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INTRODUCTION ENGINE NOISE REDUCTION

This paper deals with the airport-community
noise problem associated with landing and take-off
operations and with certain aspects of the sonic-
boom problem associated with high-speed flight.
The material is derived from portions of a broad
acoustics research program dealing with various
aspects of the above problems. Figure 1 illus-
trates the general nature of these problems and
indicatessome specific topics to be covered.

Noise in communities surroundingairports is
largely due to the power plants, and sizable areas
adjacent to the airports are exposed to this noise
during aircraft operations (see refs. 1 to 4). The
general nature of these exposed areas is illus-
trated by the plan-view sketches on the left side
of Figure 1. During landing approach a relatively
small area is exposed to rather high noise levels.
On the other hand during the take-off climbout
operation,much larger areas are exposed to
relatively lower noise levels.

In the case of supersonic aircraft, noise due
to shock-wave impingementon the ground will be
experiencedduring the major part of the supersonic
phase of the flight. As indicated by the sketch on
the right, shock-wave noise is first observed
during the transition phase of the operation, and
exposure patterns get wider and the intensities
lower during the high-altitude cruise. It should
be noted that the area exposed to shock-wavenoise
can be 50 miles wide and thousands of miles long,
and thus is significantly larger than those areas
routinely exposed to engine noise.

With regard to the engines, research is aimed
at reducing noise in the engine and its components,
absorbing noise in the nacelle ducts before it
radiates into free space, and operating the air-
craft to minimize the ground-noiseexposures.

With regard to shock-wavenoise, consideration
is given to the generation of the shock waves as
influencedby aircraft design. the propagation of
the s,ock waves through the atmosphere,and the
associated variability observed as a result of
atmosphericeffects (see refs. 5 to 8). The
significanceof various aircraft operational fac-
tors such as altitude, Mach number, and accelera-
tion are discussed. Some attention is given to the
developing technology in the area of simulationof
sonic-boom signatures in special studies relating
to the effects on structures,people, animals, and
so forth. Finally, a brief discussion regarding
the results of recent studies relating to the
effects problem is presented.

Engine Cycle Considerations

One of the main objectives of research on

exhaust noise reduction is to find acceptable
methods of producing less noise per unit thrust.
The fan or bypass engine offers the possibilit:,for
lower exhaust velocities and hence lower exhaust
noise levels. The data of Figure 2 are included to
show the relative perceived noise levels associated
with various engine types (ref. 3). Maximum
perceived noise levels at a sideline distance of
200 feet were estimated and were arbitrarily normal-
ized to a thrust of 21,000 pounds. They have been
plotted as a function of bypass flow ratio, referred
to those of the turbojet engine.

Data for current turbojets are plotted at the
zero location of the abscissa scale and fall in the
narrow hatched region. Current turbofans are
represented by the larger hatched region and are
seen to have somewhat lower perceived noise levels.
Proposed high bypass ratio engines are represented
b, the stippled region at the right, and it is seen
that by means of an increase in bypass flow ratio,
substantiallylower perceived noise levels may be
realized. The lower boundary of the stippled region
is well defined by the jet exhaust noise, but the
upper boundary is not well defined. The vertical
extent of the stippled region represents some of the
uncertainities regarding compressor,fan, and
turbine noise for these proposed engines and indi-
cates the possible gains to be achieved by
specialized noise-reductionprocedures. Research
effort is being directed to minimize the noise from
the above sources so that the full noise-reduction
potential of these engines can be realized.

Noise Due to Aerodynamic Interactions

The fan and compressor sections of current fan

engines are important sources of noise. Since the
trend in commercial aircraft engines is toward
higher bypass flow ratios, it follows that noise
from the rotating componentsof these future
engines may be relativelymore intense. Consider-
able effort has been directed toward studies of the
noise generation by compressorsand fans and in
ways of reducing this noise. One of the ways in
which such noise can be reduced at the source is
by including the proper spacing between stationary
and rotating components of the engine.

Figure 3 contains schematic diagrams which
illustrate some of the main features of the aero-
dynamic wakes of the stationary vanes and the
resulting load fluctuationson the rotor due to
such wakes (ref. 3). There is a velocity
deficiency in the wake as indicated by the dark
shaded regions. The velocity deficiency is
strongest near the stationaryvane where the wake
is narrowest. As the wake broadens out at greater
distances, the velocity deficiency decreases. Thus,
a rotor blade passing through the wake of the
stationary vane will encounter different flow



conditionsdepending on the portion of the wake
that it encounters. As the rotor blade passes
through the wake, it experiencesa momentary change
in angle of attack due to the variation in in-flow
velocity, and thus there is an associated fluctua-
tion in the blade loading. The sketchesat the
bottom of the figure are artist's conceptionsof
these load incrementsas a functionof spacing
1,etweenthe stationary vane and the rotor. It is
believed that the blade-loadfluctuationsare of
shortest duration and of greatestmagnitudewhen
the clearance between the two is relativelysmall.
As the clearance increases,the amplitudesare
reduced and the durations increase. Since it is
believed that the noise from the rotating compo-
nents is directly related to the blade-loadfluc-
tuations, there is a suggestionthat an increased
spacing is beneficial with regard to noise
reduction.

The existence of pure tone components in
engine-noisespectra has been recognizedas being
generally detrimental to communityacceptance,and
several studies have been conductedto evaluate
the subjective effects of the presence of such
pure tones. An example of some of the recent
results is illustratedby the spectra of Figure 4.

The solid curve representsa broad band back-
ground noise on which is superposeda pure tone
component (ref. 9). The pure tone amplitude is
about 10 dB higher than the level of the background
noise in the correspondingfrequencyband. For
such a situation,the subjectiveevaluations
obtained by paired-comparisonprocedures indicate
the noisiness to be equivalentto that represented
by the dashed curve spectrum. The presence of the
pure tone would produce the same noisiness as an
across-the-boardincreaseof about 6 dB in all
frequency bands. The reductionof the levels of
pure tones is a main objectiveof the following
noise-alleviationmethods.

InletFlowChoking,
One method of inlet flow choking involves

modifications to the inlet guide vanes in such a
way that higher than normal Mach number inlet flows
exist in the guide vane row. Studies of this
phenomenon have been made on a research compressor
in an anechoic room and the main findings are shown
in Figures 5 to 7 (ref. 10). Shown in Figure 5 are
the overall sound-pressurelevels observed in front
of the compressor as a functionof Mach number in
the inlet guide vanes. For a given inlet guide-
vane configuration,Mach number vas increasedby
increasing the speed of the rotor. For the
particular configurationof the figure, maximum
noise levels were observed at a Mach number in the
guide vane of about 0.65 and noise reductions
occurred at higher Mach numbers. At Mach numbers
in the near vicinity of 1.0 there is a dramatic
decrease in noise level due to aerodynamic choking.

The data of Figure6 indicate the ranges of
noise reduction observed for various rotational
speeds and inlet guide-vaneconfigurations. Shown
at the top of the figure is a hatched region
representing the noise reductionsobtained by
increasing the spacing between the inlet guide
vanesand first-stagerotorin orderto reducethe
aerodynamicinteractions.The bottomboundaryof
thisregionrepresentsthe casewhereinletguide
vaneswere removedcompletelyor were operatingso


as to essentiallyeliminate the aerodynamic inter-
actions which are the main noise sources. The
shaded region to the far right indicatesthe addi-
tional noise reductionobtained by means of flow
choking in the inlet guide vanes. In order to
widen the speed range over which inlet guide vane
choking could be accomplished,the vanes were both
thickened and turned through an angle. By this
means, flow choking was accomplishedat rotational
speeds lower than 100 percent. These dramatic
results suggest that variable geometry inlet guide
vanes would be useful from a noise-reduction
standpoint.

As a result of experiencewith both laboratory
devices and actual engines (ref. 11), the potential
noise reductionsassociatedwithvariousinlet
guide-vaneconfigurationvariablesare summarized
in Figure7. The relative inlet noise levels are
shown on the verticalscale for various inlet
guide-vane configurationsfor both the take-off-
climbout and landing-approachsituations. Complete
removal of the inlet guide vanes has been accom-
plished in some recent advanced engine designs to
eliminate the first-stageaerodynamicinteractions.
Inlet choking by means of variable-geometryguide
vanes would produce sizable noise reductionsbut at
the expense of added mechanical complexity. The
concept of using increased inlet guide-vane
clearance while at the same time retaining the
ability to choke the inlet flow by means of
variable-geometryguide vanes may be highly
desirable. If the choke feature were not needed,
some modest noise reductionwould accrue naturally
because of the decreasedaerodynamic interactions.
The operator could conceivablyelect to use the
choke feature only if it were needed for particular
situations. Such an approach to design would give
the operator of the aircraft desirable flexibility
with regard to noise exposures and thus would seem
to be a very attractivedevelopmentfor future
engines.

NacelleAcousticTreatment

One very attractivedevelopment,not only for

future fan engines but also as a possibility for
retrofit modificationsto current engines, is the
incorporationof sound-absorbingmaterial in the
inlet and fan discharge ducts (ref. 12). Examples
of the applicationof such techniques are given in
Figures 8 and 9. Figure 8 shows photographs of
some model inlets and the associated schematic
diagram indicatingthe surface areas in the inlet
to which special sound absorption treatments are
applied. The configurationon the left is referred
to as the concentricring inlet and has a multiple
ring splitter oriented generally parallel to the
flow in the space between the center body and the
cowl surface. The configurationon the right is
referred to as the "litebulb"configuration.Its
distinguishingfeatureis an enlargedbulbous
centerbody. The concept,representedby the
enlargedcenterbody,is to minimizethe "lineof
sight"noisepropagationfromthe face of the
compressoror fan. The acousticperformanceof
thesetwo configurationsis comparable,but the
concentricringinletismoreattractivebecause
of aerodynamicconsiderations.

Combinationsof treatedinletsandtreatedfan
dischargeductsare illustratedschematicallyin
Figure9. The top sketchrepresentsa configura-
tionusinga so-calledshortducttreatmentfor the
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fan discharge, and the bottom sketch represents a
long duct treatment. These two fan duct configura-
tions in conjunctionwith the appropriatetreated
inlets are designed to produce differentamounts
of overall flyover noise reduction. The top
configurationis estimated to produce 7 to 10 PNdB
noise reduction and the bottom configuration
approximately12 to 15 PNdB. They represent
passive treatments and no variable geometry is
involved. Such configurationsas those illustrated
in Figure 10 would provide the operator with some
flexibilityregarding operationalnoise-reduction
requirements.

The reason for treating both the inlet and the
fan discharge ducts acousticallyto reduce flyover
noise is evident from the data of Figure 10. It
can be seen that two noise peaks exist, and these
are associatedwith noise from the inlet and the
fan discharge ducts, respectively. The data of the
bar graph are estimates of the perceived noise-
level reduction that might be obtained during the
landing-approachoperation by treating portions of
the engine nacelles. Acoustic treatment of the
inlets only would probably not reduce the maximum
noise levels but would essentiallyeliminate the
first peak of the noise time history. The
resultingperceived noise-level reductionwould be
a modest one. Likewise, if the discharge ducts
alone were treated, this would essentiallyelimi-
nate the second peak in the noise time history and
a somewhat larger but still modest perceived noise-
level reduction would result. If, however, the
inlet and the fan discharge ducts were both
treated, a rather substantial overall noise reduc-
tion would be estimated as shown by.the bar at
the bottom.

AircraftOperations

Noise during take-off-climboutoperations of

commercialaircraft is an importantconsideration
because of possible adverse reactions in communi-
ties near airports. Data have been collected under
controlled conditions for several jet transport
aircraft to determine operating procedures during
climboutwhich will minimize noise exposures.

The data of Figure 11 illustratethe perceived
noise-level reductions obtainable by power cutbacks
for aircraft having different types of jet power
plants (ref. 13). The sketch at the upper left
relates to a four-engine turbojet-poweredaircraft.
It can be seen that the reduction in perceived
noise level at the time of the power cutback is of
the order of 10 PNdB. In the sketch at the lower
left, similar data for a four-engineturbofan-
powered aircraft indicate a smaller noise-level
reduction. The lesser reduction obtainable for the
turbofan is due to the presence of fan noise. The
sketches at the lower right relate to two- and
three-enginefan-powered aircraft, and it is seen
here that the perceived noise-levelreductions due
to power cutback are relatively larger. Portions
of such reductions result from special design
features of these particular turbofans to reduce
fan noise. The amount of noise reduction obtained
through power cutback is a function of the type of
aircraft as well as the type of power plant and
its detailed design features, and hence no
generalizationscan be made.

Aircraft-Noise-Certification

The possibility of certifying new aircraft with

respect to their noise characteristicshas focused


attention on several associated technical problems.
Such an item as the definition of a noise-
evaluation unit is an obvious requirement. The
statistical variabilityboth of noise measurements
and of noise predictions due to weather, terrain
effects, and operating procedures is of particular
concern. Finally, the problem of making adequate
noise-evaluationmeasurements,particularly for
very large heavy aircraft, is a difficult problem.
Some considerationhas been given to possible
procedures for accomplishingthis latter task,
and Figures 12 and 13 present some preliminary
results.

The noise exposures at ground level from the
climbout operation of a particular aircraft are a
function of several factors such as the aircraft
speed, weight, climb rate and altitude, flap
setting, and engine thrust level. These are not
independentvariables but rather are interrelated.
A procedure has been devised which involves
controlled flight-noisemeasurements to properly
account for the effects of all of these factors and
which may eliminate the need for actual take-offs
and landings during noise evaluation tests. The
nature of this procedure is illustrated in
Figure 12 (ref. 13). The aircraft, under radar
control, was flown in a level flight attitude to
the vicinity of the acoustic range. Just prior
to reaching the acoustic range, the engine throttle
settings were adjusted to provide various rates of
climb from 750 to 2,400 feet per minute. Data
were recorded at each noise-measuringstation as
the aircraft passed overhead. Tests were repeated
for each of several initial flight altitudes and
climb rates. By these means acoustic data were
obtained for appropriatecombinationsof aircraft
altitude, speed, engine thrust setting, and
flap setting.

The usefulness of such parametric data for
predicting the noise for a given climbout profile
has been evaluated and preliminary results are
illustrated in Figure 13. This profile defined by
the solid line at the top involved take-off power
with 14° flaps to 1500 feet altitude with subse-
quent power reductions to produce a climb rate of
500 fpm. Deviations from the planned profile for
three runs are representedby the hatched areas.
Perceived noise-level data are plotted as a func-
tion of distance from start of roll at the bottom
of the figure. For comparison, estimates have been
made for the associated perceived noise levels
based on the parametric flight studies described
above for the appropriate thrust and altitudes of
the given profile, and these estimates are repre-
sented by the two solid curves in the bottom
sketch. It can be seen that fairly good correla-
tion exists between the measured perceived noise
levels and those estimated from the parametric
studies.

The use of the parametric flight concept for
the ground-noise evaluation of an aircraft in
flight may be particularlyuseful because it elimi-
nates the need for repeated take-offs and landings.
Aircraft weight does not have to be duplicated nor
is it necessary to make the measurements at an air-
port. In order to fully exploit this method, the
aircraft has to be under positive control at all
times, and thus the instrument requirements for
trackingand for acousticmeasurementsare the
sameas for othermethods.
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Shock-wave noise is a factor only for super-
sonic flight and thus is of concern during the
transitionand cruise phases of the mission. It is
associatedwith the shock waves from the aircr-ft
and is observed as explosivesounds or booms that
usually occur without warning. Because of its
ability to shake buildings and to cause annoyance,
it poses a unique problem for the orderly develop-
ment of high-speed air transportation. As a
result, considerableresearchhas been perforfled
regardingvarious aspects of the problem. Sample
results relating to studies of generationand
propcgationphenomena, operationalfactors, labora-
tory simulation,and effects are includedherein.

Design Considerations

Analytical proceduresare available for

describing the entire flow field of a body in
supersonicflight (ref. 5). These methods, which
nske use of machine computingprocedures,have made
it possible to study means of minimizing the sonic
boom by variations in design. Some of these

minimizationconcepts are illustratedin Figure 14.
Use is made of the equivalentbody concept in the
presentationof the data. The equivalent cross-
sectional areas as a function of axial distance are
shown schematicallyat the top for tree different
designs, and the relative contributionsof the
volume and lift componentsare indicated.

The relatively blunt design at the left has
been found to yield the minimum overpressureat all
distances. Because of the high shock losses, the
drag is high and the shape is not consideredprac-
tical for aircraft.

The area development in the middle yields a
minimum or near minimum of positive overpressures
in the near-field and mid-field. This results in a
flat-topped signature. The correspondingalrcraft
shape suggested by this minimizationapproach
appears to be practical since proposed designs are
long and slender enough for the mid-field effects
to persist to the ground, and drag penalties do not
necessarily result.

For larger airplanes,the shape shown at the
right might be considered for the purpose of
generating a finite rise time wave. There is some
question about the practicalapplicationof this
principle, however, because of the extreme airplane
length required.

The illustrationsof Figure 14 relate directly
to the bow wave of the signature. Similar modifi-
cations to the rear portion of the airplane would
have to be considered for tail wave effects.

The analytical procedures used in the studies
of Figure 14 have been validated in wind-tunnel
experimentsfor which atmosphericvariabi ity was
not involved.

SignatureVariability

An indication of the measured variations in

wrve shapes at ground level is given in Figure 15
for airplanes of three different sizes (ref. 8).
The associated durations are approximately0.1,
0.2, and 0.3 sec. These signaturesfall into three
general classes: normal signaturesclosely


resembling theoreticallycalculated:7-waves,peak
sign tures wherein the peak pressure is ennancel
'c,tiveto the basic N-wave, and rounded signa-

Lures with longer rise times and lower peaks than
e -7-wave. Combinationsand variations of these

siAatures also occur. The main differencesbetwees
w-v?: for differentaircraft occur at the time of

e rapid compressions. The largest overpressure
are generallyassociatedwith sharply

;:eakedwaves.

In one of the recent studies with the F-L,.)
airplane, an 8000-foothorizontal (2.44 km) range
instrumentedwith about 40 microphones was employe1
for atmospheric effects studies. Figure 16 shows
some results for the overpressures,which indicate
a wavelike pattern. Experimentalresults suggest
that this is a moving pattern and that there is a
gradual change from peaked to rounded signature
shapes. Measured positive impulses also show a
wavelike pattern, but their variability is
considerablyreduced.

Shown in Figure 17 are the calculated
mplitude-squared, or energy spectra of two signa-
tures having differentshapes. Only relatively
small changes occur in the envelopes of the ampli-
tudes, despite the differencesin shape. Calcula-
tions of the relativephases showed that the lower
frequencies of the spectra appear well correlated
and coherent, whereas for the higher frequencies
the relative phases of the two waves tend to become
random. It is thus suggestedthat"the effects of
the atmosphere may lead to a phase-scrambling
prwess for the higher frequencies (ref. 8).

Probability Distributions

In some cases where a sufficientnumber of data

points are available,probabilitydistributionshave
-teen prepared. Examplesof this type of data are

shown in Figure 18 as the probability of equaling

or exceedingcertain values of the ratio of meas-
ured-to-calculatednominal overpressures. Also
included are histogramsof the pressure amplitudes.
The data of the 8,000-foot-longmicrophone array
for a Mach number of 1.3 are representedby the
circle data points and the data for the higher
Mach number by the diamond data points (ref. 14).
It can be seen that the data generally fall on
straight lines with the exception of a few points
at the extremities,and thus they follow generally
a log normal distribution. It can be seen that
different variabilityexists between the two sets
of data as suggestedby the slopes of the curves.
Lesser variability in the overpressurewas observed
for the higher Mach number data for which the ray
paths were shorter and more nearly vertical.

In conjunctionwith some XB-70 flights, a num-
ber of accompanyingflights of B-58 and F-104 air-
planes were made (ref. 8). The Mach number and
altitude ranges covered were from M = 1.5 to 2.5
and h = 11.3 to about 18 km, respectively,for
the XB-70 airplane;M = 1.5 to 1.65 and h = 9.7

to 12.2 km, respectively,for the B-58 airplane;
tnd Mr 1.3 to 1.4 and h r 5.2 to 6.3 km,
respectively,for the F-104 airplane. The nominal
calculated over-pressurefor all these airplanes
was about 2 pounds per square foot. The data in
figure 19 for the three airplanes were obtained in
late morning flights from November 1966 to January
1967, when convectiveactivity and associated
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turbulencewere light. Despite the differences in
airplane operating conditionsand signature dura-
tions, a strikingly similar probability distribu-
tion pattern for the three airplanesappears.

Aircraft Operational Factors

A series of ground-pressuremeasurements has

been made for longitudinalaircraft accelerations
from Mach 0.9 to about Mach 1.5 at a constant
altitude of 37,200 feet with a special array of
microphones extending about 23 miles along the
ground track. The measured data points from three
such accelerationflights are shown at the bottom
of Figure 20. The data at the zero position repre-
sent the so-called superboom conditionwhere pres-
sure buildups occur (ref. 15). The data for three
separate flights were normalized by plotting the
highest measured overpressurevalues at this zero
position. The direction of the aircraft is from
left to right, as indicatedby the sketches at the
top, along with correspondingtracings of measured
signatures. The data points in the figure repre-
sent peak overpressuresas defined in the sketch.
The low-value points to the left of the figure
represent noise and are observed as rumbles. The
high-value points near the center of the figure
correspondto measurements that are very close to
the focus point, and thus representwhat are
conventionallydescribed as superbooms. To the
right of the focus point are two distinct sets of
measurementswhich relate to the region of multiple
booms. For convenience in illustratingthe
trends of the data, solid and dashed lines are
faired through the data points. The data points
that cluster about the solid curve relate to the
first signature to arrive, in all cases, and this
eventuallydevelops into the steady-statesigna-
ture. The data points that cluster about the
dashed curve relate, in all cases, to the second
signature to arrive. These values generally
decrease as distance increases,and eventually this
second wave ceases to exist because of the refrac-
tion effects of the atmosphere.

The highest overpressures are measured in a
very localized region. These values are as high
as 2.5 times the maximum value observed in the
multiple-boomregion and are thus in general agree-
ment with the measured results for lower altitude
tests. The maln multiple-boom overpressurevalues
are of the same order of magnitude as those
predicted for comparable steady-stateflight condi-
tions. Available overpressureprediction methods
give good agreement in the multiple-boomregion but
are not considered reliable in the superboom region.

The locations of the superboom and multiple-
boom regions are readily predictableprovided such
informationas flight path, altitude, and accelera-
tion rate of the aircraft is available. Based on
the experiencepresented in Figure 20, it is
believed that the superboom can be placed at a
position on the ground to within about ±5 miles of
the desired location. The prediction of the loca-
tion of the superboom can be improved if more
detailed weather information is available.

Sonic-Boom Simulation

Because of the complexity and high cost of

studying the effects of sonic booms by means of
aircraft flyovers, there is strong motivation to
develop means of simulating sonic-boom signatures
for laboratory purposes. Various approaches to


simulation have been pursued, and various devices
have evolved. None of these devices to date are
capable of the generation of arbitrary signatures
under controlled conditions;however, the simula-
tions have been very useful for some specialized
purposes. Examples are shown in Figures 21 to 25.

The exposure of the whole body to sudden N-wave
type pressure changes resembling outside boom
exposures has been accomplishedby the small
cubicle of Figure 21(a) (see ref. 16). Exposure
of a person, plus the structure by which he is
protected, has been accomplishedby the multiple
chamber arrangement of Figure 21(b), which
accomplishes the generationof room vibrations as
well as the acoustic stimuli (ref. 17).

A device involving the generation of traveling
shock waves is shown in the photograph of Figure 22.
This was developed initially for microphone cali-
brations where an impinging shock wave was desired.
A further development of the calibration device
included a large horn and accessories to produce
multiple shocklike disturbances in the open air
(ref. 18). These disturbancessimulate the high-
frequency portion of the signature but do not
properly simulate the low-frequencyportion. The
device, as shown in the photograph, has been used
in behavioral studies of domestic animals.

The explosive charge simulatorspictured
schematically in Figure 23 were developed for out-
door use and for the exposure of large objects
such as a whole building structure. The folded
line charge configurationgenerates an N-wave type
disturbance,but it is of relatively short
duration. The "stacked"configurationgenerates
a relatively longer N-wave type pressure signature.
Both of these approaches result in pressure signa-
tures which have an unacceptableamount of high-
frequency hash which may be associated with rough
burning of the explosives. The bottom configura-
tion which involves a gasbag envelope was conceived
as a possible means of smoothing the burning and
thus eliminating the unwanted high frequencies.
This last configurationhas not been fully
evaluated.

Sonic-Boom Effects

The sketch at the top of Figure 24 illustrates

the outside and inside exposure situations for
people (ref. 5). In the inside exposure case, the
building acts as a filter which determines the
nature of the exposure stimuli reaching the
observer. The ingredientsof the inside exposure
situation are included in the chain diagram at the
bottom of the figure. The sonic-boom-induced
excitation of the building which causes it to
vibrate may arrive either through the air or
through the ground and can be observed directly by
the subject. The building vibrations may also
generate observable noise or, in the extreme case,
may lead to minor damage.

Seismic Responses

A systematic study of sonic-boom-induced

seismic responses was conducted, involving flights
of a large number of airplanes and analytical
studies (ref. 19). The nature of the ground-motion
problem is suggested by the data of Figure 25. At
the left of the figure is a sketch of the pressure
front on the ground from an aircraft in flight
(solid curve). The dashed curves represent the
associated seismic fronts as they might appear at



some inter time. Provided the seismic disturbancen
could propagate over appreciabledistances, there
:.11,7,11tbe a focal point on or near the track. To
date there is no direct experimentalevidence of
such focusing.

A representativeseismogramis shown on the
riThit-handaide of the figure. The solid line is
a !leasuredground particle-velocitysignature,
and the dashed line representsa particle-velocity
calculationby a simple theory which assumes a
trnveling airload over an elastic medium. It can
'e seen that the theory seems to account for the
mnximum particle-velocityvalues, and hence the
traveling load effect is judged to be the dominant
one. Other features of the ground-responsesigna-
ture are identifiable. For instance,the lower
frequency oscillationsare associatedwith Rayleigh
waves, the frequency of which varies as the speed
of the airplane varies. The higher frequencyis
related to reflectionsfrom a subsurfacelayer and
hence is a function of the local 17eology.

The measured particle velocities for several
different types of aircraftas a function of sonic-
boom overpressureare shown by the shaded region
in Figure 26. There seems to be a roughly linear
relationshipbetween particle velocity and sonic-
1,00moverpressure. The maximum particle-velocity
readings are about 100 microns per second for each
1 pound per square foot of overpressure. The
highest values recorded during the experimentsare
about 1 percent of those measured for earthquakes
which just begin to cause observable 7Lage.

Building Response

In Figure 27 is an N-type pressure signature

that, for proposed supersonictransports in cruise
flight, may be of the order of 300 meters in
length (ref. 5). The sketches at the bottom of the
figure suggest that a building is subjected to a
variety of loading events as the wave pnttern
sweeps over it. For instance,reading from left to
right, the building first would be forced laterally
as a result of the initialpositive loading on the
front surface. Then it would be forced inward from
all directions, then forced outward, and finally
forced laterally again because of negative pressures
acting on the back surface. This loading sequence,
which would be applied within a time period of
about 0.3 second, can result in complex transient
vibrations of the building.

The loading patterns of Figure 27 relate to
the situation in which the building is sealed to
prevent venting of pressures from outside to inside.
In such cases, air-cavity structural coupling is
important in determiningvibration responses of
carpentered structures (ref. 5). The data of
Figure 28 represent sample results for the case of
a room with a partly opened window being excited
during an aircraft flyover. The'outsidepressure
trace is indicatedat the top. The inside pressure
trace with the window closed is given in the middle.
The bottom trace representsthe condition for the
window partly opened in such a way as to create a
Helmholtz resonator. It can be seen that the pres-
sure fluctuation for the resonator case can be
higher in amplitude than the exciting pressure. It
has the appearance of a damped sine wave, and
persists for a longer period of time than the
initial excitationwave.

.he dnta of Figures 29 and :50apply to the
t'orcoavibrationof h,cuse-typestructurectram the
unublished work of Findley, Carden, and Dibble
end Indicate the nature of their vibration response.
The solid curve of Figure 29 representsthe relative
accelerationlevels as a function of frequency for
a given input force level. It can be seen that the
accelerationresponsesgenerally increase with
frequency over the range of the tests. The peaks
of this response curve are associatedwith particu-
lar modal responsesof the house. The upper sketch
indicates a response mode involvingthe walls of a
room at a relativelylow driving frequency. The
main feature of such "box" responses is the conser-
vation of volume, that is, when some walls are
deflecting inward, others are deflectingoutward.

The two sketchesat tl-eright represent the
modal responses of one of the walls. Although these
modal patterns are more complex, as the frequency
increases,the conservationof volume concept still
applies. The low-frequencyvibrationmodes are
generally associatedwith the beams, rafters,
joists, and so forth, whereas the high frequencies
are associated with the wall panels.

From a subjectivestandpoint,the motions of
the walls of the house may be importantboth because
of the associatednoise and the observed vibrations.
One source of noise is the vibration of hanging
objects attached to the walls. Such a case is
illustrated in the data of Figure 30 Wall accel-
erations with and without a mirror are presented as
a function of force input to an adjacent wall. The
acceleration increasesdirectly as the force
increases for the wall alone in the range of the
tests. With the mirror attached, a vibration level
can be reached at which the mirror can no longer
follow the motions of the wall. At this condition
the mirror impacts the wall in an erratic manner and
rattling is observed. Such rattling,which is
easily curable, is known to be important
subjectively.

Subjective Reactions

. The manner in which people react to sonic

.,00mais dependent to some extent upon whether
they are located indoors or outdoors. A person
indoors, as'indicatedin Figure 24, may observe
directly the vibrationof a building and the
associated noise radiation. Results of tests to
compare the subjectivereactions of people to
indoor and outdoor boom exposureshave suggested
that the above building-responsephenomenawere
detrimental and the indoor booms were thus rated
slightly less acceptable.

For the outdoor situation,the loudness of the
booms and the associated startle effects are signi-
ficant and these depend upon the peak overpressure
and the rate of onset of overpressure (rise time).
Results of subjectivetests of people in a sonic-
boom simulator in which rise time was varied are
presented in Figure 31 (ref. 16). Relative annoy-
ance level is shown as a function of rise time.
The stiPpled region represents observationsfrom a
number of Subjects and for a range of signature
durations. It can be seen that the annoyance level
decreases markedly as rise time increases.



C0-.XLUDINGRLMARKS

Ihe airport-communitynoise problems associa-
ted with aircraft landing- and take-off-climbout
_r.,erationsand with certain aspects of the sonic-

l_om problem associated with supersonicflight

Have been briefly discussed. Aircraft noise in
c,;mmunitiessurroundingairports is largely due

to the power plants and improvementsare indicated
through the design of the engine components to
F,enerateless noise, the design of nacelles to

reduce noise radiation into the atmosphere, and
the operation of aircraft in take-off and landing

co minimize noise exposureson the ground.

Durin5 supersonic flight the associated noise
in communities is a result of the shock waves
produced b:ibe aircraft. The shock-wavenoise
(sonic t.00riis of concern during the transition
and cruise pHoses of the mission, because of its
..3bilityto shake buildings and cause annoyance.
esearch is described on various aspects of the
sonic-boomproblem includingminimization through
:ircraft design and operational factors, on the
developmentof specialized laboratorysimulation
devices, and on the effects on people and
tructures.
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Figure 1.- Noise exposure areas.
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Figure 2.- Effects of engine bypass flow ratio on perceived noise level (ref. 3).
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Figure 3.- Nature of inlet-guide-vanerotor interaction (ref. 3).
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Figure 4.- Subjective effects of discrete tones (ref. 9).
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Figure 5.- Effects of Mach number in the inlet guide vanes on relative inlet noise level

(ref. 10).
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Figure 6.- Noise reductions resulting from various inlet-guide-vaneconfigurations(ref. 10).
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Figure9.- Schematicdiagramsof shortand longductnacelleconfigurationsfor
acoustictreatment.
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Figure10.-Noisereductionpotentialof enginenacelleacoustictreatment(ref.3).
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Figure 11.- Noise reductionresulting from power cutback for various type jet power plants
(power reduced to that required for maintaining 500 fpm rate of climb) (ref. 13).

Figure12.- Schematicdiagramof testsetupfor simulatingnoiseduringtake-off-climbout
operations(ref.13).
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Figure13.- Comparisonof measuredand estimatednoiselevelsduringclimboutof four-engine
turbojetpoweredaircraft(ref.13).
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Figure 15.- Variation of measured sonic boom pressure signatures at ground level for small,
medium, and large aircraft in steady-level flight (ref. 8).

Figure 16.- Overpressureas a function of distance on the ground track for an F-104 airplane in
steady flight at a Mach number of 1.3 and an altitude of 30 500 feet and sample signatures
(ref. 8).
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Figure17.-Energyspectrafor twodifferentshapesof sonic-boompressuresignatures.Relative
amplitudeis givenby 10 1og10/f(w)/2dB (ref.8).

Figure18.-Probabilityof exceedinga givenvalueof the ratioof measuredto calculatedground
overpressuresalongthe flighttrackof theF-104airplaneat an altitudeof about30 000 feet
for twoMachnumbers(ref. 14).
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Figure 19.- Probability of exceedinga given value of the ratio of measured to calculatedground
overpressuresalong flight track for XB-70, B-58, and F-104 airplanes. (Time intervals of
flightc of three airplanes varied from about 2 to 5 minutes) (ref. 8.)
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Figure 20.- Sonic boom overpressuremeasurements along the ground track for an aircraft in
accelerated flight at constant altitude (ref. 15).
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(b) MULITIPLE CHAMBER

Figure 21.- Schematicdiagrams of two types of sonic boom simulatorsused for subjectivestudies
(refs. 16 and 17).

Figure22.-Photographof shocktubetypesonic-boomsimulator(ref.18).
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Figure 23.- Schematic diagrams of three explosive charge configurationsfor simulating
sonic booms.
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Figure24.- Factorsinvolvedin sonic- boom exposures(ref.5).
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Figure 25.- Measured sonic boom induced ground particle velocity signature (ref. 19).
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Figure 26.- Ground particle velocities as a function of sonic-boomoverpressure (ref. 19).
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Figure 27.- Sonic-boomloading on buildings (ref. 5).

Figure 28.- Internal room pressure time histories due to sonic booms for both window-closedand
window-openedconditions (ref. 5).
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Figure30.-Accelerationlevelsas a functionof forceinputfora wallwithand withouta
hangingmirror
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Figure29.-Houseaccelerationlevelas a functionof frequencyfora constantexcitingforce
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Figure31.-Effectsof risetimeon therelativeannoyancelevelsof sonicbooms(ref.16).
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