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ABSTRACT

A broad review of acoustical fatigue testing practlces
used 1n the alreraft Industry and associated groups 1s made
in which descriptions of the rather substantial varlations
existing in the experimental and analytical approach to the
problem are included. Some of the more important contro-
versial questions, such as type of acoustic environment sim-
ulation required, the type and use of test facllities, test
objectives, and the analytical philosophy from group to
group, are dlscussed. Some description of new facilitles
being designed and bullt is also given.

I. INTRODUCTION

The adoptlon several years ago of high thrust turbojet
engines to power modern ailrcraft introduced an entirely new
testing challenge to the aeronautical fileld. The develop-
ment of the somewhat standard technlgques now used to test
alrcraft structure under flight-induced loads underwent, to
a great extent, a lengthy growth paralleling that of modern
alrcraft deslign itself. It has not been so with acoustical
fatigue testlng, however. Nolse-induced fatlgue failure be-
came a falrly sudden problem and laboratory analytlical and
testing procedures were not available to handle the requlre-
ments. &

The first major test programs on acoustlical fatigue of
aircraft structure in the United States were full scale tie-
down tests of complete aircraft. The two prime examples
were the tests conducted by the Boeing Airplane Company on
both the B-47 and the XB-52 Jet bombers (ig* and the tests
on the RB/B-66 jet bomber by Douglas Alrcraft Company in
California and Alaska (2,3).

*Numbers in parentheses refer to Bibliography.



The initial decision to run these full scale aircraft
tests 1llustrated several very important facts about the
views toward nolse-induced structural fatigue and what to
do about it. First, even though the 1dea of nolse-induced
structural vibration introduced 1tself years before in the
case of fuselage sidewall excitation from propeller tlp
noise, the occurrence of major fatigue fallures from jet
engine noise was generally not taken into consideration in
the design of existing aircraft. As a result, a prodigious
task faced the airframe companies in analyzing the problem,
locating the trouble areas, and determining what modiflca-
tions in design and constructleon would satisfactorily put
out the fires. Experience has shown that, in some cases,
the resulting remedles left much to be desired since there
was a limit to the modification possible on an existing air-
craft. Another important fact illustrated was that a full
scale tie-down test was chosen to provide the desired acous-
tic environment over other techniques despite the fantastic
expense assocliated with 1t. Certainly, the lack of alter-
nate techniques which had been proven was the basls for that
declsion. It is significant to note that the opinion today
seems to be that we must still rely on experlience under
service conditions for the ultimate proof that a design can
reslst acoustical fatigue.

Interest grew, with good reason, throughout the air-
frame industry in the development of laboratory facilitles.,
First, enormous expense was lnvolved in full scale testling;
next, a test procedure was needed to study anticipated prob-
lems on designs not yet bullt; and, flnally, there exlsted a
need for procedures adaptable to efficlent, convenient lab-
oratory scale experimentation. A survey begun in 1956 by
the Alrcraft Industries Assoclation of some fourteen alr-
frame manufacturers dramatically 1llustrated the general
state of infancy exlsting in the acoustical fatigue area,
eSpeciallﬁ in regard to laboratory test equipment and pro-
cedures (4-7). Aside from the unified agreement that the
acoustic excitation of structure constituted a serious
problem badly 1n need of a solution, there was little agree-
ment on such questions as the type of test to perfomm,
equipment to use, lnstrumentatlon necessary, test condi-
tions to consider, and so on. It was in thls atomosphere
of uncertainty and urgency that many of the initlial test
programs were designed and started and plans laid for test
facllities,

Several types of test facllities have been put 1into use
by the aireraft industry 1in the last few years for experimen-
tation on a varlety of problems. The manufacturers and users
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of electronic gear, for example, are lnterested in subjecting
the components to the appropriate nolse environment which 1is
normally obtainable with reverberant chambers, plane wave and
resonant tubes, and the like driven by loudspeakers. Slnce
alrframe manufacturers found it difficult, if not impossible,
to provide the necessary environment for structures with this
type of source, other types were adopted in which both the
direction of propagation of the sound could be controlled to
some degree and the necessary high sound Intensitles could be
produced. It 1s the purpose of this paper to present a dis-
cusslon of the second of these types of facilities. Some of
the variations found in equipment design and use, test tech-
nlques and objectives, and analysis procedures whlch charac-
terize the state-of-the-art in the alrcraft industry today
are dlscussed.

II. RANDOM VERSUS DISCRETE FREQUENCY TESTING

Most of the acoustical fatigue facilitles used by struc-
tures test groups can be categorized into two general types:
those which produce a discrete frequency or pure tone and
those which produce a random noise. Since the acoustical
fatigue problem 1s the result of strucfural vibration due to
random acoustic excitation, it is easily understood why the
preference might lie here. Unfortunately, 1t is also here
that the greatest costs by far, and usually a considerable
degree of 1nconvenience, are found. It 1s undoubtedly for
these reasons that variations in practice exlist.

Opinions vary among investigators on the merits of using
discrete frequency testing of structures and whether the re-
Sults glive any significant insight into the performance of the
structure under random loading. The trend toward the use of
discrete frequency facilitles, such as the siren, was prompted
by the almost prohibitive inefflclency of available random
nolse sources (8) and by the need for a simple, convenient
laboratory tool.

Usually, one of possibly two objectives are in mind with
the use of a discrete frequency test program. First, some
groups are interested only in comparing two or three test
panel designs under the same acoustlic conditions in order to
choose the "strongest" one. Excitation of a normal mode at
its fundamental frequency 1s accomplished at a single sound
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pressure whlch is estlmated to prevail at the point of inter-
est on the alrcraft. The basic assumption here, true or not,
is that on the aircraft the panel will respond significantly
to the acoustic loading only in the above fashion. For this
type ot qualitative test, therefore, discrete frequency ex-
citation 1s assumed to be adequate. The second objective 1s
to arrive at the siren operating conditions to represent the
random loadling through a delliberate mathematical interpreta-
tion of the loads and the rate of accumulation of fatigue
damage (9-11). The performance of a panel can then be in-
terpreted in terms of performance under random loading so
that a measure of the adequacy of the design is possilble.

Recent experiments at NASA (12,13) made to compare ran-
dom and discrete frequency loadlng of specimens under other-
wlse ldentical conditions effectively demonstrated the im-
portance of correctly interpreting test results and recog-
nizing the proper significance of test data., Flgures 1, 2,
and 3, taken from a study by Hess, Herr, and Mayes (13), show
the possible variation in interpretation of the fatlgue 1life
under random and discrete frequency loading. In Figure 1
for example, panel life under random loading 1s shown to be
greater than for discrete frequency loading when interpreted
on the basis of overall noise level. This 1is probably be-
cause a smaller percentage of the impinging random nolse
corresponds to the panel's natural frequency and 1s accepted
by the panel than 1n the case of the dlscrete noise which
corresponds totally to the panel's natural frequency. In
Figure 2, a replot of the data shows a shifting of the ran-
dom nolse fatigue curve for different bandwidth analyses.
And finally, in Figure 3, a comparison of data in terms of
the root-mean-square stress demonstrates the higher fatigue
life under discrete frequency loading; the stress excursions
from the rms stress under random lcading at times greatly
exceed the constant excursion under discrete loading and
result in greater fatigue damage.

There are many who feel that the test results obtalned
with a siren give only marginal quantitative guldance for
the prediction of the life of a design under random acoustilc
loading. The discrete frequency simulation of random noilse
can involve over-simplification where a system capable of
vibration response 1n several modes 1is 1involved (§). It is
generally considered not possible to duplicate with a siren
the complicated spatial pressure distribution of pressure
which exists 1n the case of a panel exclted by a jet englne,
This 1s an important consideration since the response of a
panel 1s sharply influenced by space correlation effects (14).
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Because of the excesslve time requirements of a one-to-
one test, some sort of scaling of time 1s normally performed.
In a recent paper, Baruch clearly polnted to the extreme
caution which 1s mandatory in assuming a scaling law for
accelerating test time under random loading, such as with a
jet engine, by increasing the level of the noise (15). He
points out that, for example, because of air-non-llinearities
and structural response non-linearities, changes in the wave
distortion distance function with increased nolse level and
the increase in the importance of extreme-values, a valid
scaling law is not yet available. A research effort 1ls de-
scribed by Baruch to study this gquestion.

III. THE USE OF SIREN FACILITIES

The most used, and certalnly the most developed, dis-
crete frequency sound source for structural testing 1is the
high intensity siren. The siren 1s qulte simple in basic
design, 1s very economical tc operate, and for the most
part, has been quickly and effectively adapted to laboratory
use, With very few exceptions, slren facllitles operated in
the industry have been deslgned and manufactured by the com-
pany using them.

Test practice with siren facllities in the 1lndustry
varles considerably, as might be expected. The bulldup of
test equipment and the development of testing practice with-
in &8 glven company at the outset of experimental work sev-
eral years ago was usually accomplished with the minimum of
knowledge of the detalls of the techniques 1in a sister com-
pany. This was not especially due to any reluctance to
share experlence, but rather to the fact that attempts to
solve the problems were generally exploratory in nature and
there was llttle to report on in the way of standard proce-
dure, As a result of the relatively meager exchange of in-
formation, and because test objectives were different in many
cases, variatlons exist in such matters as siren specifica-
tions, angle of sound wave impingement, variations in the
method of mounting test panels, type of instrumentation used,
and method of monltoring tests.

A. Siren Speciflicatlons

Despite the fact that the basic siren components are es-
sentially ldentical, operating characteristies vary over a
falrly wide range. In most of the cases, siren designs have
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in many respects followed the analysis of R. Clark Jones who
pointed out the important requlrements of an efficient siren
in 1946 (16). Included were requirements such as a large
compressor alr flow at low excess pressure for low shock
wave losses, chopper port perimeter small compared to the
sound wavelength, short transition times for opening ang
closing ports since reslstive losses are at their highest

at this time, and the proper choice of the horn for correct
impedence transformation to the test section. The design
and consultation work of Rudnick and Leonard of the Physics
Department at the University of California at Los Angeles on
several of the sirens now in use 1s also worthy of mention

(17,18).

In the deslign of a siren to produce high intensity sound,
a compromise of the desired conditions outlined by Jones 1s
necessary. To get high sound levels, a large air flow 1s
needed. In order to malntain a low initial pressure to keep
shock losses to a minimum, a larger orifice size 1s usually
used. It ls between the initlial pressure and the orifice
silze that the compromise is usually made since too large an
orifice agaln results in back-reflection losses. The deslign
of the horn for impedence matching involves another compro-
mlise between such conflicting horn requirements as the mini-
mization of shock-wave losses and the optimized physlical
matching between the siren and the test sectlon.

Although the baslc elements of the siren are essentially
the same from unit to unit, siren configuration falls roughly
into two categories. In one group are those sirens used for
excitation at a grazing angle of incldence. Here the slren
is physically coupled to the test section via a transition
section, as 1llustrated in Figure 4. In the other group are
those sirens used for the normal excltation of panels, as
shown in Figures 5 and 6. In these cases, there is no physi-
cal coupling of the horn to the test panel. More will be
sald of these variations later in the dlscussion.

To illustrate the varlatlions which characterize the slren
facilities in use today, Table 1 1s 1included, in which & rep-
resentative group of facilities is listed. It is noted that
maximum rated sound intensities vary from 160 to 180 decibels,
plenum chamber pressure from 2 psl gauge to as much as 50 psi
gauge; compressor flow rates vary from about 1200 cubic feet
per minute to around 6000 efm, and operating frequency ranges
vary from a few hundred cycles per second to over 2000 cps.
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B. Angle of Incldence: Normal Versus Grazing

An important controversial question existing today 1is the
merit of various test panel locatlions relative to the sound
wave dlrection. Siren facllity operators are split rather
evenly between the placement of test panels normal to and at
a grazing angle to the sound wave. The two schemes are lllus-
trated in Figure 7 taken from Regier and Hubbard (8).

A survey of opinions regarding the question uncovered a
number of reasons for making a particular choise, Some feel
that in practice, an aircraft panel experlences excitatlon
from an exhaust primarily at grazing incldence, whlile others
are of the opinion that reflectlons from the runway and from
the alrcraft itself during the significant damage periods,
groupd runup and takeoff, result in mixed or nearly normal
impingement.

Still other considerations are behind the choice of some
groups. For economical reasons, some lnvestigators adopted
normal incidence since they felt that the siren 1s more
versatiley; 1t can be moved wlthin a test chamber to vary the
acoustle conditions or relative to the test panel to vary
special conditlons such as intensity. Secondly, by exciting
a panel at normal ineidence, 1t 1s possible, 1f desired, to
obtain the effect of pressure reinforcement by standing
waves without increased alrflow. Since the objective of
some tests 1s to seek out the "weakest 1link" in a design,
qualitatively, the maximum excitatlion of the fundamental
mode with the least power 1s of prime interest, To go
further, some feel that the normal modes of aircraft panels
are the only ones significantly excited, and since the pan-
els exposed to normal impingement vibrate predominantly in
the lowest order normal modes, the test representation 1s
correct, or at least sufficlently accurate (19).

However, the users of grazing incidence faclillities have
a somewhat different interpretatlion. The strongest argument
set forth in support of the use of grazing incidence is that
the excitation of unsymmetrical modes, which are considered
the most important ones in some cases, would be extremely
difficult, if not an impossibility, with normal impingement
loading, and therefore, accurate response simulation cannot
be accomplished. Some analyses also recognlize stress con-
tributions made by higher than fundamental modes to the rms
stress under jet loading (9,20). It is pointed out that a
part under the random loading of a Jjet engine responds si-
multaneously to the same modes exclted singly under a discrete
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frequency siren load. Therefore, an accurate exploration of
the frequency response, includling the hlgher modes, is neces-
sary to determine the correction that must be appllied to the
siren-induced stress for a more accurate representation of
jet-induced stresses.

Another disadvantage of using normal incidence is thought
to be, 1in this regard, the difficulty in obtalning accurate
frequency response information because of the extreme fre-
quency sensitivity of standlng wave systems which may be set
up. The choice of grazing incldence testling, stated in another
way (19), is due to the feeling that at certain sound frequen-
cies, a structure recelving a wave at grazing incldence expe-
riences stress maxima in higher modes, resulting from standing
elastic waves due to reflections from transverse supporting
frames, a condition which could not be accounted for with
normal 1mpingement testing.

Not to be overlooked in a discusslion of lmpingement angle
is the possible Influence of colncidence reinforcement (g; .
An experiment conducted by Kamperman and Doelling (22) 1Iius-
trated the occurrence of the maximum respconse of a simple
structure to sound excitation when the colncldence frequency
and the resonant frequency of the structure coincide. Al-
though the critical, or lowest coincldence, frequency is
usually high compared to the structural response frequency
of concern in alrcraft design, it can be seen from Equatlon
(1) that, as stiffness increases, as may be the case when
the resonant response of a part 1s reduced, the critical fre-
quency decreases toward the resonant frequency of the struc-
ture and could become slignificant under the proper conditions:

2 1/2
c A
for = 5o (%i) Equation (1)

where E = Young's modulus

I = Moment of inertia

€ = Mass density

A = Area of test specimen cross section

cg = Speed of sound in the surrounding medium
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To illustrate the dependence of this acoustic coupling on the
angle of sound impingement, Figure 8, reproduced from Kamper-
man (22), is shown. Note that for the simple structure 1llus-
trated here a 209 implngement creates a maximum response. The
value of the coincidence frequency is minimum at grazing incil-
dence and approaches infinity for sounds arriving perpendicu-
lar to a surface.,

There are some experiments being planned by several groups
for the deliberate investligation of the relative merits of
normal and grazing impingement tests and the quantitative dif-
ference between them (11,17,22,23). These studles will add
materially to the answer of this controversial questlon.

C. Panel Attachment Conditions

The method of attaching test specimens to a holding fix-
ture for acoustic lcocading can and does take on many forms.
The actual attachment can be expected to vary according to the
type of specimen belng tested, the type of facility being used,
and the type of test information desired, but varlatlons exist
wlthin these categories as well. As can be expected, attach-
ment problems are relatively few in number in a test of pro-
duction structures on an alrcraft type mounting with actual
or duplicated boundary conditions and excited by a turbojet
engine., A major problem does present itself, however, in a
test of a specimen or panel section which is mounted in a
fashion designed to be representative or at least analyzable,
yet not geometrlcally duplicating a practical houndary. It
1s well established that boundary condlitlions have a profound
influence on panel response and not enocugh attention is paid
to them at times (;3,2£12§). Figure 9 for example, illus-
trates the differences in the behavicor of 1dentlical panels
under identical acoustic loading as a function of the type
of mounting. Since most test panels have slze limlts of some-
thing llke & foot square to three or four feet by flve at
most, it is probably not possible to duplicate accurately
the correct attachment stiffness, and, therefore, the panel
impedence, of aircraft mounted panel members. The goal here
1s usually to realize at least a reasonable, acceptable degree
of slmulation. The nature of the scatter of the test data is
such that large error probably does not occur; however, error
can exdst to some degree and should be accounted for somewhere
in the interpretation of test data. Figure 10 shows some
typical attachment schemes in current use. Illustrated by
(KS and (B) are two typical mountings of a panel section sub-
jected to "qualitative comparative tests." Shown by (C) and
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(D) are two types of mounting used for the attachment of a
production-design panel where duplication of the actual re-
sponse characterlistics is of greater interest.

The question of using a baffling or sound insulatlng box
on the side of a panel or test specimen opposite that exposed
to sound waves 1s another source of variation. Some groups
mount a panel to a frame which is placed near the siren in
the test cell in such a way that the front 1s exposed to the
siren output with the back unprotected from the environment
of the test cell. In some cases, this is done due to the
need to have access to the back to mount instrumentation as
i1llustrated in Fligure ll. Those who advocate lsolation of
the back of the panel do so because of the opinion that,
without 1it, the pressure differential from front to back
whlch excltes the panel would not equal the measured pressure.
In most test cells, especilally those with falrly reflective
walls, undesired standing waves can exlist at the panel or re-
flected sound from varlous directions can interfere with the
desired panel response. One group 1is known to use lsolation
boxes in the engine test cell when making acoustical fatlgue
tests.

D. Instrumentation

Fewer variations are found in instrumentation techniques
than in most of the other aspects of test practice, Standard
technliques, with some modifications, have been found to be
adequate in most respects for measuring panel response. Pan-
el deflection 1s monitored directly by several means, although
cne method appears to be the most popular. This method uti-
lizes the varying output of a transducer which 1s proportional
to its distance from a metallile panel., The output signal can
be converted by appropriate means to provide either visual or
graphical test monitoring. A simllar measurement 1s made by
some with the use of a condenser microphone wlth the dia-
phragm removed and used as a capacltive vibration plckup
where the panel serves as the second electrode (18).

A second method of monitoring deflectlion is with acceler-
ometers attached directly to the vibrating panel. The
accelerometer output 1s proportional not only to the dis-
placement but to the square of the angular velocity as well
and ls therefore not as stralghtforward a measure of deflec-
tlon. Also, there 1s often trouble 1in keeping the devices
attached to the panel throughout the test. An additional
disadvantage can become important 1f the accelerometer mass
is sufficient enough to alter panel response characteristlcs.
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Another method used on occasion is to measure with a microphone
the excltation of the air next to the vibrating panel. The
difficulty immediately brought to mind is the distortion which
can possibly result from a mixing of sound waves reflected from
the test cell walls.

In a number of cases, the deflection -of a panel 1is not so
much of 1lnterest as stress. The measurement of stress directly
by means of strain gages mounted at various polnts on a panel
is often accomplished without the aid of instruments. In the
early days of testing most groups experienced a degree of
trouble in placing gages where the desired strains could be
measured without intolerable gage attrition through fatligue.
Improved bonding, elimination of lead wire flexing, and, where
possible, location of gages where lower deflectlons occur have
helped to minimize trouble.

Sound pressure 1is usually measured by means of microphones
located at several points around the test area. Another method
reported to be useful in accurately measurling differential
acoustle loading (13) is with the use of miniature electrical
pressure gages which can be conveniently placed at a number of
stations on test items (27).

E. Brocad and Narrow Band Sirens

The present day slren, belng a dlscrete freguency sound
source, cannot duplicate the random nature of jet engine noise
and, therefore, 1s limited in what it can do. There is some
experimental work being conducted 1in this country, however, to
develop what would amount to a randomlzed-tone, high intensity
slren. One such device 1s the two component, narrow band,
modulated-frequency siren deslgned by Bolt Beranek and Newman,
Inc. for the Alr Force contract (28,29). The system is de-
signed to produce sound with a variable ratio of peak-to~rms
pressure at overall levels up to about 174 decibels. Sound
with a frequency ranging from 50 to 10,000 cps 1s ampllitude
modulated by a signal containling frequencies in a band of 0
to 50 cps. Two sirens are mounted onto a manifolding struc-
ture which attaches to the test section duct. A high fre-
quency siren which operates from 500 to 10,000 cps is mounted
perpendicular to the flow direction and its sound 1s reflected
by an acoustic mirror through an angle of 90° into the test
section. A low frequency siren, operating from 50 to 2,000
eps, produces sound which 1s transmitted through the mirror to
the test section., Either of the two sirens can be operated
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independently to produce a pure tone whlle together they pro-
duce a combination. The modulation system 1ls deslgned to con-
trol the peak-to-rms ratio to values of from 3 to 20 db and is
driven by an electro-hydraulic servo system actuated by a tape
recorded signal of random noise. The facillty 1s expected to
introduce 22,000 watts of acoustical power to a one foot square
test panel.

Another approach to the design of a siren for producing
wide-band sound is that reported by von Glerke and co-workers
(39). Some model siren designs are belng studied by the group
in which efflcient irregular modulation of an alr stream can
be accomplished. Basically, lrregular modulation 1s achieved
mechanically by a series of overlapping rotors irregularly
slotted and rotated at speed ratios such that any instantane-
ous comblnation of rotor positions will not repeat except over
long time intervals. Preliminary measurements indicated that
wlde-band power spectra can be obtained and that the spectrum
shape can be changed by changing rotational speed ratios of
the rotors. The new principle shows considerable promise.

IV. THE USE OF TURBOJET ENGINE FACILITIES

Engine test cell faclilities are in use by several alrframe
manufacturers for testing structures in acoustic environments.
These facilities are usually characterized by a higher noise
level and distorted spectrum for the sound at the structure
being tested, compared with that at the equivalent point on
the alrcraft outdoors. The response of the structure, the
mode of failure, and the fatigue l1life are normally affected
to various degrees by the distortlon of the noise fleld, thus
further complicating the already complicated task of Inter-
preting test data. Recognlition of this disadvantage in using
exlsting test cells dild 1ittle good when cell testing was
first adopted several years ago, since 1in most cases neilther
time or avallable funds were adequate to allow the construction
of acoustlcally ideal englne test cells.

Existing test cells have provided test groups with a

variety of problems. Specifically, the noise levels wlthin cells

are up to as much as 10 declbels higher than experienced on
the runway because of reinforcing reflections for the side
walls. Standing waves are usually generated because of the
present configuration of most cells. As a result of the
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above, the spatial distribution and spectrum of the sound of
an engine in the cell 1s conslderably modified, thus making
it virtually lmpossible to subject a structure specimen to
the preferred acoustic load.

A number of steps are sometimes taken in practice to re-
duce the distortion of the noise field in cells and to cor-
rect the acoustic loads applled to structure specimens. For
one thing, locations in test cells where standing waves are
set up are, 1ln some cases, covered with sound absorptive ma-
terials to reduce reflections. Also, test specimens are usu-
ally carefully positioned in the test cell, when not inte-
grated into permanently located built-up structures, so that
standing waves are not set up at the speclimen.

Test procedure among several investigators is normally to
instrument a test panel and mount it on the appropriate air-
craft. A sound survey is then made in which both pressure
levels and stress responses are recorded for a number of en-
gine operating conditions. Brittle lacquer is sometimes used
to indicate the proper places to locate straln gages. The
analysis of power and stress spectral denslity made from these
data are then used to determine the engine settings in the
test cell to duplicate the loading on the specimen. By using
these criterla to determlne engine settings, it is believed
that the effects of distortions due to the cell walls are
minimized. A practice of simply duplicating the overall noise
level in the test cell, as indicated by microphones, is fol-
lowed by some.

Several engline test cell facilitles used by the 1ndustry
are shown in Flgures 12 through 15. In all cases, the in-
stallations duplicate the mounting for a particular airecraft
model in that a particular engine series 1s mounted by means
of a pylon to a lower wing surface structure. In Figure 12,
the J-T1l-A-11 engine installation used at Douglas Alrcraft
for tests on the RB/B-66 jet bomber is shown (3). Filgure 13
1s a view of a test panel located near the exhaust. Flgure
14 shows a similar installation used by Convalr-Fort Worth
for tests on the B-58 jet bomber. Here, a J-79 englne is
mounted to a simulated lower wing surface with an appropriate
pylon structure. With this facllity, actual production flaps
and secondary wing structure can be integrated into simulated
alrcraft Installations and be subjected to acoustic loading.
For the test program performed by Douglas on the wing trall-
ing edge and flap designs for the DC-g transport, a JT3C-4
(J-57) engine was mounted on an open alr test stand in the
appropriate geometric configuration. That program 1s report-
ed in part in a paper by Belcher, VanDyke, and Eshleman (9).
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One step further than the cell facilitles 1s the half-wing
setup operated at Boeling-Wichita. The starboard half of a
production B=52 wing, with two J-57-P43W engines mounted on
each of two pylons, 1s used for full scale tests of flap and
wing structure in the proper acoustic environment of all en-
gines. The setup 1s lllustrated in Figure 15. The geometric
relationship between the wing and the runway 1s maintained so
that runway reflectlons of noise are duplicated for runup and
takeoff conditions.

V. MISCELLANEOUS TEST FACILITIES

The search for faclllties for producing random noise to
duplicate or at least closely simulate jet engine nolse more
economically is a continuing effort. One of the more impor-
tant developments of a source of random necise of a high level,
other than the turbojet itself, is the alir jet. High volume,
high pressure air is passed through a plpe and exhausted into
a test area in which test structfures can be placed. The dis-
tinct disadvantage with the alr jet 1s the rather large air
requirements; for example, in the order of 100 pounds per
second and more., Such & device 1s currently in operation at
NASA-Langley Field (31).

The alr jet 1s an 1ldeal facility for the Langley Research
Center of NASA since an ample supply of compressed air is
readlly avallable from thelr wind tunnel air tank farm. The
farm can store alr from four compressors, totalling 18,500
horsepower, in the 135,000 cubic foot tank installation at
600 psi. A 12 inch diameter Jet receiving air from the farm
can produce an overall noise level of about 157 db with a
spectrum similar to a 10,000 pound thrust jet engine from
150 to 1200 cps as shown in Figure 15 taken from a paper by
Edge (31). The high noise levels and the desired spectrum
shape are obtalned primarlly because of four 90C bends in the
pipe upstream from the exhaust. Thils arrangements can be
seen in Figure 16. By adding heat to the jet air, further
increases 1n the nolse level can be produced. A number of
very successful experiments have been reported to date using
this facility.

Another device receiving some renewed attentlon is the
alr stream modulator which utllizes the voice coll from, or
similar to that of, a loudspeaker. One such device designed
by Stanford Research Institute is in use at Lockheed (33 .
The flow of alr at low pressure 1s modulated by a valving
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orifice which 1s controlled by the displacement of a volce
coll. With proper amplification, sound pressure levels around
120 db are attalnable between 400 and 2000 cps. A similar de-
vice has been deslgned by Altec-Lansing and is under experl-
ment at Boeing (33). An amplified random signal from an elec-
tronic noise generator 1s fed to a volce coll through a "spec-
trum shaper" composed of octave band fllters. The random coll
displacement, as in the Lockheed device, modulates the air at
a valving orifice. The goal with this device 1s to realize

up to 170 db over a #0 square inch test panel up to 800 cps.

Experiments were recently completed by Midwest Research
Institute for the Alr Force to determine the feasibility of
using electrostatic loading to excite panels under simulated
acoustic conditions (34). A feasible deslign was developed
where a time varying electrostatic fleld of 400,000 volts per
cm would be set up between an electrode and a test panel which
would be placed at least 5 mm apart. The time variation of
the electrostatic flield could feasibly be elther periodlic or
random in nature., It was concluded that, although the appro-
priate equipment could be developed (which would include an
A.C. generator with 200,000 peak volts, an electrode plate,
and a pressure chamber to enclose the test panel under 9 or
10 atmospheres of sulfur hexafluoride to prevent corona dls-
charge), the facility would be, of necessity, quite complex
and too expensive to warrant its use.

There are a number of other devices and facllitles in use
or 1n various stages of development and experimentation for
the production of sound. Included are a variety of speaker-
driven reverberant chambers, plane wave and resonant tubes,
whistles, etc., used primarily for the testlng of electronic
gear, It 1ls outside the scope of thils paper, however, to
discuss this type of equipment beyond notling that usually
these devices do not provide enough power to test structures
satisfactorlily and are, as a result, not normally of interest
to the structures testing groups.

V1. TEST DATA ANALYSIS TECHNIQUES

It is not the purpose of this dlscussion to give a trea-
tise on the various analytical techniques put to use on test
data by workers in the acoustical fatigue area. This infor-
mation has become and 1s becoming adequately avallable in the
literature. It appears to be worthwhlle, however, to make
some comments regarding several of the more prominent varia-
tions 1n approaches to the problem currently in use,
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The current state-of-the-art is not advanced to the point
where we are able to predict analytically the response and
fatigue 1ife of airecraft structure. Assumptions are there-
fore used to idealize the problem to allow a prediction.
These assumptlions follow set lines. For example, it is gen-~
erally assumed that fatigue damage accumulates according to
Miner's linear damage rule (35):

p
Ny

D =

i
ju

Equation (2)

where cumulative fatigue damage D equals unity at the time of
fallure, and that the distribution of the peak values of pres-
sure or stress can be described by a probabllity density func-
tion, most notably by Rayleigh's equation:

%2
P(x) = xe 2 Equation (3)

It 1s also generally, although not exclusively, concluded that
the most fatigue damage will occur in the least damped mode of
a lightly damped structure which wlll respond significantly
only at 1ts resonant frequency.

Variations in analyses occur at this polint. One widely
used reponse analysis is Miles' treatment of a linear, single-
degree-of-freedom system under random excitation (36) wherein
an expression for an equivalent stress is developed. It is
postulated that this steady stress is equal in damage poten-
tial to the random stress of distributed amplltude. An ex-
tenslion of this analysis was developed by Belcher and co-
workers (9) to provide a method of relating siren test data
to the equlvalent stress which would occur from Jet nolse.

In this analysils, the Influence of non-linear kehavlior is
accounted for by a correction factor determined from a
measured plot of sound pressure versus resulting stress.

Also included 1s a correction factor to Miles' analyslis which
accounts for the stress lncrease due teo vibration in more than
the one mode under random excitation.

Another analytical iInterpretation 1is the one advanced by

Getline and co-workers (10) whereln damage 1s related to the
total sound pressure energy applled to a structure rather
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than the amount of stressing tc which it is subjected. The
fundamental difference in the analyses of Belcher and Getllne
appears to be that, in the flrst, the accumulation of fatigue
damage 1s in accordance with Miner's hypothesls and is meas-
ured in terms of stress while, in the second, a definitlon 1s
made of the number of pressure peaks to be expected in the
desired structure life (expressed by a probability density
function describing the expected environment) and damage 1s
measured in terms of the occurrences of pressure peaks 1in the
test. The valldity of both analyses are reported to have
been satisfactorily demonstrated within acceptable bounds. A
jet transport alreraft now 1n service has been deslgned acous-
tlcally by each of these analysis procedures and each has, to
date, performed satisfactorily.

The analysis of Miles has also been subjected to rigorous
test as reported by Hess, Lassiter, and Hubbard (37,38) and
more recently by Belcher (32). They found excellent agreement
between measured stresses 1n panels exposed to both turbojet
and alr jet nolse and the stresses calculated with Miles!
equation.

VII. CONCLUDING REMARKS

Thls paper has presented what 1s Intended to be at least
a broad review of some of the current test practices and an
unblased discussion of the rather substantial variation in
technique which characterizes much of the acoustical fatigue
work conducted in the United States. It has been shown that,
because the general entry into the acoustical fatigue problem
area several years ago was qulte abrupt, because the needs
and obJjectlves of various groups have been different in some
cases, and because environment simulation and data analyses
pose problems, & significant degree of variation in practice
in industry prevalls.

It 1s the feellng of the author that if the discussion
promotes perhaps a more serious examlnation of the pros and
cons of controversial questions, then indeed, a service has
been performed. What may prove to be the greatest future
contributions to the state-of-the-art of analysis and ex-
perimentation 18 not oniy an increase in the relatively
meager amount of actual research on acoustical fatligue phe-
nomena by lndustry, and a subsequent greater exchange of in-
formation between groups, but also a stronger effort by design
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and test groups to combine thelr ldeas and standardlize pro-
cedure for greater interchangeabllity of test results and an
overall advancement of the technology. ‘
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Fig. 8 - Acceleration Response of & Plate as a Function of Angle
of Incidence (Ref., 22)

369



*(ET *J?u ) suorypuc) Butdwer) S3p3

92IYT YITM sTaUed YOUT-ZEO°0 JO 3JTT anBT3ed Jo uospredwo) °*6 aIndTd
uiw “j ‘aunpo) o} auwnj
0S 02 (o] S
1 L [ "L |
4 1
pajiog
Sjlwi| 3UBPYUOd 9%, G6 i L)
1 i 4_ ' LB 1
t ]
Q0P ®I® OIO papuoq  ajbuig
v
T O T T L L
]
'®) ﬁ@u@ @u () papuoq qnoQg
Pl

370



‘SIWSYOS JUSUMIOR3JY [OUBd 389 TeoTdLL owog -QT xndtg

ﬁnv SWajly uotjonpord Jo Fuyysag J0J reoTdLl

%//ﬁ

IO
555
00‘0000000".

o'’

371

(g) Surasa] oaTyedudwo) 9ATIBITTEND J0J T8oTdAL (v)

B

P

0.




& ST T

Panel Mounting Scheme for Normal Incidence Testing Showing

Instrumentation (COu{-ey Boeing-Wichita).

Figure 11.



Douglas Aircraft Engine Test Cell.

Figure 12.
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Flgure 15. Boeing-Wichita B—52(lalf-w1ng Engine Test Facility



*(1E °J°y )

suTdug 3sL J0J pur L3TTTIoRd 39L-JTY J0J BI309dg 9STON JO UosTIedwo) °QT aandTd
. Sd9 ‘SANVE AON3INDIYA
0096 oo &4 009 o]
-008% -002'| -00¢ ~GL
I | | I i { ! I ||
~02|
o€l
—0bl
~06l
mzozmomo_z)._ Jos
W” 7381930
“73A37 3SION
I J J

377



K (1€ *Jou ) o7 poN ay3 Jo weaxysdp
adTd 9u3 UT spusg ,06 JupMmoys dnjysg pmme 19L-ITY JO M3TA 9PTS °LI aunIid

3j2zou 3l

~410  434{3WoIp - 2|

378



