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ABETRACT

An experimental and explorztory study of radiated soun: power has been
cc:ducted with cold model Jets and various additions to those Jets. The ob-
Jective was to provide insight into the phy..ical accustical problems related
tc the design of ground runup silencers for use with advanced Jjet alrcraft.
Tre results cdemonstrate the complexity of this silencing pro!'em and indicate
now the radiat=d scund power from a glver Jet can be Increz.ed or decreased
through several orders of magnitude. The results indicate th.t various fea-
tures cozron to curreat muffler hardware must act to irncrease rather than de-
cregse npolse with conscguent liritation to the silencirg obtainable. Purther
results suggest hovw to rroceed more directly with silencing. A complete ex-
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SICTION 1

INTRODUCTION

The motivation for this research program was the recognized need for a
more complete understanding of the physical acoustical problems underlying
the design of ground runup silencers for Jet aircraft. The broad concept
of the existing technical situation regarding ground silencing was expressed
in the original USAF request for bid (Reference 1) vhich culminated in the
research reported here. That concept was essentially as follows.

At the inception of this program, a review of existing muffler hardware
showed that at best, it was marginally able to silence operational Jet
engines. Projected larger and more powerful Jet engines would soon create
even larger amounts of noise and such a trend should be expected to continue.
Compensating improvement in muffler effectiveness, along the line of current
designs, did not seem likely. However, this projected deficiency in perfor-
mance of mufflers did not appear to result from any lack of talented engineer-
ing development. Rather, it appeared to grow out of a lack of basic knowledge
sbout the physical acoustical mechanisms and parameters underlying the prob-
lem area. The existing muffler hardware presented an appearance of "brute-
force" adaptation of pre-Jjet-engine noise control technology.

A review of the relevant jet-noise-regearch literature revealed a
heavy concentration on the nature of noise generation by simple Jets, e.g.,
Lighthill's theory, and noise reduction studies oriented toward the control
of noise from Jet aircraft durirg flight. Reference to the ground silencing
problem was very meager indeed. ’ I

The preliminary study phase of this project reconfirmed the above view.
Considered as a vhole, both the existing literature and the characteristics .
of existing muffler hardware led to the conviction that it is necessary to
study and to develop much more fully, a basic body of knowledge relating to
the ground runup silencing of Jet engines. Reference 1 also contained an
admonition to concentrate on new and different approaches to the problem and
not to merely develop along the lines of existing designs. The research re-
ported here has been guided by the inmtent of that admonition. .

The predominately different requiremeut between silencing a jet engine
during flight and silencing it during ground runup, is the necessity for
preserving thrust during flight. During ground or non-flight operations,
there is no need to preserve the thrust of the jet-silencer combination.
Beyond a tacit requirement that the ground silencer permit normal mechanical
and thermodynamic functioning of the engine, almost anything which has a
desired acoustic effect might be acceptsble. This concept for ground silenc-
ing permitted a very wide scope to the research.

1
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The first several months of the pros> = were occupied by a preliminary
study which included a specific study of relevant literature, exploratory
experiments with improvised Jets using the laloratory air line as supply,
and an attempt to correlate acoustical, aeronautical, fluid-flow, etc., in-
formation and advice into an initial concept for the research program.
Arparently also, much of the developmental work conducted by iriustry has
rever been fully reported in the literature for a variety of reasons. Thus
there is a body of potentially useful facts, observations, etc. which is
difficult to obtain cr even to find out if it exists. Undoubtedly the
present research includes urintentional duplications and deficiencier for
want of such information. However that may be, the.preliminary study re-
vealed that the state of avallable relevant knowledge was even more rudimen-
tary than anticipated at the outset. Consequently, it became necessary to
start in a most elementary manner and to attempt to identify and isolate the
various phenomena which could occur when objects were placed in, around, or
in the vicinity of a Jet.

In the case of a simple subsonic Jet, a very elegant theory of noise
generation exists. However, no such comprehensive theory exists for the
obJects or obJect configurations to be studied with respect to silencing.
In the absence of even vaguely defined guidelines, it became necessary to
try all manner of configurations in a sort of "aimed shotgun" approach and
from this, to attempt to delineate unique features for more detalled study.

Another revelation of the preliminary studies was the doubtful quality
of much of the reported acoustical data. In this research, emphasis has
been placed upon obtaining reliable sound-power data within an acoustical .
laboratory ernviromment. For this purpose, the model Jets were operated
within a specially-equipped reverberation room in order to provide the de-
sired acoustical data in the most direct and convenient manner possible.
Because exploratory experiments mey be conducted fortuitously at far from
optimum parametrical values with concomitant small acoustical effects, em-
phasis was placed upon repeatability and high relative accuracy.

The research reported here is by no means complete or exhaustive, and
there is a great deal more which can and should be learned from model studies
of this type. It is hoped that this research has provided a portion of the
knowledge sought., The field of jJet noise studies is certainly not static
and during the time interval of this program, researches conducted elsewhere
have continued to advance the field beyond the state summarized above. ILike-
wise, 1t 1s understood that operational mufflers have been much improved
in acoustical performance and are close to meeting operational requirements.
Nevertheless. a complete understanding of the underlying acoustical phenomena
remaias an unfulfilled but important goal.
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SECTION 2

SUMMARY AND RECOMMENDATIONS FOR FUTURE RESEARCH

An exploratory experimental study has been conducted on the sound power
radiated by cold-air model jets when various objects have been placed in and
around the jet's exhaust. The primary purpose was to gain a bettér undei-

. standing of the acoustical problems related to the design of ground rumup
silencers for advanced jet aircraft. The studies emphasized a search for
passive configurations which evidenced a potential for silencing by altering

in some way the noise generation by a simple high-velocity air jet. The re-
duced acoustical data have been presented in the form of one-third-octave

band sound power levels radiated by the test configuration for a specified

mass flow rate of air. Most experiments were performed in the high subsonic
velocity range. This research has intentionally disregarded directiomal ef-
fects, the details of ‘the acoustic near-field, and temperature effects in -

order to concentrate upon the very fundamental property of sound power and _
to be able to measure this sound power most directly in a reverberation room. R
The disregarded aspects are not ~unimportant to full understanding but they
constitute complications which are best avoided unt'.il the scope or the re-
search has been narmwed and simplified.

The present research has maintained a practical orientation by meeking
large acoustical effects, by employing object configurations apparently capable
of full-sized realization, and configurations not critical with respect to '
perfect streamlining., More elaborate schemes for silencing which require
gauxiliary power or the expenditure of large amounts of material have been
avoided as probably impractical for full-size application. ILikewise, silenc-
ing by the use of ordinary sound absorbing materials was not studied because
this method has already been explored extensively by others.

Even with the above limitations, the experiments repoxicl here encompass
a wide range and the diversity of interesting results, both positive and nega-
tive, are difficult to assemble into a concise but comprehensive summary.
However, by omitting the side experiments and concentrating on the ultimate
goal of effective s:llencing during ground mmup, several types of results -
appear prominent. :

~

Experimentally., it seems to be much earier to increase the sound power
radiated by a jet than to silence it. The simple Jet initially is a compera-
tively inefficient acousiical source and so the scope for even less efficient
acoustic processes appears small. Many types of silencer hardware incorporate
noise producing mechanisms as well as noise silencing mechanimms; the net
effect being that only a small amount of silencing can be realized,
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Of the warious objJects tested. only s:reens and metal felts were in-
dividually capable of providing large reductions in the radiated sound power.
Even these screens and felts had to be selected and located carefully other-
wise they were apt to create more noise rather than less.

2.1. SUMMARY T SCREENS

Screens, as silencing devices, have been partially investigated by others,
varticularly NACA in full scale tests and also with l-inch diameter nozzles.
(See References 16, 18, 19.) The present research with smaller models agrees
with several of the NACA findings, particulariy optimization of the silencing
effect by using a coarse mesh open screen located about one-half nozzle diameter
downstream. The principal reasons for studying screens were to encompass a
wider range of paraneters, to exploit the higher precisicn of the la-oratory
environment, and, by measuring sound power directly, to avoid some of the
confusing complications related to directionality. Our experiments indicate
larger silencing effects than reported for full-scale tests (Reference 18)
and even somewhat larger than for the NACA model experiments (Reference 1y).
The exact reasons for these differences of magnitude have not been resolved
because our experiments and the NACA experiments differed in tco many de-
tails to allow a full comparison of results.

Our research on screens demonstrates that the silencing effect, particu-
lar’r its magnitude, depends markedly upon the initial velocity of the Jets
at lsast within the higk subsonic range. More pronounced silencing was in-
variably obtained for the higher velocity test condition (a fortunate at-
tribute for practical silencing). For a given screen, a distinctive pattern
of spectral shifts was produced by varying the distance between nozzle and
screen. Generally the spectral changes produced by changes in the configura-
tion parameters were large and complex enough to frustrate a meaningful de-
scription in terms of broadband scund alone. ‘

Screens were capable of providing silencing down to the lowest frequencies
measured, a feature which does not seem to have been demonstrated clearly
in previous research. The more open screens gave more silencing, especially
toward the higher frequencies, but the parameter of percentage open area has
been only partially investigated. The limited results suggest that future
research might concentrate cn screens which are 4%0% or more open. Screens
also displayed a tendency toward a silencing deficiency at or near the upper
frequency limit of the measurements; this effect became more pronounced as
the initial Jet velocity was reduced. This result poses a problem for future
study and also suggests that screens meay need to be combined with some other
silencing mechanism to create a simple broadband silencer. In this respect,
conventional sourd absorbing materials might provide the complimentary fie-
quency-characteristics. The combination of absorption and a screen described
in Reference 19 represents one example of such a composite design but there
are many different arrangements which should be tried. The fact that the

4




screen may be placed at an angle across the exhaust flow holds the pos-
sibility of deflecting the’ flov and simultanecusly achieving useful silencing.
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This research demonstrates that two screens, properly selected and
arranged in series, can yleld more silencing than the best single screen.
More research is needed to fully delineate the potentialities and the limita-
tions of arranging screens in cascade. It looks as if two screens in series
can provide worthwhile acoustical benefit but that more screens are of doubt-
ful value.
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Several testa demonstrated, using models and the reverberation-room sound
pover measurement technique, that the silencing effect of a single rod or wire
stretched across a Jet could be measured all across the spectrum. This re-
sult opens the door to a much more basic area of investigation. It appears
definitely possible to experimentally investigate the acoustical consequences
of the size, shape, and position of a single obstructing object placed across
the flow. Such an investigation could encompass the entire frequency spectrum
not Just aeolian tone generation. The simple geometry of the test configura-
tion would permit the meaningful application of flow visualization techniques.
ILikewise, the simple geometry maskes concomitant analytical and theoretical
investigation much more attractive than say for the case of a complete screen.

2.2, SUMMARY ABOUT METAL FEITS

The experiments using sintered metal felts demonstrated an even larger
potential for silencing than did the experiments with screens. In many re-
spects, however, the acoustical behavior of felts resembled that for screens.
For example, felts gave better silencing when placed rather close to the
nozzle and the changes in spectral distribution as a function of configuration
rFarameters followed complicated but reccgnizable patterns. Most of the felt
experimeuts were performed with a 5% dense material of one nominal fiber size;
a limitation imposed by readily available material types. A 20% dense felt
of the same fiber size gave much less silencing but the parameters of density
and fiber size need a much more complete investigation.

The effectiveness of different thicknesses of 5% dense felt was investi-
gated over a range from 1/8" to 1" and the thinnest layer found best. This
result leaves the thickness range from 1/8" down to a "single-layer random-
mesh screen" to be investigated. The better of the metal felt configurations
do not seem 0 leave as much residual high-frequency noise problem (or else
they displacc it to even higher frequencies). The metal felt experiments in-
dicate silencing down to the lowest test frequencies in a magnitude which
often exceeds that found for the best screens. Although several plausible
explanations for the acoustic behavior of these metal felts come to mind, it
18 not yet clear how a felt achieves its silencing effect or vhy it is more
effective than a screen.
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All features considered, a single l:::r of metal felt is promising for
development into a very simple light-welght silencer. It can yleld much more
silencing than a single screen. If these results with cold model Jets hold
true for full-size hot Jets, a single layer of metal felt would be almost
as effective as some existing runup silencers. For example, Figure 59 dis-
plays a broadband silencing of 26.5 db achieved with a single layer of metal
felt.

Experiments indicate that metal felts can be supported by screens, to
assist in resisting the exhaust flow forces, without drastically altering
the acoustical behavior. In some combinations, a slight improvement over
the metal felt alone was experienced. There was also indication that a coavse
screen placed ahead of the metal felt could produce small but useful acousti-
cal consequences. If the observed improvements were not the consequence of
incorpletely optimized metal-felt parameters, then these combination effects
should be exploited.

2.3. SUMMARY ABOUT MODEL SILENCERS

In another line of investigatior some experiments were conducted with
moéel structures which resembled some existing runup sllencers. These models
were I~shaped configurations of tublng which did not attempt to model the
finer detalls nor the internal structure of any <xisting silencer. Tests
with these model configurations evidenced much <nhanced low-frequency radia-
tion as well as the specific tonal characteristics of a-oustical pipes.
Qualitatively, these results were to be expected from general acoustical
knowledge but more interesting is the information about the magnitudes of the
sound povwer associated with these results, which magnitudes are not ordinarily
predictable from general knowledge.

Additional experiments with a perforated model, a perforated model
wrapped with fiber glass, and a water-inflated flexible model all reinforce
the contention that solld walls surrounding a Jet exhaust will enhance the
amount of low-frequency sound power radiated from the configuration. Mechani-
cal resonances and colncidence effects in the walls of these models do not
arpear to have played any significant role in these experiments but, if
such effects did occur in a silencer, they could only decrease the amount of
silencing.

The implications from the model muffler-body experiments are that the
ver:- existance of solid walls must act to increase the radl.ted power and
that thelr geometrical configuration will determine the superimposed tonal
characteristic; both completely undesirsble consequences. Therefore most
existing runup silencers would seem to start with a large step in the wrong
qcoustical direction but then recover by an even larger step 11 the right
Jirection which 1s a consequence of their internal silencing mechanisms,
mainly absorption probably. It would appear more efficacious to achieve

6
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silencing by taking only steps in the right direction if possible.

2.4, SUMMARY ABOUT NEW DESIGHS

From this research, one concept of silencer design developed which re-
quired that extended solid surfaces be completely avoided. In this way,
both the broadband enhancement and the normal mode effects might be largely
avoided. One test configuration based on this concept was fabricated en-
tirely from metal felts. The body parts were cut from thick layers of felt
and surrounded the exhaust flow and only a thin layer of felt intercepted ¥
the flow. (See Figures 70 and II.25) This configuration ylelded a large
and consistent silencing effect across the entire experimental frequency.
range and, for an initial jet velocity of Mach one, demorstrated a broadband
sound power reduction of 27.8 db. It 1s reasonable to assume that this exw
perimental configuration was not fully optimized with respect to silencing
or compactness but even in this form it represents a compact, light-weight
silencer. Moreover, many variations to this configuration are possible, all
adhering to the original concept, and further exper:hnetrl:s w prove scme of
them to be diatinct]y more advantageous.

A different experimental configuration was devised using metal felts
and screens in various series combinations. A solid outer bourdary, in the
form of a brass tube, was used to support this configuration and, while the
brass tube violatea the concept of avoiding solid boundaries, the thick lining
of metal felts seems to have at least partially isolated (acoustically) the
golid boundary from the jet. (Probably, when it is not in the high velocity’
air flow, a metal felt functions as an ordinary porous acoustical absorbing
material. However, in the present case, the unusual ratios of physicel -
dimensions to wavelength make quantitatiye predictions of effectiveuess very
uncertain.) The best of these configurations yilelded a 38.9 db reduction in
the radiated sound power (See Figures T3 and II.26C). Again it is reasonable
to assume the further development might lea.d to more silencing and a more com-

pact design.

G Rl S e Dt Pl Y PR T R A

A variety of untried ideas stem from the various metal felt and screen
configurations. One such idea would employ a continuously distributed felt-
like material to constitute the complete silencer, The density distribution
and other parameters could be varied as necessary to achieve silencing and at
the ssme time, the exhaust flow might be diffused and directed by virtue of
the varied flow resistance.

A further line of investigation dealt with the comblination of a model
muffler-body with screens and metal felts. In most cases, the results are
approximately those one would expect from a linear combination of the noise
enhancing effects of the muffler body and the noise reducing effects of the
screens and felts. In one case, however, a very much larger noise reduction
was obtained. (See Figure 86)., Possibly this configuration functions as a
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reactive type of acoustical filter although the experimental conditions are
far removed from those usually sel: ‘L:.d when one 13 consciously attempting

to apply acoustical filter theory. The size of ihe acoustical result merits
further investigaticn although this configuration, as i1t now stands, would rep-
resents a large and heavy silencer. An absorptive lining would at.tenuate

the residual high-frequency noise. It may be that existing runup silencers
already utilize the phenomenon discussed above, but if not, scme practical
applicaticn of it may be desirable. It is especlally interesting that the
band of large attenuation appears to start on the low-frequency side at the
frequency of the lowest-order pipe mode.

2.5. SUMMARY OF SILENCER CONCEPTS

The initial concept of the r.nup silencing problem based cn the noise
from simple subsonic Jets of equal mass flow rates, discussed in Sectiom 3.1,
still remains useful in spite of experimental difficulty in fully realizing
its predictions.l However, after performing the reported research, a somewhat
broader concept, which can be argued somewhat as follows, 1s appealing. A
Jet exhaust consists of a specifiable mess flow-rate of hot gas which in tumm
can be specified in terms of chemical composition and an appropriate equation
of state. The energy of the Jet exhaust consists of thermal energy (repre-
sented by the random motion of the gas molecules) appropriate to the gas
temperature and the kinetic energy of the ordered fluid flow which is directed
principally along the Jet axis. The ambient air is &b a much lower tempera-
ture (its mean random molecular velocity i1s much lower than for the exhaust
gases) and 1t has 1little or no ordered dc flow except for winds. When the
Jet exhauvst gases have mixed with the surrounding air, the mixture is cha-:c-
terized approximately by a small increase in temperature above the ambient
value and a small ordered (radially outward) flow.

The random molecular motion of the ambient air corresponds to an irre-
ducible background of acoustical noise which at normal temperatures lies 10
tc 20 db below the thresi:old of human hearing. The intensity of such thermal
noise depends explicitly on the first power of the absolute temperature of
the gas (to good approximations) so that all other factors being equal, a gas
would have to be exceedingly hot for its inherent thermal acoustic noise to
be intense and therefore subjectively loud. Indeed upon leaving the nozzle,
if all of the ordered flow energy in the Jet exhaust could be instantaneously
transformed into randcm molecular motion, constituting a gas cloud at an even
higher temperature, the acoustical noise of thermal origin in such a cloud
would still lie near the thrashold of hearing.

lThe several concepts of runup silencing discussed here have not been found
explicitly expressed in the literature reviewed by the author but the under-

lying physical principals are so widely known that any aspect of originality
seems doubtful.




The ground runup silencing problem appears to be how to get from the
ordered dc flow at the nouzzle to completely random molecular motion without
exciting other nolse generating mechanisms along the way. The normal noise
from simple Jets represents a natural mixing process which generates an
appreciable amount of noise during the transition from one gas state to the
other. The concept of rumup silencing used in Section 3.1 was contained within
the concept of simple Jet noise inasmich ar it started and ended with an
ordered dc flow. Thus it appears to constitute Just one special case in a
much more general framework.

Teking a different path, the flow from a Jet might be "diffused,™ per- b
haps by means of a controlled spatial distribution of flow resistance, so | 3
that the ordered exhaust flow becomes diverged into a much larger solid ’
angle than the roughly 0.007 i solid angle of e simple jet. The more rapid
divergence would quickly reduce the mean outward flow velocity to low values
and considerably alter the distribution of shear forces which accoun. for
the noise from simple Jets. .

Another possibility might be to break up Jhe initially ordered dc flow
into essentially random motion by means of scattering obstacles placed in
the exhaust flow (somewhat similar to the wind-tree model used in the kinetic
theory of gases). The scatterers would need to be arranged in a three-
dimensional spatial distribution and, individually, they should present only
gmall areas of solid surface so as not to enhance the radiated acoustic
pover in the frequency range under consideration. It seems likely the silenc-
ing observed for screens and metal felts is related to these concepts o:l.’ '
divergence and scattering.

2.6. SPECIFIC RECOMMENDATIONS FOR FUTURE RESEARCE

With respect to future research, there are a variety of investigations
vhich ought to be pursued to take fuller advantage of model scudies with re-
gpect to Jet noise and runup silencing.

A. The reverberation-room (containing a rotating vane) method for
measuring sound power has been demonstrated to be a very fruitful
method for conducting model scale research on jet noise and jet
silencing. It should be utilized as a basis for more research on
Jet noise both basic and applied in terms of ultimate objectives.

Experience from the present researca indicates that somevwhat larger
air flow rates through a reverberation room can be tolerated without
violating the necessary acoustical conditions within the room. Thus
future research of this type can employ somewhat larger model nozzles
to advantage, not the least of which would be to shift the noise
spectra downward to fall more nearly in the middle of the measurable
frequency range. The air flow control system is reasonably satis-
factory in the present form but the acoustically and aerodynamical
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clumsy calming chamber chould be replaced by a silencer similar

to Figure II.26. I%.should be more effective acoustically and such
a design could leave the nozzle end available for particularly re-
fined streamlining intended to minimize upstream flow separation

at all flow rates.

Essentially this recommendation 1s, now that this particular experi-
rental method has been proven advantagecus, learn from it and ex-
vloit it fully as a very povwerful tool in several areas of silencer
research. Previously, this tool has been almost totally neglected
by researchers in Jet nolse and much of the present research pro- o
g>=m had to be devoted to learning how to apply this tool to this
perticular problem area.

Extend the research on screens, metal felts, distributed flow resis-
tance, flow scatterers, etc., with the ideas both (1) of finding
erpirically the most effective materials and configurations and (2),
in conjunction with theoretical and analytical work, of learning

the detailed physical processes involved. Correlative to such re- ;
sezrch should be the performance of several selected experiments at
both model and full-scale to investigate such characteristics as
sceling factors, directlonality, and temperature characteristics.
Certaln conjunctive experiments at model scale conducted in anecholc |
surroundings would be in order also. The correlative group of ex-
periments would almost certainly require the participation of severa
leboratories. : ' S

Develop further the experimental silencer configurations which employ
metal felts without solid boundaries and the metal felt-screen com-
birations similar to those shown in Figures II.25 and II.26. Some
r2liminary development should be carried out at model scale to

optimize performance and compactness. This should be followed by
fuil-gcale development into experimental production prototypes of

or2 or more versions of such silencers. Extrapolating from the ‘
present research at model scale, many advantages are anticipated ,
with respect to size, welght, and performance.

Follow up the exploratory measurements of the sound power consequences
of single wires stretched across a model Jet. Take advantage of the
si~ple geometry to concurrently apply the aerodynamicist's flow visuali-
zetion techniques. The fact that the reverberation-room measurements
used in this research permit such accurate and controlled experiments
provides an exciting possibility of bridging a gap which now exists
beiween the fields of aerodynamics and acoustical physics and their
respective experimental methodology.

Continue the exploratory research into more and "new" methods of
silencing Jets at model scale. At the start of this program, the
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general state of knowledge about the problem area, as reflected by
the literature, was diffuse and fragmentary. Consequently, after
demonstrating the applicability and advantages of model experiments
in the reverberation room, the research program had to be almost of
the shotgun type and, even after appreciable accomplishment, much
more investigation remains to be done. Most of the existing general
acoustical knowledge about noise sources relates to the expected
frequencies or spectral distribution. Relatively little is known
quantitatively sbout the associated sound power on either an amalytical
or empirical basis; simple unsilenced Jets constitute the principal
exception to this statement. . Therefore, particularly with respect to
silencing, mch research will be needed to provide the full basic
knowledge essential to the routine engineering design of practical
silencers. Considering the relatively low cost of model studies,
such as reported here, in compariscn with many full-scale experi-
ments and their associated facilities and hardware, contimmed model-
scale studies would seem to constitute a good investment toward
future knovledge.

"
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SECTION 3

INITIAL CONSIDERATIONS

The concepts and considerations governing the reported research are
outlined in this section. The underlying ideas are certainly familiar to
acoustical sclentists but some of these ideas would seem to be less familiar
to many engineers working with Jet engine noise as evidenced by the general
literature oa the subject. Moreover, the use of a reverberation room as an
instrument for the measurement of radiated sound power is less widely known
than 1s the use of an anechoic room. This discussion is somewhat more
comprehensive than usual in a research report in order to present clearly
what was done and vhy 1t was dore.

A first question to be answered was how to go about studying the
acoustics of ground runup silencing. It seemed, after consideration of the
general situation described in Section 1, that experimental model studies were
indicated. The experiments to be undertaken would have led to an excessively
expensive, technically difficult,and very laborious program if they had been
performed with & full-sized operational Jet engine. Moreover, the ability
to collect sufficiently precise acoustical data to‘detect small trends is
doubtful in an out-of-doors, free-field acoustical enviromment. By contrast,
model studies conducted within the confines of aa acoustical laboratory en-
vironment seemed quite feasible. Cf course, due consideration must be given
to scaling factors and other deviations from the real, full-sized Jet engine
situation when interpreting the results.

Nevertheless, the essential broad-sccpe studies appeared to be feasible
only if conducted in the laboratory. And moreover, it seemed unlikely that
one could make much progress in the silencing of real jets unless he was
able to cope with simple, cold model Jeta. Then transition from model to
real Jets could be undertaken at a later date by means of a few simpler
and carefully planned decisive experiments. With limitation of the research
program to model studies, the research became appropria.te for a university
acoustical laboratory. :

3.1. CONCEPT

As a result of preliminary considerations, it was decided to base this
research on the measurement of total radlated sound power for a controlled
mass flow of air through a specified nozzle representing the Jet engine.

The mass flux of fluld from a particular nozzle area is directly related to
the mechanical energy of the Jet and we can arrange to directly evaluate the
mass flow of air supplied to the nozzle configuration under study. The total
radiated sound power represents that portion of the Jet's mechanical energy
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vhich becomes transformed into the undesired form of acoustical power. Experi-
ments so oriented appear to attack the silencing problem most directly. Those
muffler arrangements vhich yleld the least sound power for a given mechanical
energy would be considered best.

The concept of radiated sound power emphasizes the role of the acoustic
far-field and total power de-emphasizes the role of the spectral distribution
of the sound. Of course, it is not reasonmable to completely neglect the spec-
tral distribution and indeed, the nature of acoustical mecasurements demands
some determination of the spectrum since total power is a quantity calculated
by integration across a spectrum. However, in a fundamental investigation,
first comparisons based on total power regardless of spectral distribution
are valid. It is only when one is studying more specific applications that
a more powerful but preferred-spectrum sound might be acceptable. Also, as
it turns out, one can not actually ewvaluate total acoustic power unless he
possesses knowledge about the entire spectrum. Acoustical instrumentation
imposes a finite bandwidth upon the measurements and so total sound power
necessarily becomes replaced by sourd power contained vithin a broad but
still finite bandwidth. :

Emphasis upon the acoustic far-field is also justifiable. True, real-
1life silencer applications include the possible placement of men and struc-
tures within the acoustical nearfield of mufflers. However, the research
planned is of broad scope and permits the investigation of the acoustical
performance of all Xinds of arrangements to the jet. The detailed structures
of the noise sources thus created can be almest infinitely varied and com-
plicated. Thus the only feasible approach is to rank order on the basis of
far-field performance and then later, if necessary, select among a more -
limited variety of muffler configurations on the basis of near-field noise
characteristics. Physically, the prediction of far-field sound power from
some, but incomplete, knowledge of the nearfield characteristics of an
arbitrarily complex source is essentially impossible. Even under the most
favorable conditions, prediction on the basis of near-field information is
orders of magnitude more difficult than direct measurement of the far-field.
Experience derived from & broad gamut of noise reduction research emphasizes
the practicality of following the procedures argued above.

Directionality of the acoustic fields also deserveu consideration.
Practically, total radiated sound power can be evaluated only in a free-
field or else in a completely diffuse field. (Intermediate field arrange-
ments require a more complete and detailed knowledge of all boundary con- .
ditions than 1s usually available.) By its nature, a diffuse field can . .
only provide information about source output integrated with respect to
direction. The diffuse-field measurement of sound power was sslected for
this program to take advantage of the simplification which the ivherent
integration with respect to direction provides. Every configuration to be
teated potentially could have a different directionality characteristic at
every frequency so that a free-field measurement approach to evaluation of
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total sound power would be excessive’y laberious. Furthermore, regarding
the practical application of mufflers, very pronounced direction charac-
teristics generally would not be reeslizable because of real gae charac-
teristics 1n contrast with i1deal gas characteristics, atmospheric turbulence,
thermal effects, etc. In this progren, we wish tc concentrate upon obtaining
orders of magnitude reduction in radieted sound power and Just as in the

case of near-ficld effects, considerstion of directionality effects must be
deferred until much later.®

Now consider the Jet engine's orsrating conditions which are apt to
prevail during ground rurup operation. The exhaust velocity can range from
low subsonic wvaluzs dur.ng starting end i1dling operations o0 somewhere in the
vicinity of sonic velocity at full-tkrottle operation. Without ram air pres-
sure, the simple Jet engine 18 not apt to exceed critical pressure ratio by
very much.’ Consequently, most ground runup operation produces a subsonic
or, at most, a slightly supersonic exhaust stream. Furthermore, mufflers
will most likely rave a subsonic efflux of exhaust gases. Initially, it
seems appropriste to concentrate entirely upon learning how to silence
subsonic Jets.

Supersonic or overchoked Jets contribute an additional noise generating
mechanism in the form of shock fronts and hence would tend to complicate
the reszarch program. Other research (see, for example, Figures 6a and 3a,
Reference 3) has indicated that the exhaust flow may become slightly super-
sonic, say about Mach 1.05, before ths presence of an additional noise
source reveals itself as an excessive increase in acoustic power.

It was elected to concentrate these studies on silencing of subsonic
Jets becauses

(1) During ground runup, operational Jet engines ordinarily would be,
at most, only slightly supersonic. ' -

2The general philosophy of acoustical research measurements, on which the
above remarks are based, can be formulated rigorously from the physi~s
of acoustical fields and sources. As such, most of the fundamental ideas
are contained in all textboocks on classical acoustical physics. However,
thoge 1deas are seldom organized with the intent of guiding an experimental
research program and they are usually not tempered by the practical re-
strictions imposed by current acoustical instrumentation. As a consequence,
it 1s not possible to refer to one or two pertinent references for support.
A reasonably complete and satisfactory development of this topic has only
been found possible so far within the content of a two-credit-hour graduate-
level college course. (Reference 2)

3After-'burning and other thrus% augmenrtation schemes may cause modest in-
creases beyond critical pressure ratio.
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(2) The efflux from any muffler will very probably be at low subsonic
velocities.

(3) The noise generation by subsonic jets is more fully described in
the literature allowing firmer establishment of our point of de-
parture.

(4) At the very least, an effective muffl=r must be effective against
the noise from subsonic Jets.

An operational Jet engine potentially can generate and radiate noise in

a variety of ways in addition to noise from its =xhaust stream. However,
these other noise sources present rather conventional noise reduction prob-.
lems and probably can be treated in a straightforward manner. In any event,
the Jet exhaust noise 1s overwhelmingly more powerful and must be silenced
first. It 1s also unigue as a noise reduction problem because the noise
originates in space outside of the machine which ultimately causes it.

‘creover. the region of noise generation is physically large. Thus the con-
"*ntional noise control approach of enclosing the source, attenuating, and
absorbing the sound energy would lead to an unacceptably monstrous muffler
arrangement. Rather, it would seem necessary tc prevent the generation
of noise by the exhaust stream ot to drastically reduce the efficiency of
noise generation by it without introducing other prominent noise generation
mechanisms.

The noise produced by a subsonic Jet has been studied extensively by
many researchers and the related literature is voluminous. References 4 and
5 provide useful summaries of the existing knowledge. Moreover, a fairly
satisfactory theory describing the generation of acoustic power by simple
subsoaic Jets has been developed by Lighthill (see Reference 6) an® it has
been augmented and elaborated by many others. {For example, see References
7 end 8.) Considered as a whole, experiment and theory have provided a
falrly comprehensive description of the noise in terms of total acoustic:
power, directicnal patterm, and frequency distribution. This description
provides a starting point for the present research.

Figure 1 illustrates schematically the cross section of a simple sub-
sonic Jet. In this illustration, d is the diameter of the nozzle exit and
x 18 the distance measured downstream from the nozzle exit. 1In some of the
later discussions, it will be convenient to utiiize the dimensionless ratio
x/d to specify downstreem locations.
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FIGURE 1. SCHEMATIC SECTION OF SUBSONIC JET EXHAUST

For present purposes, it will‘be sufficient to descrire the total acousil-
cal power generated by a stationary cold ambient-air Jet as: (see Reference )

W, =Kpog§-5-d2 = 1 W ‘ (1~)'
(o)

where W, = total radiated sound power, watts

Wy = mechanical power in the Jet, watts

1 = acoustical efficienqy

K = acoustical power coefficient

po = density of the amb;ent atmosphere

U = mean velocity of the Je flow ,

¢y = velocity 6f sound in the ambient air

¢, = diameter of the nozzle exit:.

Typically, K has a value in the vicinity of 6 x 107 vhile n is of the
order of (U/co)5x 10-%. TFor a specified ambient air condition, the essential
relation described by Equation (1) cen be expressed as:

VACIAHS (2)
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vhere

A = area of nozzle exit = -:-da
The placement of the frequency of maximmum sound power within the spectrum
is given by: ' ‘ : '
_ . E E
) f- = 3. a .' _ (3)
vhere |

£, = frequency of mximm sound power

= Strouvhal number corresponding to £,
(roughly a constant of order 0.2)

The sound power spectrum is distributed as illustrated in Figure 2 vhich ex-
presses the relationship between dimensionless frequency ratio f/fy and the
pover level of a band in db below the total sound power level. The highest
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frequency,hoiae originates closé to the nozzle exit, that is, at small
values of x or x/d while lower frequencies are generated at correspondingly
larger distances downstream. (See Reference 5)

This gvneral description of subsonic jJet noise has been verified for
Jet diameters ranging from a fraction of an inch to more than twenty inches.
Therefore, this descrlption may be accepted as providing the given point of
departure for studying Jet silencing and it establishes the reference sound
power against which muffler effectiveness is to be measured.

In simplest physical terms, one starts with a given mass flow of air
vhich will be accelerated by rapid contraction in a nozzle and then will be
released ‘nto the surrounding still air as a hign-velocity stream of gezs,
initially devoid of turbulence. The contraction occurs rapidly enough so
that the boundary-layer at the nozzle exit cannot have grown very thick.
Then, as a result of the large amount of shear existing between the high-
velocity gas stream and the quiescent ambient alr, turbulence and, con-
sequently, nolse are generated. The growth and distribution of this tur-
bulence are the natural result of the dynamic forces and the physical charac-
teristics of the real gases involved. Such is the fundamental nature of
the noise source which this research seeks to learn how to control.

All other physical characteristics such as high temperature in the Jet,
composition of Jet fluid differing from the surrounding atmosphere, turbu-
lence or combustion noise existing upstream of the nozzle exit, etc., are
at most of secondary importance to this study. And, in principle, many
such characteristics could be taken into account in a properly formlated
equation of state for a real gas.

The silencing problem may be visualized somewhat as shown in Figure 3,
where the subscript 1 refers tc the parameters representing the unsilenced
Jet and the subscript 2 refers to the parameters descriling the outlet of
the muffler. To the extent that the "Lighthill" theory correctly describes
turbulence noise, the situation depicted in Figure 3 represents the limit-
ing cese of maximum possiblie silencing. It 1s assumed that no additional
nolse is generated within, or because of, the muffler; or, at least, that
any such noise i1s dissipated before it reaches the muffler's exit. It
further tacitly assumes that the "Lighthill" theory remains a substan-
“ially correct description of the noise generated by the muffler's efflux.
However, the detalled operation of the muffler can involve any mechanisms
imaginable such as alteration of the normal formation and growth of the
turbulence, sound absorption, sound cancellation, alteration of noise gen-
erating efficiency, etc. Indeed, the rectangular box representing a muffler
in Figure 3 may itself be conceptually misleading for at this point, there
is no intention of implying any structural form to a muffler. It is only
assumed that after silencing, there will egain be a noilse generating mech-
anism in the form of a simple Jet exhaust, external to any muffler arrange-
ment but producing less sound power because of a larger effective area and
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a lower effective velocivy. If the "Lighthill" theory should be inappro-
priate to very low-velocity effluxes, then some more suitable description
must be substituted to define the limiting case for large amounts of
silencing.

—
)
a

_________—-—
A, -
MUFFLER | I g ———

L | /

FIGURE 3. SCHEMATIC REPRESENTATION OF SILENCING

Continuing the argument, if the noise remaining after silencing 1is
greater than assumed above, then the muffler has not achieved perfect per-
formance and is itself contributing excessive noise. The research approach
to be utilized here 1s to arrange a high-velocity model Jet corresponding to
an unmuffled jet engine and to see if the predicted sound power and spectral
distribution can be verified. Next, arrange a larger but lower-velocity
model Jet corresponding to the efflux conditions of some hypothetical muffler
and again observe if the anticipated sound power and spectral distribution
are obtained. The observed acoustical differences represent the limiting
results to be expected from a perfect muffler. Finally, one retwrns to the
high-velocity Jet and attempts, by various silencing stratagems, to achieve
the acoustical performance typified by the lower-velocity Jet.

It might be asked, "Why not utilize muffler designs similar to those
applied to automobiles because, after all, an extensive body of research
and engineering practice already exist for such mufflerst” (See, for
example, Chapter 21, Reference 4.) There are several reasons vhy such muf-
fler theory and practice are not applicable to jet noise problems; at least,
not in any direct manner. The noise to be quieted by an automobile muffler
is generated back in the engine and conducted into the muffler by an exhaust "
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ripe. The equivzlent arrangement for a Jct cngine would possess titanic
proportions. Alsy, conventional rurfler theory 1s restricted generally
to arrangements in which the transverse dimensions of the component parts
(tubes, chambers, etc.) are much less than the wavelength of the sound
being 7{ltered. The physical dimensions and frequencies involved in Jet
exhaust noise viclate such a restriction to an extreme degree.

3.2. EXPERTMENTAI, PROCEDURE

In order to =dvance from the concept developed above, it 1s necessary
to determine wheihzr or not the sound power and the spectral distributions
from the assumed zodel Jets are compatible with available acoustical
facilities, principally the reverberation room. In a sense, this considera-
tion involves chcosing the scale size for the experiments.

Preliminary calculations indicated that 100 SCFM (standard cubic feet
of air per minute) passed through a one-half-inch diameter nozzle would jJust
reach sonic velocity at room temperature, about 1130 feet per second. Under
these conditions end assuming a maximum Strouhal number of 0.3 (somewhat
zcngservative since most references suggest a value nearer 0.2 for small
model Jets), the peak frequency, f,, expected according to Equation (3) would
be about 8000 cps. A smaller Strouhal number would lower this frequency.
Similarly, larger diameter nozzles and lower flow velocities can be expected
to produce lower values of f;. Since our reverberation room was known to
perform well up to at least 10,000 cps, 1t should be possible to measure
the acoustic outrut from suvbsonic Jets as small as one-half inch in diameter
from a standpoint of frequency range. Reference 9 substantiates this con-
tention for it rszorts satisfactory sound-power measurements by the rever-
beration room met:od on small Jets of similar size.

A calculaticn of expected total sound power according to Equation (1)
for a one-half-inch sonic Jet results in about 0.35 watts or 115.5 4b with
respect to one microwatt reference power. From previous experience, this
amount of power would generate a sound pressure level of about 110 db in
the reverberation room. While such a sound pressure level is uncomfortable
to the unprotected ears, 1t would not cause any physical difficulties in
the reverberatiorn room. Specilal high-intensity microphones would not be
needed. Still, I: would be sufficlently high so that even after considerable
silencing, the residual sound could be measured readily and accurately with
respect to level.

Figure 4 illustrates the noise spectrum to be expected from a one-half-
inch diameter nozzle operated at an air flow of 100 SCFM. This is the
operating condition chosen to simulate the unmuffled Jet engine during
ground runup. Figure 4 also includes predicted spectra for the same mass
flow of 100 SCFM :hrough nozzles 0.70T and 1.000 inch in diameter (twice
and four times the area) respectively.
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Neglecting temperature and density ef:ccts, doubling the exit area

would halve the velocity for the s~me mass flow and application of Equationr

(2) indicates that the acoustic power would be reduced in ratio 2~ or

-21 db. Iikewise, application of Equation (3) indicates that fp would be

shifted downward in rrtio 2"3 2, These ratios have been used in constructing
i Figure 4 end the resulting lower curves are representative of the noise
which might be anticipated if the corresponding perfect mufflers can be de-
vised. The curves in Figure 4 also verify that the anticipated experimental
research results will fall within an appropriate frequency and magnitude
range, permitting accurate measurement with normal scoustical instrumentation.

The iustrumentation actually employed is described in Appendix I entitled
Experimental Facilities which should be consulted for detalls. It was de-
cided, however, that one-third-octave bané measurements wculd provide suf-
ficient spectral detail. Narrower band measurements could have been per-
formed but they were considered unessential and unnecessarily laborious for
the present program. One-third-octave band measurements generally provide
; sufficient resolution to follow gradual changes in the spectrum shape of
? continuous spectrum sounds and also to indicate the presence of strong pure
; tones by abrupt changes in level between neighboring bands. Since mufflers
causing the generation of strong pure tones probably would not be acceptable
sllencers, more detalled Investligations of suspected pure-tone spectra would
‘not be needed in this particular progranm.

Acoustical power measurements using a reverberation room require the
observation of the space- and time-averaged sound pressure level due to the
noise source and the observation of the decay rate in es: frequency band.
A microphone possessing sufficient seusitivity and a flat frequency charac-
teristic over most of the range was selected to simplify data processing.
The band sound pressure level was determined by visually time-averaging
the indications of a damped meter responding to the rms wvalue of the
microphone's output signal. The corresponding decay rates were determined
from either time-intersml measurements or the tracings of a high speed
level recorder, a warble-tone signal being used for excltation of the rever-
beratlion room. TFlnally, the band sound power level was computed from the
observed band sound pressure level and the decay rate, and these one-third-
ociave band sound power levels constitute the basic acoustic data presented
in this report. (See Appendix III.)

The air flow conditlons were monitored and adjusted with respect to mass
flow rate and are reported in terms of standard cublic feet of air per minute.
To accomplish this, high pressure alr at about 90-100 psig was passed through
a regulating valve and then a float-type flow meter. By adjusting the pres-
sure at the flow meter in proportion to the alr temperature observed there
(effectively adjusting the air density), the flow meter became direct reading
in SCFM. (See Appendix I.l for details.) A second pressure regulator followed
the flow meter to reduce the alr pressure to the appropriate value for esch
nozzle under te..t. Thus, the pertinent flow data, which accompany the acoustic
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data, are given in terms of standard cubic feet of air per mimute (SCFM) and
for most of the muffler experiments, flow values of 25, 50, and 100 SCFN
were used. Table 1 provides an approximate guide to the mean jet velocities
corresponding to the above mass flow values through the 0.500, 0.707, and
1.000 inch diameter smooth approach nozzles.

TABLE 1

APPROXIMATE JET VELOCITY FOR SMOOTH APPROACH NOZZLES
(Given in Mach mumber for ¢, = 1130 feet per second)

Mass Flow, Nozzle Diameter, inch
SCFM 0.500 0.707 1.000
100 1.00 0.5 0.25

50 0.50 0.25 0.12

25 0.25 0.12 0.06

The static pressure upstream of the nozzle was observed vwith a bourdon-
tube pressure gauge. It was only intended to indicate the order of magnitude
of the pressure ratio acroass the nozzle in the vicinity of critical pressure
ratic. Also, it was used to indicate if a silencer arrangement significantly
altered the pressure ratio. However, it was never intended for more exact
purposes such as, for example, determination of nozzle coefficient.

The raw compressed air was not controlled with respect to temperature
but rather used at vhatever temperature the compressor, located out-of-doors,
delivered. This arrangement resulted in temperatures ranging from T0° to
130°F observed at the flow meter. The actual air temperatures prevailing at
the experimental nozzles were the thermodynamic result from the several ex-
pansions downstream of the flow meter. Generally, the final temperatures
ranged from perhaps 20°F above to 50°F below room temperature.

Other researchers have investigated the relationship between jet
temperature and total sound power. High temperature jets, all other
parameters being equal, are definitely noisier. The magnitude of this
temperature effect does not appear to have been satisfactorily explained »Hn
firm theoretical grounds. In any event, it i1s not very large for moderate
changes in temperature. Roughly spesking, it seems proportional to some
function (perhaps square root) of the ratio of the absolute temperature of
the Jet to the absolute temperature of the ambient air. Estimating from one
reasonably successful empirical correction factor (Cz,_ of Reference 3), a
change in temperature of over 100’F would be required to produce a 1.0 db
change in sound power near room temperature ambient conditions. Consequently,
the shifts in sound power due to the fortuitdus temperature variations during
the experiments reported here would be less than a decibel and therefore
may be neglected. The experimental results confirm this presumption; sound

pover measurements on the same simple noszzle, gonducted during cold winter
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veather and warmm spring weather, falled to disclose any consistent dif-
ferences attributsble to temperaiure.

Duxing the planning phase of these experiments, an important considera-
ion involved whether to design the air supply for blowdown operation or for
continucus operation. Inasmich as the reverberation room requires perhaps
15 seconds to reach equilibrium conditions and the audio-frequency spectrom-
eter only permitted serial reading of the acoustic levels for the several
frequency bands, 1t was decided that contimuous operation for ten or fifteen
minutes at a time was essential. Therefore, a compressed air system capable
~f zurplying 100 SCPM continuously was obtained. Experience amply justifies
this decision.

Another particulzrly pertinent consideration is the matter of scaling
the results reported here to full-sized Jets. Obviously, this research
dealing only with model Jets cannot provide a direct answer outside of the
size range actually tested. Thus on this poirt, it is necessary to rely on
the same types of arguments and comparisons presented, for example, by
Sperry. He showed excellent correlation among the results for cold model
Jets as small as 0.533 inch in diameter and hot, conical nozzles four inches
in diameter over a wide range of flow velocities. (REference 3, Figure 1lhb,
pag: 144.) Fair correlstion was also shown for full-sized ergines (Reference
3, Figures 1Ta, 17b, pages 150-151) expecially when taking into considera-
tion the difficulties of collecting acoustical data in the field and the
zzoustical complexity cf a complete, operational Jet engine compared to a
model nozzle.

This scaling has been demonstrated only for the case of simple con-
verging nozzles, not for the variety of configurations which might be en-
countered asmong run-up silencers and not for many of the configurations de-
scribed in the following sections of this report. However, the geometrical
gsize of the Jets has been taken into account by a'strictly linear scaling,
that 1s, mass flow per unit area, and total sound power per unit area. The
temperature scaling, founded empiricslly, involved only physical parameters
associated with the equation of state of the working fluid (y, P, T) not
geomewlrical parameters. Thus, tentatively, it seems reasonable to postulate
the s a similar separation of "variables” could be expected to apply to more
complex configurations and that linear scaling with respect tc geometry would
represent a satlsfactory first approximation.

Many of the experiments reported here have been conducted with nozzles
of different size and at different mass flows. In this way, one can obtain
gome Indication of the scaling relationships to be expected.

3.3. REFERENCE EXPERIMENTS *

Some of the first measurements attempted dealt with ascertaining if
the shepe of the sound power spectrum and the relationships with respect to
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nozzle diameter and mass flow, postulated above, actually could be realigzed
experimentally in the reverberation room. Figure 5 is the experimentally
obtained counterpart of Figure 4; it presents the measured sound power spectra
with 100 SCFM air flow through smooth approach nozzles 0.500, 0.707, and 1.000
inch in diameter.? Obviously, the general situation predicted in Figure %
has been found to hold experimentally. Consequently, one may proceed with

the experiments dealing with silencing along the general lines discussed in
subsections 3.1. and 3.2.. However, Figure 5 also reveals certain clearly
discernable differences from Figure h which should be discussed, verified,

and explored further.

Before continuing with a more detailed analysis of Figure 5, it is
convenient to consider Figure 6 which presents the same experimental data
for the 0.500 inch smooth-approach nozzle superimposed on a generalized
spectrum for jJet noise. (Also see Figure 2.) The generalized spectrum
curve has been translated laterally to yleld a best fit by eye in the
vicinity of the peak at 6300 cps. The agreement i: excellent. Previously,
the total sound power level (assuming K = 0.60x10~ ) vas computed for the
corresponding operating parameters using Equation (1) and found to be 115.5 '
db as indicated in the "broadband™ column of Figure 6. Experimentally, the
broadband sound power level up to 20 kc totals 1lk.h db. However, it is |,
evident that the experimental measurements have not been carried to high
enough frequencies to include all of the contributions to the total sound
pover level. By assuming continued -2 db per octave behavior and including
contributions so postulated through 480 kc, one obtains another 1.3 db or
115.7 db total experimental sound power levei. The resulting difference
of only 0.2 db between theory and experiment is much smaller than can be
reasonably expected, considering the accuracy of the arsurptions entered into
the calculations. If the experimental peak frequency is taken as 6300 cps,
the corresponding Strouhal number becomes 0.23, a value which agrees well
with the literature. (See References & and 5.)

Perhaps an even better fit to the data could be obtained in Figure 6
by shifting the generalized curve slightly toward lower frequencies, however,
the consequences would be small. Actually, the lower-frequency portion of
the generali.ed curve was positioned more in accordance with the precept
that when measuring continuour-spectrum sound, one is apt to error only by
observing levels which are too large. '

l‘Ad,ja.ct'ent to each experimental curve are two types of reference information

in the fom of Roman numersls followed by Arabic numerals, II.10, IXI.37, I

vhich direct one to the appropriate figure or chart in Appendixes IT and .
IIT. Appendix II contains illustrations of the nozzles and other configura-
tions, such as screens or muffler shells, involved in the test. Appendix

III presents the experimental sound power data in numerical form. When

two or more Appendix III reference numbers appear with a single curve,

1t means that these several sets of data have been averasged (arithmetic
average of decibels) to yield that particular curve.
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Both the lowest and the highest two bands suggest divergence from the
generalized curve. It 1s not clear at present whether this divergence is
real or just an artifact. Both cases occur at the extrcme ends of the fre.
quency range available with the present measuring system and it is known
that experimental accuracy decreases at both extremes because, among other
reasons, the reverberation room gradually becomes less perfectly diffuse.

At the low frequency end, the meter fluctuations become wilder and averaging
them by eye may also contribute appreciably greater error than elsewhere in
the spectrum. In addition, compressor noise and other interfering noises
are more troublesome at the lowest frequencies. Furthemmore, the signal
levels at these lowest freguencies are 45 to 50 db below the peak levels
which fact begins to strain the dynamic range available in the instrumentation.
More elaborate precautions and procedures can provide somewhat improved
accuracy of measurement at both extremes of the frequency range but higher
accuracy seemed unnecessary for this particular research program. Generally,
the absolute accuracy of the sound power measurements is considered to be
about 1 db while the relative accuracy is of the order of a few tenths of

a decibel. Repeatability, especially for simple nozzles, is excellent as &
comparison of IIT.l and ITI.%4 shows; the average difference between these
two sets of data is about 1.0 db while the overall sound power levels only
differ by 0.2 db. Many similar examples of nearly prefect repeats have
occurred throughout the research but they will not be cited explicitly.

The accuracies discussed above contrast with the much lower accuracles
ordinarily obtainasble in field measurements and resulting from spacial-
integration problems in free-field measurements. Reference 9 suggests that .
+5 db is more representative of the absolute accuracy achieved in the deter-
mination of total radiated sound power level by the free-field method.

Returning to a detailed comparison of Figures % and 5, we recall that a
stepwise reduction in total power level by 21 db was predicted in Figure L.
However, Figure 5 demonstrates a reduction of 18.9 db between the 0.500- and
0.707-inch nozzles, and 15.4 db between the 0.707- and 1.000-inch nozzles,
omitting any adjustment fo. unmeasured high-frequency portions of the spectra.
Evidently, the experimentael ieductions are somewhat smaller than predicted
from simple theory and they become increasingly smaller as Jet velocity de-
cragses.

Figure 5 clearly indlcates one reason for this result. The spectrum is
less sharply peaked in the case of the 0.707-inch diameter nozzle than for
the 0.500-inch diameter nozzle. 18 flattening trend is even more pro-
nounced in the case of the 1.000-inch diameter nozzle. Moreover, various
repeated measurements varify that these observed effects are real and not
Just some occasional happening.
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At least two pcssible reascns for these divergences between simple
theory and experimer: are appareut.5 Perhaps the situation described by
simple theory must b limited to welocities approaching sonic velocities.
However, Reference k4 states that the total pover relationship generally is
valid down to Mach 0.3 at least. A second distinct possibility is that
the two larger nozzles in some manner fail to completely reproduce the jet
turbulence situation implied by the simple theory. A partial answer to
this latter possibiliiy can be found by comparing the noise spectra for
several different mess flows through the same nozzle; a test condition which
will be presented shortly.

-
&

5A:‘."t:er the experiment=1 work had been completed and a considerable portion

of this report writisn, Dr. Alan Powell (University of California, Los

Angeles, California) sugge sted during a discussion that the observed de-

partures from simple Jet noise were due to flow separation occurring at. the .
sharp internal corner of the calming chamber upstream of the model nogzrles. :
He gave an incomplets reference by memory to some early British research

which was said to heve demonstrated that if upstream flow separation were _
scrupulously avoided then one would obtain precisely the noise predicted s
for simple Jets all the way from sonic velocity down to as low a velocity

as one choses to investigate. Subsequent discussion with Dr. Richard ‘
Waterhouse (The Amer’can University, Wachington, D. C.), coauthor of Lo i
Reference 9, revealed that he also was not famillar with this informetion : '
asserted by Dr. Powell. The geometry of the calming chamber reported in
Reference 9 included a sharp corner upatream which might introduce a ques-
tion of flow separation there also.

The author has not yet located the material referred to by Dr. Powell
in order to Jjudge for himself its pertinence to the rest of the discussion
in Section 3.3 of th’s report. Our experimental apparatus had been stored
by the time of the dZscussion reported above and so it was not possible
to directly investigsie the matter although it would not be d.ifﬁ.cult to
check this matter in Zuture research.
Be that as it may, <he possibility of unintentional flow separation up-

stream of the model rszzles does mot affect significantly the main body

of this research deallng with silencing. The silencing effectiveness of
any particular config:ration was always compared to the noise generaied

by an unsilenced nozzle operating under the same flow conditions. Further-
more, 1f flow separation and the assoclated excess noise is as hard to
avoid even in the let:ratory as Dr. Powell suggests, then one would expect
that many practical ezgineering flow situations must typically include some
excess noise due to Zlow separation. Thus practical silencers would have
to cope with this exczss noise. Moreover, there remains a very difficult
area of research in l:sarning to comtrol such a noise mechanigm and to
quantitatively predic: the characteristics of the noise assoclated with
flow conditions 1nvo-.-ng partially-separated flow. .

BT R
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The three smooth approach nozzles used to collect the dita in Figure 5
(see II.1, II.2, and II.3) werc intended to be a matched set in order to
provide a direct comparison with Figure 4. Their areas are exactly in the
ratios of 1:2:4. They are all polished smooth-approach nozzles having con-
stant approach radii 6 It vas expected that these three nozzles, as fabri-
cated, would each produce, (1) an essentially rectangular velocity profile,
(2) 1ittle or no vena contracta, and, (3) small-scale turbulence at the
nozzle exit. These expected conditions have not been confirmed by experi-
ment but are rather confidently predicted, at least to the approximation
needed in this research, from general knowledge about fluid flow.

There has been some mention in the litersture (Reference T, for ex-
ample) that the detailed characteristics of a nozzle's boundary layer, as
it develops upstream of the exit, may have a significant effect on the re-
sulting noise spectrum. With this possibility in mind, the approach radii
for the set of three smooth-approach nozzles have been placed in inverse
ratio to the exit area. The 1dea was to cause a particle of fluid follow-
ing the boundary streamline (inviscid flow) to experience more nearly the
same angular scceleration for all tnree nozzles when they are cperated at the
same mass flow. Whether or mot this selection of radii was a good ides is
still open to question. : -

Figure T presents the spectra obtained with the 0.500-inch diameter
smooth-approach nozzle for a range of mess-flow values. Since the same
nozzle was used for all of these spectra, any question about the similarity
among nozzles has been eliminated. Of course, the boundary layer is not
deliberately manipulated but remains whatever 1s the natural conseguence
of the particular flow conditions used. As before, the gross spectral shifts
from one condition to the next are approximately those expected but as mass
flow (and velocity) decreases, the spectrum shape progressively flattens
until the 25 SCIM spectrum has become an almost straight line sloping +5.5
db per octave. Certainly, this upward sloping spectrum must reach a maximum
and finally decrease above some higher frequency which lies outside the
range of our results. This behavior was not anticipated, and evidently,
the simple theoxy does not strictly apply to the Jet noise situations en-
countered in our experiments at the lower flow velocities. Both Figure
5 and Figure T support this contention.

For more detailed comparisons, Figure 8 shows the predicted spectra
for the same conditions as were used to obtain the experimental results
presented in Figure 7. The broadband power levels agree fairly well down
to 40 SCMM, a result which perhaps can be observed more readily from Table 2.
However, significant departures in spectral shape became evident at 60 SCFM.
In Figure T, 1t 1s obvious again that measurements have not been carried to

6Slightly higher nozzle efficiencies would be expected if elliptic approach
configurations had been used but this was not considered worth the additional
fabrication complexity. :
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high enough frequencies to permit computation of the total sound power
levels. However, this unobserved portion of the spectrum could only

TABLE 2

TOTAL SOUND POWER LEVELS FOR 0.500-INCH NOZZLE
AT VARIOUS FLOWS '

Total Sound Powver Mass Flow Rate, SCFM

Level _

db re 10”12 vatts 100 80 60 50 %0 25 :

Predicted 115.5 107.7 97.7 91.5 83.7  67.5 £
Observed* 1144 106.5 97.0 90.8 84.3 T2.7

*Broadband level, nc’, total sound power le'g'el._ o

R R

increase the disparity in total power noted above. Figure 9 demonstrates
this aspect of Jet noise in a somewhat different manner. By plotting total
or broadband sound power level against mass flow on a logarithmic scale,
strict conformity with the eighth power law would produce a straight line

of appropriate slope. At high mass flows, the eighth power behavior is
confiygmed but at lower mass flows, the velocity dependence grows progressively
gnaller. Impending departure from a straight line of slope has become :
evident at 60 SCFM. The slope decreases to no more than U'6 gt the lower
2low values and, in reality, may be even less.

Py M T

One might expect that the acoustic behavior at low flow velocities
vould approach that for ventilation system grills. A search of the per-
tinent literature failed to uncover sound power data which could be used
2or direct comparison with the present research. Hgwever, the acoustic
data presented in Reference 10 imply that U™ to might be appropriate
‘n a velocity range from Mach 0.0l to 0.0k. Moreover, both Reference 10
end Reference 1l suggest a flat to upward sloping spectrum across the entire
eudiofrequency range for low flow velocities, certainly not the broadly
reaked spectrum shape of Figure 2.

A more complete investigation of total sound power level and spectrum
shape from essentially zero flow velocity up to sonic flow velocity would :
constitute a legitimate subject for future research. With respect to this ;
r2gearch, the non-conformity with simple theory need not frustrate the re-
search because a considerable amount of silencing (downward from sonic
velocity) can be explored before the departures cause any difficulty. How-
ever, the departures do pose problems of a more subtle nature, somevwhat as
follows:
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