach
number). The total sound energy (sum of all peaks) and the relative
magnitude of the peaks will change with location as well as operational
variables. Figure 4.2 shows an example of such a near fieid spectrum
(from Reference 6). It can be concluded that most of the sounq energy
is concentrated below 1000 Hz.

Both theoretical (for example, Reference 7) and empirical (Reference
8) methods exist to predict near field propeller noise distributions.
These methods, however, assume a free field (i.e., no reflecting or
scattering surfaces present) and can thus result in distributions quite
different than the actual one. 1In addition, these methods are not wvalid
in the propeller slipstream, where both aerodynamic and acoustic pressure
fluctuations occur. Since no information could be found with respect to
the relative magnitudes of both types of pressure fluctuations, the KU-FRL
research team did some measurements in a propeller slipstream. These
measurements and their results will be reported in detail in a future KU-FRL
publication. A few typical examples are shown in Figure 4.3. WNote the
broad band characteristics of the excitations measured on the windshield.
Such a spectrum suggests that pronounced propeller noise peaks in a slip-

stream can be of lower magnitude than broad band pressure fluctuations.
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Both (airbormne)} types of pressure fluctuations will excite the
fuselage structure in a similar way. An acoustic radiation into the
interior will thus result from both.

4.3 Engine Noise

Engine noise is partially caused by the periodic release of combustion
gasses from the exhaust. The noise spectrum exhibits a large number of
discrete peaks at the fundamental and harmonics of the firing frequency.
In the far field the levels are generally lower than the propeller noise
levels (Reference 9). Generalization, however, is hard to justify since
for usual propeller-engine combinations (two blades and a four cylinder-
four stroke engine) blade passage frequency and firing frequency coinecide.
Only from "odd" combinations can the individual contributions of noise be
established.

In the nearfield, the magnitude of engine noise strongly depends on
the position relative to the exhaust. Figure 4.4 gives an example where
the noise level on one side of the test aircraft was completely dominated
by the exhaust contribution (from Reference 6). Such exhaust noise will
transmit through the fuselage structure, causing a contribution to the
interior noise level. It can easily be seen that the fuselage excitation
is position dependent.

There are more engine noise generators contributing to the in-cabin
roise, e.g., engine intake, local engine resonances and the vibrations
of the cabin structure due to the alternating forces applied to the
fixing points. Especially engine vibrations transmitted through the
mounts can cause a congiderable rise of in-cabin noise. To reduce the
problem the power unit is usually suspended on soft isolators. ' However,

+ if the isolators are too soft, very large clearances will be needed
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around the engine to accommodate large amplitudes of motion. Anothex
partial solution is to locate the engine mounts at the nodal points of

a dominant resonance mode. Unfortunately, it is unknown how much of the
vibrational energy of a normal aircraft engine is transmitted into the
fuselage structure. It is known that in automotive vehicles the structure
borne vibrations are in many cases predominant (Reference 10). In these
cases, engines cause an interior noise level of 60 to 100 dB(A). 1In the
case of aircraft, the only thing that has been measured is the influence
of such excitations on the in-cabin noise levels. Table 4.1 shows some

of the results reported in Reference 11.

Table 4.1 Acoustic Response Inside Cabin Underx
Mechanical and Acoustical Excitation
(Reference 11)

Mechanical Acoustic SPL (dB)
Excitation Level Excitation Level at Frount Head

(1bE) {(dB) Position

1 0 76

2 0 32

4 0 86

0 97 76

0 103 82

0 106.5 86

Notes: 1. mechanical excitation applied to engine frame
2. acoustical excitatiorn is exterior reverbant
field

Noise radiated by engine surfaces can also give rise to interior
noise. This airborme type noise will mainly excite the fire wall. Its
magnitude depends on engine type and structure as well as the space
between the engine and the surrounding structure, Reference 10 reports

the possibility of sound build-up in this space. It can be concluded
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that both engine noise and vibrations can cause a high interior noise
level. However, research has been insufficient to come up with methods
to predict its relative importance.

4.4 Airflow Over the Fuselage

In flight, the noise inside a cabin can have its origin in aero-
dynamic boundary layer noise associated with the flow of air over the
fugelage skin. The boundary layer pressure field is aerodynamic and does
not have the characteristics of an acoustic field. 1In the case of
relatively slow general aviation aircrafi, boundary layer pressure
fluctuations are believed to be quite small (see Reference 12).

However, fuselages immersed in a propeller slipstream are expected to
experience more significant dynamic pressure fluctuations. A result of
these fluctuations is the local excitation of the aireraft skin. As
mentioned in section 4.2, the KU-FRL research team conducted some
pressure measurements in the boundary layer of a fuselage immersed in a
propeller slipstream. The results (see Figure 4.3) show a significant
broad band contribution especially on the windshield. Only measurements
taken at the storm window contain a few discrete peaks. The overail
levgls at both locations are the same though.

4.5 Leaks and Vents

In many general aviation aircrafit, especially the ones in which the
major cabin noise problems were solved, leaks and vents camn be pre-
dominant noise sources. Seal leaks occurring avound openings of windows
and doors may contribute significantly to the interior noise of light
aircraft. The effect of such a leak on the noise spectrum is illustrated
in Figure 4.5 (from reference 5). The magnitude of the increase due to

hissing air occurs at frequencies above 1000 Hz and is related to the
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local air velocity over the fuselage and the extent of the leak.
Fortunately, the number of those air leaks in production aircraft have
been reduced by quality control procedures.

Ventilating systems can be particularly difficult noise problems,
as they are comnected directly to the exterior of the airplane and con—
siderable high velocity air may be conduéted through the system. The
proper use of duct lining may reduce the noise transmitted into the
cabin. In addition, the construction of orifices, at the outlet grilles,

may need attention.
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CHAPTER 5

EFFECTS OF RECEIVING SPACE AND

SURRCUNDING STRUCTURE

This chapter will present a discussion of the effects of a finite
cavity behind 2 sound transmitting panel on the noise level inside.
Also explained will be the influence on the panel sound transmission
characteristics of the actual flexible supporting structure as opposed

to the ideal laboratory boundary conditionms.

The objective of the KU-FRL ﬁdiég projeﬁt is to investigéte
experimentally and analytically the transmission of sound through
isolated panels. Panels in airecraft are surrounded and influenced by
other panels and backed by a finite cavity with position and frequency
dependent absorption properties. Thig enviromment has a significant
influence on the interior noise level just 1ike the properties of the
panels themselves., Thus, to estimate the sound pressure levels in a
space behind a panel, the effects of the surrounding structure and the
receiving space on the panel motion and the distribution of acoustic
energy within the space must be considered. These effects are illustrated
in Figure 5.1.

An important effect is that the modes of sound induced vibration of
a fuselage structure are influenced by the properties of its supports.
If a large plate is supported by stringers that represent simple or
clamped edges the local plate behavior will be the Same as the one of an
isolated panel. When these supports are replaced by flexible stringers
which permit deflection perpendicular to the plate and restrain (to

some extent) the rotation of the plate, additional "overall" modes will

Al
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occur. This is illustrated in Figure 5.2. The significance of these
overall vibration modes on the sound transmitted into the interior
depends on the stringer bending and torsion properties.

Similar to the fuselage structure, the air in the cabin has many
modes of oscillation having varying degrees of damping. Consequently,
the noise level in the cabin, being a superposition of the contributions
from all modes, depends on both fuselage and cavity sound damping
properties. According to Reference 14,, the effects of receiving space
can be accounted for by a correction factor for the panel transmission
loss which depends in the first place on the relative size of the
receiving space. An area defined as a "small receiving space" (relative
to the wavelength of sound) behaves essentially as a stiffness, and the
acoustic pressure is more or less uniform throughout the space.
According to Reference 14 this phenomenon oceurs when the wavelength of
the sound is greater than six times the typical receiving space
dimension. In general aviation aircraft with a cabin width of five to
ten feet, this would occur at frequencies below approximately 35 Hz.

In this frequency region, however, there are ne audible excitations.

In a "large" receiving space, the wavelength is smaller than one
tenth of a typical receiving space dimension. Under these conditioms,
reasonably diffuse sound fields may be expected. In generzl aviation
ajrcraft such a "large' receiving space may be expected at frequencies
above approximately 1000 - 2000 Hz. Figure 5.3~a shows the measured
distribution of sound in a DC-3 (from Reference 15) at frequencies where
the "large" receiving space characteristics may be expected.

In a medium-sized receiving space, discrete resonances with

accompanying standing waves will occur. At the maxima in these standing
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in these standing waves, the acoustic pressures can build up considerably
over those for free—field‘receiving conditions, while the minima can
have sound pressures as low as those for free field conditioms. The
build-up of standing waves in this frequency region strongly depends on

the acoustical absorption as the following table indicates.

Table 5.1 Influence of Absorption on Difference
Between Maximum and Minimum Noise Levels
in a Standing Wave (Reference 14)

Absorption Absorption Coefficient SPL - 8PL . (dB)
—'max min
High A 8 - 18
Medium .25 15 - 23
Low .13 23 - 30

The average absorption coefficient in a receiving space depends
on the type of surface treatment used, on the fraction of the total
surface that is treated, and on the absorbing objects inside. Average
absorption coefficients quoted for airlimers are in the order of .4 to
.5 (References 13 and 16). A typical distribution of sound im such an
airplane is shown in Figure 5.3-b (from Reference 15). The enclosed
cabins of light aircraft contain large areas of plexiglass and equipment
which provide little acoustic absorption. Some absorption is provided
by ceilings, floors and seats, but the effectiveness is small as con-
siderable portions of these are shielded. A significant build-up of
standing waves may thus be expected in general aviation aircraft.
Unfortunately, the major part of typical general aviation noise occurs in
the same frequency region as the build-up of standing waves. As a result,

the nonuniformity of the sound distribution inside the cabin will be very
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pronounced. Consequently, the control of receiving space effects is
utterly important, if the acoustic environment of passengers and crew

is to be improved. To date, research in this area has been mostly
theoretical. Reference 17 presents a discussion of several of such
methods designed for the prediction of receiving space effects. The
application of many of these methods will result in considerable mathe-
matical complications when used for irregularly shaped cavities surrounded
by a nonuniform flexible structure. The only known applications of such
methods are in the automotive industry (for example, General Motors
Corporation, see Reference 18). Considering the apparent significance of
the effects of receiving space and surrounding structure in general
aviation aircraft, the use of such methods could also be helpful when

trying to improve the in-cabin noise state-of-the-art.
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CHAPTER 6

SOUND TRANSMISSION THROUGH PANELS—-THEORETICAL

This chapter contains a discussion of the vibrational response of
panels to a dynamie (acoustic) load. Analytical and semi-empirical
methods are presented to compute panel response and the resulting
transmission of sound.

6.1 Introduction

Knoﬁledge with respect to the response of structural and nonstruc-
tural aircraft panels to applied time-varying loads is of importance for
the development of theoretical and empirical interior noise analysis
procedures as well as for the immediate design and modification of
general aviatiom aircraft. The execitations normally encountered in
these aircraft have an aerodynamic, mechanical or acoustic nature, but
all occur in the frequency region below 2000 Hz (see Figure 3.2). 1In
this region the panel motion and noise transmission are governed by
panel stiffness (below resonance region), structural damping and stiff-
ness (resonance region), and surface mass (above region of major
resonances). This is illustrated in Figure 6.1. In general aviation
aireraft, low order panel rescnances occur in the frequency region from
50 to 200 Hz, depending on panel size, material, thickness and boundary
conditions. From Figure 3.2 it can be seen that the major portion of the
interior noise is concentrated in this region and at slightly higher
frequencies. As a result the panel response in and around this
resonance region has a significant influence on interior noise levels

in general aviation aircraft. This behavior is discussed in the follow-

ing sections as well as possible ways of controlling panel response.
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6.2 Radiatrion of Sound from a Finite Plate

The radiation of sound from plates with enforced motiom is treated
in many publications (examples are References 13 and 19), and will,
therefore, not be discussed in detail.

The sound radiated from a plate with enforced oscillatory motion
depends in a complicated manner on (1) the amplitude of the vibration,
(2) the mode shape, and (3) the ratio between the acoustic wavelength
and the separation between nodal lines of a mode shape. When a plate is
excited by a plame acoustiec wave, it will respond with an oscillatory
motion. The mode sha%e'at a certain fréquency will be the sum of the
resonant mode shapes of the panel. The fraction of each of these shapes
contributing to,the total panel deformation is inversely proportional
to the difference between the frequency of the éxcitation and the
frequency of that particular resonance (see Appendix C). This implies
that the main contributors to a deformation shape at a certain frequency
are the nearest resconance modes. The sound power radiated from an
oscillating piston (i.e., a surface all points of which move in-phase and
with the same amplitude) is proportional to the mean-square velocity
of the plate times its area. A plate exhibiting a complicated oscillating
deformation can be considered as a large collection of such piston areas.
Each of these small areas disﬁlaces the surrounding fiuid, and the fluid
motion from each area interacts with that from neighboring areas. As
a result the radiated power is in general not a simple function of the
average panel velocity. The relative phase relations for wvarious areas
of the panel for a particular mode (m = 5, n = 4) are indicated by

Figure 6.2 (from Reference 19). For general aviation type structural
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panels, adjacent subsectioms are separated by much less than half an
acoustic wavelength in the surrounding air.

Example: m= 7, n = 7 mode for .032" thick 18" x 18" dlamped

plate made of 2024-T3 Aluminum: f7,7 = 977 Hz
(Appendix A)

-+ acoustic wavelength: A = 13.5"

separation between nodal lines * 2.5"

Consequently, the air displaced outward by one subsection moves
to occupy the space left by the motion of the adjacent subsections,
without being compressed and very little power is radiated. Only at
the edges of the panel is the "cancellation" not‘quite so effective
(see Figure 6.2). In a similar way, it can be shown that the funda-
mental panel mode will be an efficient sound radiating shape. In
general, higher order modes transmit less sound. As a result, the
transmission of sound zbove the region of major panel resonances is
usually treated as a resonance~free region. Its characteristics are then
comparable with those of an infinite plate. The transmission of sound
through such infinite plates is discussed in section 6.5. Below the
resonance region the transmission of sound is governed by the mean-
square velocity of its oscillatory motion, the shape of which is
virtually identical to the fundamental resonance mode., The transmission
of sound in this region is treated in section 6.3. Section 6.4 presents

the transmission of sound at resonance frequencies.

6.3 Sound Transmission Below Resonance Region

At low frequencies (below the fundamental frequency of the panel),
the noise tramsmission is controlled by panel stiffness and the trans-

mission loss decreases at 6 dB per octave to within the neighborhood of
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panel fundamental frequency (Reference 13). The problem of stiffness
controlled transmission loss of panels has not been completely explored,
but estimating schemes and a few experimental results are known.
Reference 14 gives the following (unproven) tentative relation at a

frequency f1 1/4 (fl 1= panel fundamental frequency):
] ]

45°, mass law) + 10 log s> + 15
(dB)

TL(f1’1/4, Stiffness) = TL(fl,l’
(6.1)
where

s = fraction of surface mass (= mass/area) fully participating

in panel motion at resonance (= .2 case investigated in
Reference 14)
This relation indicates the requirement for high resonance frequencies
to achieve a high transmission loss at a given frequency..

Reference 20 presents the resulits of an experimental study of the
noise attenuation characteristics at low frequencies. It was concluded
that for a given panel surface density, at any frequeney an octave or
more below resonance, the noise reduction will increase with an increase
in the fundamental frequency. The test results showed a trend as pre-
dicted by equation 6.1; however, quantative transmission loss values
were different (on the average 3-5 dB lower). To facilitate prediction
and analysis of test results as well as any extrapolations to account for

structural changes, the following approximate transmission loss

equation has been derived:

w2 -
TL = 20 log =2 + K (@) (6.2)
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Appendix B presents the derivation, assumptions and constraints.
Again, equation 6.2 indicates the strong dependence on the fundamental

plate resonance. To control the stiffness controlled transmission

loss as well as to con£r01 the location of the (low fransmission loss)
resonance region, it is thus extremely important to be able to predict
the resonance frequencies of panels. Realizing this importance, the
KU-FRL noise research team dedicated some of its time to studying the
prediction of resonances and influencing parameters. A compilation of
useful results is presented in Appendix A.

If stiffness control is to be used to reduce low frequency trans-—
mission of characteristic general aviation sound through panels,
resonance frequencies have to be raised substantially. Rigidification
is generally successful only when it is applied to the extent that all
structural resonances are increased beyond the frequency range of major
excitations. This can be achieved by decreasing the panel surface
density (m) and size or increasing the bending stiffness (D). As
fundamental frequencies of aluminum panels (in general aviation air-
craft) are generally between 50 and 150 Hz, D/E should be increased
significantly (for example, by a factor of 20). Such an increase could
be obtained through the use of, for example, stiffeners (or in general:
orthotropic panels), curvature, honeycomb-type constructions, or
different basic plate materials (like filamentary composites). Applying
a pressure differential across a plate also has a stiffening effect. The
derivation of an approximate prediction method that accounts for the
stiffening due to a pressure differential is presented in Appendix C.

It should be mentioned that the amplitudes of resonant vibrations

depend on the structural damping of the system as well as on its

52



stiffness (see section 6.4). As a result, the sound transmission at a
rasonance frequency can also be controlled by changing the plate—
stiffness.

6.4 Sound Transmission in the Region of Panel Resonances

When a simple linear system is excited, the damping and stifiness
are the system characteristics which control the response at its
resonance frequency. When the system is excited randomly, the mean
square value of the displacement is also dependent on the mass of the
system:

Harmonic exeitation:

resonant amplitude = P/2Kg {Reference 13) (6.3)
Random exXcitation:

ﬂPSDP(mr)
r.m.s. value of resonant amplitude = ZMl 2K3/4; (Reference 13)

(6.4)
Note: ¢ = hysteretic damping coefficient

Normally three degrees of damping are specified as follows (Reference 14).

Table 6.1 Damping Categories

Damping Category Approximate Loss Factor n = Zt;H
Low 007
Medium .03
Hipgh .1

The cyelic energy dissipation of séructural materials is frequently very
low. Consequently, panels to which no damping materials have been
applied usually fall into the category "low damping.” For a panel to
have "high damping," it must either be of special construction or it

must be heavily treated with damping treatments or devices. At this
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time a popular method of controlling the resonant panel response is to
addé damping materials to the structure. From equations 6.3 and 6.4 it
can be seen that the most effective materials are those that provide

the highest value of K x ¢ (or: K3/4

¥ T). Since these materials

usually come under the category of plasties, their properties are strong
functions of temperature. An example of this dependency is shown in
Figure 6.3 The material characterized in this graph (LD-400, manufactured
by Lord Mfg. Co.)} is currently being used in many Cessna and Beechcraft
airplanes.

Damping materials added to aircraft panels are in the form of
unconstrained or constrained layers. An unconstrained layer has cne
free surface, and it dissipates energy as it undergoes oscillating
bending strains due to flexural vibrations. A constrained layer is
sandwiched between the basic plate and another stiff layer. The
damping layer dissipates energy by virtue of the shear strain when the
plate vibrates. The optimum damping treatment for a vibrating panel
depends on properties of the damping material, as well as on the basic
plate and excitation characteristics. Equations for the optimization
of the damping treatment (for a special case lige lightweight aircraft
structures) can be found in the literature; for example, Reference 13,

Still another way of reducing resonant amplitudes is to apply a
tuned damper. This vibration absorber consists of a mass and a
resilient element, and it has its own resonant frequency (see Figure 6.4).
By tuning this resomant frequency to the plate’s critical frequency, the
vibration of the pléte at the poiﬁt of absorber attachment Is attenuated.

The level of vibration attenvation of a tuned damper depends on the

tuning accuracy. As the vibration absorption is only effective in a
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narrow frequency band, this tuning is very critical. An advantage

over damping materials 1s the virtual temperature independence, but a
disadvantage is that tuned dampers are not readily availdble commercially
since their characteristics must be tailored to meet specific performance
requirements for each application.

6.5 Sound Transmission in the Mass Controlled Region

Panels of finite dimensions behave approximately like infinite
panels at frequencies above the range containing the lower resonance
modes. Consequently, its sound transmission loss obeys the "mass law"

which can be stated, in approximate form, as:

= o l]_ .
TLygg g = 21+ 20 log g (45°) (dB) (Referemce 1£) (6.5)

where g is the panel surface weight (lb/ftz).
This expression indicates an increase in transmission loss of 6 dB for
each doubling of the suxrface mass, but experiments give an average value
of only 4.4 dB (Referemnce 22). Eguation 6.5 and similar relatiomns
indicate that damping and stiffness properties are of no gié;ificance.
Similarly, it can be proven that the intreoduction of curvature or modifi-
cation into a multilayered panel will have mo influence on the trans-
mission logs (provided the surface mass remains constant}. Such
theoretical predictions have been validated with experimental results
(for example, Reference 20).

At high frequencies, the transmission loss can be improved {zbove
the mass law results) by adding absorptive materials with or without
2 resilient gkin. The absorption of a porous layer is proportional to
its thickness (for given material properties). At high frequencies

shear losses due to viscous effects occur when the vibrating air enters

and passes through the porous material. To achieve an appreciable
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absorption at frequencies as low as 500 Hz, layers of 4 to 5 inches
thick are generally required. By adding an impermeable membrane to the
porous layer, the transmission loss in the lower frequency region can
be improved. It is in this group of absorptive materials that many
improvements have been reported (based on information found in product

brochures).
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CHAPTER 7

KU-FRL PANEL SOUND TRANSMISSION LOSS TEST FACILITY

This chapter will briefly describe the design and construction of
the XU-FRL plane wave tube. The properties and limitations of this
acoustic test facility will be discussed, and test and data reduction
procedures will be recommended to assure reliable and reproducible
results. Some preliminary test data will be presented and compared with
desired results. Finally, future additions to the facility that are
necessary teo comply with the research requivements will be discussed.
7.1 History

Early in the fall of 1976, conversations with general aviation
industry indicated a definite interest in laboratory testing of bare and
treated aircraft structures. At the same time, NASA LaRC expressed an
interest in this research and concurred to provide initial funding
necessary to conduct such a program. A study of possibilities for
laboratory testing of panels and sound proofing materials was then
initiated. During a preliminary design stage which lasted through
December 1976, financial implications and research objectives were

"evaluated. This study resulted in the decision to use a plane wave tube,
if such a program would be funded by NASA. An interior noise research
proposal, submitted to NASA LaRC in December 1976, suggested the use of
such a facility for the experimental investigation of sound transmission
through aircraft structures. Though the proposed research program was
not funded, NASA LaRC confirmed its interest in the proposed laboratory
testing project. Consequently, in early 1977, construction drawings
were prepared, and a new noise research proposal emphasizing the use of

a plane wave tube was submitted to NASA in March 1977. 1Imn this proposal
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the suggested research starting date was April 15, 1977. At the time of
the submittral, the likelihood of funding for such a program was con-
sidered to be high. Consequently, construction work was initiated in
Mareh 1977 to attempt to reduce time needed for amd problems normally
encountered during the initial phase of a research program. After

three months (on June 15, 1977), the construction of the basic plane wave
tube was completed. Because of some unexpected construction problems,
this completion was approximately one month after the anticipated date.
At the same time, however, the starting date of the (approved) project
was shifted to May 1, 1977, and the duration was extended from ten to
twelve months by NASA. After the construction, one month was dedicated
to familiarization with the test facility, equipment and to calibratiom

of the tube and determination of its properties. On July 15, 1977, the

testing phase of the project was started. Concurrently, some refinements
were made on test and data reduction procedures. At the time of this
writing, the basic research facility is fully operational. Also, the
design of special test sections required to comply with some of the

research requirements has been initiated.

7.2 Deseription

The KU-FRL test facility for measurement of sound transmission
through panels is described in detail in Reference 23. Comnsequently,
this section will present a brief description only. A sketch of the
test facility is showm in Figure 7.1 and a photograph in Figure 7.2.
The panel to be tested is mounted between two chambers (A and B in
Figure 7.1). The source chamber, consisting of a massive brick wall,
conerete collar and steel box, contains nine evenly distributed loud-

speakers. This chamber can be considered as a speaker box. Its purpose
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is to (rigidly) support the speakers and to avoid radiation of sound to
the rear and side. It contains sound absorbing materials to minimize
standing waves that can induce undesired speaker sound radiation
characteristics. The panel under test is separated from the front side
of the speaker baffle by a small distance. This is to shift possible
standing waves between the baffle and test specimen to high frequencies.
To reduce the effect of standing waves in this space parallel to the
panel and speakerlbaffle (disturbing the desired uniform excitation of
the surface of the panel), sound absorbing material almost fills

this space. The receiving chamber (B in Figure 7.1) is a termination
which absorbs almost all of the sound passing through the panel. It
significantly improves the noise environment in which research persommel
have to work, and at the same time, it Influences the transmission of
sound through the panel in the same way as an infinite space of =air.

To facilitate the installation of test specimens (between this termina-
tion and the speaker box), it is mounted on wheels and rests on a steel
table.

The noige generating system ané the equip?ent needed for measuring
and analyzing the transmissioﬁ of sound through a panel are depicted in
Figures 7.3 and 7.4. The loudspeakers will normally be driven by the
output of a white noise generator, amplified by 2 common power amplifier.
In some cases, the white noise generator will be replaced by-a pure tone
generator or a tape recorder with recordings of in-flight boundary layer

pressure fluctuations. An equalizer is included in this noise generating

system to obtain a flat noise spectrum (given a flat noise generator

spectrum).
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The noise measuring system consists of two microphones located at
both sides of the panels under test. The output sgignal of each of these
microphones is fed into a real time analyzer. An X-Y recoxder is used
to plot the two analyzed microphone signals. WNext, these curves are
read into a computer (with curve digitizing capabilities) which subtracts
the two microphone signals, applies all necessary corrections and plots
the final test results.

The testing capabilities of this basic test arrangement have been
{and will be further) extended for measurements under nonstandard
conditions. One extended capability which can already be implemented
is testing with a (static) pressure differential across the test specimen.
Other extensions not yet finalized will be discussed in section 7.6.

7.3 Properties and Limitations

The purpose of this section is to indicate some of the properties
and limitations of the KU-FRL method of measuring the transmission of
sound through panels. One important difference between this and other
existing test procedures is the type of excitation that is being used.
In the KU-FRL plane wave tube, nine identical loudspeake¥s-érovide a
fluctuating sound pressure field which is theoretically uniform and
in-phase over the surface of the panel. Many acoustic test facilities
utilize two reverberation rooms between which the specimen is mounted.
In these facilities, randomly incident noise is applied over the surface
of the panel, resulting in a statistically uniform excitation. However,
there are several other test practices (for example, using a reverberant
source room and an anechoic termination). All these methods yield a

different kind of panel noise reduction. The transmission loss (TL) of

the panel, as defined in subsection 7.3.2, can be obtained in all these
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cases by correcting for room effects and by selecting the right micro-
phone locations. However, there can still be a difference between the
results due to the different types of excitation that are being used.
The properties of the KU-FRL plane wave tube will be described in the
following subsections. A discussion of differences between this and
other test methods due to differences in excitation will be included.
Also presented will be some properties of the KU-FRL facility that make
testing under nonstandard conditions possible.

7.3.1 Plane Sound Waves Versus Other Types of Excitation

In the case of a plane wave tube, the direction of propagation of
sound waveg is normal to the panel surface and the pressures ara thus,
theoretically, in-phase over the panel. The reverberant chamber provides
randomly incident noise which is (theoretically) uniform over the panel.
To account for such differences, the excitation field can be character-
ized by space-time correlation coefficients (Rlz(xi’ %55 T)})%. The space-
-time correlation coefficient of the sound pressure, giving a measure of
the phase relationship of the pressures over the panel surface, is
important in determining which types of modes of vibration will be
excited.

The greatly simplified governing differential equation of undamped

motion of plates can be expressed by (Reference 24}:

2
ovivin(x, v, ©) = p (x, 3, £) - BT B) (7.2)

ot

. +T
lim 1
* = im -
RlZ(xl’ %o T) = °>2T_£ Fl(xl, t)FZ(XZ’ t 4+ 1)dt (Ref. 13) (7.1)

»

where: ¥, and F, are the sound pressures at two points

%y and X, in an acoustic field.
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The dynamic parameters of this system are shown in Figure A.1 of
Appendix A. The particular solution of this equation is associated with
the panel excitations and has been evaluated for many loading conditions
(Reference 24). Tor example, using a Fourier analysis it can be proven
quite simply that in the case of a uniform harmonic pressure, even order
vibration modes cannot be excited. Since generation of such an acoustice
excitation in a2 plane wave tube is attempted, these modes are not
expected to show up in the KU~FRL test results.

If the excitations vary randomly with time (as in the reverberation
room methods), a Power Spectral Density analysis can explain the nature
of the panel responses. Since the PSD of the panel response equals the
PSD of the random excitations divided by the square of the amplitude
ratio of the transfer function, most of the energy of vibration will be
concentrated in the narrow frequency bands around (all) the resonances
of the panel.

It can thus.be concluded that the type of excitation can have a
significant iqfluence on the behavior of the plate. Consequently, an
accurate reproduction of the actual noise enviromment in an acoustic test
appears desirable, but it is normally found that such accuracy cannot
be obtained. This is not just a result of the lack of sufficient informa-
tion with respect to actual in-flight pressure correlation coefficients,
but even more of the practical problems encountered when trying to
reproduce such an excitation field.

Just like reverberation test methods, the KU-FRL plane wave tube
generates its own characteristic excitations which are not identdical
with the actual aircraft environment. Considering the objectives of the

KU-FRL noise research project (to study the effect of flight conditioms,
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structural changes and sound proofing treatments on the transmission of
sound through panels), the difference between actual and laboratory
excitations is not important. However, data cobtained in the laboratory
test facility will not be didentical to those obtained in flight.

7.3.2 KU-PRL Test Procedure Versus ASTM Recommended Practice

A test procedure for measurement of sound transmission loss of
materials is specified by and described in ASTM Standard E-80-70,
"Standard Recommended Practice for Laboratory Measurement of Airborne
Sound Transmission Loss of Building Partitions." To measure the trans-—
mission loss of a specimen it is mounted in the commecting opening
between two reverberation rcooms. Care is taken to assure that the only
sound path between the two rooms is through the specimen. The rooms
should be large enough to support a diffuse sound field at the lower
frequenciss. This requirement ig expressed through the relationr
V>4x xs. This means that the volumes should be at least 45,000 ft3
to maintain such a field at frequencies as low as 50 Hz.  To avoid the
possibility that the method of clamping the boundaries of the specimen
will effect the transmission loss (TL) measurements the minimum dimensions
of the specimen should be at least 8 ft. by 8 ft. This transmission loss

is defined as follows:

I,
TL = 10 log % = 10 log E—EEE- (dB) (7.3)
trans
Itra
where T = -Tf—EE is the transmission coefficient, that is, the ratio of
inc '

the transmitted intensity (I ) to the incident intensitcy (Iinc). In

trans
a test procedure utilizing reverberation rooms, the transmission loss is

computed from the relatiomship:
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TL = NR + 10 log S — 10 log A (dB) (7.4)

where
S = area of the panel (mz) H
A = total absorptionm in receiving room = aS (m?)
o = absorption coefficient
HR = SPLS - SPLR (dB) (7.5)

Equation 7.4 is used because the noise reduction (WR) is dependent on
the total absorption in the receiving room. If noise comes through the
plate and bounces around in the receiving room, the level is not what
it would be if a free field existed on the receiving side.

The application of the ASTM ﬁ;;tdﬁrOCe&ure has certain implications
with regard to the test results. The use of a diffuse sound field can
result in a different panel behavior than the use of plane waves (see
subsection 7.3.1). The room volumes required for low frequency measure-
ments are enormous, and due to financial constraints, not_possible in a
KU-FRL noise research project. However, the use of well-chosen absorptive
materials in a plane wave tube can result in a highly effectiwve anechoic
termination (as opposed to a reverberant receiving room). The use of
an effective anechoic termination implies that a free field condition is
simulated on the source side. As a result of the large volume of loosely

packed absorptive materials and wedges right behind the test specimen,

the following relationship can be used for computing transmigsion loss:
TL = NR + K (dB) (7.6)

The correction factor K in Equation 7.6 is not a result of receiving space

effects. It is necessary to account for the presence of both incident
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and reflected sound at the location of the source microphone. If it is
assumed that all the incident sound energy is either transmitted or
reflected by the panel, the pressure increase due to reflection may be

calcualted. The result will be:

~
I

20 logf{l0 - NR (dB) (7.7)

There are important differences between the ASTM test procedure and
the KU-FRL method. The large panel size, recommended by ASTM, wiill in
all practical cases eliminate the effects of panel resonances on the
transmission loss characteristics. Using smaller (18" x 18") size
panels, as in the KU-FRL tube, facilitates studies in this extremely
important frequency region.

In an ASTM-type procedure, the output signals of several microphones
are commutated. The averaged results are used to compute the transmission
loss. In the KU-FRL test facility, the use of one microphone situated
close to both source and receiving side of rhe test panel will, at low
frequencies (below approximately 2000 Hz), result in position dependent
transmission loss characteristics. The reason for this is that the
microphone iz in the near field of the specimen.at large sound wave-
lengths (A > 6 in).

Another difference between the KU-FRL facility and other existing
tast facilities is the possibility of testing in the plane wave tube
under nonstandard conditions. These conditions include variations of
angle of sound incidence and pressure differentials across the specimen.
In addition, curved panels and specimens with initial membrane stresses

will be included in the intended test series.
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7.4 Comparison of Desired and Measured Properties

The properties that are desired of a plane wave tube can be
summarized as follows: (1) a uniform sound pressure over the panel
surface, (2) the capability of reproducing the frequency spectrum of
actual in-flight panel excitationms, (3) a receiving chamber with acoustic
properties identical to those of free air, and (4) measured panel sound
transmission characteristics equal to predicted results at frequencies
above the region of major panel resonances. The third requirement
(regarding acoustic properties of the termination) is necessary to meet
the fourth requirement (regarding the similarity between measured and

predicfed results) if the receiver microphone is placed at the right

location. From Figure 7.5 it can be seen that the fourth requirement has
virtually been met. The measured transmission loss curve of this panel
is slightly higher than the mass law above approximately 1530 Hz. This
does not necessarily mean that the acoustie properties of the termination
are identical to those of free air. To confirm this, the transmission
loss of two specimens were measured both with and without the termination
installed. From the preliminary results, it can be concluded that the
termination raises the transmission loss of panels by approximately 3 4B
(in the frequency region that could be measured). More extensive tests
will be carried out in the near future. The excursions of the trans-
mission loss curve around the mass law, as shown in Figure 7.5, are not
completely due to anomalies of the test facility. The peaks and valleys
occurring in these curves correspond to the rescnance modes of the panel
under test. Figure 7.6 shows an example of a transmigsion loss curve
exhibiting significant excursions. It is also indicated to which cal-

culated resonance modes these extremes correspond. As expected in a
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perfect plane wave tube, only the odd order modes (1-1, 1-3, 3-3, etc.)
result in a dip of the transmission loss curve below the mass law. The
uniformity of the excitations in the KU-FRL facility seeﬁs te be con-
firmed by the lack of extremes at even-odd modes (1-2, 1-4, 3-2, etc.).
However, the even order modes (2-2,4-4, ete.) show up as peaks. A
complete explanation for this phenomenon has not been found yet, but it
is likely that it is caused by a not completely uniform excitation.

The reproducibility of measured pressure fluctuations can be judged
from Figure 7.7. Shown are the flat spectrum of the noise generator
and the spectra of sound radiated by the speakers both with and without
the use of the equalizer. It can be concluded that the equalizer
significantly improves the reproduction of the measured spectrum, even
though the spectrum of the radiated sound is not identical to the input
spectrum.

7.5 Recommended Use of the Test Facility

This section will recommend some procedﬁres that can-facilitate
testing and data reduction, prevent damaging equipment and assure
reproducibility of reliable results. These recommendations are based on
equipment manusals, conversations with manufacturers of equipment, trials
and errors. They are believed to be necessary. The procedures presented
are sufficient to cover the type of research being conducted at the time
of writing this project report. Any other research will require the
design of additional procedures.

Procedures for using the test facility can be divided into calibra-
tion and test procedures. Following the recommended calibration steps
is the first requirement for obtaining accurate and reliable test results.

These steps are presented in Appendix D. It is estimated that the time
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required for this daily procedure is approximately half an hour. It
should be emphasized that the section about the frequency adjustement
of the X-Y plotter is extremely important. Any deviation from the
recommended procedure will result in less acceptable accuracies.

Procedures for testing without a pressure differemtial across the
specimen are also presented in Appendix D. There are different pro-
cedures for testing with white noise, pure tones or actual aircraft
excitations. The differences are a result of the different pieces of
equipment being used. When applying white noise, the linear averaging
mode of the real time analyzer should be used. The nunber of samples
recommended is a tradeoff between accuracy (within .5 dB) and time
required for a test (which depends on the frequency range that is being
analyzed). When applying pure tone excitations, the peak averaging
mode should be used. The sweep rates specified in Appendix D will result
in an optimum combination of accuracy and time required for testing.
When applying recorded signals (for procedures see Appendix D), it is
very important to reproduce the signal exactly. Optimum equalizer
settings for this type of testing are not presented in this report, as
the capshbilities of the equalizer will be expanded.

The HP-9825A progran manual presenéed in Appendix D takes care
of the complete data reduction. It will subtract the signal of the
receiver microphone from the source noise spectrum and apply any
necessary corrections. The number of points on the measured spectra that
are analyzed by the computer (200) has been chosen to minimize the data
reduction time and at the same time, to maximize the accuracy of the
results. In the future the program will be expanded to compute and plot

pertinent theoretical predictions.
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Following the procedures recommended in Appendix D will not auto-
matically result in a flawless completion of the research program. To
prevent any mistakes or delays, an orderly bookkeeping system appears to
be crucial, as many specimens will be tested and analyzed. From previous
experience, it was found that the following system worked satisfactorily
(i.e., it is not overly complicated):

1. Every (new) specimen was numbered.

2. Specimen number and specifications were written down on the

specimen log sheet (an example is shown in Appendix D).

3. After testing a specimen, gpecimen number, the date and a brief
description of the panel and all test conditions were specified
on the test log sheet. (Appendix D includes an example.)

4. It is recommended to test sets of approximately ten speciﬁens,
and to keep test results and a copy of the test log together.
The original of the test log will be stored separately.

5., It is also recommended to store the digitized panel transmission
loss curves on (HP-9825A) computer tape for any additional
plotting or comparisons with other results. The location of
storage on the tape should be specified on the test log sheet.

It is expected that the adaption of all the procedures discussed
above will minimize any unexpected or undesired results.

7.6 TFuture Expansions

At the time of writing this report, the basic test facility,
including the depressurizing system, is completed and operational.
Consequently, flat panels can be tested at an angle perpendicular to the
direction of sound incidence, with and without a static pressura

differential across them. The capabilities of this faciliity will be
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expanded to allow for the testing of curved and slanted specimens, and
panels with static in-plane stresses.

To allow for the testing of panels at wvarious angles to the direction
of sound propagation, test sections will be constructed that will be
placed between the two existing sectijons (i.e., speaker enclosure and
termination). These sections will be constructed so as to allow for
testing of curved as well as flat panels. At the time of this writing,
the sections are in the degign stage. It is expected that the construc—
tion can be stérted in early September and finalized in early October. A
conceptual design of such a special section is shown in Figure 7.8.

A special frame will be comnstructed to induce in-plane stresses
in the test specimens. The design of this frame will be started after

the completion of the sectiomns for curved and slanted panels. An

example of what this frame may look like is shown in Figure 7.9
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Curved Specimen
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Figure 7.8, Conceptual Design of a Section for
Testing of Curved Panels.

Note: Frame and_panel will
be placed between
speaker box and
termination.

— - Test Specimen

—— Hyd;gulic Cylinder

Figure 7.9, Conceptual Degign of a Frame for
Applying In-plane Forces to Panels.
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CHAPTER 8

TEST SPECIMENS AND CONDITIONS

In the March 1977 proposal to NASA (Reference 2} a preliminary
list was presented of test specimens and test conditiomns. Since then,
some revisions have been made and these are included in Table 8.1. This
table is a result of -the cbjective to vary parameters describing specimens
and conditions systematically and to provide functional relationships
between these variables and the behavior of panels. The frame within
which parameters can be changed will cover the complete range of condi-
tions and specimens currently present in the area of gemeral aviation
and possibly present in the future. Consequently, specimens will ineclude
aluminum sheet from the fuselage sidewalls and doors, steel sheet from
the fire wall and plexiglass from the windows. In addition, panels of
fiberglass sheet and composite sandwich materials will also he examined
since these types of materials are finding increased usage in aircraft.

A number of materials will be treated with stiffeners and sound proofing
material and retested to study the sound transmission loss characteristics
of the combinations.

The aluminum, steel, honeycomb, and plexiglass materials are being
supplied by the general aviation manufacturers at no cost to the project.
At the present time, two manufacturers have submitted materials including
many thicknesses and stiffening patterns. These materials are listed in
Table 8.2. Two other aviation manufacturers have been contacted about
providing additional specimens, including fibrous composites.

The sound proofing materials that will be applied to the test
panels are being supplied by commercial vendors, again at no cost to the

project. A list of vendors was obtained from Reference 25. These
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anels and Materials to be Tested
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Honeycomb Panels

Typical Fire Wall Panels
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Table 8.2 Aircraft-type Base Materials
Received by August 1977

Company

Cessna Aircraft Co. .016"
.020"
.025"
.032"
040"
.025"
.025?
.032"
.032"
.032"
.032"
016"
.020"

.032"

Test Specimen

Aluminum Sheet

Aluminum Sheet

Aluminum Sheet

Aluminum Sheet

Aluminum Sheet

Stiffened Aluminum Sheet
Stiffened Aluminum Sheet

Al Sheet w/full coverage LD400%
Al Sheet w/18" x 18" LD40O

Al Sheet w/14.2" x 14,2" 1LD400
Al Sheet w/3" edge of LD400
Steel (19" x 20™)

Steel

Steel

1/8" Plexiglass

3/16"

Plexiglass

1/4" Plexiglass

Grumman American
Aviation Corp. -~
P. 0. Box 2205

Savannah, Georgia 31402 Honeycomb panels

*#LD400 is a vibration damping material supplied by Lord Corporation

and used on most Cessna Aircraft.
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manufacturers were contacted with requests for materials suitable for
aircraft use. An example of the letter(s) used, is presented in Appendix
E. The manufacturers that have submitted samples to date are listed

in Table 8.3. All materials and treatments received are suitable for
"flat~panel” tests with an angle of sound incidence of 90° relative to
the surface of the specimens. For testing of slanted and curved panels,
additional materials need to be obtained.

The order in which specimens will be tested depends on the available
capabilities of the test facility. At the time of this writing, flat
specimens can and will be tested at an angle of sound incidence of 90°.
The test conditions will include the presence of a pressure differential
across the panels. Testing of curved and slanted panels is expected to
start in the end of October, after the construction and calibration of
the necessary test sections has been completed. Testing of panels with
in~plane stresses will be initiated as scoon as the construction of the

frame required for applying the necessary forces is completed.
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Table 8.3 Acoustic Treatment Materials
Received by August 1977

Company Test Specimen
Carney & Assoc., Inc. Fiberglass — 1" thick

P. 0. Box.-1237
Mankato, Minn. 56001

Chemprene, Inc. Foam -~ 1/4" thick with backing
Div. of the Richardson Co.

570 Fishkill Ave.

Beacon, N.Y. 12508

Foamade Industries Foam — 1" thick (2 & 4 lb/ft.3)
1220 Morse Street
Royal Oak,- Michigan 48068

Forty-Eight Insulations, Inec. Fiberglass - 1" thick (8, 6, &

Aurora, Illinois 60504 3.5 1b/ft3)

Insui-Coustic Corp. Visco-elastic paste used to bond
Jernee Mill Rd. secondary damping panel to primary
Sayreville, N. J. 08872 sheet

Singer Partitions, Inc. Visco-elastic paste

444 North Lake Shore Drive
Chicago, Illinois 60611

Specialty Composites Corp. 1) Antiphon - lBTM vibration
Delaware Industrial Park damping pads

Newark, Delaware 19711
2) Antiphon - 13/foam sandwich

; 3) High density foam pads
4) Multi-density foam sandwich

5} '"Deadened Steel" (steel sheet
sandwich with visco-elastic

core
Duracate Corp. Migecellaneous foam and plastic
350 North Diamond St. samples

Ravemnna, Ohioc 44266
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

The interior noise state-of-the-art in general aviation aircraft is
a topic of concern. This has been explained in Chapter 3 with a
comparison of typical in-cabin noise levels with several criteria., Con-
sidering the support of NASA and general aviation industry to the pro-
jeect, this conclusion has been verified.

The in-cabin noise levels are affected by the characteristics of
the noise sources, transmission paths and receiving space {(cabin). In

{
Chapters 4 and 5 an attempt has been made to prove that every one of
these factors can have a significant influence on the inte;ior acoustic
environment. Of these, the contrel of the transmission of sound is
generally considered as a potentially effective and possibly efficient
means of improving the exposure of passengers to noise. That this
opinion is shared by both NASA and general aviation industry may be
deduced from their willingness to help the project.

Realizing the importance of the control of transmission of sound,
the KU-FRL noise research team has engaged in a research program
focusing on this phenomenon. The project objectives necessitate
theoretical as well as experimental work. The combination of both
approaches will yield results that can augment NASA's goal to investi-
gate structural transmigsion phenomena and prediction. By focusing
the research on materials and structures that are potentially ,
applicable in ldight aircraft, the results can also be of direct use

to general aviation industry.
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The resulting support provided by NASA and industry is sufficient
to achieve the project goals, outlined in Reference 2, but insufficient
to allow for any excursions. Consequently, attention needs to be paid
to the financial management of the project., At this writing, barring
any unforeseen events, it is anticipated that the project goals will
be met within the financial limits {(Chapter 2).

In addition to financial constraints, time limitations have a
definite influence on project planning. At this writing the actual
research progress has kept up with the projections required to meet
the project deadline. It is expected that this trend will continue,
as (1) a competent research team will succeed the current research
personnel, and (2) the time consuming preparation phase is in its final
stage (Chapter 2).

The achievements to date include the completion of a test facility
(described in Chapter 7) and a basis for the development of theoretical
analysis procedures (Chapter 6). Preliminary research has indicated
that (1) this theoretical basis is well understood, and (2) this test

facility yields comparable results. Differences between test conditions

in the KU-FRL plane Wave-tube, ASTM~type reverberan£ facilities and
actual flight conditions are indicated in Table 9.1.

Thus, based on the state-of-the-art of the KU-FRL noise research
project, it is expected that the project goals will be met.

9.2 Recommendations

9,2.1 General Project Activities

Testing of f£lat specimens at an angle of ninety degrees relative
to the direction of sound incidence should comntinue through 1977.

Concurrently, pertinent sound transmission phenomena should be investigated
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iable 9.1 Comparison of Test Environments

with Actual Flight Conditions.

KU/FRL

ASTM

ATRCRAFT

Direction of
sound propagation
Excitation spectrum

Frequency range

Specimen size

Recelver location

Test variables

one (predetermined)
angle at a time

any

20-5000 H=z
{narrow band)

18" x 18"

near field (9')
{1 position)

pressurization

source characteristics

angle of sound inci-
dence

initially stressed

rapdom

any (but sta-
tionary)

1254000 Hz
(1/3 octave bands)

8' x 8!

far field
(geveral positions)

probably random with
one predominant angle

positicn and flight
condition dependent

~50~-2000 Hz
(narrow band)

[~ 8I| x BII
near fleld

pressurization

source characteristics

angle of sound incai-
dence

initially stressed

flow of air

temperature




theoretically. Specifically, the effects of the following parameters

should be studied during this period of time:

- Testing and analysis of the influence of pressurization on the
transmission of sound through panels should be finalized.

- Analysis of the effect of stiffeners on the transmission loss of
a panel should be continued, and more stiffened specimens should
be used to experimentally validate theoretical results.

- It is recommended to measure sound at different locations on the
receiving side of the panel to evaluate the current microphone
location and results.

-~ The effect of specimen dimensions and edge conditions should be
experimentally evaluated by measuring a) the transmission loss
of a small panel positioned over a hole in a massive steel plate
which is clamped in the test facility as a normal (18" x 18")
specimen, and b) the transmission loss of a (similarly sized)
subpanel of a stiffened specimen, the other subpanels of which
are treated to obtainm a high transmission loss.

~ It is advised to continue testing and analysis of specimens
treated with sound proofing materials. Included in the collection
of treatments should be tuned dampers, and damping and absorptive
materials. The transmission loss of panels made of fibrous
composites and of double walled configurations should also be
studied.

- The increase in sound transmission of a panel Aue to the presence
of holes should be measured.

All flat specimens have been acquired, except for some panels made

of fibrous and honeycomb materials. It should be attempted to obtain
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these at no cost to the project. The collection of sound proofing
materials is considerable but not inexhaustive. Care should be taken
not to run out of these materials. Items that have not been acquired
yet are tuned dampers. Commercial vendors manufacturing these should
be contacted. After completion of the special test sections, the
transmission loss of curved and slanted specimens will be measured.
Completion of the construction and calibration of these sectioms is
expected by the end of October, 1977, Concurrently with the testing
of curved and slanted panels (which will possibly be continued through
early spring, 1978), attention should be paid to the evaluation or
development of theoretical predicfion procedures, It is recommended
to order specimens early, as a considerable period of lead time may
be required.

Before any testing, attention should be paid to the clamping of
the specimen. It has been found that high and uniform c¢lamping forces
along the panel edges are mandatory if reliable results are to be
obtained. A tool recommended for this purpose is a torque-wrench.

When testing with a static pressure differential across a specimen,
care should also be taken not to over-pressurize, as it has been found
that permanent pa1_1el deformations can result.

Before the testing of curved and slanted specimens is started, it
is recommended to repeat some measurements on panels positioned in the
special test sections at an angle of ninety degrees relative to the
direction of sound incidence. By comparing the results with previous
data, any changes in the acoustic properties of the facility due to
the presence of the additional section may be detected. The uniformity

of the excitation field in the sections should be verified by measuring

89



sound levels at different locations relative to the surface of the
specimen.

A frame will be, congtructed te apply in-plane forces to specimens.
For financial reasons, it appears that a device will be constructed
capable of inducing a uni-axial stress state only. However, the
possibilities of constructing a low cost frame that is able to handle
bi-axial stress states should be explored. Completion of the final
frame is expected near the end of 1977. Consequently, measurement
and analysis of sound transmission through initially stressed specimens
cound be dome during the early spring of 1978.

To maximize the time available for any theoretical work, it is
recommended to develop a computer program that will take care of time
consuming analysis work that should be repeated for every specimen.
This program should be developed in the fall of 1977.

Finally, some time should be dedicated to the preparation of
additional or follow-up research work. At this writing, it is believed
that the noise research areas listed below may need atftention.

1. Preliminary acoustic tests with pressure differentials

across the surface of specimens have indicated that a small
over-pressure inside a cabin may result in a significant
interior noise reduction. Verification of these laboratory
results in-flight appears desirable.

2. The influence on the interior noise of every single panel in
the structure of the fuselage depends on the location of the
panel. It seems worthwhile to determine the importance of
every panel by consecutively exciting single panels while

measuring the distribution of sound inside the cabin.
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3. In flight, there are differences between the excitations of
the fuselage panels. These differences may be determined by
measuring mode shapes and accelerations of single panels.

4, It is possible that engine vibrations have a significant
influence on in-cabin noise levels (see Chapter 4). To
verify this it is necessary to measure the fluctuating forces
transmitted through the engine mountings in klight.

9.2.2 Theoretical Activities

In Appendices B and C theoretical procedures are presented to
analyze the effects of stiffness and pressurization on the transmission
of sound through panels. In the future part of the on~going noise
research project, other parameters that could influence the acoustic
panel behavior will be tested extensively but should also be analyzed
theoretically. It is recommended to focus this theoretical work on the

vibrational characteristics of panels, as these can be directly related

to its sound transmission (except in cases where sound absorption
occurs). The influence of many parameters on the static and dynamic
deflections of panels has been discussed in numerous publications.

The following is a summary of theoretical considerations and publications
recommended for the analysis of pertinent phenomena.

Effect of (base) material properties. The influence of the

properties of the (base) panel on its vibrations can be determined

from Equation 7.2. The flexural rigidity primarily affects the stiffness
controlled oscillations while panel mass affects the mass controlled
vibrations. Equations like 6.2 and 6.5 may be used to evaluate base
materials, including stiffened and honeycowb panels, When analyzing

the transmission of sound through stiffened panels, discussions of the

91



effects of non-rigid stiffeners and sub-panel resonances may be useful
(References 19 and 24). The effect of material damping properties

on the transmission of sound should be determined experimentally in the
KU-FRIL. facility by observing resonant transmission loss amplitudes. Due
to the complexity of equations of damped panel motion, it is not recom—
mended to attempt to derive basic material damping properties (e.g. loss
factor) from sound or plate deflection measurements.

Effect of damping treatments. Explanations of the effect of

damping treatments on the total damping of a panel (e.g. laminates
containing a viscoelastic layer) are presented in References 3, 13,
19, and 22. These publications give design procedures to optimize

the treatment for a given panel and damping material properties.

It is advised to use these methods for evaluating treatments presently
used in general aviation aircraft.

Influence of absorptive materials. It is intended to measure

the sound transmission loss of panels treated with absorptive blankets.
Detailed theoretical discussions as presented in References 19 and 26
may be helpful for optimization of this type of treatments.

Effect of panel curvature. The effect of curvature on (finite)

panel-vibrations can be derived from the governing differentisl equations
of motion as presentad in Reference 24. A helpful discussion on the
influence of curvature on the effective panel rigidity and stiffpess
controlled transmission loss can be found in Reference 20. Reference 27
gives a useful discussion on the sound transmissivity of infinite

curved shells,

Influence of in-plane stresses. To aralyze the effect of in-plane

stresses on the sound transmission loss of panels, a theorstical approach
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similar to the one presented in Appendix C (for the influence of
pressurizaticn) may be useful,

Effect of angle of sound incidence. The decrease in transmission

loss of infinite plates due to a decrease in the angle of sound incidence
is discussed in References 13 and 19. The vibrational behavior of

finite panels may best be analyzed by solving the governing differential
equation of panel motion (Equation 7.2) for the appropriate loading
conditions.

Effect of holes and slits in the panel. When attempting to

analyze the transmissicn of sound through a hole, discussions on the
effects of changes in the cross—sectional areas of pipes may be useful

(Reference 19). The total transmission loss of non-homogeneous panels

can be derived from equations as presented in References 13 and 19.
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APPENDIX A

PREDICTION OF THE FLEXURAL RIGIDITY

AND RESONANCES OF A PANEL

The resonance frequencies of plates can be computed by solving
the governing differential equations of motion. The equatiomn showm

below is based on the dynamic equilibrium principle (Reference A.l1}:

2.2 - 3%w(x,y,t)
DYV (G, y,t) = p (x,7,t) - m g (a.1)

3t

The dynamic parameters of this system are shown in Figure A.l.

N - X

Z,w
Figure A.1 Dynamic Parameters of a Vibrating Plate.

Equation A.1 describes the undamped motion of plates. Damping effects
are not included, because they have usually little or no effect on the
natural frequencies (Reference A.1). To find the undamped natural
frequencies, the homogeneous differential equation (i.e. P, = 0) needs
to be solved. This solution depends on the boundary conditions,
References A.l and A.2 present soluticns for many different cases (note:
also derived from energy methods). Some of the results, that are use-
ful for the KU-FRL noise research team, are presenfed in Table A-1.

Equations for the calculation of the flexural rigidity (D) are presented

in Table A.2.
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Summary of Methods to Compute Resonance
Frequencies of Rectangular Panels

rigidities) see Table A.2,

Table A.1l
Note: 1.

2. p =
1) Isotropic Panels

mass density per unit area.

for definition and calculation of D, Dx’ s+ + + (flexural

Configuration and
Boundary Conditions

Equations and Constants

Notes

=X 2 m? n2 D
[ IS E s S w =% l—+— 4-— First mode is w..3
i : mn 2" 2J¥0 11
I i a b second w.,, etc.
o, 12
| 1
i ___________ j | mmn =1,2,3, . . . From Ref. A.l.
- a I —
;Y —
)\.. PR
TN =_5+13 i=1,2.3, ...
i b2 ) represents lst, 2ad,
3rd, etc. modes.
. .
2 Lo b2t A Ay A From Ref. A.l.
1.00| 36.0 | 73.8 {109.0
4 1.50| 27.0{ 67.6 | 81.6
’ 2.00} 24.5}65.4 } 72,7
¥ ) 3.00{ 23.2 | 64.0 | 67.0
<1
A/nT = wazlﬂZGJp/D)
e e i‘uc'- S
B, nosed
. 4 ) J'(_...-n--..- ‘/
EXXXERXZXEZEA o ; -
D - :
; Y Modes_symmetric about
Ly~ » 80 : both x- and y- axes
I 1612 2
b X
f o2 sol From Ref. A.2.
A -
I le i aIZ 2‘00“..‘...;.;"“"“CL;.J““;.S od:] 10
- r o/t
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Table A.Ll {Continued)
Configuration and
Boundary Conditions Equations and Constants Notes _
A o= waz/'n'z( D/D)
00
. Modes antisymmetric
+ : about x = 0 and sym~
1#0 metric about y = 0.
100 From Ref. A.2,
&ooouulﬂsz ....... 6 ‘; ....... =L = A
-~ I e . “
" . -
e P .
- :
4 ] 7{ Modes symmetric about
?wm/////////////: Ko 1 e x = 0 and antisymmetric
; o1 / . about y = O.
7 2 A . .
7 Qo Z x{ T .
. é bi2 e ’ . From Ref. A.2.
s e
a2 af2 - - It S ’
) e ere iR - -~
Y T ' z’co 02 o4 Q6 o8 K0
P . o .
- _%jn_ =
A
210 ‘ i A
7160 ¥ Modes antisymmetric
x? - Ky about both x- and y-
nol— axes.
T et B e © | From Ref. A.2.
g - 8057 02_- 04. 06 . 08, -10 _
g an:”
maz‘\!p/D
Mean Value Max, Error % Mode Symmetry
36.0384 0.19 .l.Symmetric about both
;j/{////////////// > X 132.38 0.63 % and ¥y
aq A 132.9 0.87
g % 224.5 2.98
7 :/// a 73.790 0.59 J.Symmetric about x, anti-
Y 7 167.89 2.13 symmetric about ¥y
7 /
;’ 2 213.00 1.43
HZ7777 5 77T 109.027 0.84 J.Antisymmetric about both
1 244,021 0.87 x and y
Y 246.552 1.85 From Ref. A.2.




Table A.1  (Continued)

-Configuration and
Boundary Conditions

Equations and Constants

"From Ref. A.2.

- )\/TI’Z = wa/n? (\[D/D)
B A\ -
F madn
2
4
Y 2
|
o AALIEL L X_
1 |
7 .
] 14
“
' g il = E_-_—__.-—-f:%/
-Y - /
_—é
,__—é /
- —_— .
o] Qs 1 » 05
a

2) Orthotropic Panels

Configuration and
Boundary Conditions

-

Equations and Constants

hpu

4
RXIEEETERER)
“A

RN
v

4 4
A'D BB 2¢D
W2t 2y Y4 XV} Approximate
o\ YT g T s
a a
A B C m ]
4,730 1 4.730 151.3 1 1
4.730 €5 12.30e, (£,~2) 1 1
6.730 | 12.30v,(v,-2) | 2,3,4 | 2,3,4
€, Yzeg(Yz“Z) (82—2) 2,3,4 | 2,3,4

Yo = mw gg =
Yl = (m +%')TI' €1 =
72 = (m + %‘)TT €p =
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Table A.1 (Continued)

Configuration and

Boundary Conditions Equations and Constants Notes
4 4
o - -'"“fxt: w2 _1 (A Dx + B Dy + _2_?_ ny\ Approximate
?_____“Yipq P a4 b4 a2 b2}
@*—" . where:
}o, [ A B C m 1
. A
g - 2¢ 2
a Y £ g€ 1,2,3 1,2,3
‘Y-Q——bl : 0 0 YO 0 3 H > LS
Y = oW € = nw
Lz - 0 0
_ 1 - ( l)
Yl (m + 4)'n' g1 = |n + Al
- i) - 1
Y2 (m + 2] €9 Gz+-2)ﬁ
From Ref. A.2.
o X -
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& | ot TP
{o i
3 is _} . .
o l 1 where: From Ref. A.1,
{
Y 3 2
= D% = D (Et—’) + Zan(@) + D
mn X\ a 7
3) Stiffened Panels

Configuration and
Boundary Conditioms

Equations and Constants

Notes

Beam or wall support

n continuous plates

Use isotropic plate theory
for plate, and beam theory
for beams, including twisting.
Apply continuity conditions
across stiffeners (see Ref.A.l),

From Ref. A.l.



Table A.l {(Continued)

Configuration and
Boundary Conditions

Fquations and Constants

Notes

-
Beam or wall support

A
roank g ¥ 5

.
By

h 3
A3

el 74
St B
ry "!

= T
FrE] - et gy a2
it - b
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; Fe i s BRES
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Foe B
whoap

S I ]
Pl ;i
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n continuous plates

TUse orthotropic theory,
even for large stiffener
spacing (fairly accurate
for 3 stiffeners or more~
Ref. A.2.).

From Ref. A.2.

Beam orwall support
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= number of panels
fl. = first natural frequency
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simple supported boundary
conditions
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fixed boundaries

43 Panels With'In—Plane Forces

From Ref. A.l.
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Equations and Constants

Notes
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Table A.1  (Continued)

Configuration and
Boundary Conditions Equations and Constants
Frequency parameters Frequency param—
for simply supported eter wazfp/D for
- ' Na2 plate clamped plate
- 2D
—7iy ' mllazﬂp/D mlzaZVp/D Lower Upper
A RITTIRELS! 4 X ‘ Bound Bound
= 5 36.928 | 69.788 | 49.580 | 49.847
e 10 48.350 85.473 59,922 60.392
L—ﬁ?H 1333 i5 57.549 98.696 68.580 69.271
|\§F 20 65.467 110.340 76.124 77.088
! N 30 78.960 130.560 89.268 90.656
SEAN. - 50 100.650 | 163.670 | 110.600 [ 112.900
- - - 100 140.960 | 226.140 148.260 | 154.980
200 198.380 315.980 207.790 { 215.690
From Ref. A.2.

3) Curved Panels

Configuration and
Boundary Conditions Equations and (Constants Notes

2 Em4 + i
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Table A.1  {(Continued)
6) Multi-layered Panels

Configuration and

Boundary Conditions Equations and Constants Notes
Calculate D or Dx’ Dy,.... From Ref., A.lL.
Then: use equations for If core is com-
isotropic or orthotropic pressible dila-
panels (Table A.1l: 1 & 2). ticnal resonances

will occur. For
calculation of

these: see Ref.
A3,




Table A.2 Summary of Methods to Compute
Panel Flexural Rigidity

Isotropic Materials (Reference A.1)

3
5o __En

= (3m)
121 - v

2y

where: E = Young's modulus (N/mz)

h

plate thickness (m)

v = Poisson's ratio

Orthotropic Materials (References A.l and A.2)

E b’
Dx = 12¢1 - v.v ) (Bm)
xy
Eyh3
D = (¥m)
y 12(1 - vxuy)
ny = vay + 2Dt (Nm)
G h3
Dt = -3%%—- {Nm)

where: indices x and y denote properties with respect to x and y

axis respectively
ny = shear modulus (N/mz)

Stiffened Plates - Stiffeners in Y-direction (Reference A.3)

Dx - Dplate (3m)
EIy
Dy = Dplate * D (tm)

where: Iylb = running moment of inertia of stiffeners along
Y-axis (m3)

Multi-~layered Materials (Réference A.1l)

2
_AC - B
D= X (¥m)
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Table A.2 {(Continued)

B
where: A =X ———s (2, - 2, J)
k1l-wv
k
2
I Y
B=1Z 5
k1l-w 2
k
3 3
T
C=1 73
k1l -~ vk
Zy F distance between kth layer and surface of laminate (m)
5. Three Ply Laminates (Reference A.1)
Ehfh2
D= . 2. (Nm)
2(1 ~ v)

Young's modulus of faces (N/mz)

It

where: E

v = Poisson's ratioc of faces

=2
it

£ thickness of faces (m)

thickness of laminate (m)

A-11



A.l

A.3

REFERENCES

Szilard, R., Theory and Analysis of Plates: (lassical and

Numerical Methods, Prentice-~Hall, Inc., 1974.

Leissa, A. W., "Vibration of Plates,' NASA SP-160, 1969.

Getline, G. L., "Low-Frequency Noise Reduction of Lightweight

Airframe Structures,'" NASA CR-145104, 1976.

A-12



APPENDIX B

AN EQUATION FOR THE PREDICTION OF

TRANSMISSION LOSS IN THE STIFFNESS

CONTROLLED FREQUENCY REGION

B-1



APPENDIX B

AN EQUATION FOR THE PREDICTION OF

TRANSMISSION LOSS IN THE STIFFNESS

CONTROLLED FREQUENCY REGION

Existing equations for the prediction of the transmission of
sound through panels in their stiffness controlled frequency region
(i.e., below the fundamental frequency) do not yield satisfactory
results. The results of an equation given in Reference B.l are shown
in Figure B.l together with measured data. Therefore, this Appendix
will present a more accurate relationship based on three assumptions:

1. The fundamental mode shape of the panel completaly determines

the deflection of the panel below its fundamental frequency.

Consequently, this deflection can be written as follows

(Reference B.2):

= ig AX oain T o5
w(x, ¥, t) Wll sin — sin sinwt (m) (B.1)
16 p /7
where: W.. = (m)
1l m{w - mz)
11
Prax = amplitude of foreing sound pressure (N/mz)

2. The sound radiation mechanism of this oscillating plate is
similar to the one of a piston (i.e., all points of the
surface vibrate in-phase). As a result, the sound power is

proportional to the plate area and the mean~square velocity

of its center.

2
W, o+ V 5 (Watt) (8.2)
A rmsplate center



3. A plane wave is radiated by the panel. Consequently, the

sound pressure behind the panel can be expressed as follows:

2

. 2, 4
Prms * WalS M /m) (8.3)

Combining equations B.1, B.2 and B.3 yields:

4 p

[} max

2
7 = {(N/m™) {B.4)
s s@.ﬁ(wllz - wz)ﬂ'z

This equation can be substituted into equation 7.3. The result
will be:

ml (£, - 19|

TL = 20 log : + K (dB) {(B.5)

The constant K accounts for the following inaccuracies:

1) the actual panel deflection will not be identical to the
fundamental mode shape, 2) the radiated sound power is propor-
tional to a panel surface velocity smaller than the maximum
velocity, and 3) the sound wave radiated by the panel is not
exactly plane.

The magnitude of K can be determined from experimental results.
From preliminary KU-FRL data, it was found that K = -39 is a
close approximation.

The accuracy of this prediction method is illustrated im
Figure B.1. Shown are measured data, the predictions of
Reference B.1l, and the results of Equation B.3. Included is

z region of frequencies slightly higher than the fundamental
resonance frequency of the panel. It is believed that Equation

B.5 can yield reasonably accurate resulis at these frequencies,



as the deflection shape of the panel still closely resembles

its fundamental mode shape.
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APPENDIX C

THE INFLUENCE OF PRESSURIZATION ON PANEL

VIBRATICHS AND SOUMD TRANSMISSION

Several methods are available to compute the vibrations of a panel
subjected to an acoustic excitation. To include the effect of a
pressure differential across the panel appears to be harder. The plate
theory is based on the assumption that plates have flexural rigidity
only. It predicts a static plate deflection due to the pressure
differential across the panel plus an unchanged vibrational motion
(i.e., equal to unpressurized case). Consequently, it does not predict
an increase in the effective stiffness of the panel.

The equation that is being used in this Appendix is the one for
simultaneous bending and stretching of a panel. It is assumed that
the pressure differential across the panel will result in an internal
membrane stress {(g), which is constant throughout the plate. This
assumption is not exact. Reference C-% shows that ¢ is a function of

the location on the plate. The maximum value of ¢ is:

o= c[E(“—’it—a)z]US /) (c.1)
where
{ = constant given in Reference (.1
Ap = pressure differential (N/mz)
a = longest dimension of the panel (m)
t = thickness of the panel (m)
E = Young's modulus (N/mz)



Assuming a constant normal stress throughout the panel, the eguation

of motion hecomes (Reference C.2):

gI‘O

3
ot

|

DVAW =p, * NVZW - m (c.2)

[

where

w =w(x, v, t) = deflection of panel (m)

]

. - . 2
P, pz(x, v, t) = acoustic excitation = Ppay S1DOL (N/m"™)

N

H

internal membrane force per unit length = oxt (N/m)
The solution of equation C.2 for a panel with simply supported edges

can be found using Fourier series expansions. The result is:

w(x, v, t) = sinwt IZ Wmn sin EEE sin E%X (m) (C.3)
mn
where
16 p /ﬂzmn
max
W = (m)
mn

7
D[(%}‘)2 + (%)2] ~ Tt 4 N[(%‘)Z + & 2]

my,n=1, 3, 5, .....

By assuming P, = 0 in equatien C.2, the resonance frequencies of the

panel can be found:

T
“m, n =ﬁ\é§\/“2{(2)2 + (E)Z} + g{(g)z + (E)z} (rad/sec)

(c.4)
Combining equations C.3 and C.4 yields:
2
16 p /® " mn
W o= k() (C.5)
mr 2 2
m{w - )
mn

Cc-3



This expression is identical to the one for the unpressurized case.
However, the values of o  are higher in the pressurized case
(equation C.4).

Consequently, the equation derived in Appendix B for the computa-
tion of the sound transmission loss below the fundamental frequency of
the panel should alse be valid in the cases where pressurization is
applied. That this is true can be seen from Figure C.l. Equation B.5
and the measured fundamental frequency (Figure C.1) have been used
to predict the transmission loss in the stiffness contreolled region.
The proximity of the measured and predicted curves, seems to indicate
the wvalidity of Equation C.5.

The relationship between N and Ap has to be derived from experiments.
An expression similar to Equation C.1 is suggested:

1/3

N=Kxtx [E(él’-—%—é) 2} (N/m) (C.1-b)

At the moment of writing this report, not enough test data were

available to evaluate this expression.
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APPENDIX D

COMPTILATION OF RECOMMENDED CALIBRATION,

TEST AND DATA REDUCTION PROCEDURES

This Appendix presents recommended calibratrion, test and data
reduction procedures, intended to (1).facilitate research work,
(2) assure reliable experimental results and (3) ﬁrevent possibie
damage to electronic equipment. The procedures outlined here are
based on equipment handbooks, conversations with electronic experts
and experiences of the noise research team. The recommendations concern
research work being conducted at the time of this writing (August 1977).
Any changes or additions to the current scope will require new or
modified recommendations.

The following procedures are included:

1. Calibration of the 5D-335 Analyzer Scope

X~axis
Y-axis
2. Analyzer, Sweep Oscillator and X-Y Plotter Scaling and
Calibration
3. Panel Test Procedures
A. 1Using Sweep Oscillator
B. Using White Noise
C. Using Recorded Actual Aircraft Noise

4, Manual of HP-9825A Computer Program for Reducing Test Data

Also included are the following items:

-

5. Example of a Specimen Log Sheet

6. Example of a Test Log Sheet
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1.

Calibration of the SD-335 Analyzer

Scope

X—-Axis Calibration

Adjust vacil che 10 freauency neckers are

Using ZERO button in CAL
section adjust sveap to left
and right side of vercical
lina on scopa

{2} OSCILLOSCOPE

on the 10 vercical gracicule lines of the display.

{ & )Select T LOG to echimce uarkers'.__

- e Select ¥ LIN {Suttoa out).

Using the CURSOR centrol mave

Readout should the intensified doC tO the £op

be 10X Full af the first frequency marker.
Scale
Fregqueacy.
Select HABMONIC
Selece X LOG T LOG {Buttoa in
{3) AVERAGER

WOELLAnIFe e SEAC Tl inas AW

Sslacr Hr (Burton cut).

Selece Ez (Button cut).

te [7

Select AMPL (Buccon in}.

Adjuse uotil 10 inteosified

Boooae

s T e T i) ot it Bt b st ]

dot are located exactly on th
10 frequency marxers

Telezse {Buttonm ouc).
~

Select FREQ MARKS to
place 10 freguency sarkers
< digplay at 10T iarervals

Select TREQ

Seleet SPECT to
apply squars wave
calibration signal
te input

@ Select SPECT

Digital Readout should by O dB
If not, adjust for O dB.

®

@ Digital Readecut should be 100X,
If noc, adjusz for 100%.

Select Oper ,Cailbration £requency
P ts should disappear,
leaving fraquency markers

O
\® Select SPECT to change

from time to frequency
dozain,

bisplay should be

square wave  1f uok,
- _chack TRIGGER level

Should be : old range.

Adjust for
bright signal.

Adjusc for sharply

focused aignal,

Select TIME,

Leoking 4t the two lefroast frequencies
warks and using a screwdciver vn the
FREQ CAL 10 screw, adjust these two
signala such that they look Eike Figure

1 belew
Repeat this for the two right=ost signals
uging the FREQ CAL EL screw -

Figure D.1 Frequency marks
after adjustment.



http:topmen.ts

Y~-Axis Calibration

Adjust unty] signal basabine

¢ a1 0 and amplrtuda of
Select 10 Vrmma, Seiect { Virms fundsmental frequency 15 Full Scale,
] \\ A ' ]
MOGEL 50113 e ALAL TIL ANALYSEN
= PuRrde &
5 amen cunson
| @ ST Q) G e
PR & Select LOG
M TR [~
oo || | O RS
L S U 1y gy
- w g b
LUy o e = Selece LIN
CD::D '.'.‘._.‘_.__.__.___... {3utton Outl
L I <
[ —, — .
LTS saussaoar - .o b
- =i -t Txt T =
. u eI — T
P -
s s~
v e
Li il @ =e

mn.u-uﬁ-cswma

Y

Adjust fund. @l Adjust fund real
{Bucien Ink at 256 Hz to-40dB  at 255 Hz to 0d8

. TLng Scale.

C e

' ‘uuﬁﬁwmmm
EARAEIDY

Regeatstent 5,6, 7 AND B
until the fundamental is at
=40 dB and 0 dB, and there

1§ [0 Interastion between steps

* Check this full scale 1o zero calibration by mementanly pushing in and
releasing the CAL ZERQ burton When the ZERQ buttan s pressed,
oy 3 baseline should be vinible an the icope When the ZERO button
18 out, the calibraticn nignat should be full scals

'zgﬂgggnﬁ
ey
@ & mmmam
Select 0, 10, 20, 3048

Fundamental should deep 2 dnsions
each uma the calibration signalis
attenusted by an additonal 1048

20 dB A‘lTENUATlON
+ Tha voltzge of the input calibraton ugnal 1 adjusted 5o that the amphiude of the fundamental frequency of the square wave 17 100 mVrms

The thied harmomc {viewed at 76 8% of full sc2tel i1s always approxumately 10 dB down from the fundamental when wiewing the Y-gxis daw
on a lag scale
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2. Analyzer, Sweep Oscillator and ¥-Y Recorder Scaling and Calibration

First: Turn on all equipment (except Crown power amplifier) and let
it warm up for approximately 1 minute.

Setting Up

1. Attach clean sheet lin-log paper, left edge against black post,
using "Chart Hold" switch. Freq. axis should be horizontal
(left to right).

2. Real Time Analyzer settings should he:

Input Range .1 VRMS

Analysis Range 5K

"CAL" Group "OPER" button in
Switeh under Cursor Switch Normal

Qutput Gain 0 dB

Di;play X log (in), Y log (in)
Hz /AMPL Hz (button out)
Display Mode RT

XFR 1 to 2 Off

Averager (setting not important here)
"Scope" "SPECT" button in
Cursor/Plotter (A1l buttoms out)

3. Sweep Oscillator Settings:

Multiplier (A) 1

Multiplier (B) 10

Sweep Rate {setting not important here)
Sweep Control "LINEAR SWEEP", "SINGLE"
Function Sine Wave (~)

Sweep Buttons push "RESET DOWN" button

D-5



10.

X-Y Recorder Settings: X X
Polarity + RT + UP
Response SLOW SLOW
Range .5 V/IN .5 V/IN
Line ON

Chart HOLD

Servo STAND BY

Pen LIFT

Connect Output of Sweep Oscillator (coaxial cable, shield
grounded) to "SIGNAL INPUT" of Analyzer.

Press "FREQ" button ('"CAL" section).

Adjust "X-OFFSET" and "X-GAIN" until beginning of green line
on scope coincides with "0" on frequency scale, and end of
line with "1.0".

Press "SPECT" button ("CAL" section).

Adjust "Y-OFFSET" and 'Y-GAIN" until top of vertical line on
scope coincides with "1.0" on vertical scale, and bottom
{horizontal line) with "07.

Press "OPER" button.

Adjustment of Sweep Oscilliator Limits

1l.

12.

13.

Set Analyzer cursor to 10 Hz (digital readout).

Press X Lin (button out)} {(Analyzer).

Adjust "LOWER SWEEP LIMIT" on Sweep Oscillator (using screw
driver) until test sigral (10 Hz) peak on Analyzer scope
coincides with cursor dot.



14,

15.

i6.

17.

18.

Press X Log (Button in) (Analyzer).
Set Analyzer cursor to 5000 Hz (digital readout).
Press "RESET UP" button on Sweep Oscillator.

Adjust "UPPER SWEEP LIMIT" on Sweep Oscillator until test signal
peak on Analyzer scope coincides with cursor dot.

Press "RESET DOWN" button on Sweep Oscillator.

Frequency Adjustment X-Y Plotter

19,

20.

21.

22,

23.

24,

25.

26,

27.

Set cursor to 500 Hz.

Be sure plotter pen in inserted; remove cap from pen.
Turn X-Y Plotter servo switch "ON".

Move Sweep Oscillator control knob from "LINEAR SWEEP, SINGLE"
to "MAN".

Adjust "FREQ ADJ" control on Sweep Oscillator until test signal
peak on analyzer scope coincides with cursor dot. This will
move X-Y plotter pen into grid area of graph paper.

Adjust "ZERO" knob in "X" section of plotter controls until

pen makes a dot on the 500 Hz line of lin-log graph paper. To
check dot location, move "PEN" switch on plotter to "RECORD",
then return switch to "LIFT" position. Turn servo switch off.

Set Analyzer cursor to 5000 Hz,
Turn X-Y plotter servo switch "ON".

Pen should now make a dot om the 5000 Hz line on graph paper
when "PEN" switch is momentarily moved to "RECORD". If
necessary, adjust pen position with the "CAL' knob on Recorder's
X "RANGE" control.
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28. Move cursor (on Amalyzer) to500Hz. Recorder pen should move
to 500 Hz line. Check pen's exact position by switching
pen control to "RECORD". 1If necessary, adjust pen position with
X "ZERO" knob {(located on the recorder).

29. Repeat steps 21 and 27 until pen position is correct at both
500. and 5000 Hz.

Amplitude Adjustment of X-Y Plotter

30. Counnect microphone power supply output with analyzer input.

31. Determine sound pressure level of piston phone by subtracting

atmospheric correction (gauge) from specified reference value
(= 124 dB).

32. Comnect piston phone to source or receiver microphone.

33. Move the intensified dot in the scope, using the "CURSOR", to
the peak of the calibration signal.

34. Energize plotter servo. PFPlotter pen will move to peak of
calibration signal.

35. Adjust Plotter Y - "GAIN' knob such that pen moves to cal.
level on a predetermined vertical scale.

36. Press 20 dB "INPUT RANGE/CAL" button on Analyzer.

37. Adjust Plotter Y - "ZERO" knob such that pen moves to cal.
level - 20 dB on predetermined wvertical scale.

38. Press 0 dB "INPUT RANGE/CAL' button on Analyzer.

39. Repeat steps 34 thru 37 until pen position is correct at both
cal. level and cal. level - 20 dB.
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A)

1.

10,

11.

13.

14,

Panel Test Procedures

ﬁsing Sweep Oscillator

Switch equipment on (except Crown amplifier) and let it warm
up for approximately 1 minute. Check equalizer setting.

Calibrate Analyzer, set limits of Sweep Oscillator (10-5000 Hz)
and scale X-Y Plotter as described in sections 1 and 2.

Install panel. Adjust clamps.

Connect output Microphone Power Supply with input Anlayzer, and
output Sweep Oscillator with input Equalizer.

Set equalizer gain to 0 dB, Sweep Oscillator level to 4-5.
Set ""SWEEP RATE" (Sweep Oscillator) to 30 Hz/sec.
Set "ANALYSIS RANGE" knob (Analyzer)} to 5K,

If small panel TL values are expected: press 0 dB "INPUT
RANGE/CAL' knob (Analyzer). For high TL values: use 10 dB
attenuation.

Set knob on Microphone Power Supply such that source microphone
will be analyzed.

Switch on Crown amplifier. Set level knob half way.

Increase output level of Sweep Oscillator such that VU-meter of
Equalizer will not indicate an overload at any frequency. Use
"RESET-UP" and "RESET-DOWN" buttons (Sweep Oscillator) to check
complete frequency range.

Press "RESET-DOWN" button (Sweep Oscillator).
Turn "DISPLAY MODE" knob to: 'MEM 1".

Press consecutively: '""STORE"
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"ERASE"
TPEAK"
{Analyzer)

16, Press “"SWEEP-UP" (Sweep Oscillator).

17. When sweep is completed: Press consecutively:

"STORE" (Analyzer)
"RESET" (Analyzer)
"SPECT" (""SCOPE") (Analyzer)

18. Using "CURSOR", move intensified dot to 500 Hz (Analyzer).
19. Energize plotter servo, and press: 'SWEEP" {(Analyzer).
20. When plot is completed: de~energize plotter servo.

21, Change Microphone Pcwer Supply knob to analyze receiver
microphone.

22. Press 0 dB "INPUT RANGE/CAL" knob (Analyzer).

23. If moderate panel TL values are expected: press 0 dB "OUTPUT
GAIN" button (Analyzer). For high values use 10 dB gain. For
very high values use 20 dB gain. (Be sure not to overload
Analyzer).

24, Press consecutively: "STORE"
"ERASE"
"PEAK"
(Analyzer)

25. Press "SWEEP-UP" (Sweep Oscillator).

26. When sweep is completed: Press consecutively:

"STORE" (Analyzer)
"RESET" (Analyzer)
"SPECT ("'SCOPE™) (Analyzer)
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27.

Using "CURSOR", move intensified dot to 500 Hz (Analyzer).

28, Press 0 dB "OUTPUT GAIN" button (Analyzer).
29. Repeat steps 19 and 20.
30. Set "ANALYSIS RANGE" button (Analyzer) to 500.
31. Change "SWEEP RATE" to 5 Hz/sec. (Sweep Oscillator).
32. Press consecutively: "STORE"
"ERASE"
"PEAK"
(Analyzer)
33. Press "SWEEP-UP" (Sweep Oscillator).
34. When sweep is completed: Press consecutively:
“STORE™ (Analyzer)
YRESET" (Analyzer)
"SPECT" ('"SCOPE") (Analyzer)
35. Using "CURSOR", move intemsified dot to 50 Hz.
36. Energize plotter servo and using the "ZERQO™ knob in the "X"
section of the recorder controls adjust until the pen makes
a dot on the 50 Hz line of the lin-log graph paper. To check
dot location, move "PEN" switch on plotter to "RECORD™,
then return switch to "LIFT" position. Move ''CURSOR" to 20 Hz.
37. Energize plotter servo, and press: '"SWEEP" (4nalyzer).
38. When plot is completed: de-energize plotter servo.
39. Change Microphone Power Supply knob to analyze source microphone.
40. Press "INPUT RANGE/CAL" button to the setting used for the 500-

5000 range analysis.
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41.

Press consecutively: "STORE"

"ERASE"
"PEAK"
{Analyzer)
42. Press "SWEEP-UP" (Sweep Oscillator).
43, When sweep is completed: Press coasecutively:
""STORE" (Analyzer)
"RESET" (Analyzer)
"SPECT" (SCOPE") (Analyzer)
44, Using "CURSOR", move intensified dot to 20 Hz.
45, Press 0 dB "OUTPUT GAIN" button (Analyzer).
46. Energize plotter servo, and press: "SWEEP" (Analyzer).
47. When plot is completed: de-energize plotter servo.
48. Using "CURSOR", move intensified dot to 500 Hz.
49, Energize plotter servo and using "ZERO" knob in the "X" section
of the plotter controls adjust until pen makes a dot on the
500 Hz line of the lin-log graph paper. To check dot locatiom,
move "PEN" switch on plotter to "RECORD", then return switch to
"LIFT" position.
50. Change "SWEEP RATE" to 30 Hz/sec. (Sweep Oscillator)
51. To test another panel repeat steps 7-49,.
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B)

10.

il.

Using White Noise

Switch equipment on (except Crown amplifier) and let it warm

up for approximately 1 minute.

Lalibrate Analyzer and Scale X-Y plotter as described in sections

1 and 2,

Install pamnel. Adjust clamps.

Connect output of White Noise genevator to the input of the
equalizer and output of Microphone Power Supply to the input of

the Analyzer.

Set equalizer gain te 0 dB, White Noise generator

to 1 volt.

Set kncb on Microphone Power Supply such that the source

microphone will be analyzed.
Set TANALYSIS RANGE" knob (Analyzer) to 5K.
Switch on Crowm amplifier. Increase level to get

(but no overload) on the Analyzer's scope.

If greater signal strength is needed : increase,
controls up to the stated values.

a) Increase White Noise generator up to 2 volts,
b) Increase equalizer gain up to +15 dB,

c) Increase White Noise generator up to 3 volts.

Turn "DISPLAY MODE" knob to "MEM 1" (Analyzer).

a high signal

in order, the

Select the number of averages to be taken (normally 256).

Press consecutively: "STORE"
“ERASE"
"LIN"
{Analyzer).
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1z,

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

When red light below "STORE" button lights analysis is complete:
press consecutively:

"STORE" (Analyzer)
"RESET" (Analyzer)
"SPECT" (Analyzer)

Using "CURSOR", move intensified dot to 20 Hz.

Energize plotter servo, and press: '"SWEEP" (Analyzer).

When plot is completed: de-energize plotter servo.

Change Microphone Power Supply knob to analyze receiver microphone.

If moderate TL values are expected: press 0 dB "OUTPUT GAIN"
button (Analyzer). For higher values use 10 dB gain. For
very high values use 20 4B gain. (Be sure not to overload
Analyzer).

Repeat steps 9-13.

Press 0 dB "OUTPUT GAIN" (Analyzer).

Energize plotter servo, and press: '"SWEEP" (Analyzer).

When plot is completed: de-energize plotter servo.

To test another panel repeat steps 6-21.
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C.1

Using Recorded Actual Aircraft Noise

Use of Nagra Recorder

Check batteries of Recorder

Load tape onto Recorder

Select proper speed (usuvally 7.5 ips)

Settings for playback:
"LINESPHONES"™ on: TAPE
"qqq obB" switch in: middle

Channel selector on: 1

Pinch-wheel controlling level: backwards (see Figure D.2 below)

| . Pinch-wheel
contrelling
lever

Figure D.2 Top View of Nagra IV Recorder
/

Tape head cover: closed

Function selector knob onm: "PLAYBACK"

Settings for (fast) rewind:

"gaq obD" gyitch to: left

Pinch-wheel controlling lever: forward
Tape head cover: open

Function selector knob on: "PLAYBACK"
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Calibration of Equipment

Switch on Analyzer, Microphone Power Supply, Equalizer.

Connect ocutput of channel 1 (Recorder) to input of Analyzer.

Play back the recording of actual noise and write down the
Recorder input attenuation specified in the explanation recorded
on tape just before the noise recording.

10.

11.

1z,

13.

14.

15.

16.

Check for Amalyzer overloads and adjust Analyzer input attenuation

accordingly.

Rewind tape.

Play back recorded signal and analyze and (linearly) average signal

with Analyzer.

Transfer analyzed signal to "MEM-2."

Connect output of channel 1 (Recorder) with input of Equalizer.

Connect output of Microphone Power Supply with input of Analyzer.

Set Power Supply switch so as to analyze source microphone.

Install a panel and close tube.

Switch on Power Amplifier (volume half way).

Rewind tape.

Play back recorded signal and analyze and (linearly) average

signal with analy=zer.

Compare signals in "MEM 1 & 2."

Adjust Equalizer settings to minimize differences between signals

in "MEM 1 & 2."
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17.

18‘

19.

20.

21.

22.

Repeat steps 13 through 16 till differences between the two signals
have been minimized.

Rewind tape to its beginning, where calibration signal is recorded.

Play back explanation on tape just before calibration signal and
write down the specified Recorder input attenuation setting (during
calibration signal).

Compute difference between Recorder input atitenuations during
calibration and actual noise signals.

Play back calibration signal and analyze and average (linearly)
signal with analyzer.

Energize plotter and adjust "Y-ZERO" knob so that pen moves to a
level on the graph paper equal to the calibration level corrected
for the difference computed in step 20.

Testing of Panels

Rewind tape.

Play back noise recording and analyze and (linearly) average
signal with Analyzer.

Plot result on graph paper using X-Y Plotter.

Rewind tape.

Change setting of Microphone Power Supply knob to anmalyze
receiver microphone signal.

Repeat steps 2 and 3.
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4,

10.

i1.

12,

13‘

Manual of HP-9825A Computer Program for Reducing Test Data

Turn on calculator and plotter. Switches are located on right and
front sides respectively.

Insert tape cartridge, label side towards rear of calculator.

Type in: trkl;1df240 and press 'EXECUTE' button. The program,
contained on file 240 of track one, is now loaded in calculator
memory. The cartridge may be removed.

Press 'CHART LOAD' button on plotter. Plotter arm will move to
upper right hand corner.

Press '4' button on plotter. The arm will pick up the number 4
pen and return to upper right hand corner.

If number 4 "pen' is not the sight glass (cursor), then carefully
remove the pen from the plotter arm and install the sgight glass
in the arm. Cap the pen removed.

Place raw data plot of source and receiver sound levels in lower
left corner of plotter. Press 'CHART HOLD' button and smooth
paper. If edges of graph are not parallel to horizontal motion of
sight glass/plotter arm (check this by operating the +, ¥+, +, <
buttons), press 'CHART LOAD,' straighten paper and press 'CHART
HOLD' again.

Press 'Rl' button on plotter. Plotter arm will move to lower left
corner.

Use the 4—~direction buttons (those labeled +, -, ¥, +) to center
the sight glass on the intersection point of the botton horizontal
grid line (usually 70 dB) and the 20 Hz line. When sight glass

is centered hold down the 'ENTER' button while pressing 'Pi.'
(Both these buttons are on the plotter.)

Use the 4-direction buttons to center the sight glass on the
intersection of the top grid line (usually 140 d4B) and the 500 Hz
line. When sight glass is centered, hold down the 'ENTER' button
and press 'P2.°

Press 'RUN' on calculator. .

"graph number" will appear on calculator display. Type in the
appropriate digit(s) (no letters, e.g. in 12a, are permitted), and
press 'CONTINUE.'

Digplay will now read "pressure difference in psi." (Such messages

are termed prompts.} Find the correct value on the Data Log sheet
(furnished with raw data plots) and type it in. Press 'CONTINUE.'

. D-18



14.

15.

16.

17.

1s8.

19.

20.

21.

22,

23.

The next prompt requests "source input atten[uation]: 20 - 500 Hz."
Find this information in the Data Log, type it in, and press
"TCONTINUE.' If no frequency range is stated in the Data Log, the
value given applies to both low and high frequency ranges (20 -~ 500
and 500 - 5000 Hz).

Five more prompts will appear, one after another, requesting gain
and attenuation data. These prompis are:

"source output gain: 20 - 500 Hz"
"raceiver output gain: 20 -~ 500 Hz"
"source imput atten: 500 ~ 5 KHz"
"source output gain: 500 - 5 KHz"
"receiver output gain: 500 - 5 KHz"

In each case, the appropriate value must be found in the Data Log
and typed in on the calculator keyboard, after which 'CONTINUE'
must be pressed. Only one value can be entered at a time.

For the next prompt, "min[inum] readable level,” type in the dB
level of the lowest point on the receiver curve of the raw data
plot. The lowest level is usually a flat line between 2000 and
5000 Hz. To avoid uncertainty in digitizing, pad the lowest level
by .2 or .3 dB, Thus, if the lowest level is 75.4 dB, type in
75.7. Press "CONTINUE.'

The calculator will now ask, "Is [the] vert[icall scale 70 - 140 dB?
1l = Yes." To answer in the affirmative, press 'l,' then press
"CONTINUE.' To answer in the negative, press any other number, and
"CONTINUE.®

If the answer. was negative, the calculator will ask "What is the
level of the bottom line?" Type in the correct value and press
'"CONTINUE.' '"Level of top line?" will be requested next. Type in -
the value and press 'CONTINUE.'

Regardless of the answer in step 17, "Source curve:; 20 - 500 Hz"
will now appear on the display, and the sight glass will move to
the 20 Hz line.

Using only the plotter buttons for vertical movement (i.e., '4+' and
"+'), position the sight glass center dot exactly on the source
curve. Then press 'ENTER' button plotter.

The sight glass cursor will automatically move a predetermined
distance to the right. Again move the cursor vertically until it
is on the curve, and press 'ENTER.' This is called digitizing.

Repeat step 21 until calculator beeps (this will happen at about
the 500 Hz location). Plotter will then move back to the 20 Hz
line and calculator will display "Receiver curve 20 - 500 Hz." -

Digitize the low frequency (20 - 500 Hz) part of the receiver
curve. After last point is digitized, calculator will beep.

D-19



24,

25,

26.

27.

28.

29.

30.

31.

32,

33.

Similarily, the high frequency (500 - 5000 Hz) source and
receiver curves need to be digitized. In response to the "Reenter
Pl & P2 for 500 - 5 KHz" prompt, repeat steps 9 and 10 for 500
and 5000 Hz, respectively; then press 'CONTINUE.' Digitize the
high frequency durves by the methods of steps 19 - 23.

In case of error in digitizing (cursor not on curve when 'ENTER'
pressed), press 'STOP,' then 'CONTINUE' on calculator. Cursor
should back up to incorrectly digitized location, permitting
correct redigitization.

Occasionally the plotter 'ENTER' button may bounce, causing
calculator to read two points instead of one, as cursor moves
two steps. If this happens the incorrect second point can be
redigitized as 1f it were a digitizing error.

After last point, calculator will beep and display "Ready to plot
TL: reenter Pl & P2." Press 'CHART LOAD,' remove raw data plot,
and place blank graph paper om plotter table. Locate and hold
paper down as described in step 7.

Reset P1 and P2 (at lower left and upper right corners) as des-
cribed in steps 8 to 10.

Press "CONTINUE' on calculator. Plotter will draw the TL curves,
label the axes, and number the graph.

Press 'CHART LOAD' and remove graph.

Calculator will display "To store TL curve on tape, type 1." If
you don't want to, type a different number. Then type 'CONTINUE.'
Program will end.

If you elected to store the curve, the calculator will instruct,
"Insert marked, [write—]enabled tape." Do so, and press
'CONTINUE.'. Prompts for tape track number (only O and 1 are
permitted) and file npumber will then appear. Type each and press
TCONTINUE.' The curve is now stored on tape.

Whether you stored the curve or not, the plotter will exchange the
pen for the sight glass, in preparation for more data reduction.

To reduce more data, press 'RUN' and return to step 4 of this
procedure.

1f, however, you would like another plot of the TL curve, load a
fresh sheet of semilog paper and reset P1 and P2, as described in
steps 26 and 27. Then type: cont76 and press 'EXECUTE.' The
plotter will redraw the curve as in step 28, and the calculator
will ask about tape storage again.

To recall a TL curve from tape storage:

A) Perform steps 2 and 3, if program is not already present in
calculator memory.
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B)

C)
D)
E)

F)

Type: erase v and press 'EXECUTE.' (This step is only
necessary if data, e.g. a TL curve, is already present in
calculator memory.)

Tnsert the tape cartridge containing the desired TL curve.
Type: cont63 and press 'EXECUTE.'
Three prompts will appear successively:

"RECATLING GRAPH No..?"
"TRACK No."
"FILE No."

Respond to each prompt by typing the appropriate digit(s),
and pressing 'CONTINUE."

The prompt "Ready to plot TL: reenter P1 and P2" will appear.
Respond as in steps 26 - 30.
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5.

Example of a Specimen Log Sheet
SPECIMEN LOG SHEET Page MNo.
Specimens
Date Date
Company Contacted | of Reply No. Type Remarks
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6.

Example of a Test Log Sheet

TEST LOG PAGE HO.
Tource
or €
traph Pane) panel " Nolse Angle of Pressure Input dutput c?ém h‘:;“ng
Date Humbey Numbes Typo Panal Treatmeat Source Incidenco Temporature Diflercntinl Attenuation Gain Sourca RezeTveF Remarks Oparator
i




APPENDIX E

EXAMPLE OF INVITATION FOR COMMERCIAL

VENDORS TO SEND SPECIMENS
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Telephone: 913/864-3173/3043

Gentlemen:

The University of Kansas Flight Research Lab, in conjunction with NASA
and the General Aviation Aircraft Industry, is developing an acoustic
material testing facility to examine and compare sound reduction charac-
teristics of the latest In vibration damping materials.

The testing program, which is slated to begin in May 1977, will consist
of systematically mounting vibration damping materials onto various
types- of aluminum and fiberglass aircraft structural samples and
determining the sound transmission loss characteristics of the combina-
tions. The results of the testing will be made available to aircraft
manufacturers through a published NASA report. Two general aviation
aircraft manufacturers have already voiced interest in the anticipated
results.

Your company was listed in '""Compendium of Materials for Noise Control"
(HEW Publication No. NIOSH 75-165) as a supplier of noise control
material. |If you would like to participate in the testing program and
feel you have vibration damping materials suitable for use in light
aircraft, you are invited to send sample specimens, along with related
acoustical data, to the University of Kansas at the addresses listed
helow.

The following data describes the specimens we're looking for:

Material. Type: Anything bondable to aluminum or fiberglass
sheet (i.e. foams, fiberglass batts, etc.)

that provides damping for unsupported sur-

faces up to 20'' x 20'.




Page 2

Weight:

Dimensions:

Number Desired:

The materials are to be used in flight, so the
primary concern is for light weight. Typically,
materials with a specific weight of less than

5 1b/ft3 are considered suitable for aircraft use.

20" x 20" x 1" maximum thickness. OFf course,
thinner materials may also be used.

L specimens of each thickness to be tested,if
possible, otherwise one specimen will do.

If you have any questions, please feel free to contact myself or Mr. Ton
Peschier at {913) 864-3173/3043.

Sincerely,

Doug Andrews
Flight Research Lab

DA:pc

Memo No.: 77-05-02%

SEND MATERIALS T0O:

K. U. Center for Research, Inc.
Project 3170 -
2291 Irving Hill Drive-Campus West
Lawrence, Kansas 66045



CRINC LABORATORIES

Chemical Engineering Low Temperature Laboratory
Remote Sensing Laboratory

Flight Research Laboratory

Chemical Engineering Heat Transfer Lahoratory
Nuclear Engineering Laboratory

Environmental Health Engineering Laboratory
Information Processing Laboratory

Water Resources Insfitute

Technical Transfer Laboratory

Air Pollution Laboratory

Satellite Applications Laboratory






