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INTRODUCTION

The helicopter is a complex vehicle from a noise standpoint. Significant noise pro-
ducing compoanents in the system include the main rotor(s), tail rotor, engine(s) and
gearboxes, Differences in vehicle design philosophy cause differences in noise char-
acteristics; e.g., some vehicles use a main rotor for lift with an antitorque tail rotor,
other vehicles use fore and aft main rotors while others use meshing main rotors or
dual contra-rotating main rotors without a tail rotor. Differences in rotor design
philosophy also cause differernces in noise characteristics since some manufacturers
may use high tip speed two-bladed main rotors while other manufacturers may use as
many as seven blades operating at lower tip speed.

Research to establish predictjon techniques for all of the important helicopter nofse
producing components has been under way for many years. In many areas the acoustic
theories relating the generated noise to aerodynamic and design parameters have been
fairly well developed and appear t. » adequate for current needs. However, as this
report will show, there are many areas wherc “be noise generation mechanisms are
just now beginning to be understood and other> where much further work is required.
Also, the aerodynamic inputs required for the noise calculations are often insdequate
for satisfactory noise estimates, It is thus apparent that the noise prediction method-
ology is inadequate due to the lack of tools required to define the unsteady aerodynamics
(i.e., fluctuating blade loads) rather than in serious limitations in the acoustic theories.
Fortunately, the helicopter as a military vehicle has benefited from noise control
studies oriented toward reducing detectability, This has resulted In a body of know-~
ledge which can be evaluated in terma of annoyance when helicopters are used as
civilian transports.

The purpese of this report Is to provide a current bibliography of reports describing
studies of components of helicopter noise, provide capsule reviews of the more signif-
icant reports, summarize the state-of-the-art based on the literature; and discuss
areas where further research Is needed.
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SUMMARY

L this report, e state-ot-the=art in helicapter noise is reviewed, Accas evaluated
include fraulations of votor aeetational, broadbane, wnd impalsive), engice, gear-

be n, aand Belicopter nerse prediction metliodolagsy; helicopter poise reduction tech-
Biguea; i aubnectine response evduation of helicopter noise. A liblfography of

over Hi reports on these subjects 1s ineluded along with capsule summarics of impor-
Gt reports from the binarapin, ’

Kot noise consiats of diserete requency and browedband components.  The discrete
Lreueney Components are reforred o as rorational noise harmonies and occur at
madtplos of Blade passage frequenev, Rotational noise is a result of the rotating
pressure field caased be the rotor blade bosding dae to thrust. Interaction witk in-
pested turbulence, tip vortices amd :n:\ mmetric inflow cun sigaificantly enhznce her-
monic content of rotationitl ao=e, - Cyelic pitch and forward flight can give rise to a
~hlade toadling which varies once p(‘l‘ xc\. olution. - Uader certain conditions this can give
rise to impulsive nese, characterized by highly anoes g “bhangiag™ soundds. Broad-
bund randum noise in the rotor sp zctium, formerly called "vortex™ noise, is probably
“eatt-edd bnvonteraction of the Ll:ades with inflow turbubence..

In calvulations of rotor harmonic noise, the steady loadivng methads are inadequate to
eapliuin the high levels of measdred karmonics.  Uasteady loading of the blades is
reruired to improve the corvelition between caleulations and measurements at high
harnionic ordiers.  In opea-form solutions, instantancous blade loads are computed at
nuiny amular positions and several radial stations during the rotation of the blades.
These loads are then numerically integrated to define the noise at a given field point.
This approach is generally costly as it requires long computation time. The computa-
tivn time can e significantly reduced by assuming an analytic form for the azimuthal-
-ariation of blinde loads (closed<form solution) rather than the many descrete points
reuired for the open-form solution.  The integration can then be done analytically,

. With few exceptions, such as for impulsive noise, closéd-form solutions give compa-~
rable results to open-form solutions,  Results using this methodology are greatly
improved over the steady loading formulations.  However, some deficiency in high
frenueney noise prediction remains,  This has been improved by wodifying the un-
steady airload mput-. to account for unsteady o-'!cx effects a3 measured in wind tunncl
tests, .

1t appears that the existing noize theories are adequate for good prediction of heli-
cepter rotational hoise. The limitations in the methodology appeir to lie in the defiat-
tion of the fluctuating aeredynamic blade loading inputs to the acoustic theory. Since
the fluctuating blade loads cannot be welt predicted analyticully, empirical (or at least
partly empirical) methods for estimating hl.ulc loads are required for predicting the
rotutional nolse of helicopter rotors.

L 'W,wmqwr- r.,w-w.f.
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The origin of rotor broadband noise is probably the turbuleace in the flow seen by the
rotor bludes, The prediction of rotor broadband noise based on rotor geometry and
operating conditions using empirical procedures has proved acceptable. The success
of such methods is misleading in that they do not model the detailed acoustic procesaes,
but rely on generalization of existing test data. The recent impetus to study broadband
noise is the result of reducing helicopter data with improved equipment that shows the
higher frequency components of the spectrum to consist of peaks at blade passage
harmonics superimposed on a lower level of broadband nofse.

Impulsive noise is generally considered to be a special case of rotational noise. Two
basic mechanisms are believed to be responsible for impulsive noise. Intervactions
between tip vortex filaments and the rotor blades are one major cause. Compressible
aerodynamic effects are the other major cause. The major limitation in calculations
of vortex filament interaction noise is the difficulty of specifying the details of the {n-
teraction of the filament with the blade. This is due to the complex trajectories of the
vortex filaments and the blades. The impulsive noise that occurs during high speed
cruise of a single rotor helicopter is believed to be caused by the compressible drag
rise on the advancing rotor blade due to the high resultant of rotational and flight speed.
As in other rotor noise prediction areas, the specification of the aerodynamic imputs
for the calculations require further work.

Engine noise research has received recent attention because of its importance in
turbofan engines. The noisc components of engines identified in these studies are jet
noise, combustion noise, turbine noise, and compressor noise. Jet noise in helicop~
ters is not considered significant for current helicopters hecause of the low exhaust
velacities of helicopter engines. However, it may become a significant component in
future quiet helicopters. Combustion noise, which appears as a broadband noise
which peaks near 400 Hz, is the dominant component of engine noise. Turbine noise
appears at higher frequencies and consists of tones, pseudo tones, and broadband
noise. Compressor fioise occurs at high frequencies and is the lowest level component
of engine noise, Compressor noise is easily suppressed with sound absorbent duct
liners.

Two approaches to engine exhaust noise suppression can be used. The firat approach
reduces source noise by changes in design or operating parameters. This appears
promising for future engine designs, but results in increased weight and size or in-
creased fuel consumption in present engine designs, The second approach is the use
of acoustically treated ducts to attenuate generated noise. This approach invariably
adversely affects engine performance and also results in increased weight,

Gearbox noise is not generally a problem in current helicopters. However, quieter
versions in the future will require gearbox noise suppression. Significant progress
has been made in understanding gearbeox noise mechanisms over the past eight years.
This has included development of both analytical and empirical noise prediction

G et s Gateg©
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tre oesiares, Lhe cwpancal methods are relatively casy to use and appear to offer
s n kB accuracy 1 kel opter applications. Aaalvtical methods, on the other
Lars, 1o atre o reat head ol o tailod Jer wen inlormation to use und still l'c"'-.li‘e somea
ricclcorrections lor peasonable ggreenaent with e ypeeimeat, It apg sears that the
et preieal provedures shoubd e dzed to estanate levels of existing gearboxes, while
e anelineal procedures are more useful in dinguosing noize prohlems in new gear-
an e ~leiaind develoning souree noise s ,,rn-s-.siim technuues,

Jiesrediction of aoise for complete helicopters hes n-rcnlh received soms atiention.
HARD et gerodic ton procedures sow aviilabde appenr to be adequate for studies of
x:'.'. acceptancs, Thess procedures are vehicle orfented .md Jo not appear
aritabbe o deteled stadies ol souree noise, is they wre u usuzlly .-:cmu_mpuical and
s _ro-gaaesien and oper ating pn.nm ters rather thor detailed accoacoustic para-

niele s

A review of expermmentzl programs 1o reduce the noise of existing helicopters showed
thal Pawern najse Levela can be ad heved, but at the esprnsie of nerfermance redictions '
aand wersht sierease <, Rotor noise reduction was atiained by redus ing *ip 3peed, in-
ereang rotor sohdt by adding blades; and by liraited blade aerodynamic improve--
sicnts, Engine porse was reduced primarily by irstallation of inlet and exhauat
niti‘lers. Gearbox notse was reduced primarily by installation of enclusures around
the nearbox and by apphireation of dimping mate rial to gears and shafting, These noise
re-fuetion techipgiie s were effective, but might st e acceptable in commerclal trzng-
port helicopters beeause of their weigrht and pe:r!')rm.lnt'p penalties, Further research
15 required in the asise ceduction area to define rotos and engine configurations that

“are both quiet and efficient.

Subjective Pesponsi- 1o afreraft noise must be considered from two standpoints: air-
z1aft noise certifieation and cenmunity reaction,  Inthe first area, 2 scale 18 needed

. 1o measure the pereeived level of an iadivideal aireraft flyover sonnds In the second

aret, 2 community aceeptunce cateulation procedure which ac ccurately evaluates the .
long term offects of aireraft ncise on cominunities around airports is required. For
noi e certification, serious Gs hucrclcq exist in the existing rating scales becauae of
the sizmficant uitfercaces beovee s helicopter noise nnd nolse from otler types of cir-
craft. Based on che data from the literature, it appears that the hélicopter noise
vertification unit will use Effective Perceived Naise Level as the basis for develop-
ieat. Revisions apbear necessary to: 1) rovise the paycacacoustic response {Noy)
curves amd extend ther below 50 Hz, 2) use integrated duration correction as used
in FAR Part Sd cather than 10 logg g (t/15) (wnere t is the time, in seconds, between
10 4B down points), 3y inciude the effects of impulsive noise, and 4) correctly account.
fer the effect of dizerete frequency noise belaw 500 Hz. The data from the literature
support the use of some versior of the Ly concept for community acceptance cvalua-
tion. ‘The basic unit for Lua calculation might be dBA corvected for pure tones and
duration as described above, impulse nolse peualties would also be included.




HELICOPTER NOISE SOURCES

Introcuction

I'he principal helicopter noise sources are those associated with the main rotors or
main and tail rotors, drive engine(s), and gearbox(es). All these sources give rise
to a broadband noise spectrum extending over the entire audible spectrum and to dig-
crete frequency noise, which may or may not be detectable to the human ear. Under
certain conditions, helicopter rutors may generate impulsive noise, aescriptively
termed ""blade slap” or "'banging".

Rotors produce noise due to the rotating forces on the blades and the displacement of
the air due to the blade section area. Also, at high tip speeds and/or high flight
speed, the flow over the blade section may exceed sonic velocity and a local (and thus
moving) shock is generated. Finally, fluctuating blade loads may occur due to inter-
action with atmospheric turbulence, tip vortices, or the {low from another rotor.

Engines produce noise over a broad frequency range The engine inlet compressor
generally contributes to high frequencies and the engine exhaust dominate: at low
frequencies, although turbine tones may occur at high freguency.

Gearbox noise can be apparent in the noise signature of a helicopter due to direct

radiation from the gear casmg or from reradiation of the structure coupled to the
gearbox.
)

Extensive literature exists on the understanding, description, and prediction of these
sources. Studies range froin simple empirical equations snowing the relation of a
few gross design and operating parameters to the resulting noise to extensive open
form soluiions requiring detailed design information which can be applied only by
means of a high speed computer. The state-of-the~art in source noise uaderstanding
and prediction has by no means progressed to the polnt where 21l aspects of the pro-
blems have becn fully developed. However, che fundamental noise problems are
reasonably well understood and predictable in principle. Application of these theories
to the design or redesign of helicopter components hae generally resulted in noise re~
duction, althourh a deeper understanding in many areas, especially those related to
broadband noisr, i8 required for substantial reductlons without undue performance
and/or weight penaltics.

The {ollowing discussion presénta a review of the literature on the historical develop-
ment of noise prediction methodology, summarizes tbe curreat understanding of basic
mechanisms, and presents philosophy aid resuits for the reduction of helicopter noise.
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Pt Aot contains e rete fregueney commonents and broadband com ponents. The
4w rete SPe eney con poneuts ire relerreid woas rotattonal noise harmonmes aad occur
At multipes of l'h blade passage frequeavy. These are causead by the rotating pres-
sure fiebi caused by the rotor blide loadiae due to the thrust.  Also, ia cases where
D% r ten with ingested turbulencs or 'atwedn rotors or with tha tip vertices cecurs,
a rotatingg tlectuatinge pressure fiela results which can sigrahicantly ‘iacresse the har-
Besnie ¢ ontent of rotational noise.  Cvelic piteh and forwared flight can give rise to a
blete tawshiag whueh varies unce pOr revolution, Under certain conditions te.g , if
th f:rw erd speed s such that the tip Moch nunibier of the advancliog blade exceeds
some « Fitieal valuey, this ean give rise o impulsive noiae, characterized hy kigbly
annes e Cbangicg” sounds,  The impuisive nolse is characterized by sharp peaks in
e deousize pressune time Distorv. Randon, noise fo rmerlv vas catled v sortex”
noise, but investigators now peefe r “browdbund” npoise, sicce vortex ahedding itsclf
is 'wt believed to be the prircipal mec hanisn:,

R.<itionad Neise = P oor to the 1960 s, Gutin's1 1 :thud was used extenglvely for pre-
dicting the avise from propellers, fans, and roters.  In this theory, a distributioun of
sources whick are fixed in space ave “triggered” by the passing blades. The strength
of the sources is deterniined Ly the rotor thrust and torgue assumed ta act at an
cifective radius, tvprcally ot 008 timies the actua! radius,.  This analysis i3 valid fer

a static, propeller and at distance several diumeters away (far-field noise). Hubbard
and Regier® refined Gutin's fundamental equations without some of the simplifying
assumptione of the ariginal paper. This removed Gutin's restriction for fur-field
noise und allowed calculations of noise in the near-ficld to distanes within oae blade
chor? of the tip. ~ Also, the actual radial blade load distribution cculd be utilized.
Garrick and Watkins? extended Gutin®s theury to th: case of a propelier with forward
speed for an observer moving with the san.: veiocity as the sev+-e (l.e., a2 wind ‘unnel
test). The results could algo be applied to the case of 1 stationary observer, providivy
thut the correct ifstantancous distunces were used and the fFequencies corracted for
Nppler skift.  Floally, Watkins and Durting! comnined these effects and Included
cffects of a chordwise blade loading., However, these methods, whick all assume that -
the blade loading is constant with time, were found to severely underpredict the levels
of the harmonics beyond the second or third, ’

I'he reatization that unsteady blade loading (i.e. » @ blade loading distribution which
varivd with timey could contribute sipniticanty to the noise generated by a rcter
prompted an extenzion of Guiin's approach and the development of new formulattons
for the noise produced by moving sourcrs S and unsteady blade loading effectsb-10,

.

The approach of Loewy and Sulton10 isa simil.tr approack to that taken bj Garrick
and W :\tkms'i. but exteended to tnclude in-plane components of forward speed and
azimuthal asymmetry, ln this approach the 9ound pressure is computcd at any fleld




W e ma v s ah e e —————o e n + el

I - .
TN NI TTY S R yeopche

e s t— < oot e s

point by a numeical integration which utilizes, among other inputs, the lift per unit
span as a functica ¢ radius and azimuth. In this manner any radizi loading function
and any peric./ic waveform of the blade loading at a given radial station can be input
by judicious ...iection of radial and azimuthal steps of integration. This approach,
while havins, f.oxihility, can become expensive due to the large number of calculations
required in (e nun:erical integratior, particularly when using small steps, as is
required for calculation of the higher rotational noise harmonics.

Schlegel, et 118 yged a similar approach. ‘They used the blade loading harmonics -
which were measured on an actual helicopter rotor as inputs to a modifted form of
Gutin's theory. They conclude that the agrecment between measured and predicted
ncise, as reproduced in Figure 1, is good at low frequency, but poor st high frequency,
probably because of inadequate definition of bigh frequency harmonic airloads. -
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FIGURE 1, COMPARISON OF MEASURED AND CALCULATED LEVELS
WITH AND WITHOUT UNSTEADY BL.ADE LOADING FOR A
HOVER CONDITION

In both of these approaches, the harmonic blade loading must be input for the calcu-
lation. Such open-form calculations heve two important limitations. First, ibe re-

- quired airloads are extremely diffic.it to predict; and second, the computations are
extensive and often expensive to perform due to the digital computer time required.
Lowson and Ollerhead? overcame these difficulties by developing a simplified
rotational noise analysis which uses generalized ‘oading data instead of the detailed
amplitude and phase information required by previcus ansiyses. This simplified
closed form method was shown to perform at least »s well as the rather cumbersome,
opern-form solutions in many cases, as indicated in Figure 2.
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ae e e ardiang the radial londing \ﬂ.‘ﬁl‘i!:ﬂihﬂl. Neglecting higler order terms

1o tar-tield apnroxirations, \K'n,;hl's formrulation reduces to an acalytical expression
wrich dues ot require aumericed integration,  His slimiffcunt conclusicna are that the
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FIGURE 2, COMPARISON OF STEADY LOADING, OPEN FORM, AND CLOSED
FORM THEORIES WITH MEASUREMENTS FOR A HOVER CASE

There are situations fo. which ¢losed-form methods are not well sulted.  Basically,
thee guethods are inadeduate when large aivload changes occur over a small portion of
the rotor di . This lo:oling hekavior producey highly divectlonal harmonle notue and
i eonanonly olerved as impolsdve noise (or Ublinde slap™) onnost tanden rotor heli-

~eopters and many single rotor helicopters, Shee the elosed-farm golutiung agsuine that

the mrload Larmonies are randomly phased and that their amplitudes decrease expo-
nentially with harmonice order, the nolse is predicted to be constant aztmuthally during
hover and symmetrical azimuthally during forward flight. Impulsive nofse I8 discussed
in a later gection of this report. : '




Much recent acoustic research work has returned to experimental rather than analyt-
ical studies. References 11 through 14 are examples of noise measurement studies
intended for verification of existing noise prediction analyses as well as for studies
of noise generating mechanisms, Reference 11 essentially verified and slightly re-
fined Lowson and Ollerhead's simplifying assumptions. Reference 12 demonstrated
the acceuracy of Wright's theoretical approzch using measured airload amplitude and
phase data, whereas Reference 13 is oriented towards establishing a base for develop-
irg empirical formulae for rotational noise at a future date. Reference 14 demon-
strates good correlation on-axis with Reference 7 and provides a preliminary aero-
acoustic transfer function for rotational noisc. U generalized aerodynamic inflow
data are ever developed, the transfer function approach could become a useful new
prediction tool, ' ' -

Existing prediction methods for non-impulsiv-: rutational noise predict some Zecay of
harmonic level with increasing order. This behavior is predicted by open-form, _
numerical integration of distributed loads methods as well as by the simplificd, poiat
load methods. However, improvements in data antlysis have shown that blade passing
harmonics may extend into the mid-frequency runge, as shown in Figure 3 (from
Reference 7), and that levels frequently increase with harmonic order after an initial
decrease for the first few harmonics. Consequently, agreement between predicted

and measured harmonic levels deteriorates with increasing frequency.
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FIGURE 3. TWO—HZ BANDWIDTH ANALYSIS OF UH-1B NOISE SPECTRUM -

Some preliminary studies by Sikorsky Aireraft!d have shown significant correlation
improvement by adding vortex-induced unsteady airloads to the airloads defined by
Lowson's "loading law" decay approximation., The unsteady vortex effects are based
on wind tunnel data measured with hot wire anemometers, Figure 4 illustrates that
the unsteady vortex effects enable a closed-form analyais to predict th: basic noise

11
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Broadband Noise - Opinions regarding the origing and behavior of broadband noise
vary sumewhiat amony investigators, but there is general agreement that turbulence

in the flow scen by rotor blades is the basic physical mechanism responsible for
broadband noise, Turbulence in the boundary layer also causes noise, but at a negli-
gibly small amplitude compured to blade interaction with incoming turbulence, The
frequency distribution of the broadband noise is determined by the velocity of the blade
and by the size scale of the turbulenceld. Principal areas of uncertainty concern the
effeets of velocity on the intensity and frequency distribution of broadband noise. Re-
cent experimental work by Leverton and Pollardl6 fails to show the accepted Strouhal
frequency scaling with veloceity for full scale rotors. Ffowcs-Williams and Hawkmgk,]-7
make a convincing case for broadband noise varying with velocity as v8at tip Mach
numbers above 0.5, instead of the A dependence in common use as reported by
Widnalllb, :

Much of the recent impetus to study broadband noise comes from improved data nro-
cessing techniques and equipment. Narrow band analyses of rotor noise have shown
discrete frequency components exteading well beyond 150 Hz, which historically was
believed to be the transition region between rotation.l noise and broadband noise for
typical helicopter rotors. This means that significunt rotational noise contributions
are included in the observed noise behavior and in the broadband noise prediction
methods that have been developed from experimental observations such as the well

known Widnalll8 correlation of Figure 5. Work by Lowson,et all4, and by Leverton
.- . ,
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ol et erplasire that low freyuency broadband noise could be ditferent in

At by Reee aidte oot visative pliosical mechanisms and acoustie bekavior)

oin ot tre denes P oragotband oy e,

Purthermnore, the apsarent acreement of predicted browdband levels and spectrum
Mope oised an cotor deomeetny and operating comlitions is misleading,  These nre-
i et b i cive peasonable eatizites of sctave band or possilily 1/3 octave
st levels tor tupr s rotors, bt these methods o not reat!s model the detailed
aeasthe processes tht contribute to the total signal.  Coasequently, it is not pre-

viitr e Seible o provide o etaibed naerow band estimate of rotor noise based on
detailee geometrie and aercdy nusie progerties of # rotor ststem, - Extensive experi-
et el malvtiesl work still needs to Le done to isolate the specific mechanisms

Direiee browdaal rotor noise and wodevelop usetul e Y cion models.

P precodin g diseussion indicates that detailed prediction methods are not available
preseatly, Lowson, ot all b, found vncourying correlations using measured inflow
turbulence 1 acoustic equations to predict broadband fan noise at low speeds, but

tii- i3 vt a tathod seitable tor hehieopter predictions.  Methods, in general, have
telicd on octave band noise data from full scale rotors to develop empirical methods.

In these mucthnds, such as the "Schlegel™ equations for broadband nolse® gross geometry
mt uperating condition (hlade chord, Blade 2rea, tip speed, and rotor thrust) are the
fsic parameters, The form of these cquations was medificd somewhat by Muncht9

o ubtain the furm below:

SPLp 2o [l.l GV - LOG (T = Lo (,..)]

10 [l.l 0GBy - LG (R - LOG 1) - LOG (C0520 . 0.1)] ©S]+19.4

o T=6 - 0TIV = 210 LOX () ' (¢

[l u‘r:._n,:euu-rﬁ is easier to use since it uses the imslc piramcters of tip speed, Vt. -
thrust, T, distaace, ', blade areca, B3, blide radius, R, blade chord, c, elevation
ey oy and spectrum shage correction, 8). Values of Sj {or the j th frequency band
el by Muneh are shown in Figure 6. The term, fg, I3 the center frequency in iz -
Por stie wath Fivure 6. This methed provides estiraates of octave band levels in fairly

Jrod agreement with oetave hand te.st data,. but wome rotational n fse contributions are
included in this “hroudband noige" ag discussed previously, '
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Empirical broadband noise methods tend to be most accurate for a moderate thrust
condition which typically is near the design point for a given rotor. Predicted over-
all broadband levels normally fall within 1 3 dB of measured levels. Accuracy de-
creases rapidly, however, at low thrust and at high thrust. Problems are compounded
by blade twist, which leads to recirculation through stationary rotors (i.e., when the
blade wakes are reingested by the rotor) with attendant noise increases during opera-
tion at low blade pitch. At high thrust, blade stall and complex unsteady aerodynamic
events in the tip region of the blades contribute to rapid increases in noise. Figure

5 illustrates the noise behavior discussed above.

Impulsive Noise - Impulsive rotor noise generally is considered to be a form of
rotational noise. Narrow band analysis reveals many harmonics of nofse that decay
slowly with harmonic order, while oscillograms of the acoustic pressure characterize
the noise as an impulse that occurs at the blade passage frequency of the rotor. Heli-
copters with tandem, overlapping rotors are prone to generate impulsive noise, but
helicopters with single lifting rotors also can generate it. )

Two basic mechanisms are believed to be reéponslble for lmpulélve rotor nolaé. In-
teractlons between tip vortex filaments and rotor blades are one major cause. Com-

15
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Stessst o e abimntae clledts are thie other major cause,  These two mechanisns are
Con et nweadll el ey as Sterafeld, ot :ll“., demonstrate with thelr

G ciaaets Dooatoneitaeiad bach formatton on bliddes of a hovering roetor. Of the two

1oenen oo, Lhele vortes mtereecton i recerved the most attention,  References

-l e caniplos of e

SR POUS cApeTIents on static rotor test stasds,
evhecdes, ad mownnd tunmels that ave demonastrated the imgortant role that
cle ot eomter sections gl i mpulsive noa e generation. Analytical mordels of

crnen derees tons e been develaped Jdelerences 21, 22, 24 which appear
petle o pre g woaneborms tat agree quatitatively with measured wavefurms,

Heefvery 10 » 2

2ohews partseabarhs good agreement for oo sblicled rotor operating in
-l The Bizest problem lies in exstimating the magnitude of the encounter
L

with oo e Svortes tilinnent, Tip vortea filiments follow complex trajectories,
abich mniie< e rebat e location aed oricatation of the Llde sod vortex very diffi- .
cult 1o spesits. Inaddition, the distribation of vartex core veloeity and the decav of
e vortes swath time is difficult to asress experimentally as well as analvtically. A
terther complicatiun to the avoustie prediction problem is the operating point of the
dirtoil ant it aeentnamie response characteristics, as pointed -t in Reference 11,

Impuisive aoise 1ron: tardem rotor hebicopters involves many factors,  Typiealiy, a
virs ook, down g the vehivle Shows some degree of overlapping of the rotor discs.
This o erlap couse s impulsive noise from two mechanisms,  The ma‘or oae is blade-

vortex inieraction, where the tip vortices frum one rotor pass through the other rotor.

The interaction can oceur on vither the forward rotor or the ait rotor, depending on

Creiatives teea ol the sotors and on the thght condition.  The sceond cause of impulsive

Loi s a0 tandem rotors with overlap is cahied rotor /downw:sh interaction. The down-
wish of one rotor pasises thiough the other rotor in the overlap region, causing u
pulsative once-per-revolution chamge in loading on the retor blades. “This loading
gives rise to ampulsive noise.. Boeing Vertol Company has conducted numerous studies
of noise generation and noise reduction for tandem hellcopters that established the tm-
purtance of rotor/vortex interaction and rotor/downwash interaction. Substantive data
gi-nerally are proprictary (o the Vertol Company, but some gsantitative trends are pre-
sented in Referenee 23, which documents a study of civil'hclicopter nolse. This study
concludes that the only wav to eliminate impulsive noise from rotor-rotor interference
is to eliminate overlap and to control the vertical separation of the two rotors. Figure
7 i3 taken from Reference 25 to illugtrate how separating the rotors influences nolse.

i'he ability 1o predict noise from tandem rotor helicopters with overlap s ﬁot, well
establizle d in open literature, although proprictary methodology may exist in some
compames,  In principle, if data are available from test or analysis to relate vortex
interaction strenpgth and downwash oiteet 1o s vonfiguration, analvtical models exist
to rutimuate the noise wivetonin cauged by pul::utiv-:'(-h:'m',zos in airloading on the rotor
lslades.

Impulsive noise that occurs during high speed crulse of single rotor helicopters 1s
‘beljcved to be caused by compressible «Jdrag rise on the advancing rotor bludes. The

rotor noise of a large single rotor helicopter (Sikorsky S-65) was studied in Reference 23
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FIGURE 7, EFFECT OF BLADE—VORTEX SEPARATION ON
IMPULSIVE ROTOR NOISE

during a program of simultaneous noise and rotor load measurements. Results show
that during high speed cruise, unsteady airloads alone are not enough to predict rotor
rotational noise in front of the helicopter. ' Arndt and Borgman'26 present a medel for
drag rise harmonic noise based on profile drag on the blades. Profile drag is shown
to be a significant source of harmonic noise at high forward speeds, a source that
would not be reflected in airloads from aerodynamic pressures measured on the sur-
face of the rotor blades. Lyon, et al27, approach the protlem differently by tailoring
the thickness distribution in the tip region to reduce noise near Mach 1.0, Results
from both approaches are similar, since reducing blade thickness reduces noise (and
drag) and reducing drag reduces noise. In practice, Arndt and Eorgman's approach
is fairly straightforward to apply if airfoil lift-drag characteristics are available.
Available results from unpublished Sikorsky studles show fairly good agreement with

measured data (Figure 8) when noise from compressible drag rise is added to lioise
from fluctuating airloads.

Drag near the tip of u helicopter rotor blade during high speed cruise is difficult to
calculate accuratcly. Torsional blade bending modes combine with flatwise and edge-
wise bending and with rigid body flap and lead-lag motions to influence local angle-of-
attack, drag, and noise. Obviously, unsteady aerodynamic response characteristics
of the airfoil also influence the drag and noise. Consequently, it is important to

B D pery = 0 .
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veenlioe that thes dragy rese noise miulﬁl is nut pecessarily an aceurite representation
ot the ohetailed aeroivoustie processes ceeurrin during hi:h speed cruise. The simple
T nedel does iprove sreentent hetween.estimated and measured noise and is useful
tor that reason.  More contidence needs 1o be developed in the ability of cither Arndt
wnt Borgman's method or Lvon’s method to proedict high speed impulsive noise levels.
Flislt tests or wind tunnel simulations ave needed to establish this confidence and to
atandiee o refined prediction metkod. [t is conceivable that more sophisticated experi-
s ol studies will find that existing meadels have produced.reisonable estimates of the
= akoad aeoustic propurties without correctly modeling the actusl noise generating pro-
o des e situation similar o the case of broadband reter noise). Detailed-estimates
1 high speed impulsive noi-e may then require an entirely new analvtical approach.

Engine Noise

Infrostuchion - Generally, hwehieopters are powered by internal combustion enfines which
provide power to the main rotoersy, Gnl ratortsy, and acceessories through varieis
Al of shafting and gearboses, Althouth varly helicopters utilized reciprocating '
engines, most current desians ara powered by turboshalt enginea, Therelore, the dis-
cussion of enpine nuise sources in this report has Leen limited to turboshaft engines.

1w
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Turbine engine noisv sources fall into two general categories: those originating out-
side the engine and those contained within the engine. The first category includes jet
noise, while the second category includes combustion noise, tarbine noise, strut nnise
{turbulent flow inte raLuon), and compressor noise.

Jet Noise - Jet noise originates from the momentum exchange between the higher
relative velocity of the exhaust gases and the ambient air. This momentum exchange
gives rise to turbulent shear stresses which in turn produce pressure fluctuations and
a radiated sound field, Thus, jet noise is gencrated entireiy downstream of the engine
c¢xhaust duct. Lighthill's equation1v2 is generally recognized as a valid mathematical
description ot the phenomenon of jet noise. In Lighthill's equation the far-field sound
intensity of jet noise is shown to be proportional to the relative jet veiocity raised to
the eighth nower and a characteristic dimension ¢usuully the exhaust duct diameter)
syuared. As is indicated in Lighthill's equation, the fet noise is a strong function of
the jet velocity. In tvpical helicopter application, the engine exhaust duct velocities

at the exit are relatively low, since cxhaust diffusers are used for maximum power
extraction frotn the engine. Generally, exhaust velocities from helicopter engine tafl-
pipes are less than 300 ft. ,sec. At such low velocity, the jet noise levels are very
low and will not contribute to the overall engine noise until the other sources are ex-
tensively attenuated.

Combustion Noise ~ In turboshaft engines for helicopter applications, the combustion
.noise is the dominant source. This source of noise has been "discovered" fairly
recently and was in the past associated with jet noise by investigators who found a
deviation from the classical eighth power velocity dependence of jet noise (Lighthill‘s
theory) for jet velocities below 1000 ft. /sec. Bushell in 1971, presented evidence
that the low frequency noise which was unmasked at low engine exhaust velocities was
associated with turbulence, internal struts, and flow through the combustors. It is not
surprisiny that this source of noise has not gained prominence until recently, as it
generally appears as low frequency hroadband noise peaklng in the vicinity of 400 Hz
and is thus frequently confused with jet noise. -

Combustion noise is produced by the unsteady combustion process in turbine engines.
Because the combustor airflow s highly turbulent and the fuel injection system fntro-
duces variability in droplet size, the combustion process is, therefore, unsteady with
time with varying heat release which in turn produces pressure fluctuations within the
combustion chambers of the engine. These pressure fluctuations propagate down-

. stream and give rise to a sound field,

Ho and Tedrick? have concluded from extensive analya(s of nolse measurementa made
on small turboshaft engines that the combustion noise is the most significant source
for these small engines. A simplified procedure for predicting gaa turbine exhaust
noise related the overall sound power level to a noise factor based on the combustor
inlet temperature, the combustor discharge velocity, and the effective diameter of the
combustor. They identify combustion nolse with a low frequency hump, characteristi-
cally at 125 Hz,
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Ui v atension of tas work 'es they stteipted to derive vinodified noive Inctor by

Aunensionad anals s1s by edding dependence on tucl=to=afr ratlo, combustor exni pres-
sure, and Ombustor vt tengperature to thewr orginal relatienship.

Aatsesgert, werhang with Jata broan w0 TS combustor and T-51 cogire data, has
oftera simniar felation to Ho and Tedrich’s without a fuel mixture tegm, hut with a
ma~ < o dependence, ' ’

A shpeht vaniaton ot '.\inl sinuer’s equition is offered by Neitzel?, in-vhich the pressuse
catio s rarsod Gothe L3 power dnstead of the 2.0 power and the conbustor fnlet-tem-

pecntute-to=arbic at=temprrature rativ dependence is dropped.

Cther investigatorsTe e 18 ;i:':-réc-f\t'c\tixux' Torms of Vnrf.'lng comglexily for the predictica
{ cembustioa relaced noi=e, Fhese seem o hiave in coramon, Sowever, that the impor-

tant 1 rameters are the are flow rate, combustor exit temperature, and combustor’

»Xil pressure,.

Flae nbove cited procedures all pelate the oversll sound power level to the consbustion
process. A procedure does not appear to exist for computing the combusticn noise
lireetivity pattern or spectrum shape.  Ia the recently pablished report describlng cn
interim prediction methot for low trequency core engine nolse to be used by the NASA
Aireraft Neise Prediction Otfice, Hulf, et al 1. sugpgested using Denn and Peart’sm

Sirectivity vurve based on measured directivities from several engires, Also, they

siree with Dunn and Peart’s justification for adcpting the SAEL2 spectrum for in- )
flight jet noise on the busis that jet noise and low frequency core nolse are difficult to -
attpuarate,

Howuever, Razin, ot nlm, from analysis of engine data, huve concluded that the direc~
tivity pattern of combustion noise depends on the engine exit geometry, Their data
does not show as steep a reduction in the forward quadrant as deces Duna and Peart's,
althoush both place the peak at or.near 26 digrees from the fnlet. The Kazin, et al,
data appear o be more consistent with Strahle's workld, who concludes that the low
trequency combusticn noise should have only weak directionatity,

Finallv, Kazn, ¢t al, and Pic ket!® conclude that the combustion nolse spectium shape
wiil clogelv follow the tuibulence spectrum at the entrance to the combustor. Kazin's
data reveal “u braad peak centered about 300 to 400 Hz, which is consiatent with
Mathews and Pecacchiol®, and certainly more intuitively satiofying than arbitrarily
assigning it a jet noise spectrum,

In summary, it appears thut combustion noise processes zre not aa yet fully understood
and the nolse prediction methodology s not fully developed. However, several semi-
empirical procedures have been developed which give reasonably rood agresment with
available test data. In particular, the procecure prescated by Kazinetall3, (similar
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in part to that recommended by Huff, et alll; seems appropriate for curreat noise
estimates due to its relative simplicity and good accuracy,

Turbine Noise - The noise mechanisms for turbine-generated noise are similar to
those for compressor noise; i.e., fluctuating blade forces due to rotor stator inter-
action and turbulence in the flow. Turbine noise generally occurs at a higher frequency
tnin combustion noise and includes tones and pscudo-tones as well as broadband noise,
The fundamental frequency for turbine tones is generally above 4000 Hz due to the high
rotative speeds und many blades of the turbine.,

‘There is considerable broadening of the “tones™, commonly called "haystacking'.

“I'his phenomenon has been found to depend to o large degree on the relative axial loca-
tion of coaxial fan duct termination in turhofan engines (Dunn and Peartl® recommend
that the turbine tone noise level predicted for the i T8D engine he reduced 10 dB for
this engince, where the primary and fan flows mix internally) leading to the conclusion
that this compenent of turbine noise is strongly influenced by propagation through the
turbulent exhaust flow, Also, since the flow leaving the combustor is highly turbulent,
random pressire fluctuations give rise to rundom perturbations of the vane and tur-
bine tlade loadings. Inthe case of the vanes, this phenomenon will produce broadband
noise, whereas for the turbine bludes it will generate narrow-band random noise which
appears as 'hay<tacks™ at'blade passing frequency and its harmonics.

Essentially, no analvtical formulations for turbine noise exist, although the mechanisms

are believed to be similar to those for compressors and thus compressor noise method- -

ology can be adapted to the turbine noise case. However, there have been several
attempts at empirical corrclations of data obtained in turbine rigs and full-scale en-
gines. Early attempts by Smith and Bushelll7 related the peak broadband noise level
to the total mass flow and to a lccal speed of sound and blade relative velocity cubed.

A similar relationship is given for the tone levels with the addition of a stator-rotor
spacing term, although large scatter in the data detract from the usefulness of the re-
lationship. =

Dunn and Peartl0 present a turbine noise estimating procedure which is cimilar to that
of Smith and Bushell. They show somewhat better agreement with data, primarily by
virtue of selecting comparison data only from limited turbofan noise measurements.

Kazin, et all3, have attempted to derive an analytical turbine nofse prediction method
based on noise generating mechanisms studies for fane and compressors. Although
the procedure is claimed to accurately predict turbine noise levels, it is of limited

value for general use due to tke detailed design and operating parameters required for
its use,

Since it has been demonstrated that the noise generated by turbines is related primarily
to 1) a work parameter; 2) a velocity parameter and 3) blade row axial spacings, the
relationships of Dunn and Peart!? appear adequate for rough estimates of conventional
engine designs, as their relation includes these primary variables,
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Pecnips one o the moce conslele empgiceal reilonts B rhat sreseatat by flaan au
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Thi- procedure hus Lesn jound 1o corteinte well with tusidan Cuiu Gl Lpeurs eyuiily
xpph( avle to the chse ul an ul:gxm COMprESsul by ceasiderie) the first siae para-
meters valv, ' :

Baglne Swilse Suppression

iat roduetion - Bacicully, there are two aporeiches to reducing the nolse trumn turbine
engin ss. The tivst spprosel is to redace the astze at the source by oo design
or aperating parameters,  Unfortunately, engine Jde=ivn technology haa cuvlved with~
out repcrd to auise reauction sad, therefore, chaages in engioe dexsis rzamme ters

for r -duz‘mh the noise of Galid's cagnaes generally results in sorce loss in performaace,
cither as inereascd wisgzht and size or increased fuet consumption. The second asi-
proach is in the use of acousticully treated deets to wenuate the Jegerited noise by —
viscous dissipation.  This second nor =X piavicoly oversely sifodts engine porfig -
" mance and aluo results in o roased wc-x.;r.t dae e the wded materisis.

“jteduction of Combizst. n Naise ~ In order to maintai., *he same power output, the m:a:.
Tiew through the combastor has to b ™ uadained, P raever, the combustor (lx.zrm-.t.fr
can b Wnercaser so that the combusior discharge velority ean be redreed to maitmaa
flow rate. Itis for this reason that an annular combnstor is quieter than a can-uype
combustor and the reverse annulus combustor is the Lest coafi:uran oo from an acous-
" tical point of view®,  Strabl-M susgests that a drop in combustor flow turhulen:-e
intensity would cause effc: tive noise reduction.  However, actual combustors <hepeend
upor a high turbulence level tor flame stabilization as well 15 for bu. eer performance
optimization, s0 some perforniance penalty would be expected with reduced notse,

Moderate reduction of engine exhaust nofse has been demonstrated usicg acoustic liners
in the JTOD engine’. Conventional treatment concepts were utilized and required larre
‘backing depth to attenuwiic the low [rn-quoncy noise components. This results in signifi-
“eant weight sad space penalties, Bowes™ showed substantial reduction’in en; pine ex-
hatust noiae by the .uldmmtuf i long treated tallpipe which redirectedthe sxhaust
aliphtly upward away from listenErs andt thus a:30 benefited from directionality effects,
He Jdues not, hu\m ver, indicate the incurred weight and performance genalties. -
Reduction of Turbine Nojse - Tiy examining the immrt.m't parannk iers governing tur-
bine noise, it wits fuund that increasing the spacing butween the cotor and stator sisgeéy
is the most attratve method for reduction of noise at the source. . Although this dove
increase the Yenpth of the shaft, the assockated pertormanee loss i+ very alight,

“Proper selection of blade ind vane counts hias been demonstratend to reduce the noise

from turbofans by pushing the interaction modes into cut-off.  This aspect of the Tyler-
3 . I . - .

sofrin theory=% shoul! be equally applicable to turbines.  Another consideration 1w the
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e tesal e U e e aatiedt altorded e the Joocaatreaas: aade rony Ll the raduced -

wollh et i e e e aes o, e eatidileonly o L L L L the last stage

iU e et the . Lt

Ceialie, ot treatment mos also b applied Leres Agnin, s is the ease for

attenuntion o o tion no -, we b Lt et Lo petoatee s il We'ineurred.

ool Ce e - hearliearn al scitionentp ictween strut noise

. Soe o HELM
and o vrating o

SITNRE ST 1 A0 P abect Fao D dbeet the noise. spectfically;
tloa cia. vt U Stron pataloecter, 1 Bua, ifth o e e taisto, weating the struts in

low vedecity rens rather than highveldcoing e witt result in lower nolse.  Stmilar): ,
Pt nc atral e aned potile ur.e will reduce trut-prenet ated uoise. .

e
- - othos v e where separation o the fow over the strm'muy om.'ur, a change in th.-
. 1R TLEH

Pt e b detles e ecap with the Tlowsor addin s twist to the strut may resv.t
i Lorwer :3"'5;', : . .

Avog e treatinent waed For sedueingg combustion and turbine noige will also attenuate
teat e o located dosn tream of the disturbanee, The ulitimqm'lunmg of the tr2at-

st o Uthe 0 be b ot o e relative vonteiat ms.of the three swurces,

Reevuetion of Compressor ol e <3y studies have beea condueted 1o alleviate the

nog e o tan stages in wrbot.ans 529 The results trom these studies are cqually

’ “appdu ablé G ke case of engine compressors.  Siguficant reduction can he obtitned

) b dne ceensing the spacing betaeen cotor and stator styes-and by redueing the rotor

rebatine Leluity,

Lompres2or puise is especially well atteauated by acousticeal lining m-*«rials since the
ot stents are usualls hish in teeyqueney ) the noise ig propagating o .ost the flow,
wnd e e femperature is nesr anbient, where leis exotic material < than thase re-

i red ty endure the hot corrosive exhaust, as is the ease for engine exhaust treat-
teenty can b oo, ' '

Cearbox Lot

Cearto noine i3 novmally comprreoad ob s osertes of digercte frequency sipnals occur-
ring at each tooth cnpgagement (or pieshing) frequeney tn the trmamisaton, Those

dominant tones may exhibit sidebandys, which are pencerally Insfimificant relatlve to

VoL i sl it eopbeerie el spuatien, However, congtdera-
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the morse at meshing frequencies,  Mesh freguency noise is ragiated to the atmosphere
by the casimg or the structure to which it is attached. The rgdiating body is driven

by the dyvnamic system comprised of gears, shafting and bearings. The dynamic sya-
tem is excitid by the meshing of gears, which is imperfect ia all but ideal cases, '
Imperfeet meshing induces an oscillating foree as well as the intended constant force )
transmitted to the mting gears. This oscilluting feree is the cause of gearing noise.
Both the gencration of mesh freguency excitation and the path it takes to the final radia-
tion point must be considered in predicting and reducing gearing noise. Both analytical
and vmpirical solutions have been developed for gear nofse prediction. The analytical
form of solution, huwever, not oaly predicts noise levels, but can be used for ident.xﬁ -
lag means of noise suppression at the source.

Empirical metheds are generally used for prediction of gearing noise emission. There
are several pructical reasons for the use of these simpliffed methods over the highly
detailed analyses now availuble for transmission noise prediction, The firgt is that

the analytical methods require 4 detailed knowledg: of hoth the design of the trans-
m.ssion and characteristics of the systen, such as bearing load deflection character-
istics. The second is the fact that aircraft transmissions are designed with subsiantiail
commonality in terms of loadings, speeds, and materialy, Also, the norma'ly com-
plex casings and alrframe configurations do rot lend themselves to dynamic analysis

at gear meshing frequencies, thereby adding a significant unknown in terms of sound
output on top of the pruhlvm of computing excitations and emissions from the basic

gearing.,

Excitation of gearing systems at tooth-megh frequency can be determined through the
use of computer programs such as those described in Reference 1. These progroms
have been used in several studies which demonstrated that a reasonably accurate pre-
diction of tooth mesh excitation and resultant system torsional response can be made.
They have been improved and supplemented with lateral berding’ anilyses of the gear-
ing system clements (References 2 through 5), but have not been integrated into a total
program which is capable oi accurate ncise predictions. It should W noted, however,
that the detailed analysts of References 1 through 5 has made it possible to attain noise
reductions by shifting resonant frequenélea of some componcnts out of the normal
operating speed range.

The disadvantage of the detatled analytical approach to gear noise prediction character-
ized by these and other programs is threefold. First, the detailed informatfon on gear
yuality ..nd the dynamic charactertistics of some clements of the gearing svstem are not
generally known and must be estimated, This immediately transforms a rigorous
analytical solution to a semi-cmpirical one. Second, the complexity of these methods
requires computer programs which are difficult for most engineering organizations to
use without extended study. Third, the accuracy of the programs attainable at the
present time ts Hmited,




Asanaliernative to the analytical procedures, there are granhical methods avatlabie
tar the estimutron of mesh frequency excitation which account for the Important para-
seters tacluclsd power transmitted, tooth loadin,, piteh line veloetty, tocth pretile
vroor, tooth protile roughness, tooth spacing error, tooth alignment error, piich,
contact raito, approach and 1ecess angle, pressure angle and backlash. It 1s felt that
thus Gpe of prediction, presented in Reference 8, is valid in estimating this excitation.
However, an eqially important part of the @ tal estimation process, that of translating
the excitation into radiuted noise, 1s subject (o Jurge error.

Transmissions, and helicopter main tranamissions in particular because of stringent
“weisht lmitstivns, are compriged of many complex components which do ast readily
lenst thamaelves to dynamic analvsis at meshing frequencies, The casings are probably
Le wmost L afticult part of the transmission to anal, 2e because of thelr complex shapes
and fargelyv varving cross sections,  Highly detaited analysces, such as the finite ele-
ment approach, are aecessary to define impedances and mode shapes. Lacking such
analyses, empirical or statisticul means are used to estimate the casing's effect on
radiated roise,

The casing Is the single most important clement in the chaln of events leading to gear
mesh noise emission by virtue of its influence on dynamic element mounting imoedance
and its wtimate radiation of mesh frequency vibration as nolse, The fact that no
prictical analy sis exists for determindng its dyvnamic characteristics mikes the empir-
icul approach to gearbox noise prediction necessary for the present, although such
methods are somewhat inexact,

Helicopter transmission. are designed to transmit a rated power with minimum weight.
They are manufactured with a high degree of quality control and tight toleraaces to
maintaln safety marging required, These requiremints, along with similar reduction
ratios from engine to rotor on most helicopters gives this family of transmissions
cnough commonality to allow a good deal of generalization and an empirical methodto
be used in predicting emiited noise levels, A method such aa this 1s found in Reference
6. In this method, the manufacauring characteristics of a gearbox are used to classify
the notye apd the sound power levEel of the noise Is plotted as a functton of transmitted
power, Flgure 9 shows the sound power level versus transmitted power curve from
Reference 6. Since hellcopter gearboxes are manufuctured to high accuracy staadsards,
their notse ahkould He in the class B3 or C area of Flgure 8, Levels predicted n this
way appear consiatent with unpublished Sikorsky data.

Refereace 6 also provides some empirical information on the notse reductlon that can
Le achieved with various modifications to gearboxes., ‘These are shown in Table L.,

(votethatthe reductions for euch varluble are not necessartly additive),

In summary, slnificant progress has been made in understanding gearbox nolse me-
chanisms, This progress has Included the development of both analytical and empirical
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FIGURE 9. NOISE QUALITY CLASSIFICATION FOR GEARED SYSTEMS

prediction procedures which can be used for new gearboxes. Empirical methods sre
relatively easy to use and appear to offer reasonable accuracy for gearboxes such as
the lightweight, highly loaded, close tolerance aircraft unit
Ivtical methods, on the
to use and still require

s used in helicopters. Ana-
other hand, require a great deal of detailed design informuation
some empirical corrections for reasonable agreement with
experiment. flowever, the analytical procedures do provide Insight into problem areas

and likely noise reduction modifications which can not be determined with the emptirical
methoda. :
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}!El.l(.'()-l"l;ER NOISE PREDICTIGN

Despite all of the wor k that hay lx.en done to dvvvlup predutlon methods for the scurces

of V. STOL notse, attempts 10 formulate comprehensive methods for prcdxmh.g the
nose from a complete vebicle have occurred only recently. The tan: major studies that
specifically wldress helicopters are reported in Refereaces 1 and 2. Both studies deal
with noise trui main rotor, tail rotor, and engines, Noise from yearboxes is ignered,
which is a legitimate slmplm( ation in most cases, cspecially at distances typical of
flights over populiited areas. Reference 1 consigers the special case of uit-fowr
vahicles, but uses the same nredutior. muthod as is used for hbhc Opters.

Both .u;tudivs use the closed-form rotutional nnise method of Lowsan and Otlerhead3

as the best practical tool that is presently avaitehle, Tihie selection of loading karmonic
decay constants, called “loading laws™, is based on acoustic test data.  Neither ref-

crence specifically deals withi the offects of rotor-rotur interference on tail rotor noise,
since relatively little information is available in the literature. Broadband rotor noise

- is predicted with empirical methods. Althoug,h difforent studies are referenced in

developing the hroadband mv.-thod both vehicle noise metlods use forms of the so-

ealled Sehelegel quntirn with # direc tivity vorrection as proposed by Lowson and

Gllerhead in Reference 3. Engine noise prediction also uses empirieal procedures -

" “in each method. A sample of the agreement obtained with the method of Reference 2

is shown in Figure 10, below,
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FIGURE 10, TAKEOFF NOISE CCRRELATION

The agreement between measured and predicted noise levels is quite jood and is ade-
yuate for use in studies of community acceptance of nolse using tone correeted per-
ceived notse level, PNLL', Similar correlation hag heen obtained hetween predicted
and measured A-weighted sound pressure level, SPL(A) Itis impor:ant to note,
howaver, that the referenced vehicle nolse prediction methods have demonstrated

good agreement with ¢ress characteristics of the nolse, namely PNL and SPL(A). Cal-
culation of more complex measures of subjective reponse which may be needed to as-
geas tone content and impulsive noise require revisions to the referenced methods,

-, .
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HLLICOPTER NOISE REDUCTION TECHNKHES

Coatrol of heli-opter porse requires that all of the sources of noise, iacluding main
rotar, tal rotor, cnzine, and to g lesser extent, gearbox be ronsidered. Studies of
oise sotrees and therr proediction fur cach of these components of Jhe helicopter in-
Lerenthy whlvess the noise reduction question, sinee the influence of Lperatiog and
conliuritien paramelers on boise gencration is part of any noise prediction techniyue.
tither seetions of this report address the noise prediction technigues in detail, - There-
tore, nthis section oslyv the noise reduction technifues investigated experimentally
w1l L discussed,

OFf niost interest are the aoise ceduction experiments conducted on the Hughes OH-GA,
the ~horshy SH3D and the Kaman HH-438.  The OH-8A ig a light oLservation heli-

< copter of 951 kg (2194 1bs.; gross weight with o four-bisded mauln rotor and o Lwin

bladed tail rotor. The HH-13B is a larger helleopter used for Air Furve Rescue

“missions of 3175-130% v (7000-9500 1bs. ) gross we tiht with two meshing twin bladed

rain rotors. The SHiD bs a large troop trangport v helicepter of 70-0 kg obil
{hx, ) gross weght with five-biaded main rotor and {ive-bladed tail rotor.

Analvsis of the OH-6A noise signature as shown in Figure 11 (from Reference 1) cledrly
indicated that maia rotor, tail rotor, engine exhaust and gearbox aoige all contribute
substanially to the total noise,  In order 1o suppress main retor noise the design tip
spred was reduced from G415 ft. zee. to 134 L, 'sec. In order to maintaia performaace,
five main rotur blades were used instead of four.  The main rotor tips were changed
from the standard rectasular tip shape to o trapezoidal shape with a 2 degree twist.

‘To supnress the tail rotor noise its speed was reduced from 3120 rpm to 1630 rpm,

I'o mastain performance, a tour-bladed rotor 147 larger in diameter than the stan-
dard rotor was used,  The angles between blades were 75 and 105 degrees instead of

the conventional eyual spacing.  Also, hizh lift cambeced airfoils were dsed instead of
the standard svmmeirical aivloils.  Gearbox noise was suppressed by use of lower

pitch gears with hizher contact ritlos. These gears were also machined to higher
aceuracy and had better surface finish than the standard gears.  Damping material

wag applied to the webs of some gears and to the core of some drive shafts to reduce
ringing noise resulting fromn gear clash,  Modifications to the engine as well as exter-
nal muffling was vaed to suppress the engine. The basle englne modifications® consisted
of 1) shot peening the first stare turbine nozzie to create a gonic intet block; ) halaneing
all votating compunents to closee thun normal toleraaces to reduce enging cusing vibra-
tion and 3) clipping several staytes of compressor vimes to {aerease blade /atitor spac-
ing and thuy reduce inlet siven noise,  These engine changes resulted in an exhaust peak
reduction of 2 dB. The eigine exhaust mutfler consisted of a tuned double expanston
reactlve type muffler exfting into a large tunc:d resonating chamber?, Engine inlet

noise wag suppressed by lHning the inlet falring and plenum chamber of the test vehicle
with 1-Inch thick open cell polyurethane foam,

Peuk attenuation of englne nolse was
found to be over 30 (D for thig syalcml.
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Tuae varly test efforts on the HH-4318 indicatea that thie rotor engine asad gearboxes
cuntribuled to the nuise signature.  Engine noise components are indet radiated broad-
Lband fluw notse and discrete tone compressor noise, case radiated mechanical acd
cumbustion noise, and exhaust radiated broadband flow noised, Inlet noise was sup-
pressed by a reverse flow inlet duct, ag shown in Figure 12, with a multu-layer e~
active liner, Case radiated noise was suppressed by instatlation of vibration'isolamrs
between the engline and its supporting structure and by a high transmission loss eaclo-
sure around the engine compurtment.,  Exhoust nolse was suppressed by the exhucst
duct shown in Figure 13, which includes a lined absorber section for attenuatiocn of
engine and in-duct generated noise and a diffuser secticn which allows for uniform
vxpansion of vxhaust gases to nearly zero relative veloeity., JAdditional reduction is
achizved by direceting the exhaust oearly directly aft as opposed to the downward
directed exhaust of the standard aircraft,

it wig found that the vibration isolation and installation of -an engine cnclosure were not
effective in reducing the aircraft nofse signature. The inlet noise suppression was
effective, particularly the suppression of the compressor blade passage tone. Reduc-
ticn of as much as 10 dB in the mid-frequency range was achieved with the exhaust
muffler

Many chapges were made to suppress gearbox noise discrete tones at frequencies equal

“to the gear clash frequency and its harmonfes. These changes included the use of a

gear set with good wear patterns and minimum tolerances, plating of gecar teeth to
improve surtuce fisush, the use of high viscosity oil, misphasing of right and left drive
izarg, elastomeric [zolation of the planetary ring gears and installation of exteznal
sound proofing. -Octave band analysis did not shew any improvement for these changes.
However, the caanges did resualt in'a subjective improvement as they reduced the levels
of the discrete tones in the spectrum. The external sound proofing was not effective in
reducing aircraft noise signature. ’

Rotor modifications included increasing the diameter from 47 ft, to 50. 34 ft., i{ncreas- -
ing blade chord from 15. 9 inches to 18,69 inches, thinning and-dfooping the lea_d!ng_

edge, and slightly tapering the tip. These modifications caused a reduction of higher

frequency nofse components, but an Increase in low frequency nolse., Reducing the tip

speed from 540 to 462 ft. /see, reduced »vise throughout the frequency spectrum by 3

dB, WIth the reductions achieved, tle rotor was atill the dominant noise source

throughout the audlble spectrum.

Initial analysis of the 52071 indicated d'...t the tota! external nolac egpectrum 1s domi-
nated at various frequencies by the maln rotor, tail rotor anl engines. Malin rotor and
tail rotor rotational noise at multiples of 16.9 and 100 Hz, respectively are dominant
in the low frequencies with' a mixture of rctor and engine nolse contrlbutlng to the mid
and upper frequencies,
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‘Main rotor noise was treated by reducing tip speed from 662 to 597 ft. /sec. and chuzg-
ing from 5 stamlurd square~tipped blades to gix twisted trapezoidal tip blades., The
il rutor was treated by reducing tip speed from 657 to 442 ft. /sec, and by doubiing-
the number of blades from 5 to 10, Yurther attenuation for cruise flight was gained

by modifving the aft vertical pylon to a cambered airfoil configuration, thereby reviov-
g some of the anti torque load from the tail rotor in this flight regime.

The cugines were attenuated by inlet and exhaust silencers. Altiiough the silencer per-
formance was not measured,on the engine, tests with ao flow ghowed peak insertion
loss of approximuately 25 dB around 1000 Hz,

A comparison of roige generated by the standard and medifi¢d helicopters showed that
noize istattenuated at nearly a'l irequencies with the most noticeable change occurring
at the tail rotor blade pa-.. ; freguency. Tail rotor nolse was reduced to the point
where it was almost ir,i ~uficant for the modified vehicle. Also, high frequency notse
components were red.ced by 3 to 10 dB over a wide frequency runge,

Although it could not be shown in the 1/3 octave band spectrum plots, the character of
the noise was entirely different for the original and modified aircrafi. The standard
SH3D was casily identified as a helicopter by its characteristic main rotor rotational .
noise and itail rotor "buzz". The modified SH3D sounded like a low speed muffled
turbojet during flybyt, ' :

Noise reduction methods described above for the three belicopters tnvolved in the quiet
helicopter program were for the most part, straight—fqrw:itd technlques with proven
effectiveness. Rotor nolse reduction was attained via reduced tip speeds, increased
solidity, and limited blade aerodynamic improvements, Engine noise reduction was
attained primarily by muffling. Gearbox noise was reduced primarily by skielding
-and damping. ' ’ . '

The techniques employ -d were effective, but resulted in performance reductions and
weight increases in general, They move the helicopters' operating parameters away
from those which were originally sciected on the busis of performance and economic
conaiderations. ' '

Further research is required to define rotor and engine configurations which are both
quiet and efficient.
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SUBIECTIVE RESPONSE TO HELICOPTER NOISE

Introduction

For more than twenty vears efforts have been made to develop noise rating scales
which aceurately predict the subjective response to aircraft noise. The difficulties
of corducting meaningful tests, where the results are determined by listeners judging
various sounds, has led to eonsiderable confusion about the relationship between one
rating system and another. Also, there are two distinct objectives which must be
considered in developing the rating scales: 1) a scale to measure the perceived level
of an individual aircraft flvover sound which can be used for noise certification and
2) a commuaity acceptance caledlation procedure which accurately evaluates the long
term effects of aircraft noise on communities around airports. In the following dis-
cussion, the work on vuarious units for noise certification and community acceptance
of helicopters are discusscd. Then, the direction fo ustablishing better units for
helicopter noise agsessment are discussed,

Noisc Rating Units for Helicopter Noise Certification

Background - At the present time, most noise rating methods are based on PNdAB or
dBA. PNdB is a computed unit baged on sound pressure level and frequency for one-
third octaves or full octave bands of noise. The dBA may be read directly from the
output of a sound level meter having an A-weighting network. Several research
studies have been conducted to establish the relative merits of these methods as pre-
dictors of annoyance. Pearsons eviluated subjective response to recordings of heli-
copter noise in comparison with transport afrcraft noisel. He found that PNL was
slightly more accurate than weighted sound pressure level such as dBA, and that ad]ust-
- ments to PNL for tones and duration did not improve its accuracy. Hecker and Kryter=
. determined that tone corrections below 500 Hz reduced tne accuracy of various units -
and suggested that the use of tone correction for low frequencies be deemphasized.
Ollerhead3 studied the subjective response to low fréquency high intensity noise. The
annoyance curves he defined departed from existing curves below 1000 Hz. Figure 14
(from Reference 4) shows that this is significant, since the large amount of low fre-
quency helicopter nolse is the main difference between helicopter and other aircraft
sounds. Sternfeld, et al® compared response to simulated helicopter noise, tilt-rotor
noise, and jet transport nolse, and found little difference among peak values of PNL,
dBA, and dBC as annoyance predictors,

The work by Ollerhead?s 6.7 is considered particularly significant in establiahing the
state-of -the-art in noise rating scales. In his work, a fairly extensive experiment was
conducted with a large number of alrcraft sounda including turbojets and turbofans,
piston engine propellers, turboprops, and helicopters. His most recent summary of
this work® contains some surprising conclusions. First, it was found that ail rating
scales are equally poor in rating helicopter noise. Second, an Integrated duration
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{a) Jets

{b) Turboprops and Pistons

(c) Helicopters

FIGURE 14, "TYPICAL"1 3 OCTAVE BAND LEVEL SPECTRA FOR DIFFERENT
AIRCRAFT CATEGORY SOUNDS
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coriection (as in FAR Part 36) is particularly beneficial, probably because of the long
duration associatcd with some of the very low speed flycvers. The duration correction
based on 10 dB down points (i.c., as 10 log]g (t/13), where t is the time in seconds
between 10dB down points) was sigrificantly inferior to the integrated correction.
Third, the simple energy summation process performed by the weighted sound pres-
sure level circuits is rather sensitive to the particular choice of network. Thus a
linear (flat) weighting function overestimates the perceived level of an aircraft sound,
A-weighted level underestimates perceived noise, and D-weighted level (based on the
inverse of the 40 Noy contour) shows a very small mean error. Fourth, the tone cor-
rection used in the EPNL procedure does not perform as intended, except when applied
to turbojet and turhofan sounds. It is recommended that the tone correction be elimina-
ted for tones identified berow 500 H-.

In another recint study, Ste rafeld® found that helicop.er annoyance was under-estimated
by 4.4 PNdAP compared to jet transport noise annoyance. For example, rotorcraft noise
at a PNL of 94-96 was ruted equal in annoyance to jet transport noise at a level of 100

" PNdB. Leverton® has studied helicopter noise exteansively and finds that existing
methods are inadequate for rating helicopter noise. 'This is true for low frequency
rotational noise components (including tail rotor) as well as for impulsive noise.

An additional source of inaccuracy of existing Perceived Noise Level and A-weighted
Noise Levels is their inability to rate impulsive -otor noise. Relatively little quantita-
tive testing has been done to define buman response to repetitive acoustical impulses.
Munch and Kingl! surveyed the literature during a study of community nolse accep-
tance and found that the presence of fmpulsive noise increases subjective annoyance

by 4 to 6 PNdB. Consequently, considering the findings of Sternfeld! 2. the annoyance
of helicopters with impulsive roise is likely to be underestimated by 8-11 PNdB com-
pared to the annoyance of conventional transport aircraft.

From the preceeding discussion, it s apparent that existing methods: of rating heli-~
copter nofse are inadequate. Shortcomings arise from the frequency range of the noise
and from the characteristics.of the acoustic waveform. A new unit or new units are
required in order to accurately predict subjective response to belicopter noise. Of the
existing methods, however, no one unit is clearly superior to the others.

New Rating Scales For Helicopter Noige Certification - Based on the deficlencles noted
above it appears that a new noise rating unii le required. The new nolse rating unit
outlined helow Is intended for noise certification testing of Individual sireraft. It

should be emphasized that instrumentation and data processing for such testing are elab-
orate and extengive compared to faciliiles for monitoring and evaluating community
noise levels. Recommendaticns are made in a later section for a community acceptance
unit that parallels the certification unit.
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RS TR (T rited !--' i Al CurIes tiens s in FAR P.ul 36 ruther th.m corracuuu:.
t el o tee L ta- x.u va e U) dls *-mn points,

3, ;'r:e.,-.?-i:x- . :",-,;-n..iei(-s fuc the presence of urpulsive noise.

R ‘V('ul'l't'-‘li._n'a:-f for dizerete frequencies that adequately represent human
reneatae beduw 509 He, ' ‘

N0 ateen Lt s meade heee 0 specity hnw 1o it will Lo civeluped,  Psvehoacoustic

A v by s Fe-gneeedd] Ths pozes difiiculties, giace puise simaition at low

frimuencies taithicr comjiheates te usial s ‘omplex problem of haman resposse tests.

Peliglive teses m.x seguire the use of actaal helicopter flysyvers: (.w uppl)ch to ré-

vardings aml’ sy ntheses) o be sure that all of the spectrum characteristics and paycho-
I’ e nl ¢ m-' Ls are aee ar.u' l\. p-'e 2 ute'l to the lisu'ncrs "urmg' tfu. test program.

(‘ummunit',' Acceptance Calculalions

Buigrouad = The two Lunie sets of noise entecta to which a ‘helicopter will be sub-
pre.ed are cedtific atien . aad community aceeptince. Certiffcation criteria define the .
x.m ¢ that the vehiole will bie .lllowvd to generate for: typicat taheoff, landing, and
diat operations,  Community acceptance eriteria relate this « ertification noise to”
*o s romisiity by conciderine the total cfiects of upur.uting mv wpes of .lln riuft for

" uluplu llu,hts at various tinws of the day over or into various p.l"tb of the commurlly.

i he determination of ..l».-‘luu communuv acceptanee of nofse through: .mplu-ntion of
Sntetive measures regaires coesideration ot a lasige auraber of elomeats. It involves
caa baning: the worse grneeiated by many fhghts of varving_ aicceratt tvpes usiog rnhy v
sisprochtakeolt ;,.-th 5 10 ArPive ald nolse exposure number whic h is descriptive of
thenet effert on those expossd. This net etfect is also xulluum-ul by the time of d.ly at
vhich the 0 osies occur, the By of u;mmuni'v in which they occur, and in many cases,
th ¢ ambent noise levels generited } by sources athes than aircraft in the area. The
foilowing iseussion craborates or eandidate methods for eating devipt ability of noige
4:.(1 re l.uv-, these me lhnd'q' ot h-:nplo r nnise, :

Table 2, l'dm the rfecent repert by llmlu-rl rizser and ‘-l(-rn.vldm, sutmarizes the fac-
tors con: sitderd in vineous Community noise e, timr methods, The se of Lp as the

umit tor community ace plance evaluation of helicopters is recomieaded by Hinterkeuser
Caml e .nﬁ-lul Bersnae: 1) ot includes the vonsider uinn of the .nn!.wnt neise in the com- -

34




TABLE 2.
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vi 2 cunstlers e tine distribution of noise and number of flights per hour. The
et sugest that the peaalty of 10 dB for night time optération may be too small.
s otate that dustime ¢ omplaints are associ iated with interruptive factors such as
shoraterierence and disteasetion wh.lc night time complaiats aay be associated with

AR uReLIRY or breventios ol slu 1.

11 another recent report b_v Munch and Rirg!l, the Lgp concept is endorsed with some

fae a3 bontion, lh"\, recommend that a pw..dt\ of 5 to 10 dBA be added to the single
vat noise o.*\pmlll‘d‘ level (SENEL) for anaireratt pr oducim, impulsive noise. Thxs

: iz in wrreement with the Histerkeuser and Sterafeld!0 fli.dings. Munch and Mng Lalso

s recommend the use of tone corrections to the SENEL as cale -utaied for Tone Corrected

Perceived Néise Ley el, l;ut unly .xpplu.d to tcaes above 500 m.. This is in 4grenm"nt

with Olle "hc.nlh

ln summary; it appears that Lgg with sxt.,mhc.mt modihc-atmns |s the choice for com~-
muaity aceeptance evaluation of hulivopturs. :

- Nense Uaits for Comnunity Ac r‘cpl'mm- P.valu.ation As s!atcd in ueferences 10 and 11,
comsaity geceptanee eriteria must include-the ambient notse f-nvironm#nt and should
be reasonably casy to use. It i clear that existing weighted sound pressure level and
perceived noise level are vquilly good (or equally bad) as predictors of annoyaace and
Refereaces 10 and 11 recommend use of Day-Night Level (Ldn) bised on dBA a8 a
community aceeptance unit. The Ly, unit recommended: in Reference 11 uses the
SENEL unit, dBA correeted for pure tones and duration.  Of course, there is no
reuson to assume that a new weishting network or a new EPNI, procedui'e could
not be used in place of ABA to improve the accuracy of the Ly, unit. The new network
would include revised, exteaded low frequency characteristics patteracd after the sub-

_jeetive response results discussed carlier. It §s possible that a revised N~weighting
network (the N-weighting seale is sometimes referred to ag the D-scale and is the
inverse of the 10-noy contour) would be preferable to a cevised A-welghting network.

marurally, impui e penaitivs and tone corrections pattersed after the new certlﬂcntlon

unit would be used in the new communlty aeceptance unit, .=




CONCLUSIONS

In general, it is concluded from the study reported here that significant further effort
is necded In all areas of helicopter noise prediction, reduction and subjective evalua-
tion to approaci: ihiv iz} ol Wi ritanding now achieved in turboiets and turbofans.
The single area where the state-of-the-art is nearly adequate is in the turboshaift
engine. Here, because of the interest in core engine noise of turbofans, substantial
progress is being made to understand the mechanisms of noise generatiorn and develop
noise prediction methodology. It is true, however, that this new understanding has
not yet been incorporated in any existing turboshaft engines. Therefore, the results

of the learning from the current work will not appear until a new geueration of engines
is designed.

Gearbox nolse has been studied both experfmentally and analytically with some success.

It appears that the tools for prediction must be tricd in a qulet helicopter desiga to
establish where th current methods are deficient.

In the rotor noise source area, existing prediction methods appear adequate to estab-
lish general trends or gross properties of the acoustic {feld for most commoa helf-
copter configurations. Tandem, coaxial, meshing or variable geometry rotors may
require further study. From 3 more basic aeroacoustic standpoint, it appeara that

the basic theories now in use should be checked carefully against noise generated by
belicopters in flight. This will require measurement of aerodynamic inputs for these
predictions., The cbjective of such a program should be a careful study of cause and
effect in rotor noise generation. Tail rotor noise requires this same attention, partic-
ularly the evaluation of interference between the main and tail rotor,

While it is not likely that a commercial transport helicopter, designed with community
acceptance as a goal, would ever produce impulsive roise, work is required to defioe *
the design boundaries which will jnsure that impulsive nolse is not produced.

Noise reduction of com:plete helicopters has only been demonstrated in ways that reduce
efficiency. Increases in weight for the modifications to date have been unacceptable in
a commerclally configured vehicle.: Work is therefore required to develop noise re-
duction techniques with minimuwn impact on perfo:r mance.

In the subjective evaluation of helicopters, further work is nreded to improve the
accuracy of the existing units, Improvements to the EPNAB to account for the differ-
ences between helicopters and other afrcraft are required. Some of this work may
also be applicable to community acceptsnce evaluation procedures.
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AVPELDIN A
CAPUULE REVIEWS OF

SELLCTED REFCRTS

Rotor Nofue Capsule Sizmaries

Arndt, KE A and Boreman, DL C,, "Noise Radiutivn frem Helicopter Roaters Operat-
izs at Hizh Tip Mach Number”. Paper presented at the 26in Annuial National Forum
of ihe Americun Helivopler Society, Washinzton, D. (,.L Jusie 1570,

Purgoée

The purpose of this puper was to present the results of an investigation of high

Mach pumber offects on the noise generated by helicopter main rotors and to review

-~ the role of drag divergence and biade thickness in the noise radiation from rotors
operating ut hugh tip Mach pumber. A mathematical model for rotational noise was
diveloped based on an adaptation of the Gutin theery to the case of non-uniform inflow
{more specifically for the particular case of non-uniformity due to drag divergence
cuused by operation of a roter at a combination of high tip speed and high forward
sguud) and utilizing publislied drag data for symmetrical alrfoil sections operating
through their critical Mach nwmber range. Application of the mathematical model to
the case of rotors tested in the Ames 40-by-~-s0~foot wind tunnel gives good agreement
with the observed tremendous increase in the fevel of the higher harmonics for a stnail”
change in tip Mach number, '

Sumnmma r!

, ’I‘he paper reviews several classic approaohcs te the calculatmn of it noise

-enerated by a rotor mcludmg those of Gutinl® ,Garrick and Watkins3 . Schh_gelb
Lowson and Gllerhead? and Loewy and Suttonl0, Although each of these approached
the problem in a different way, the results in gencral were not satisfying. A brief
review of other sources, such as broadband noise and thickness noise, completes the
Lackground on helicopter main rotor noise sources.

The matir purpose of this paper was to reviewthe role of drag divergence aad blade
thickness in the noise radiation from rotors operating at high tip Mach number. The
approach taken was to modify the Gutin theory for non-uniform inflow and consider a
particular case of non-uniformity, namely the drag divergence due to the operation of
a rotor at a combination of high tip speed and high forward speed._ - .

A Fourler series expansion of an assumed pulse loading is used in the development
of an expression for the harmonic thrust and torque coefficients. Following a develuf)-
ment of the velocity potential for acoustic radiation based on Gutin and applying sceveral
simplifications, the rms value of th‘. nth rotational noise h:xrmonic ls glvvn by the

" expreéasion

bnw & bn-i, Q ( )
P = — 2 s Tope b4 g J bnM sind
. j ‘cos M .
BB i L bn j’Vleﬂo bn.j e

Y

*The numbers refer to the entries in the appropriate section of the REFERE NCES.
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where b number of bladvs

w - rotational speed of rotor

r - distauce to observer

a, - speed of sound
aj - Fourler coefficient in blade loading

T = thrust

é = angle between thiust line ahd observer
Bj - Fourfer coefﬂclent in blade loading

Q torque

- Me = Mach number based on effective radius

Re = effective radius

For uniform loading, all components are zero excen. for a, =1and f, = 1 which
reduces the above equation to the Gutin relationship .

The drag rise experienced by the advancing blade of a rotor when the forward speed
is such that the tip Mach number exceeds some crit.- .1 vnlue is a form of non-uniformity
in loading investigated in the next section of the r~pe - After drawing a saimplified ex~
pression for a drag rise coefficient, C'D. it i{s exparted !nto a Fourier cosine series
and the results substituted into the modified Gutin < qv ": ‘a1 for rotational cotse.

As an {llustration of the sensitivity of the drag increase to Mach aumber and the
effects of tapering the blade tip, Figure 1 shows the calculsted drag rise coefficient
nlotted as a function of the rotation angle (where 90 degrees {s perpeadicular to the
direction of flight). A large increase in drag {a shown for a small chang= in Mach num-
ber. -

_ In clostng the discussion, the authors present a few sample calculations for com-
parison with measurements conducted in the Ames 40-by-80~foot wind tunnel. Two
comparisons, here reproduced as Figures 2 ard 3, illustraie the comperison between
calculation and measurements for a relatively low tip speed, where drag divargence
effects are small, and a' a higher tip sgeed, where the drag divergeace etfects become
significant for both a standard tip blade and a tapered tip blade. Altbough the results
show a large discrepancy in the lower harmonics, the tremendous increas2 {a the highsr

harmonics (about 20 dB) for a small change in Mach number is well pradicted by the
theory developed hy the authors.

The authors conclude that drag divergence can be important for tip Mach numbers
above 0, 95, sources other than rotational noise contribute to the higher harmonics,
an improved analysis of vortex noise is required, thickness noise is important oaly for
the lower harmonics, and the use of taperad tips appears to be a good way to reduce the
noise at high tip Mach number.
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Comparison With Stmilar Papers

This paper presents a mathematical model to explain the subatantial increase tn
the higher harmonies of rotational noise ohserved in helicopter mn rotors oprrating
at a combination of hiyh tip speed and forward fligght.  The analysis presents a closed
form solution bas:d on the dssumptions of a periodic chanpe In blade loading due to
rompressibiity offects vx;u-rit:nccd by the blade .ulv:\nclng into the flow.

Others have attempted to explain the increase in the levels of the higher harmenics
due to non-uniform luadizg of the rotor blades,  Schlegel, et al® used a similar approach
in extending Gurin' < analysis directly to the case of non-uniform blade loading, Their
expression, however, is not in clesed form and a computer solution is pn‘acnwd which
requires blade loading as input.




Comparison With Similar Pzipers (Cont)

This paper approaches the problem of impulsive nolse due primarily to a fluctua-
tion in lift noise, in contrast to Lyon's?? analysis to explain blade “pop" (i.e., sound
penerated by the compressional wave patterns that are produced at speeds near Mach
1) in terms of the fluctuating thickness noise caused by the periodic change of the
relative tip speed of the blade advancing into then away from the inflow due to forward
motion of the aircraft, or the blade/vortex Interaction work of Widnall22, Leverton?0,
and Filotas2%, It Is interesting to note that both Arndt and Lyon show comparatively
similar agreement with the same test data even though Arndt attributes the impulsive
noise to fluctuating 11ft and Lyon attributes it to fluctuating displacement due to blade
thickness. Neither Arndt's nor Lyon's analyses show excellent correlation with the
test data, primarily due to the neglect of other sources, with Arndt underpredicting

at low frequency and low tip Mach number and both tending to overpredlct at high K -
frequency and high tip Mach number.

!.laluation_

The approach is sufficiently simple and straight-forwardto be readily integrated
with cther, established rotational noise prediction methods. Compressibility effects,
however, may also result in other noise sources, such as the so-called buzzsaw which
has been ohserved in supersonic tip speed fana. In this case, the rotating shock be-
comes a source of noise in itself, as well as causing a change in blade loading. Fur- .
ther, periodic blade loading may arise due to vortex interaction. Thus, sithough the
theoretical development presented in this paper may be a valid model of the noise
generated by changes in blade loading due to drag rise, it in itself is probably not a
complete and sufficient description of the sources of helicopter rotor impulsive noise.
This is, in fact, supported by the comparison with test data which shows only fair

agreement in absolute level, although it does show reasonable agreement with the treads
in nolse level with tip Mach number.
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Cox, C.R,, "Subcommittee Chairman's Report to Membership on Aerod, zamie Sources
o ot Notse, " Presented to 25th.Annual Forum, Americun Belicosier Suetety,
May 1072, : ‘

Purnose
e —

Thad rv;urt wis prepared to summarize delibe rations uf the Noi.ee fubeommittee
of the American Helicopter Suciety, pertuiging to aotue 1rem lew dise lm disg airecaft.
Fhe Sdbcommiitee examired existing knowledze about the aerodvnnmic sources of
noi.e and the ability to predict noise, and also consxdercd the arcas where additional.
b..au resvarch is nquln d.

r.?ux::mnry

Noige 1 definéd in terms of mechanisma rather thua subjective characteristics of
the aoise. Regarding adenuacy of theory, existing theories or new analyses using
existing knowledge could predict noise if adeguate aerodvnamic.data were avaflable,
Lack of such data s the principal olstacle, particulacly sr tail rotors. In additic.
the report fdentifies xdvances in test instrumcntation that are required to provse-
misgiry experimental data. Research programs are recommended to develoy gcncral-
izvd roter notse tl.eorws and basic experimental aerodynumic data. Specific areus

-include dynamic surface pressure measurements on'the rotor bludes, determination of
waki system characterisifcs, and investigation of flow ficld characteristics.

Comsartuon With Similar Papers
- * ] :. .'.._ .
This paper is intended to suminarize the state of rutor aeroacoustic knowledye
as of 1972 in general terms.  In this regard, it differs from surveys orfented tow'lrd
specific Investigators, such ag uurveys by Huhb ml‘m and by Morfc;, 29

- Evaluation of Paper

The Subcommittee’s indings apply to the present state -of-the-art and offer sound
general guidelines for continuing research, :
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Filotas, L.T., "Vortex Induced Helicopter Blade Loads and Noise," Journal of Sound
and Vibration, Volume 27, Number 3, 1973, pp 387-398,

Furpose

The author seeks to model blade /vortex interactions and provide the Fourier
coefficients of airioad to be used in tha Lowson a..d Ollerhead! expression for rota-

tional noise. The resulting methed can then be used to define effects of blade/vortex
interactions oa rotor impulsive noise.

Summary

A model is developed consisting of a finite aspect ratio wing and s series of lofin-
itely long, parallel vortex filaments. Spacing between vortices and the height of the
wing above the vortex fllaments are adjustable, as is the angle betweea the wing and a
filament. Linearized aerodynamic theory is applied to detarmine the trangient wing
lift responsec to an encounter with a single filament, and the total respoase to a com-
plete array of filaments is oktained by superposition. The response is expressed as

harmonics of loading which are compatible with the acoustic aaalysis of Lowson and
Ollerhead.’

This model is used to calculate noise for a simple laboratory represeatation of
blade-vortex encounters consisting of a wing mounted in a wind tunnsl with upstream
generated vortices convecting past the wing. Calculated sensitivity of the noise to
aspect ratio and vortex separation ls presented. Aspect ratio is shown to have a small
effect, while vortex separation and sp.cing strongly influences far-field noise. Noise
is inversely proportional to the third power of wing height and is greatest when the
horizontal spacing Is about five times the height.

Comparison With Similar Papers

- Other investigators (e.g., Widnall22), have used a wing und vortex fllament model
but the present paper extends this approach to a finite aspect ratio wing and cyclical

loading rather than a single encounter. Subsequent work by Widnall extended the present

approach and obtained good agreement between measured and calculated acoustical
waveforms for a one bladed rotor.

Evaluaticn of Paper

The apgroach appears to be effective baged on praliminary results by Bauschld
and Widnall?2, If efforts to paramcterize blade-wake ercounters are successful,
impulsive rotor nolse from this source should be fairly well defined.

o



- Summary , . V .

“under controlled conditions, These resnhts iilustrate that good loading daty vields

e bt s o,

Cilessery KON, Bamahrrenmag, U, wis ot i, e Predietion of R Sor
D1 tational Notoe Using Measure § Pluctuatine Blade Loads, ' Presenued av tie 30tk

Al Natonal Ferum, %o pioan b biconter Sooels, Presrint Bo. 01, M 1074,
urpuse
Sl ettt

Ihe report deso vibe.: 3 sttt 10 mewsare cotor noise and high frequeney biwde loads
simul.arcously, aml to eorndn the corectatia letween measured and predicted noise.
Effcits of chorawise | anting vi- 10 o2 e e bt and of ;-.:u!mz! ghuse on correlia-
tion ulao are evualuate b

The study prodi-od ..u---" acrta G- e e eaared and caleul ded eotational
noisc.  Jest ASTCCLIEAL Whi b et e e et bed (ehordwise load, while
least satisfactory resalts we oo vhaabic-Fucies o Leleglar olmrawise -Vl‘xstri!;uti:m.
Plasing of the ascillicarsy, airt o ds was Foad 1o sifect ey the caleuluted tevel of the
fundamcn’tnl'nni,m-_ harviome Y oaatition, the sutiors faond that the contribution of
the aft K0T of ih.rm--;.:.- Prerd b the pate e | Lneting eoctficient tended o worsen
agreement between prodictod o ad nessuteod e tavaonics. Airloads based on the
forward 4077 of the cuord poestuden mich betler sircenaent than airloads bused on the
entire churd, Nobse Lo ed trom tall-chord hecling covificients tended to grossly
over-estimate the nots:- h.u feonbe devels”

Comparison Wnlh 51-"1. nr Pogaer

Correlation FesLlt s ey o b conaistest weth findings of previous work regarding
uscfulness of concents el Bunding tspanw s aed chovdwise) for predicting noise from
a hovering rotor. Prezent results agree wishi other investigators that rect .mgul.nr
chordwise loading is ot o+ ood spproximation for use in the acoustic model.

Evaluation of Piper - = L -

The study is ubetul as a scervee of synchicomzed iolse and aicload data sequired .

zood noise correlation bongt s s vahd e oustieal wnalysis is nsed. It may then be
concluded that the sevodvnumie data preaently is the weikest cump(munl of rotor nofse -
technrutogy. : S
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Hubbard, H.H., Lansing, D.L., and Runyan, H.R., " A Review of Rotating Blade
Noise Technology," Journal of Sound and Vibration, Volume 19, Number 3, 1971,

pp_227-249.

Purpose

The authors seek to provide a general technical background related to noise from
rotating blades, and to present a bibliography of recent (post 1968) work in the field.

Summary

A brief discussion of propulsion/ventilation concepts involving machines with
rotating blades is followed by a description of aerodynamic sources of both rotational
and broadbaad noise. The importance of unsteady, periodic loadiag is noted for
rotational noise, while the need for a statistical random process approach {s noted for
broadband noise. Presently, much broadband nolse prediction work is based on gross
physical properties of the rotor system rather than oa the underlying physical mechan-
isms. Effects of ducts enclosing rotating blades are discussed qualitatively, noting
changes in source amplitude and directivity. A comprehensive bibliography is pre-

sented for 1968-1971 deallng with propeller and rotor noise, compressor and fan noise,
and duct acoustics.

Comperison With Simiiar Papers

Conclusions and recommendations of this paper are in generul agreement with
other surveys of rotating blade nolse technology.

Evaluation of Paper

The discussion is useful for an overview of the noise problems for rotating blade

machinery. The bibliography and references repreunt 8 good crou-uctlon of llcnm-
cant information In the subject areas noted.
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dubasun, MUK, TDeveloment of :nl‘i':.-i'hm',-u..- for Realistic Prediction und E'zctronic
Svathesia of Helicoster Hotor Noise, ” USAAMRDL Tuch_:zic’a’l Report 73 6,. March 1573,

Purpome -
ruroose

Tais report docun.erts the developinent of a methed for predicting both Eroadbard
acd rotationad  rotor nuize and for svithesizing the acoustie waveform for ase in human

faetars studies of rotar notse,

sunimoary

An vlarorate method 1s presented atilizing in empir.cal data Lase to predict roter
moise. Correlation is:shown fir two Bocing confizurations and one Bell configuration.
Predicted and meagared apectin tre siiaiae, ~ :

Comparison With Similar Pagerys

The present sty is ani jue in having Lotk the noise prediction and 2nalog simula-
tion vombined. Shorteenings of 1he prediction : ceuracy agpear to be related to inade-

- quate input data, 3 probliem commeon to il presint methods.

Sealuation of Puper . _—

The development of a me-thad 1o predict the acoustic waveform of rotoreraft is -
highle-deatrable, but 1t is premawre to secept the subject method as a design tooi.
Correlation must e demoastrated for multi-blided rotors in hover and at high for-
ward speed.  If good results are obtained, this method should Lecome a useful deslgn
tool. _ .

H

\ v e b e o w.u‘-»:...n-m-a&—.-lﬂumm :
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Leverton, J.W., "The Noise Characteristics of & Largg'Clean' Rotnr, Journal of
Sound and Vibration, Volume 27, Number 3, April 1973. pp 357-378.

Purpose

The present study seeks to measure the noise characteristics of a full-scale, two-~
bladed rotor installed with the thrust axis pointing down to avoid recirculation effects,
and to compare measvred results with trends given by theoretical and semi-emptrical
prediction methods.

Summary

Three separate cumponent3 of rotor nolse are {dentified: rotational (discrete
frequency) noise, low frequency broadband noise, and high frequcncy brocdband noise,
Yvariations of rotor noise with thrust, tip speed, -and elevation angle are presented.
Leverton's data seem to depsart from previously accepted behavior of broadbund noise
and overall sound pressure level with both thrust and tip speed. Rotationil noise is
not treated in detail. The autbor hopes to develop empiricsal formulse for each noise
component in future work.

Comparison With Similar Papers

The present paper is one of a limited number of reports ou full scale rotor noise
with potential for defining nolse directionality as well as acoustic seasitivities to
changes in operating parametere,

Evaluation of Paper

Results are udeful In compallng the three source regions, but more {nveatigation
is required to establish that the presented Lehavior 1s not influenced by the test stand
configuration, Droadness of rotational peaks and behavior of SPL with thrust and
speed suggests that the inflow might be turbulent rather than '"clean" as the autho» had
hoped. If the ‘nstallation i3 respousibie lor these acoustic characteristics, the general
applicability of the yesu!ts might be limited,




Cevested, o8, LHelbeopter Noive = Blade Slon,  Part 1o Besiew aan Fhesretiend

candi, NAA RS UE0) Uatubier 1,

i.' PN IRIN
Liis stinh wius wndertahen to define what is inown about biade slap and to atten.gt
to furmuliate eriteria for the oceurrence of Llade slap, s

SUTIMArY

A veview of avaitable literature leads the sthine fo deatify tateractions etween
ratore blade s and stromgg tip vortiees us the miaia cause of blade slap. A "Elade Skip
Factin ia developed which appears to agsree with mailable data for tardem rotor -
vehities and for few-bladed Linfde retor belivoers The inteasity of blade slop noise
13 predicted to vary as the sixth power of the rofational tip speed. '

Comparison With Similar Pag.ors
. This 'p.'qwr is one of the carlier ¢fforts to study blad- . slap (impulsive rotor noise)
caused by biwde vort.s interactions, It centaias test data from‘experfments conducted

A3 Part of The SV, PiUN BUAY TG0 FFOIT RO TGHG e @A CTa s and GpeTators,

These data coulld be usetul to other investigators.,

Evaluation of 7iper:

Results sre wweful in surves ing possible meclanisms resporaible for blade slap,
and blade/vortex uteractions e felt to be a sienifivant cause.  Attempting to apply
the blade stap Tactor eriteria to tavh speced tlight of Cagtle rotor helicoptees i not
considered to be realistic, since compressbility efficts are likely o vont rol the im-~

pulsive noine generetion.
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Leverton, J.W., Helicopter Nolse - Blade Slap, Part 2: Experimental Results,
NASA CR-1983, March 1972,

l’urEuse

‘1his report presents the experimental results of the overall study, including a
subjuctive evaluation of the nolse and a revised ""Blade Slap Factor” design criterion.

iu_m.nag Y

It is shown that the occurrence of blade slap generally locreases peak-to-peak
rotor noise by 10dB. Blade slap components of nolse are seen in nar-owband spectra
as long as it is subjectively detectable in the original noise eignal. Model testing is
found to give dzta as informative and valuable as that obtatned from full scale testing.
[.iniited subjective reaction data indicates that helicopter noise without blade slap must
e approximately 6 dBA louder than helicopter aoise with blude slap in order to be
cyually annoying. A Blade Slap Factor (BSF) criterls curve s presented, although re-
sults may not apply to large, multi-bladed, single rotor helicopters.

Comparison With Similar Papers

The present report completes documentation of the study reported in Part 1,
NASA CR-1221, 19€8.

Evaluation of Puper

The collection of noise data for full scale and model hardware is useful. Subjectlve
tesults are too limited to be accurate but do give a broad-brush feel for the subjective

offects of blade slap. The applicability of the blade slap factor criterion needs to he
demonstrated,

Sh




Loverton, FOWL st Pullard] 050, A Comparisen of the dnerall aei Siensiband
Nojae Chaslotertstivs of Pullescale and slodel ifelicopier R.tors,” Jourvial of deund

et e TS ST TR S g g . LY e =2
ahd b POl it Votame: GU, N Ller 2, 1978, joY 1sa-152,

ThIS puper Colnpares broadband noise generated Ly racdel rotors asna full-scale
rotera.  Both low freguency and Lich frequeacy breoadband nolse componeats are con-
stivrad, win emphasts on tip-speed dependency, thrust depesdency, and Jurectional
churacteristies,

Srmdry

‘1 ar-field noise date are unalyvzed in terms o low frequeney broadband soise and

- hesh-frequency broadbaud aoise for both full=scale amed nodel rotor systems,  Noise
spectrd for the two svstems are similar, except tor vhpected frequency shifts between
ceddei and fall seale. Sensitvity of low fregueney brontiand notse to velevity is from
the sisth to the cighth power for full seale, contrasted with the fourth to sixth power
for model 'scale, This belavior is different frem other investigators reporting a
veloeity suared dependence at constant thrust.  Dependence of noise trequency on
veloetty 13 found to vary in a Strouhal fashion for model rotors contrasted with no
elear bebavior for full seale rotore,  These full seale results disagree with results

uf previous investigstors,

Hizh frequency broadband nofue s found to be nearly independept of thrust Gt con-
stant veldeity and to vary s the fourth power of tip -soecd at constant thrust, although the
tachavior depents stronely on mensurement loeation rebative to the rotoe. The nuwechan-
pam responsable for this noise s dot clearly uaderstood,  High trequeney broadland
pae generdlly does not control the overall noise hevel, bat it can be a sigrificant
fuctor 1a subyective reaction to the nofae,

Cou puri on With .\'nni.‘.'n' Papers

As nted by the authors, the subject results ditter from those of previous investi-
pators regarding the citects ol veloeity on nose amplitude ool frequency, The present
papeer containg both model oed full seale data, while most ather papers are restricted
to one or the other,

I'L'.':ulu'n!-.'n of aper

The cxperimental dady provides a ugeful aee for further rescareh isto aokoe
sinerafing I!Vil‘('!_l.'llll:lll'l."i, which hopefully wall esplaan Hifereaees atween model and
tull seale belatvior, T bnan i atudy ad other studied should be reviewed W
deterinne the cewsons el didevepaneies shout celoeity aad thrast dvlu-wh'm-n.'




Loewy, R.G., and Sutten, L..R., "A Theory for Predicting the Rotational Nolse of
Lifting Rotors in Forward Flight, Including A Comparison With Experiment,"
Journal of Sound and Vibration, Volume 4, Number 3, 1966, pp 305-344.

Purpose

This work attempts to provide a method for predicting rotor noise from unsteady

airloads, Noise calculations using the developed analysis are compared to available
I easurements.

Summary

Expressions are developed relating the noise fleld to oscillating pressures fmposed
on the air by rotor blades. A swept area representation is used ia conjunction with

specified chordwise loading distributions. Limited comparisons of measured and calcu~
lated noise show poor correlation.

Comparison With Simflar Papers

This study is one of several that demonstrated the importance of unateady loading
in the rotor noise problem. The prediction method involves a numerical integration
and therefore is slow and cumbersomo to use, as are other methods using this approach.
The correlation between predicted and measured noise {8 somewhat worse than results
presented by other investigators.

Evaluation of Paper

The techaical approach and final prediction method are similar to those of other
people studying rotor noise in the same time frame. The relatively poor agreement
between predicted and measured noise is probably a result of inadequate blade loading
data and questionable noise data rather than severe defects {n the analysia.
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of itslicontar Rotor Noize," USAAVLADS .
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e, MUV, mdutlerhc.{d J.B., "
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2urouse

Cbjectives of the reperted study are to anzlyre the prbblem of helicopter rotor
noise radiation and to develop analytical cxpressions for calculating noise from rotors.
Existing theoretical and experimental information are the starting point for the study.

sSummary .
Discrete and broadband contributions to total rotor noise are described, and the
importance of discrete frequency noise out to several hundred hertz is noted, Experi-
mentsl data are reviewed and general treads with tip speed and thrust are noted.
Analytical expressicns are derived for a simplificd closed-form acoustic sclution and
" an "exact” solution requiring numerical integration, The simplified solitionis neariy as
accurate and much faster (i.e., requiring much less computer time) than the exact
solution. Design charts are presented for estimating levéls' of votational noise har-
monlcs as functlcns of mmivalent Mach number and c.levatlon augle from the rotor disc
plane.

Combparison With Similar l’alsers

“This study is one of scveral conducted during the mid-to-late 1960's concerning
helleopter rotor nofse. It agrces with the others regarding the Importance of unsteady
loading. The present study is unique in the development of charts for esttmating rotor
rotational nolse. :

Evaluation of Paper o "

This report is very useful, both for a technical overview of the nolse problem and
for the simplificd prediction method it contains. The coneepts of airtoad | exponential
decay laws, random phasing,_and spanwise correlation lengths have become well
accepted alnce they produce reasonably gdod noise predictlons from manageable input
data, Banic shortcomings of the method nre its Inabllity to simulate acoustic radiation -
from highly unsymmetrical toadirng on a rotor, and its lnubility to model tho effects of
subtle changes in airfolls, planforms, ete. Much more hasic research is required to
develop the aerodynamle data base and acroacoustic transfer function In order to remove
prediction Hinjtations.  The subject approach and simplified method will remain popular,
at leust untll the necesaary rescarch is donoe.
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Lowson, M.V., Whatmore, A.R., and Whitfield, C.E., "Source Mechanisms for
Rotor Noise Radiation,' NASA CR-2977, August 1973,

Purpose
—te——

The work was performed to investigate sources of subsonic rotor noise. Various
theories are reviewed for discrete frequency noise and broadband noise. Theory and

past experiments are compared, and results of present tests of & low speed fan are
discussed.

Summary

Fundamental theories relsting to noise from turbulence and unsteady coberent
loading are disrcussed to lead into a comparison between theory and experiment. Parti-
cular emphasis is placed on velocity dependence and frequency dependence for dipole
and quadrupole source models. Theoretically, broadband dipole nofse will tend to vary
as thé sixth power of velocity while quadrupole noise should vary as the eight power of
velocity. Existing data, including that produced by the subject work, do oot resolve
the dipole versus quadrupole question.

Major conclusions are that discrete frequency nolse results from inflow distortion
and large scale {nflow turbulence, low frequency broadband noise results from smaller
scale inflow turbulence, and high frequency broadband noiss restlts from a self-inter-

action at the biade tips. This last source of nolse is not identified in past literaturs,
acrording to the authors,

Comparison With Similar Papers

This study is compatible with other literature ou serodynamic sources of noise.
It is somewhat unique In having bot wire anemometsr Jdata (rotating and fixed probes)
to define the input flow field that produces the noise data,

Evaluation of Paper” - -

This paper is useful in establishing firm theoretical and experimental foundations
for basic noise generation studies. Promising results for the discrets frequency
aeroacoustic transfer function and for broadband noise correlation help direct future
work. The quadrupole vs dipola questioa needs further investigation.
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i, i, Muck, W, Do, end Pyle, ROW, Jr,, "Svntheslis o r dotor ]"zfs
for Dzas Notde,' Journal of ibe Acoustical Suciety of America, V.-‘Gz:.u:‘.e 53, e o
2, 1373, 0p LOT~H1M,

?'

In vrder to reduce noise at lugh forward spcéd, the author scek to develop a calzu-
Latton method for generalized airfoil thickaess and lift distributions that are predicted
tv be lpss noisy at Mach numbers approaching 1,0.

SUTNTRATY
e e et

The present work extends earller efforts by the authors te relate noise from the
lip region of helicopter rotor blades to blude thickness and blade lift. The contribu-
tiva of lift to noise is. shown to be much l:ss than the contribution of thickness, so
viphasis 18 placed on mitsdmizing thickness noise ra.ilanon. bome candidates for low

- rutse tip distributions are presented.

Comparison With Similar Papers

The subject paper is more abstract than most, since it devclous Zeneralized thick-
ness and lift functioas that can be satiafied mathematically by many diiferent derigns.
Gither papers tend to concentrate on reducing compressib'e drag of speclfic airfoils by
changing swesp, thickness, and angle of attack.

YL cluatwoa of Paper

The results appear to e valid in a mathemutienl sense, tut the practicar validity
6i the approach must b :irmeastrated by the design and teat of atirfoils based on tkis
method,




Morfey, C.L., "Rotating Blades and Aerodynamic Sound," Journsal of Sound and
Vibration, Volume 28, Number 3, 1873. pp §87-617.

Purpose

This paper is written to provide a survey of fundamentals of aerodynamic noise
generation by blades. :

Summary

The author traces the historical evolution of current understanding of the nolge
generation processes involved with rotating airfoils. Early work on propellers is
mentioned and advances into unsteady aerodynamics and cascade theory are noted.
Noise generation and radiation from rotors In a free field is emphasized along with
the effects of ducts on the acoustic field of fans and impellers. References and an
extensive bibliography are presented.

Comparison With Similar Papers

Historical development {s traced somewhsat more extensively than other papera.

Results of specific investigators are discussed in addition to generalizations regarding
noise generation and propagation.

Evaluation of Paper

This paper contains a useful overview of acoustic techaology for rotors and fans,
and useful bibliographic data for more detailed study in specific areas.
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sa, HoK., aad Evang T.D., “Determication of the Aerauvpamic
L acteristics of Vormex sheddding From Litting Airfoils for Asnplication to the Anslv-
sts ol Helieopler Notze ", Hounester Applied Science Associates, Ine., RASA Report

THeul, Lui s

saice, 5,G,, Jubn

Purmo.se
e arat—

The present stwdy was undertaken to expurineatalty define th‘. characteristics of
vortex shedding from airfoils in a-wind tunnel as a foundation for underst.mdmg and
predicting vortex noise of helicopter roters

yummiry

Airfoils were tested in the United Aireraft Rescearch Laboratory acoustic regsearch
tunnei to gather blag fe surface pressure data and corresponding noise data. Surface
pressures were adversely affected by the transducers on the airfoil. Presumably,
noise data also suffered from this cifect. Two values of btrouhal number were found,
Lut cepestabillty of results was found to be poor.

Comparison With Similar Papers
Present results do not compare well with other invcst(gations.

Evsluation of Paper

inconsisteacies in the test data m-ve it difficult to apply the results of the study
to helicopter noise.




Schlegel, R.G., and Bausch, W.E., "Héllcoptcr Rotor Rotationa} Noise Prediction
and Correlation", USAAVLABS Technical Report 70-1A, November 1870,

Purpose

The program objectives were to measure airloads and noise simultaneously and
to use these data to evaluate correlation between measured and predicted noise.

Summag

The rotational noise prediction method reported in 1966 by Schlegel, et al® is
extended to use higher frequency airloads and to use any arbitrary chordwise distribu-
tion of airload. Good correlation is claimed for the first 4 harmonics of noise. Cor-
relation generally improves when the measured chordwise loadiag distribution is used
iastead of a hypothetical rectangu.ar distribution. Source motion terms appear to be
important and should be includud in the prediction method.

Comparison With Similar Papera

“Results of the subject work generally agree with other reports in that high frequency
airioads and chordwise distribution were found to influence noise significantly, This re-
port summarizes high frequency differential pressure data messnred on the rotor blades.

Such data generally is not available elsewhere, especially for a tiight vehicle operating
at high forward speed. :

Evaluation of Paper

Although the modified noise prediction method produces better correlation than the
original method, the need for high frequency airload data to calculate notse makes the
method difficult to use. This Is a common problem with all existing methods that pre-
dict nolse by integrating over the rotor disc. Since the needed loading data rarely is
avatlable, the added complexity does not generally result in more accurate predictions- -

than closed-form methods have demonstrated, The atrload data could be uaseful in
future studies,
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H., Bobe, U, Carmuenael, 8,0, Pesushima, T, acd Soesc , AR
ave Uiration of s e Ceneration sa g Hovoring lu.tu.. Pact ll" U.8. Aray Jcaeareh

Cifice = Durham Keport D210-10550-1, November 1972,

Pursose
nmrsileteiminuteiy

This paper prescats results of a study to develop an improved version of Lowson
and Ollerkesd's notse prediction procedure called HERON 0. Experiment. analysis,
+nd correlation are presented.

'~: IMIMLSTY

A noise prediction cumputer program that predicts the acoustic pressure time
histery, from which noise hurmonics are extracted by Fourier analysis; is developed.
Thus busic computer program reguires detailed input data to deserile cpmwz-,e and
chordwise loading distribution as well as azimuthal lundmg distribation. - Hygpothetical
inputs were used and showed insensitivity of noise to spanwise distribution. Amplitude
and phase of loading harmonics were found to affect noise significantly. Based on the
sensitivity study, blmpllu\.dllOnS were made to the ncise prediction program to remove

the need fer complicared-input data. - Simplifying assumptions of Lowsca and Ollerhead

are m!uhm d.

Cumparisén of model and full scale rotor nolse harmonle sp(-ctra shows excellent
agreement one diameter from the rotor hub. Scale factors believed to be critical are
thrust coefficient divided by solidity, Cy /8, and tip Mach aumber, M:. Broadband
nuise doed not scale as well, with model levels heing lower than full scale.

Experimental investigation of acoustis sensitivity to alrfoil section and planform
<howed no clear cut improvements over the total tip speed-thrust ranges considered.
Some noise reductions were noted at lower tip speeds (650 ft/aec). "

Impulsive hover noise of an isolated rotor is thought to be produced by shock
formation or movement on the upper surface above Hft divergenc:. These shorks are
attributed to the pagsage of o tip vortex close by the bisde in question. Blade loading
and tip speed are belicved to be less impertant paramceters than the afrfoll section [ift
divergence boundary.,  Ability to predict the occurrence and amplitude of this nolse is
limited by a lack of adequate information on vortex core size, atrength, =nd location
relative to the blade,

Comparison With Similar Paperg

The analytical approach parallels that of Lowson and Ollerhead”, - The present
paper cheeks many of the simplifving assumptions used by Lowson and Oilerhead to
develop their simplificd, closed-form nolse prediction method.  I'heseo aasunmptions
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Comparison With Similar Papers (Cont)

are found to be valid, and the number of loading harmonics is found to be lesa than the
mb (1 + My specified by Lowson and Ollerhead, Experimental data for similar rotors
with from 3 to 5 blades are presented, but no attempt at comparison with other studies
is made.

Evaluation of Paper

The paper contains reassuring validustion of the simplifying assumptions of Lowson
and Ollerhead, and some additional simglification are prescated., Test data contalned
in this report might ix: useful when combined with data from Leverton and Lowson for
" noise mechanism rescarch and verification. {he role of vscillating shocks in single
rotor noise deserves further investigation,
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'.'»';i;;:;f::.'m-, Acv,, and Lew :,ou, M. V., "Some Effec’s of Ground and Stde Planes cn
Lhe AviUgtic Catul of 9 Hutor”, NASA CR-132368, !u‘\' 1573,

bPury "'4(_‘

The authors seek (0 simulate the effocts of rotor/alrframe Interacticas on radlated
aoize inivsts of a simple model.

Susnirary
Sty

auically, sideplunes iccrease lower order rotational harmenics significantly for
x’usz,h;,,c ~ peopeller veparanons lesg than 0. 29 prepeller diameters, Ground planes
very Jlose to the roter can decgease rotational arise aad increase thrust cutput
sigadicantiv,

. e subjedt paper is unijue in dealing with side planes and ground pianes represent—
inyg fuselage steucture.  Other papeve deal specifically with gulde vam.s and suppurt
struts encountered in compressors and ducted fans,

Fovaledtion of Paper

The acoustic effects of the side plane-rotor tip separatic. ave useful for deaign
of turhoprop, prep-fan, prop-rotor, and propeller instalintions. The effeet of the
ground plane is aot belleved to be applicable to rotor-fuselage interactions for large
diuaeter rotors.
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Widnall, 3. E., A Correlation of Vortex Ncise From Helicopter Rotora", Journsal of

Aircraft, Volume 6, Number 3, May-June 1969. pp 279-281.

Purpose

‘The work waa dune to see if a gernaral collapse of noise data could be obtained
on operating condition and geometry of different rutors.

Summary
Data from several references, including whirl tower and flight vehicles, collapsed
to a band approximately 5 dB wide, The collapsed data show a general trend with the
mean blade lift coefficlent squared (CL2) aear typical design point and devirtion from
CL2 for both highly loaded and lightly loaded rotors.

Comparison With Similar Papers

This paper takes data from several other reports. Parameters for the collapse,

such as thrust, tlp speed, and Cp,, are those commonly applied tor so-called "*vortex
nolse'’.

Evaluation of Paper

The data preseprted in the aubject paper are "acful for a "first pass” estimate of
the overall level of “'vortex noise", with quotation marks indicating that this is the
popular name given to nolse abave 150 Hz by reaearchers through the mid to late

1960's, The data also are useful as a reference for measuring e much nolu re-
ducticn {8 obtained with new noise control rotcr systems.
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=

ThEG otk was prrforiest Lo develop expressions for wwese from blade-vertex
it raction vsing hineas unst, oy seredynanic theory,

Eapreasions ace derced sad calewations pecforimed for sound power, dire ctivnal~
i't;, , and frogacnes specloWn hsed on siausoital et i represent the velueiry 1014
induced by the vortes!  bwo=dirensionul airfoal Lo are ysed. Compurison o f paie
d rotor with prodicts d waveforms showed yeaad e -

aurel wovelnrmns Jor i o -l

tent,

&

Compariion With Stoular Poapers

This paper is one of several deating with rotor noiz. dee to blade vortex inter-
actiony. 1 Qs mors extensive than most, hm\\evi?r',v-;in(:c predicted sound power,
seund direcetivits , and sovnd specorum are presented,  Also, the comparison with

Cmeasured data Tends ddditional eredibility to the re: ults,

Evaluation o, Pajer

The submicct peper presents g farely complete analyais of blade-vortex iateraction.
It hould be partivabarb viduable as astavtingg potst feom whi h to }:xph.n- clfects of
astesady ) dedinnen senal aeradynamics on ansdstical wedels of BLule-vortex fntee~
actions, '




Wright, S.E., “Spectral Trends in Rotor Nolse Generation", AIAA Paper No.
73-1033, Presented at AIAA Aerc-Acoustics Conference, October 1973,

Purpose

This paper was written to report trends observed in studies of measured soise
from fane, propellers, and rotors. ‘

Summary

The author's analysis indicates that the "minimum" noise geasrsted by a rotor
should depead only on thrust and rotor "self noise”. The author faels that caly this
minimum noise ias readlly predictable, since so-called "excess aolse” is influsaced
by so maay environmental varfables. Strouhal scaling of brcadbsad frequeacy is

observed, and a data collapse ls presented. The dependence of gessrated solse is
noted to be on the {ifth power of the vélocity.

Comparison With Similar Papers

Wright's results should be checkad for competibility with rood work by Levertoal3
acd Lowsonl4 regarding notse mechaaiams and rotor acoustic bebavior. Both frequeacy
dependence and velocity dependesce are in disputs among fovestigators.

Evaluation of Paper

The regults presented in this papor are useful as a base for further stadies of

noise from fans and rotors. In particular, the data should be useful in trying to defime
effects of velocity on noise amplitude and frequency.
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Engines for Low Neiue and (lean rixhavat, AIAA Paper No. 73-1154 Fresented at
the CASL/AIAA Acierautica! Meetirg, October, 1973,

Eatock, H.C., ¢l shy, 0, gad Saintsbuny, JUA., "Designing Small Cas Turbine

' Purpase

This report vuthines weork being done at Pratt & Whitaey Atrcraft of Canada,
Limited on the control of not:e anu emissions of small gas tirtice engines to meet
FAA tad EPA regulatioas.  Desipgn features contributing to tne low noise signatures

.of current JTLSDL und PT6 engines are discussed together with some early results
from programs to mimmize noise from advanced PTG turboprop installations.

_ Summa ry

, Although the Pl engine was ‘lesigned before many of the engine nolse generating

’ . mechanisme werce fully understood, it does incorporate advantageous noise reduction
features. The free turbine eliminates the clutch requirements for helicopters and
allows for sclecting speed for minimum noise. Moreover, the gas path configuration
is different trom the conventional (ngine. This generally results in a buried engine
inlet with a multinlicity of right angle bends which effectively impede noise trans-

miasion. An example s shown which illustrates the effectiveness and importance of
ingtallation ducting on inlet nofsc, -

The measured exhaust nolse spectrum of the £ T6 in octave bands is relatively
flat, with appreciable Jow frequency noise, This noisc is internaily generated and
believed to result from the interaction of turbine flow turbulence with the exhaust
duct. No attempt is made to separate combustion noise from overall notse. Over a
broad range of powers and power turbine speeds, the nolse output correlates with a
V6 relationship where V is the velocity at entry to the exhaust ducts., However,
different exhaust ducts produce noise differences of 4 to 5 dB. .

A broad correlation of exhaust nols¢ from diffcrent shaft engines suggest that
engine notse levels vary proportionately with shaft horsepower (SHP). individual
engine power/nolse variations are less consistent as the PT6 followa a (SHP)4 while
other free turbine englnes vary from (S1P)L. 7 to (SHP)3-3,

Pratt & Whitnev Alrcraft of Canada, Limited is engaged in further work on engine

internally generated exhiaust noine including the effect of oxhaust duct Reometry on the
overall generation and radiation,

Compr.rison Witk Similar Papers

Thix report Is of much more Himliod scope than the reporta resulting from the
Alr Force sponsored Turboshaft engine study at AiReacarchd, Also, the DOT
sponsored program at General Electricdd dencribes a more in-depth atudy of noise
generation mechanisma thun found in this repert,
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iags i3 2 Landted dlocusston of e olse of small urboshaft snd turbolan ecgines,
Do oenwrad Wrvieds sre showd which sugnest that Jarzer differcares exdst §5 waiadat
Loapoosbowallioer endines,  Bipoertaat effeots of natallation are demonstrated, it
i etoraz . aniot beodune with e adormation reported,. This paper is perbeps of

Loy

o0 stal tnlevest 1 emlssluva contoul rather thaa anlse conteol or prediction,
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Grande, E., "Core Eng.ne Noise”', AIAA Paper No, 73-1026, October 1973.

Purpose

This papuer ussesses sources of core neise in a turbofan engines. It is concluded
that combustion s0ise is the dominant contributor to core noise, although turbine noise
due to irteraction with combustor~generated turbulence may be significant. A core
noise prediction proc:dure is formvulated which considers the nolse generation in the
‘combustinn chamber und the noise transmission through tne turbine and the primary
exhaust nozzle. Coinpurison of the predicted and measured core noise leve's for one
low bypass ratio and one high bypass ratio turbofan engine shows satisfactory agree-
ment. Thez work on prudiction methode of core engine noise, though not directed

toward turboshait engines, i3 of interest in helicopter :olse prediction and will ve
discussed below.

Summary

Core noisc corslsts of numerous and only partly identified sources of noise in-
cluding:

1. Combustion acise

2. Low frequercy noise generated in the turbine as a result of interaction with
upstream turbulence for the combustor

3. Noise generated in flow passa{:e discontinuities such as turbine exit atruts

4. Turbulence level and switl in mean flow upstream of the nozzle exit

Combustor nolse has been assumed to constitute thc major source of core noise
in two separate prediction procedures by Gerend, et 513 and Ho and Tedrick?. Gerend,
ct al express the core noise as functions of combustor exit temperature, turbine inlet
area, and turbine pressure ratio.  Hoand Tedrick express combuator noises as fuac-
tions of temperature rise, combustor flow, and fucl air ratio. These predlctlon pro=-

cedures suggest that nolse generation is dependent on the combustion parameters up-
stream of the turbine ialet,

The remainder of this paper is !{imited to considering combuutloni noise as 3

source of core noise, ‘Lhree separate problems are considered in attempting to pre-
dict the core nolse resulting from combustion. ‘These are:

1. Nolue generation in combustor

2, Nojso transmission through turbine

3. Noise transmission through primary engine tallpipe
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voetfest of the exhuaust nozzie on neise transraission is apuroximitely modelad
wnebieTiny the rudiation from the open end of 2 uaiform circular plpe, Using

nophil i assumplions iU L shoewn that low [requaney noise transmissaion
Jarwaigh the eahaust aszzle varies inversely with avzzle temperature,
Colntion roise geaeration is o samined by medification of the thooretizzl model
P R -.!‘.’.::"i Lo .u.'rnx.l comparizes with coparical results of Ho aad Tedric :(4 HE
fuaits £t -'i*-« venpivicad coreelation agrees fuliy with the modsfied theoretica® raodel
wroep for i o of the sjuare r20t of the combustor temperature.

U sing the proceding anadyticul development, the noise of two large turkofins with
detfe o pass vutlos are peedteted and compared with mearured acoustic data. The
ieasured data, rosrected tor ibe predicted jet nojse, appedr to agree with the core
noisc preddiegon to witk:da 11 dB. However, the engiae parameters used are Lased on
streplificd performance caleulatioas for the twa englnes, and may Le somewhat inaccu-
rate.  Farcthiermore, similar comparisuns with other engines are necessary to assess
1 the velioaty of the prediction mothod,

Comparison With Similar Papers

The analvisis and prediction scheme deseribed extend the emplrical work of Ho and
Tedriekt from burner comhbustor noise to the core engine noise of full scale turbofan
eipinaes, The eatension of the theoretical work of Sirakle! to permit comparison ndda
credem o the burner prediction method of Ho and Tedrick, but the extension to the
stmall e ynane combustor poise prediction method was not examined.  “Fhe resulting
predicton method of Grande? comparcs in part with the prediction method of Ho and
Tedrick for burne? rigs, but not for engine core noise. The derived prediction
method - for transmission coefficients through the turbine and exhaust nozzle have

- net bee. examined by other ovestigators,

Evalumtion of Paper

‘The prediction methods of this report have aol been sufficiently valldntud to be
of much use in predicting cors: engine noise of helicopter,




Grande, E., "Exhaust Nojze Fieud Generated in the JT8D Core Engine - Noise Floor

Presented b) the Interral Noise Sources", J. of the Acoustical Society America,
Volume 55, No. 1, January 1574,

Purpose

This paper prescnts the results of an experimental/analytical study to determine
the strength of the acoustic radiation generated in the combustion and turbine stages
of a JTsD core eng:ne and transmitted through the primary jet exhaust duct. Results
show that internally generated noise iy a sigrificant component ot core engine nolse.
The work is of interest in helicopter nnise studies because turboshaft engines may
also exhibit appreciable nouise from thesc sources,

Summary

The acoustic field within an ¢xtenston of the corc eagine tailpipe of the JT8D
engine was mecasured by an array of microphones flush m»unted on the duct walls. A
thoretical analysis was madc to develop a mathematical description of the sound field
w:thin the engine to permit interpretation of the eross-power spectral densitiea of the
microphone signals and to deterniine the amplitudes of the propagating modes. Good
agreement was determined between the mmeasured and theoretically determined cross-

‘power spectral density. The transmitted power was determined and far-field sound
pressure levels were calculated using directivity patterns from model scale jet mea-
surements in which the dominant nolse fleld was generated in 2 plenum upstream of
the jet nozzle.

The results show that internally generated noise is a dominant noise component
“from the core engine at large angles from the jet axis for low engine power settings.
This suggests that in turboshaft engines, with their high work extraction in the turbine

stages and luw core engine jet velocities, the interaally gencrated noise is a signifi-
cant noire source,

Comparison With Similar Papers ) -7

This puper shows that obLserved levels of “"core engine noise’* measured in the
far-fieid of turbofan engine can be accounted for by measurements of the acoustic
field within the core engine tallpipe, This study adds additional validity to previous
work which has suggested that internally generated noise upstream of the exhaust
nozzle I8 a source of significant nolae, No attempt has been made here to determine

the source of internal nofae nor to relute the noise generated to other sngine operating

purameters,

Evaluation of Paper

No prediction methods, trepds, or relation to ather operating parameters are

avallable in this report. ‘Thus the report is of iimited interest for direct appllcnuon
to turbo-ha(t anglne noime prodiction,
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Jvown, L., Su! ..::x'land L.,
G i, ey PUTL, Duendnn 2y 3.1, Uhmadl Turbine

e eeen o Jdudlicn’, Ay Pt -\'-'rugr-:.-r-nls:un “w-;:r.uorg Teckzical Begort

{ris »iX volwine Tepnrtl surarizes the werk coaducted under coatract F33615~
.1~U—1 $57 telwven the Ailtesearch Manafacturing Company of Arizona and the Air
Yore Aerd Projalsion Laburatery. The objective of the work was the development
$ e tevhaubigy e ey eseary o redice the noisi sigaatare of simall turboprep
ai arbotan eteines to minimize thesr detectability in low altitude reconnaissance/

auTveadance wilitary missions, e program summariced included 1) development

cuf e Hetion !“m:m is for ] the sutirees of smali turboprep urboshait) and turbofan

chates, D) tenelopinent of o duct acoustic treatment design mcthod, 3y tests of ma-

15 acounstie Jucel hiners, 4 acoustic tests of an uns‘.xrgre-;sed turbofan
P iwdiag cosiparison with prodicted speetra, ) acoustic tests of various inlet mufflers
aned « xRaust duet treato: wnt, wmld ) an .m..l) sis of the performance and welght panalties
ior nolse 5hppl‘“aslon.

lelidis Slaatad ‘L

Sunanary of Exeeutive summary-Volume |

This volume summartizes the techrical objectives and desired end products of the
program.  Results of the three wst phases ot the program and conclusions from the
weerall program are included,  Gf interest is the overview of the program provided
in fii:ure b, 2y of this volume, Hereat is shown that the work in the program was

P iicd aate three sigor cabegories, 1) development of noiéc'prw'ﬁction technlques,
2y developing etfective noise suppression techoiyues including sssoclate performance
anid weight panaitios and 3) condact <f cuggine lesta to demonsatr: 1t correlation with
poediic tinn of suppression lcn-hniqut:s e w-lup«'-d in the other phases of the program.

For engzine noise prediction, the engine nolse sources are “divided into thrcc maln
arcaa: islet e, exhaust noise and mechanical noise. Inlet noise 1s that pra‘uccd
by e fan andsor compressor radiated both forwasd and rearward $rom the froat of
thee wigane. Ui noise spectrain consists of disercet frequenetes at the fan and com-
pressor blinde passing [fequency and hirmonices along with broadband noise,  Fan and
vompressor notse are prodicted by an improved version of the methed developed hy
smath and Howsed 3 The improved version predented fn this report aflows prediction
of the aolae of intrifupal compressors i addition to the axfal compressors treated
by .mith aed House,

Fab il aniae conabats of et aoiae sad core aolse,  Jot natse i3 produced by the
primary andsos sccontry air feavang the cngdne and mixing with the ambtent sdr,
Core noisie is produced within the erpme and excapes via the primary exhaust nozzle,




Summary of Py cu o Sumeoary -y ~lume TConty

_ N . . 12
Jet noisa 15 prdiciv’ Lo @ neth d based on the standard SAE procedure

. Core
noise ig casune-d 0 hos reoort to be combusior noise. However, it is pointed out

that further cxpians: o Of the cere raise prediction methodology will result from the
DOT/FAA sponsore © | Jugras coad ited by General Electric 3. Combuation noise is
believed to be one of +ae most siganticant cor: cngine noise gources in small turboshaft
engines,

Mechanical nois: consicts of gear noise, auxiliary equipment noise, and casing
noise. In turboshaf: ngines, goear rose must be considered, as gearhoxes are used
to drive the nropeller, roter or aaxiliary esuipment,  Auxiliary equipment noise is
that produced by fucl ant tubricativn pumps moanted on the outer case of tac engine.
Casing noise is due o fluctuating torce: produced i the engioe, either from aero-

dynamic or mechical causes which are tran smitted throu.,h tae engine casing and
result in external noine redistion,

Gear noise is [redicted woth an cmpitial procedure, since little basie work has
been done to atlow prodictions irom basic noise generating mechanisms, The spectrum
of gear noise is dominated by Jdise reet frequency peaks. For spur gear systems, the
dominant frequency cor.ponent corresponds to the tooth meshing frequency or its
second harmounic, ‘The wide varlation in gear systems makes an accurate prediction
procedure fmpossible to devrlop at this time, Therefore, the report recommends use
of measured spectrur: shapes for gearboxes of similar geometry to the one of interest.

Then the empirical yrecedures can be used to extrapolate the spectrum to the desired
configuration,

Little information on auxiliary equipment noise was found in this study. An order
of magnitude prediction procedure is included based on a fuel Injection pump prediction
procedurc. The casing noise prediction procedure was developed from generalization
of Aillesearch and Boeing measurements and i8 consldered to be a function only of
mechanical horsepower generated by the engine,

The procedures discussed above are included 1o a computer program, Of interest
is the correlation between measured and predicted turboshaft engine nofse showa in
figures 10, 11, and 12 of this report, Overall directivity {n figure 10 {s seen to be
generally good except in the att quadrant from KO to 150", where predicted lavels are
as much as GdB high. Figure 11 shows quite good correlation hetween measured and
predicied inlet notse. There does, however, appear to betones o the measured spec-
trum at 1000 and 10¢9 Hz which are not predicted by the method, Flgure 12 shows the
exhaust nofse comparison. Here, the lack of agreement st mid frequencies around
500 Hz is distrubing. ‘1 he lach of similarity in the moasured and predicted apecttum

shape suggesty that further work is required in predicting turboshaft engine exhaust
nolse. :
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SAN pruveinies e discussed o the repurt: §) an analytical/

U 1oL, swhich determines the optimem licer impediadace for souad
sorp e el sy determiines e material which matches this rogeired

: srical provedure, & s angalytical self-opticizing proceaure
cad ey e far besve, anad o oan smpirics) proceaure based on ;_:f.-.neralization_di
Pew s sfonoaon sther faye tiators werkieg in the duct lner deasign area, Cuom-
cadlo D ol e ot L nned Dol bl dldet Haers are dresented, V
Turbe=pall e Uts were condacted with and without suppression to show the
coataes L asunge aed o nolse prodictions ast to estabiizh the uptimum sup-
povosian syabeic AEwGalon aelueved in i3 wetave bands s sumemarized. - Also the
. LU e filaes for suppression dre summarized, A few tanipley are

for Sieal saedlUe A g

doee etk b st ote how the lad, e suppression pachaoes mivit be inteprited with an

Vil adur,

Saliinhan, Of More Predoction Methiods-\olume T

G et s the Bk raund slwiy neceasary to develon the eagine .
B poveio lion procedule whiv b waes Jdiscassed alove g the Volume | summary.

S ace et theary of the inechanboams important in engine nnise generatjon are

e baelid it Suluine b hes b datn {ram Aiieseareh enizine tosts i evaluated as

wi e Lo sl b uacenrate predictian scthiods, Several comparisons between

e naariod and predsted deeetivatios and Loettea of tarbefan aod wrboshisfl ongines

A grree oy el

o d canmeeesian Peoen and Preagiction Methodalopy ZMatertaly Testy-
ot

The bl gragund from the Herature on duet Hoer attennation prediction s reviewed.
Adaothe et of busle testy an Sarims careiptite duct Halne eateriala are presested,

Sheacaricrne st Cischsde Levelds ol aeontie sictiow ra-.-rTétuuf.‘:_‘ 29 1 feetton of ateady Alr- - -
w vedoeits taoueh acample, wirborne acoustic absorption, wnd reststive and re-
active cotpnetts of aeow e ampedianee,  This Information is of value in estiablishing
ot badag s vl which ot clagely approaches the optimam liger raaterial
stectcitind in the dact ot desyen procedure, The prediction methedologies discuased
iy Volare b e Segertbed ind il wd freasetlonys of 173 oetave Land attenuatton levels
i cornpneel Wil ineasarementy,

Sursmiy o arbopreon Uprdne Detsen destion Teat s Volume (V0
T inll aeahe tuvhoshiaft ceplae gotse tests to cotabllish the levely of usitppreaged

engine nodue g the etfeel of vivwus cadidate inlet and oxhaust wfleneers are sume--
macdaot e e vnbame, Acprars nimae and aeight penalttes ig functions of varisus

Il




Suromary of Turtopecp Ergine Demonstration Tests-Volume IV {Cont)

operating and configneration parameters are also summarized. The application of the
optimum inlet and uxhiust silencer ~onfiguraticn to turboprop and turbofan aircraft

installations is shown in artists concepts of quiet reconnaissance /surveillaace afr-
craft.

Summary of Data TLuetions-Volume V

All of the enzine test and acoustic materials test data from the program are com-
piled in this volume  Operating conditions for the engine during the tests are included
to allow interpretation of the test duta,  This is a ser of definjtive data, as the engine
is driving a quict dynamemeter during the test so only cagine sources are present.

Summary of Noise Proediction Program Users Manuul-Volume VI, Dart 1

A computer propram listing of the engine noise prediction procedure is present~d
in this volume, This volume also includes discussion of operation of the program and
some gample cases, ‘

Summasry of buct Deslpn and Attenuation Procram Users Manual-Volume VI, Part I1

Program listings lor a theoretically and an empirically based duct lining destgn
procedure are presented in this volume, A discussion of the differences hetwoen the
two procedures, discusdgion of the operation of the programs, and sample cases are
also included.

Comparison with Similar Papers ‘

This report must he compared with papers In three areeas: 1) turboshaft éngine
noise prediction, 2) turhoshaft engine nolae evaluations, and 3) duct lining prediction
methods, In the turhoshaft engine nolse prediction area, the work of Smith and
Housel®, which wag used a4 a reference, cannot be consldered complete, although
it was the pioneering report on engine nofss prediction, The work in progress by
General Electrie!d i3 0 more tn=depth treatment of turboshaft engine notse prediction
and algn includey an emphasis on source nolse and how the sources can be suppreased,
while this report cmphiasizes the prediction of current tectnology engines.  In the
turboshaft engine notse evaluation area, many tests hive heen comlucted, However,
the data in this report is well documented and the epgine was driving a quiet dynamom-
eter, 30 the data will be of tong term value to réscarchers fn englae notse. Mty duct
lning prediction methods of analytical or empirical nature exist. The value of the
method develoned in this study s the resulting computer program, which can be easily
used by other duct liner denlgners, I s not clear that any of the duct lner predtction
procedures are the heut at this time, Many compurisons between measurements and
predictions are shown which verify tha accuracy of one or another method. However,
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Lae sodiee nolve of a propulsor aa well as the wey ia which a duct lser cperales on

v brocedure will heve lhinitations,  Tha contiaulng work by both government
aad lauustry researchers will be required for the developmant of accurate prediction

procedires.
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Ho, . Y. und Podrich, RN, "Coanbi-ti o Nowse Prediction Technisues for Small

“Gus Turbine Engines”, Inter=Nop. 72 Procecdings, . October 1572,

Purpose

This report is a preliminary reloase of part of the work described in detail in Air

Force Aero Propulsion Laboratery Technical Report (,\P.APL-’IR-73-79). The objec~

tive of the work reported vas the devolopimont of noise factors te predict the combus-
tion nuise of amall gis turbines. b unuons ere shown which permit prediction of
acoustic power fevel gonerated by o given doesin and further, to predict the effects of
changing engine desiga purametiors, The worl < asirboshaft enginesis of interest in
“helicopter poise preoctiction wna s disenased hey o, o

Sunimary
One of the most sigaificant sources of nuise from small turboshaft engines is the

combustion process. The temperature, sclucity, and Jeasity gradients that exist in
the high-speed combustion [low cause a characteristic low pitched roar. This com-

———bustionrnotse i T gy complex Lhenomenon compaonched by fateraction with the

‘blades of the turbine section.

To develop an unlerstanding of the engine parameters that control the generation

of combustion noise, two approaches have been used in this report. First, an empirical

evaluation of potential noisc factors affecting exhaust noise was conducted. Second, a

similar expression was devived dinensionally baxed on the cnergy output and thie factor

was compared with duta from baoth combustion rig and engine tests,

‘The equations develuped provide a method for the small turbine cogine desigaer o

predict the acoustic power peneratod by a given design and also to predict the effects
of changing design parameter.  lowever, no attempt is nade to determine the dif-
ferences between rig and engine results,

Comparison With Similar Papers

This paper is derfved from Garrett AiResearch Report No, §.D. 5005, May 10,
1972 by the same authors, I covers part of the work deserlbed in;dc-t:ill in a six
volume: rr-porrt called “Smali Turbine Engine Noise Reduction,” Air Force Report
AVAPL-TR- . a0 witten by Soveral anthors from AiResearch Manufacturing Co.
n 19730 e corelation tactor developed in this paper 18 used lor core enygine nolse
preciction ui Dhahady, et AT A comparison of this correlation factor with others
for combastion noyse prediction by Kazm, S, 1. and Ewemerling, 1.4, By showy
srrnitieant Jiflerences,
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Huif, R.G., Clark, b4, and Dorsch, R.G., "Ileterim Predictioz Methad for Low
Frequeney Core Engzie Notse', NASA TMX-71427, November 1574,

) o
Purpose

The purpose of this paper is to select a low frequency core englne noise prediction
method for interim use in the NASA Aircraft Noise Prediction Program, - A review of
the literature and compilaticn of numerous availuble procedures shows sigoificant
differences in prediction methods und suggests the primitive state of core engine
noise understanding. The prediction method selected for combustion noise is derived
from turboshaft englne noise data and is of purticular interest in the prediction of
helicopter noise, ‘

summary

L.ow frequency core engine noise has been observed and measured op a variety
of existing engines., However, the core engine noise is difficult to separate from
other, more signific-ant noise sources. In most cases core engine nolse has been
deduced from turtwfan engine tests with suppressed fan noise and vperating at low
. power to mintnore 1ot noise,  Jot nolse, estimated by existing prediction techniques
is deducted from the total engine nolse. ‘The residual core engine nofse is consequent-
ly limited and of questionable accuracy.

A survey of the literature shows in general that the source of core engine nolse
is Internally generated, Some of the probable sources are:
1.  The combustion process

2 Flow around internal obatructions

3. Scrubblng of the duct walls
N

. Local temperature fluctuations or hot npots {towing through the turbine and
nozzie - -

A number of differ nt correlations and rc-aultlm} prediction achwmes have been
reportod coverirg Himited grounings of engive sizen and types. A variety of para-
meter~ cth different power relationships have been propoded from results of engine
whts, component tests, and theoretfconl studics, The parameters offecting core nolse
which are most freguently found fin Hiterature are:

. Combuxtion « homber tomperature and temperaturs rise ridgod (6 poviore
from 2 to 1,

2. Cembustioy chamber proesssre s and preaiare ratio ralsed teonowern from
1tod,

Kl




. -
e el e v )
. SEaa i
Corat D gatar s Cane b o prders e L o 3
Nelooitar s el Lo owel ISt Dl T
CUmvi 1ohn Tal-end To posvers W
Qi sean thal b owe Sal auTeoreeat hos tbeea reacheod an the impoctast governing

i Loe e TR U medeade mart Bos i L tevels G cone enr Haboa, Speectln,

I

s LTty 3d mel e weplsUcabed or g cdvote, Raon is requirad w hnprove

R T c e
. P P I T

U precn L Gt S noin the tenort v o tae bow froienuy core
Cesi e Ui e wiienn et Ceanbacadon e sateenal tlew sre sacuelod, No
T T S e S P LI N M A R T e due tothe veaceral b oo auboadaatis
fta, Pl chodve ptesenlad LeTe is baseed o6 atrnsticity wad Loiatabiity of
cegnreedanfornatian Hooentally the enquition civen ba thast of .\"I‘\.'!.":;X';::l‘rﬁ for the
Gt e of the o ovor d suad power besell Addded curves give the divectionality and
s et o Hheong e LR recanunented dircetionalty is taken from Dunnsad |
Daaed e oo e nd o sjeeetra shape is esseatially dee 587 apectoum for jet
’ the frcpe ey ot e jecakl of the spectrura 1s also talea from Dusa and Peart
Sefiieant veoweer ot Lobs aiagested that o peal feéqueney 6f 40 182 be sub-
ovedab s valoarae s b ;a;;'-:\'&' Citls outdoe the manpe of 300 Lo FE:L He ’
: el b w s He e s b Progress of closes that considerable work ia being
e g prove Phae ander Sondica? sad predaction of m'«"-rv ciagine norde, An extensive
Lo s e oanse pitent st tdonal v ecarch mgicats s broad arens shere intormation is
Poitices Doanding, e roport coticlud s with pertimeot fematks which early Lsdleates .
thatl Lo Ltateeof-the ot Tor presdictuyg) core sogme condseition uoise i the tar-fleld
s st anbabioy,
Losoprom e el perd - )

Toatnerona papers Lieoe been publcthed which provide a piortiad review and canie
fraton of prior work on cove creptne poete, New information ia eeacrally added and
wovo e by e e o L poneaeters, and coreequentdy eew or it ferent presiction
o dures ave progo asds s seport presents o cesentially gew idormation, hut 1
o esectloat ooeradb v v, coradennation, el Summars ot mony publisnhed
L LR N T] BURYT W URERE [P0 LU I Y I AN

ol appdesb e oy s lach mnie g i ol virine data, amed Big Laeental vesieaych,
chasdoa b e nsnent G i, e consttered, A canventent Babde 1o the teterenee s
v e stitlen e e b aatoreation conbained oy ek, Pertioend imtormation from
cacr redirene e paoadie g e and ahe presdiction ~ytistion ol pivanieterd are collectedd
i table farm o pormal comparison ana evadaation,

A




Ev.ailuation of Paper

The equations and curves contalned in this report permit the prediction of core
eagize nolse of turboshaft engines. While questions remain a9 to the validity and
arcuracy of the method it zppears to be the test available at this time. The procedure
. has the advantage of simplicity and commonality, but is probably limited in applicatioa.

Contincous improvements in the method can be expected for some time to come.

The review and summary expose the problems in defining and predicting core
engine noise, A short overview of extensive work in progress, numerous recom-

meadation, and concluding remarks constitute a valuable commentary on primitive
state-of -the-art of core engine nolse. '
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sammary (Conty
———————

In order to complete the prediction procedure, spectrum and directlvity have
i3 been pregared. These were derived by examination of data frem all three types
of zngiaes and component data and represent a best fit to the data.

Comparison With Similar Pupers

This paper is d--ived frcm recent work by Generat Electric under DOT/FAA
Contract No. DOT-FAT2WA-302313, The emphasis here la on understanding core
engine noise o larger engines, In contrast, the work of Shahady, et al?7 is coacerned

with small turbopropulsion engines. The resulting prediction methods from these
refc rences dufer synificantly. » -

tesults shown in this paper are included in a 3 volume report of the G, E. work
under DOT-FAT2WA-3023. This collection includes deptification of most, if not all,
cosuponent noise sources, noise generation and suppression, aad prediction methods
fu. all significart ncise sources from turbopropulsion englnes,

Fvaluation of Paper

This paper presents new information regarding ¢he correlation and prediction .
of core enyine nofse. The discussion fllustrates some of the difficulties and uncer-

tainties of avatlable prediction mothods. Since the information here a limited the
reader §8 referred to the final report.
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S s Ninttn, Mg, Uore Bene Notie Ceatrol Proreaia”, Benort 8,

AL r=-dala, S e 18T,

il recently comploeted GLotinad seport to the FAA (Contract DOT-FAAT SWA-3G23)
i Cute Fagine otz Conteol 13 @ state-aof-the-art report oa the url'"h and evialustion
g osduadoant fedse sodces s ontobaling o Core b udine Notse,

st i3 dnterac o e oo detinitive, summary report includicg the identifi-
Calstg, ot tating mechantsris, controthog s avtsbles, and prediction methods for
v sl ey e rtan seurces of core vapdne polse together with propagation cifects.

SJFtiiialy

—————t e

T b Ih..ll reont consists of three vojumes as fotlows:

Voictae I - Llentification of ¢ omponent vola¢ Sources

vl 1 Tientiffeation of Noise Geaevstlon an mpml'n.‘iun “Mechanisin

Vodisie: I - Prediction Methods

Volanie | = laestification of Component Noise Sources

b Bug defined cope o ngaae nolae as the contribution from et ainise, combustor
e, urbine notse) pateriction noibse, obsrruaction pofge, casirg cadlztion, com-
Prinur fuiie, sunar, bearing sad putnps soise, An investization was mnade to
o terrine the penceratigs e hanbsms, contvofling vartables, me s of wdeotificatlon,
und the offect on engine desin f reduction were required for each of eighit core engine

nutse sources.  The various sources are evaluated and rack ordered by predicting the

noi e contrsbuteom of the tividual components by the mne thurds Herived daring the course
of thee Coure rjane Lol Cantrol l'|:u,.(ruﬁ-.;»'l'}.u'  prodictions are mad for ciack of - 7
tire e bopuabotial e bea for Lepies catic of 4, 7, and 11 peapeectiady, which were
forrzaiiated o encopinad o runge of comerclal airersft powerplonte. 108 de termined
that combmator poise, jet uoise, turhlne aod turtnac/jet irterction nofse and obetrac-

tian aois: sdl constitute the wagor nst o sources, while coging radlailon and compreg-
S noiae will act as decon barr soureey,

Vedgene LI utitleation ol Do l, per 'lmn md appre uu..n ..h ehiang i

sheoanechantam of noine senecation aed Guppesadon for the VATIGUE cere ey e
arirees i tarbofon crpanes vere defiaed from anad, Deal ad vaverncental pro-
pranmcs, Jeesel, componeat, and engans ont Ly Gkoover g perioal of severad sonra wers
uued to mbatantiate thy sesulta o analytical work to detesmine th basle paramoters
governing core engiwe nofee penesation, The results are piven in generad form to b
applli abie toa wide varbety ol cyelen
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Volume [I - {denidicotion of Noise Generation and Suppresalon Mechanics (Cont)

Suppression tuacepts were identified by analysis and experience with prior sup-
pression studtes o high velocity jet noise and fan/compressor noise research. These
concepts were valicated through medel, component, and engine tests.

Lutuiled enpe rimental results and analytical evalyation are given for the foliowing
mujor sources and eflects: '

Jet .\igi:s

Coaxial r.ffects
Suppression Effects

In Flight Etfects

Combugtor Noise

Combustor volse Generation
Combustor Noise Characteristics

Combustor Noise Suppression
Turbine Noise

Turhkine Nolse Generation

Turbire MNoiwze Characteristics

Interiaction Noise

Obstruction Noise -

Caslng Hadiatlon

Compressor Nofye

Volume - Prediction Methoda

Proadiction metl ods for core englne notase are formulated for low velocity coannular
jets, combustors, low pressure wrbines, icternction betwoen turblne tones stages and
fan/core jei atreans, obatrections in the flow passages and casing rudtation. The
di velopmient 1k Livied v an analytical lavestigatics snd nisded, component, awd engine
teat deneribed in Volume I, The results are In geaeral form to be applicable to a wide
varlety of cycles including present and futire turbofan engines. The prediction methods
were validated with measured acoustic data where possible.
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‘ shar tor the prodiction of turbine noise. These are: 1 a
pF s HaTieed (0 L PN maninain anghe, ) a Compre ke dve prodiction
st Lo prros e cots plene turbane aiae spectruuts and 3y o technivjoe for evaluating
the sl b - e presntehieal :-.)r.h.,ur:‘!'inu vartations on the toise gencration. The

resubls are enlen ave peocs dares fur prods tng ovecall noise, spectra, and drectivits
A voth lerbaae dinerete tones aond Lrogdband nuise,

The drderaction of ot e tone waith the fandeoce jet stream turbualence resules
piocdenp 1o the s caand pres ere asb pread iathe Sigaet baadwidth, Tlas s

teenosl ey tecbane. Thes resuli in chaages in turbine nobse speetrd shupe and

dircctuvity and can atfect perceived not e Prediction means ave presented to deters
wine the reduchion in peak noine and the Frenqueney spreading. The correlation is
constde ol a et appeosimation until awlhittonal daty become available,
- Vieticed 1 presentod do predict ther overadl power fevi T4 nd ore-third oetave
butid power level ecter tor aeowstic rahiabon from struts plicced i uniform” smaoath
Hlow. Nou means are provided 1o yield the sirectivity of these noise sources, -

Uader cerian ciroumstitees, casisg radiatvm o have aeeasurible etfect on
cmdie w0f cospeetrane, Casing radiation opat Sheictly another noiie sonree, but g
weost e ity frented o eeh i amphifnd predietivn procedured, The procedure
provdon cnly mear-ticld levels without shirectivaty, .

son A ith Sinly Toageers

Many prior veport: fove disennes d ndicsiaal seetions of the materist pabliched
in *hin three vol ane report which representys the work done on core engine nolke studles




Cemparison With Simiiur Fagers (Cont)

at GE over a period ef several years, None of the material is esgentially new, but

his been revised, inproved and vahidated with new and additional data,

The report collects, summarizes, and updates information spread through several
references, )

iubuation of Puper

Working equations and curves are presented which permit prediction of core
engine noise using readily available engine parameters,

It show: ! be emphasized, however, that extensive research work contlaues in
progregs st many centers and that analytical methods are oot advanced enough to pro-

vide peneral soiutions. Updating and revision of the recommended prediction proce-
dures will continue,
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Comparison With Other Paners

This paper revitws the work of othérs on turbine noise and selects what is con-
spicTed {0 be the ba-st available prediction scheme. The review does not include the
lute-st work of the GE FAA Core Engine Noise Contro! Programw or Mathews and
Pezacchul®, The added results of these more recent experimental and analytical
lveatigtons should significantly improve and extend the turblne noise prediction
capatslity. :

Evaluation of Puper

turves anl figures are presentad which will pefmxt prediction of fur-~ficld tur-~
bine nolae wath limited condidence, As.a temporary interim approach, the predicdon
pro. cdures offer the advantage of slmplicity and commonality. Publicaticn of more
recent work will probably result In significant changes in the prediction scheme.
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Matbeows, T s ant VL Saoera, AAL, "Prigrssan Core Enonine and Turtine Noise
Todhnotos s, ALAA l':i‘.v'r Mo Thewae s Aulust 1974,

k] - v .
Purpose

This paper surves s the present (1974 state-of -the-art in hoth core engine and
turbine norse tecknology, The charascienistic s of Loth low frequency core noise and
Biph tre uenes wibite ol are teviewed wid sveral pugsible noise g nerating
medchanar, are dhicecod, Results of a test program using a JT3D turbofan cngine
are describaed which the w0 the el (U of magor molse sources and propagation cffects.
Notsecontrol of wource s ute! the need for {irthee eesearch is discussed,

L oL ary

S Cure engiie avise 13 that @ pecated by o variety of componceats inside the engine
nas peoecator and exhaust s.otem, including combustors, turbines, and flow obstruc-

tivns. For the purposes of this paper, ¢ore eatire noise is defined as the low frequency
C poise (dess than 10007702y that rencaing-when predicted-fet-noige s 8ubivacth-d from

micastured engine specton, 1orobable sources are:

1. Dhreet noise from the b

wrner 1esulting from pressure fluctuations during
camtustion, '

2. Indivect buraer noise frem velocity and temperature Huctuations inte racting
with the turbane: ' .

3. Nufse due to turbulesce and swirl in the exhaust,

-1, Nolse generated at the nozzle lip by interaction with flow turbulence,

Inrcet combuastion notae i cauged by e time unutc-.:ulv heat release of the com-
Lusition procesy,  The combusto, airflow §s highly turbuient and the fuel spray consists
b rved pressere Huctuations fndicate a noise source which
may propag.te through the dowestream englne componsnts to the faf-lield, (uantitative

etimates of direct camtustion nofse have been ditficult to obtuin, but this source must
bee ¢ ~agdered potenticdly signtticant, '

Indiree teorabans gon nensne - eesd by the “untes bonof burner peverated turbalence
apl temperatyre Huevaatfons bees been ansly zed an cevers] peeent thearetieal studies,
Prokettds e shown ot these Ductaations interact with 2 mean pressure pradoeat sach
ay exiuta acrossa b bine stayee or exhanst nozzbe to produce propagatingg acoustie,
waver  Predicted ape tracand powes Jevels apree with data supgestingg that thic is o
porsible mgjor noiae soun e, '
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Streat noiseis caused by flow impingement and flow separation from struts and
cthere chieet in the exlisust stream. Experimental studies show this noise varies
with the sixth power of the exit veloeity and muy be dipole in nature, Quantitative
procedures are not available for predicting the noise generated by separated struts
inoaduet, ’

Strut noise may also be gencrated by fluctvating lift forees induced bv turbulence.
There appears to be no verified technique for predicting noise by an arbitrarily shaped
body in wrbulenat flow within o duct,

Nozzle lip noise is generally thought to be caused by the convection of exhaust
turhalence past a nozzle lip which impurts momentum fluctuations to the fluid near the
Lip.  Several theorvetical and experimental studies have suggested lip noise intensity
varies with the sixth power of jet velocity. Cross-correlation studies have verified
that this type of noise proruces significant coatribution in the far-field,

Far-field noisce depends not only on the strength of noise sources, but alsc on
propagation throuzh turbine blade and vane rows and through the nozzle. It is unlikely
that transmission problem will be solved rigorously because of t'« complexity of geom=-
etry and flow in the core engine. Studies have determined that primary variables are
the mode order of the incident wave, the wave number, duct fiow velocity and tempera-
ture. The structure of the shear layer between the jet and surrounding fluid is also
important as is evidenced by a difference in noise between single and co-axial exhaust
flow configurazions. :

Because of the complexity of the core engine sources and the torturous propaga~
ticn path, several prediction methods have been proposed empirically relating core
. nuisc to overall engine cvele parameters. These predictions may not apply to ail
engines hecause of significant differences in component and installation geometries.
A review of several prediction schemes shows that these should be considered ta bhe
preliminary and further work is needed, - ;

Some preliminary results from extensive tests of a JT3D engine are shown, A
low frequency peak centered at 400 Hz protruding above the predicted jet noise spectra
is identified as core engine nolse. ‘The general spectrum of JT3D core noise is de-
picted, ‘as inferred from many spectra at various angles and engine speeds. Cross-
correlation technifques were used to confirm thar low frequency internally generated
noise contributed to the far-~field speetrum, which peaks at about 400 Hz, The mea-
sured turbine stage velocities and pressure drops, together with the rms temperature
fluctuations and the characteristic length scale of hot spots were inputted into an in-
direct combustion noise theory. Predicted power levels were in good agreement with
experimental data. Predicted spectra peak at 400 Hz, as did the experimental data,
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Poak polar ool ounl p cens o eln (oU=1000 Hzj are shown to correlate well
withopaiary b ceetve aleatats b sreoengine noise levels increuse with velocity
o sgproaiatel e Loedea. i Sioe ity characteristics of core engine noise
Lot the JTED e w0 a0 Seantiee e s hanges in directivity were ohserved with varia-
TUots 10 eRRine upe st ¢ onviitioas, o

When the core ran exhaese s s sarroun led by the co-axial fan strcan_i, a
redectiop of Fro 4 b wae sern ot an e of 1200 frum the engine ialet. - This sug-
gests thit nozzle va impeditued constions are atfected by the external flow field. At-
tenpts o determine e cootributivg of Lip noise asing the trailing edige noise analysis
o Havden®?, vere aasiees fur, attiouga the prodicted spectra pesk at a frequency of
400 He. Establishiae the siznuficane  of lip aoise will require additional work.
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—____ Tarbine nuise as dominated by serbine tones witi. hroadband “haystacking” that

oceurs inthe region of the tones,  Farbane tones are ger. cated by interactions of rotor
wihes wath downsirean stutors ad intervactions of slior wakes with downstream
rotors. Other sous o of diserete turhine wones may include the effects of non-uniform
inflow trom burner fencrates “hot spots™ and wrbulence.  Factors affecting turline
tone intensity icludh rotor speed, stuge work, size, turbulence intensity, stream
density, pumber of stuges, and rotor/stator spacing, 4 ’

Reeent evidence sugpgest that “haystacking”, the broadband noise from turbines,
1= ot internally gencrated, but is related to the propagation of turbine tones through
the turbulent exhaust ddow,  Growing evidenes shows that “havstacking® can be attrib-
ateed to scattering of turbine tones by turbulence in the exhaust flow of bath the core
enpine and fan streames,

several current prediction schemes are in use which are based primarily on
empirical correlations of testdata,  The procedures follow those develonod for fans .
. and compressore,  Pratt & Whitney has developed a prediction system by correlating
data from JTOD, JTSD and JTID engine. Significant nolse reduction i possible both
by modification of the sour~e and by using acoustic treatment in the primary tailpipe.
The latter. is both heavy and expensive because of the extreme environment.

Measured tar -fictd turbine pofse spect. a trom J3D tests were examined and a
_compirison to. predictions from the Pratt & Whitney procedures show gaad correlation.
The correlation includes the offeets of o significant contritation of the turbne work
parameter, ' o -

Observed differenes s iurbine nolse speetra are blisved relited toe differences
in the exhaust flows which the turbine nolse propagates through. When no turhulent
shear layer is prescat, the turbine tone is higher and the broadband “haystacking” is
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less prosounced than in spectra obtained with a coplanar {an stream. The tone energy
is scattered and redistributed to adjacent frequencles by the added turbulence in the

fan shear laver,

Comupirigon With Similar Papers

‘This paper is derived from various experimeatal core engine and turbine noise
programs, including a recently completed exteasive noise test program on a Pratt &
Whitney JT3D engine. Theugh similar in contert and conclusions to other prior work,
additional information and understanding is presented. The importance of the indirect

" cumbustion noise as a possible noise source is emphasized und the effect of the propa-~
zation path for both core noise and turbine noise have been demonstrated with increased
Jdetail, From the survey presented here of prior core noise and turbine noise tec.anology,
together with results and conclusivas presented in this paper, it is clear that more work
is required to verify and extend the range of present prediction procedures.

Evaluation of Paper

This is a valuable summary of much of the work being done on core engine noise
by Pratt & Whitney. Only limited results are available, however, and neither the
core engine noise nor turbine noise can be predicted with the published results.
Moreoever, the emphasis is on engine nolse of larger turbofan engines and results
have vet to be compared over a range of engine sizes and types.
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Phe purpos o1 tar e e e chasncterze same of the pussible sources of

vibe ation withine 1o Bl latea ! o oriniisdion engines that may cantribute to the
noise obsorved whe e exton 1 end jrice Bave een adequately mutfled,

Sununary

The acoun e porse roradinded b rcooprocating it raug combustion engine can be
assumned o b poapocin g oo Lteu e ralation offieeney, stoucture area, and
the vibratiog withun the ~tracture, Principal soarees af vibration, an descending
order of importaace, e the combuasition process, picion slap, gear meshing and
fucl imyection,  Notse o5 adiata! by claatic detornation of the structure. Observed
coparacterized W8 o dipole

source due t bendinge o s siraetore, -

Combustion acise 1s related to thermal efficiency of the eagine. The most
decepted methed o soduction is to reduee aperating speed,  1-iston slap noise is pro-
duced by the tran s erse pnpacts that oecur betweer pisten and evlinder. Gear mesh-
ing nuise is most evivent ot trequencies related to the gear tooth contact frequency
and is most seasitive to load changes and the precise shape of the gear profile, Fuel
injection noise 1s cue | rimarily to pressure fluctuation within the fuel pump and
vibration within the ujecior,

For a wide varicty of diesel engines, the noise generated by combustion is related
1o operating specd and eylinder diameter.  An ¢quation and constants are given to pre-
dict X-wtigghted decibels 3 teet from the machine for several classes of engines.

The noise producd by piston slup can be estimated frem an expression for the
ratio of the acoustical to vibratory power, Inputs must be determined from the physical
characteristics of the radiating structure and the vibratory power from piston slap,

The noise produced by piston slap can be estimated from an expression for the
rativ of the acouatical to vibratory power. Inputs must be determined from the
phvsical characteristivs of the radiating structure and the vibratery power from
piston slap, '

The noise radiated by an automotive gearhox exited by gear meshing can be esti-
matedusimg stpic vquation which provide level and spectral distribution. Predicted

levels are related to transmitted horsepower and gear speed,

14
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It is concluded that noise reduction by cither reducing radiation efficiency or the
maznitude of the vibration forces requires an understanding of the mechanisms of the

suurce and a knowledge of the engine design parameters.

Evaluation of Paper

This is a brief overview of sources of noise ia reciprocating internal combustion
engines, Prediction methods are indicative, but too limited to predict noise levels
from helicopters using internal combustion engines,
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reasuihic o edpect G2 noise 50Ut s exist aprreaia of the nozzle whicn are pro-

cenite An additiozal e caning aeobues the furpge flucte.tions in temperature and

Dicwetty by L P R T O :.-";-uui Temperat.re Filuctuations™
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bnthist paper o ane s s prescated whieh shows that significunt low frequency
Solsd el e pentnateo b e ps .\..;. ot s Joeny and temperatere “eddies” through
Porn s pressure cvede e nh ag oy T wop s tirbine blacdke sod vaage eroews, Results
froe thin arib (g Nt et e e peerature (hsctuntions fronn o Pratt & Whitney

PR emgine, are corno e St g atod for Do pienicy core notse dJata,

Summary

Various mechimisins baie heen proposied o expliain the obser ed low frequency
noise of turbotaa cigine $ waich cannot i agoounted tor oy jet noise alone. It is

Lhaced by Lnst ade tlow cebecitoes iah e lirge with bl ale 1, vanes, struts and nozzle

anial velocity pre. fuc o by the tener passing theough sucesssive turblne stages,

The uvua-ru! analt sy pl‘l'M'ﬁ!rd Iy Packett includes neise generation due to fluc~
ttating Ut and Jdr g woeees at the vace or blade row in abition to the noise generated -
by vorticity (terbntescey and eatropy demperature) convecting through the dlsc. The
contribution due to comvectng temperature is considered in detail.  The method con-
siders small unsteady perturbations of the mean flow through an “actuator disce” that
represen's cither o turhine rotor or noszzle puide vane stage. The analyvsis also ac-
vounts for the Lirge chinges in mean stream flow variables that are a design feature
of turblne stages and a Lactor in the noise generating mecharism. It is shown that
noise levels due to temperature fluctuations are dependeat on the rms intensity and
transverse correlation length sceakes of the fluctuations in addition ta stemdy turliine
operating parameters,  Furthermore, the prak intensity occurs at a frequency depen-
ent on the axtal correlation length seale of the temperature fluctustions.

Predicted vialues of generated noise are compared to measured FEAD low frequeney
rofse, Measured valucs of the viarlous turbine stage velocities and pressure drops
were inputted together vith the rms temperature fluctuations and the characteristic
‘enpth seales of the hot spots obtained from cross-correlation of adjacent quick-
response thermocouplesy, Predicted power levels of noise were found 1o be in good
apreement with mescsurcd uisne, Aoy the predicted cpectva, Birgely o fanction of
the axial hot=spot length seales and axtal conveetion veloelty, peak at 400 Hz as doey
the menqured polse,

Hecauge the predicted and measured nojue levely are da reasonable agreement,
it {s deduced that core eagine nolse can be accounted for hy the temperiture fluctua-
tions convecting through the turbine,




Codiprizon With Nimiar Pagers

) The possinlity that a time varying temperature were traveling through a velocity
Aradient s another source of sound {entropy noise) has received little attention in the
trerature,  Strahleld diccussed entropy noise but made no evaluation of its contribu-
ti-n to core engine aoise, Several recent theoretical approaches30, 31 have studied
anise generation by convection of ““hot spots” through a mean pressure gradient. The
attadves by Pickett considers both vorticity and entropy fluctuations. The application
ol Preketts andlvsis is perhaps the first attempt to guantify the entropy noise. Pre-
-ticted speetra and power levels from measured parsmeters compare well with mea-
~tred Jdata, indicatiag another noise source to be included in core engine noise pre-
diction procedures. . No attempt has been made to establish the level of entropy noise
Jelative to the more generallv accepted direct huraer noise from the combustion

provess,

tvaluation of Paper

This paper presents un analysis and means of predicting the level and spectra of
eatropy noise in the core engine, However it is unlikely that the procedure can soon

be integrated us a separate component source in usable prediction methods. The com-

plex input parameters required to evaluate the eatropy noise are not generally avail-
able and results have not been demonstrated to be.universally applicable,
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ihis reonrtas osuncnany of the w.,.-i: Acseribed incdetal in Miv Force Aero
R J'-u‘-.n n Laborato. s Tecte ol e e A AP FR-T3-T97, The obiective of the
work Was the dive l--;.r it of e tee .nul(--'- Lase necessary to reduce the noise signa-
Wre ui stiod] Wrnepren i lrboter el ing s to minimize their detectability in low
altitede reconnms<.nee surseittaaer milivary wissions,  The program summarized
wits rather cstenst e atad ancloded by o '.vly»pnh 1t of prediction methids for all the
sourcesof smdl lul'i--q;rup itarbo kafty and wurbotan r;x:,incs, 2y development of o
duct acuestic treatinent design metaod, 3y tests of it rials suitable for acoustic
duct liners, s acoustic tests ol an unsuppressed turboian (the AxResearch TFF. 731-2)
and an unsuppressed tarbopeop engine (the AiRescarch THE 331-5-251) including com-
piteaon with predicted spectra, 2o vastic tests of varous intet mufflers and exhaust
duct treatment, el b oan aaalssis of performance and weight penalties for noise
suppression.  The work oa darboshaft engines aud their suppression is of interest in
helicopter aotse prediction and will be discussed below, ‘ '

Summary

Fin and compressor notse prediction methods are based on work reported by Smith
and Housed* with merhitications to improve correlation with turboprop engine data ana
allow prediction of centritugul compressor noise,

Jet noise above 1000 1t, /sec, exhaust velocities is proedicted by the SAE jet noise
a2 phus emproieal lireetiaty curves, At exhaust velocities helow 1000 ft, /see,
the Juper states that predictions are based on Bushell's method$.  [a this exhaust
veloe it reion, the nuisie is g nerated internal to the engine and is called core engine
notse, The only core engine noise source predicted explicitly in the paper is combug-
1or noise. It 1s stated tit combustion ncise iy oae of the most significant core engine
noize sources for small turbotan and turboprop engines.,  The combustion notse 1s
predicted to be a fund tion of temperature rise in the combustor, combustor discharge
velocity, combustor diameter, fuel and ajr weight flow, and a reference acoustical
povei outpet ot the combustor exit,

sinee i gearbox s required to provide the forgue at the preper vpm to drive a
propeller or rotor, the paper considers gearbox notse as part of the engine. The
peider is divected 1 the peat seetion of this Appendix for a discussion of the gear
noise prediction method deseribed,
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Aav:lmes eaquipment aoise, such as foel aad lubrication pumps mounted on the
auts roare of the emedne, are of dnberesi for tery yuiet systems such as reconnais-
satice stccillance propuision sostems. They s probubly unimportant as a far-
f P iaorse souree in tranpeat it ontess, Phe paper states that very little work
s faee Gdite on these soarces, but it -hw~ include u prediction method for a fuet

tioh pung based on frraede's ‘h)lk =

Aaming Boise is thast which is transmatted to the fur field through the walls sur-
Fotibitg the engine compunents,  \a cmpirical prediction procedure fur sound power
wiated 15 presented for turboprop engines which is a function of mechanical horse-

powe r generated by the engine, .

Lhrae acoastie duct lining design provedures e deseribed brieily in the re-
port with greater information available in AFAPL=TR-73-79. The tirst method
Lasedd on the work of Cremer and Nelson is analvtical in nature, hut uges an empirical
nnpedinee model for materials used in the liner design.  The second method is only
menticned briefly and it is stated that it is a sclf-optimizing method hased on simul-

i me-uas solution of the governing diffeerential equations and that it avoided some of the
~implifying assumptions of the {irst method, A single comparison of a liner design
is preseated which shows that the two methads give sigaificantly different results,
The third methad is empirieal and is based on geaeralization of the vesults of many
te=ts of dusct liner configurations,

General results of acoustic materials tests are presented for zero flow, room
temperature conaitions,  Sample results of interest are: 1) addition of acoustic
absourbing materials behind perforated face sheets increases absorption coefficlient
nd acoustic resistance, 2) little is gained in using sound absorbing material behind
Libermetal since air cavities tuned to the design frequency provide significant nofse
AL BALIoN over several octave bands, 3) bulk ubsorbers show only a slight frequency
depe mdence on material thickness and absorh sound across a wide range of frequencies. - -

Acoustie tests of an AiResearch TPE 331-5-251, 840 SHP turhoprop engine were
concucted while the engine was driving a quict dynamometer, Unsuppressed tests
wrore conducted to establish comparisons between predicted and measured noise
spretva. Phe report indicates that good correlution was achieved. The engine was
then tested with modulae inlet, casing anl exhaust supression systems as shown in
the- tigure on the next page,

Casingg suppression results are not indicated in the report,  Inlet suppressor tests
showed splitters in large or small inlet duct sections provided Httle additional attenua-
ticn, but marked by increased performance losses, Thercfore, the best inlet suppres-

~sor consisted of a relatively simple large plenum designed wlth no direct line of sight

transmission path,
[
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EXPLODED VIEW OF ATTENUATION ASSEMBLIES
USED WITH THE TPE331 ENGINE

The exhaust attenuator concept selected for the testing reported utilizes two
principal techmiques to reduce fow frequeney notie: 1) o length of tatlpipe which witl
shift the tundanieatal 1-sonanee of the tilpipe o a frequency where the ambient backe -
ground nolse Is higher and thendore masks the engine nofse and 2) w multi-tube destgn
to convert low frequency notse darge wavelengthsy to high frequency nolse (small
wavelengths) which ¢ readily be ahsiorbed, Twelve exhaust duct contigurations were
teated, OF partieular enefieance win the test which showed that doubling the lenyth
of treatment v uot - Bnhie The attenuation, CFhin levs been fotind by sther researchers.,
With the optlmum suppreaston aystem, more than 30 dB reduction was obtained 1n the
! ‘Inh-z tquatkrant at frequencies of 1000 Hz and above,  [n the exhaust yuadrant, attem-

’ tion of more than 1o df at frequencies of 1000 12 and above wag achioved,

The final item addressed in the paper s the oifect of inlet and exhaust suppression
i cquipment on performance and weight,  As expected, the trends presented show sup~
pressor duct welght ristag rapidly as frequency of suppreasor peak attenuation falls
below 1000 Hz. This 18 due 1o the required depth (thickness) of the treatment.  The




samniary woont

Faeast o pressure loss associated with various exhaust ducts is compared with calch-
Ltions.  Some disagreement between caleulation acd test is indicated. A maximum of
15 luss in Borsepower at the full foad high flow condition is indicated.

ot arison With Similar Papers

Lhts paper is derivet from o six volume report caled "Small Turbine Engine

Lorae Heduction,  Air Force Report AFAPL-TR-73-79 which was written by

stveral authors trom AiHescar: b Manafacturing Company in 1973, Also, a paper

tith d "Progress in the }k-\'n-lnplm-nt of Optimally Quiet Turhoprop Engines and Instal-

Lations,” SAF Paper 730257, April 1973, by R. M. Tedrick und R. W, Hildenbrand was

sertved From the six volume report, The Shahady, et al paper is a very good sum -

mars o the work reported sa AFAPL=TR-73-79. While AFAPL-TR-75-79 includes
Abe computer programs developad to predict engine nofse and design duct treatment

i eddition to a greater emphasis on turvofan noise, the Shukady, et al paper provides a

better overview of the accomplisaments of the program reported in AFAPL-TR-73-79,

Mher reports emphasizing acoustic testing and development of prediction inethods for
- snusll turboshaft engines do not exisi. The recent work by General Electric under

LOT F AN Contract No, DOT/FAT2WA-302313 does include investigation of sfmilar

sourdes in great experimental depth, but the emphasis {s on understanding turbofan

core engine noise of larger engines,

Voaluation of Paper

This is a very valuabie summary of the six volume AFAPL report for a researcher.
tieneral trends in wrboshaft engine aoise will not be found. Also actual calculations
cannot be done with the limited information reported. These require use of AFAPL-
'R-73-79. -




foedrich, RON., an ! aldenbrand, ROW,, “"Progress in the l)(.-ve!-_)pmem of Optimally
utet Tarbopron Lagraes and Installation,” SAE Paper No, 730247, Presented at the

Purpouse
i ay g

[his report summarizes the turhoshaft engine noise evaluation work reported at
4 later date in more aetail in Alr Foree Aero Propulsioa Laboratory Technical Re-
20t AUAPL=TR-73-74%. ‘T he purpose of the paper was to summarize the turboshaft
engine iformation prior to release of the final Acro Propulsion Laboratory Report
1n o wav that would be useful to imanufacturers of business alreraft,

Summary”
The following summary 1s lmited in scope as more information will be found in
the ALAA paper by Shahardy, ot 1147 or the Aero Propulsion Laboratory Reportd which

are reviewed el :ewhere in this Appendix,

Comparison With Sunilar Papers

This paper is Himited in scope compared with the AIAA paper by Shahady, et al,
Alxo the prediction procedures for engine nolse and duct liner design which aré found
10 AFAPL-TR-73-79 are not Included in this paper.

Fvalustion of Paper

It is sugyested that the reader interested in the suminary ot the results of the
sma!l Turbine Engine Noise Reduction contract conducted by AiResearch Manufacturing
Company for the Air Foree Acero Propulsion Laboratory refer to the AIAA paper by
Shakady, et al or the Executive Summary, Volume [, of AFAPL=TR-73-7% us both of
these reports are more complete than the report reviewed here,




Thivm, G.E., "Noise FProm Dicsel Engines”, Inter-Noice 73, August 1973.

oSy

This paper diseusses some results of experimental vibration and noise measure-
wents on diesel engines. Vibration isolation of external engine parts, stiffening, and
sound reducing shells are shown to be effective meuns of reducing noise,

Surnmiry

In nearly all modern diesel combustion systems the combustion pressure is the
strongest exciting foree for structure - borne and radiated noise. Noise reduction by
improveraent in mechanical exitation sources is limited to 2-t dB(A) for technical and
cronomic reasons. It is necessary to improve the structure so that iess vibraticn
reaches the outer walls to be radiated as noise.

All parts of the external engine surface contribute to the external noise. Seldorn
dves one pari contribute as much as half the noise. Nearly all parts must be treated
to :«chieve improvement of 4 to 5 dB(A). -

Noise near the oil pan can be reduced by 3s much as 11 dB(A) by careful isolation.
Stiffening of external wall can.reduce local levels of noise by as much as 10 dB(A) in
~ingle third octave bands. The inost effective means of noise reduction are thin sound
reducing shells of low bending resistance and high critical frequency. Reductions of
19 dB(A) were measured with plain sheet steel and it was found that mounting 18 more
in.portant than damping. Sound absorbent material in the clearance between shell and
vuse wall had little effect. Measured levels of engine noise were reduced 19 to 21
dB(A) using a total enclosure with vibration isolating attachments.

The best design soluticn for reducing noise appears to be a new design with
central support engine structure surrounded by a vibration isolated housing, "which
iorms a kind of wat enclosure". _ . . -

F.valuation of Paper

This may be of interest in predicting the case radiated noise reduction which can
be achieved with relatively simple enclosures, No means of predicting sources noise
levels are contained in this report.




e ————

e+ s

~

Cear Noise Capsule Sumraries

Badglev, RH., wnd Hartinun, WM., “Gearbox Noise Reduction: Prediction and Mca-
surement of Mesh-Frequeney Vibrations Within an Operating Helicoptec Rotor Drive
Cearbog”, ASME Paper No. 73-DET-31, September 1973,

[’urpusq

The purpose of this study was to verify the accuracy of analtical methods for
predicting the vibration and noise generation of gearhoxes by determiniag correlation
between predicted and measured data.

Summary

Tuis study wias performed on a CH 47 main rotor drive gearbox. However, the
analvsis is applicable to gearboxes of all kinds, The paper presents a gnod descrip-
tion of the several unalyses required to make the prediction of total noise and vibra-
tion emicsion at gear clash frequencies. Also, the correlation between predicted and
measured resporse of several parts of the dynamic gearing system is presented. The
list of referencrs covers the work sponsored ny USAAMRDL over the past few years
in developing analysis and noise reduction techniques for transmission noise.

Comparison With Similar Papers

This is an extension of the work perfor.i:ed by Badgley and Laskin3, Laskin, et all,

and Sternfeld, et atS,

Evzaluation of Paper

This report shows ‘hat an apnlication of detailed dynamic analysis to a transmis-
sion can identify near resonant conditions for components. This study shows examples
of this and also shows the results of corrective measures which ylelded noise and
vibration rzduction. The_analysis is leugthy, but necessary to locate possible vibra-

tion/ndise problems in the preha-dware stage. It considers dynamic system torsion
and bendirg plus casing response. - )
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Hagdpley, RUHL, and Luasking 1, "Program for Helicopter Gearbox Noise Prudiction
and Reduction', USAAVILAHBS Technical Report 70-12, March 1970,

z’urgosc

The work described in this report was done to deinonstrate the application of
analytical tools to the CH-47 power train to predict noise levels, Actual CH-47 traus=~
mission noise levels were measured for comparison. CE-47 transmissicn casing
vibratory response was measured, The sensitivity of noise level predictions to several
transmission design parameters was determined and investigation of tooth profile modf-
fication as a means of attaining reduced transmission noise was explored,

Summary

- This work shows the ability of the previously developed analyses to predict
differences in transmission noise radiation via modificationg to reduce torsional
¢xcitation and gear tooth dynamic force levels.

Comparison With Similar Papers

This is a follow-on to the work performed-by Laskin, et all,

Evaluation of Paper

This a slightly refined analysis compared to that of Reference 1, However, it
stiil does not treai the lateral bending dynamic response of transmission components,
It appears to pradict the spectrum shape of noise and vibration, at least to the extent
that some clash levels are higher than others, using torsional vibration of the system
with yome empirical conversions,
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Barlow, W.H., McClusky, W.C. and Ferris, HLW., "OH-6A Phase [I Quiet Heli-
copter Program®, USAAMRDL Technical Report 72-29, September 1972,

Pu rpose

I‘hxs study was conducted to reduce. detectability of the OH-6A Helicopter by
reducing externally radiated noise,

summiry

This report presents external noise narrow band spectra showing the presence of
main and tai] rotor gearbox clash noise for the quict version, where this gear noise is
not masked by rotor and engine noisce. It shows gearbox nolse levels of 59, 55 and 54
dB at 150 feet in hover for the tail rotor gesrbox, sceond stage of the main gearbox,
and the necessary drive section of the maiy gearbox, respectively,

Comparison Wirh similur Papers

e ——The-work-deseribed-was perﬁfmm‘a‘s‘ part of the same general effort as that

undertaken by Bowes?.

Evaluation of Paper

This is one of the few reperts available showing the presence of far-field gear
~lagh notse from a helicopter. Gear nclse was unmasked by reducing rotor and en-
" gine noise. It provides useful data for estimating far-field radiated gear nolse.
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Bowes, M.A., "Test and Evaluation of a Quict Helicopter Congiruation HH-43B",
UsAAMRDL Technical Report 71-31, January 1572, :

Purpose

The purpose of this cffort was to reduce detectability of the HH-43B helicopter
by reducing externally radiated noise emanating from the main rotors, core engine,
and gearboxes,

Summary

This report presents external noise narrow-band spectra showing the presence of
main transmission gear clash noise. Levels at 200 feet in 10 foot hover were 74 and
64 dB for the input bevel and planetary system clash, respectively. Changes to the
transmiss:on resulted in reductions of 10 and 8 dB for the two clash peaks. Trans-
micsion noise reduction measures incorporated were: installation of a selected gear
set exhibiting good wear patterns and minimum tolerances, plaiing of the teeth with
lead indiu.., use of high viscosity oil, misphasing of left and right hand rotor drive
gecrs, elasiomeric isolation of planetary ring gears, removal of some auxiliary
components, and partial sound proofing of the transmission.

Comparison With Similar Papers

This work was performed as part of the same general effort as described In
Barlow, et ald and Pegg, et al®,

Evaluation of Paper

This is one of the few reports available which shows the presence of far-field
gear clash noise from a helicopter., Gear nolse measurement was made possible by
reducing noise from other sources (rotors, engine) which normally masks it. It con-
tains useful data for estimatipg far-fleld radiated gear noise.
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_transmission, and rulistion parameters ag-ure identified in the cited Werature. These

o present level of knowledge of near roise reneration umd radiation.™ 1t appears that the

Grande, F., ¢t ad, soddl furbune Engine Noise Reduetion, Volume 11, Noise Predic-

Lon Methods™, Mir Faree Acro Propulsion Laboratory Technicial Report AFAPL-TR-
TH-79, Voluiaw 11, December 1973, '

Purpose

The section of concern here (Section [ - Part 5, Gear and Mechanically Radiated
Noise) reviews the luerature i searing noize prediction and generates a basic noise
prediction method via charts.,

summary
R MUELR

us et e tagd tron, ¢ xeitation through mechanical
radiation.  The various paran elers involied with s ctation, including unbalance,
tooth impact, fricaon, aml pocheting, are descrcod wnd analyzed, It is determined

that tooth tmpact is the deminant mechsnism for exteranihb radiated gear noise which
occurs at meshing tresueacy, ‘

Gearing nose prodic ton i Jdis

This imperfect meshing 1+ causcd by inuccuracics in both tooth sgacing aad profile,
by deflectiong of the teeth ciaused by loads, and by movement of the pitch circles of
the gears due to =huft, bearing, and casing deflection,

Tooth impact cuuser mesh frequency vibration to be introduced into the system.
This vibration is tran~mitted mechanically through the system to points where 1t is
dissipated through damping or acoustic radiation. '

The details of tooth impact excitation are discussed and dependence on operating,
design, and quality control parameters are identified.

A predictivn method is offered to accovnt for as manv of the pertinent excitation,

include, in part, power transmitted, tooth loading, pitch line velocity, tooth profile
error, woth profile roughness, twoth spacing error, tooth alignment error, pitch,
contact ratio approua:-h und recess angle, pressure angle, helix angle, tcoth face
width, backlash, phasing, housing response, bearing type, installation and lubrication.

The authurs conclude that “the wide variation in gear system construction makes
accurate prediction of the pear noise spectrum an impossible task, at least with the

test available methods tor gear noise prediction constitute only a rough cut at the final
spectrum. It is elaimed that the levels of the dominant meshing frequencles can be
predicted within 2 4B, which is hichiy questionshle based op the knowa varisbility of
casing and related aurface radiation properties,
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Comparison With Similar Papers

This report reviews the detailed gearing noise prediction methods of References
1, 2, 3, 4, 5 and others and concludes that they are of limited usefulness.

Evaluation ¢f Paper

This is an excellert summary of gearing noise prediction methods including those
that réquire considerable detalled knowledge of the transmission design and those
which are more practical and more easily used. The prediction method preposed is
applicable to a wide range of gearing types, sizes and quality. Helicopter transmis-
sions occupy valy a small portion of the range of varfables covered,
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hartman, R, and Badgley, R., "Model 301 HLH,ATC Transmission Noise Reduction
Program", USAAV:ADS Technical Report (Contract DAAJOL-C-053 :0), January 1973,

Pu 5¢

This study was conducted to reduce Heavy Lift Helicopter transmission nolse by

identifying problem arcas analytically and making design changes to reduce clash
trequency vibration and noise.

Summax'x

Dynamic testing was performed on a GH-47C helicopter transmission with inter-
nal instrurentation to measure stratns, accelerations, and displacements of rotating
comnponents, and external {nstrumentation to measure zase acceleration and moise,
Test resultsa were used to verify prediction methodology which, in turn, was used to
analyze the dynamic response of the HLH transmission components.

Comparison With Similar Pavers

This is a follow-on to work reported by Laskin, et all, Badgley and Hartman2
and Badgley and Laskin3,

Evaluation of Paper

This 1eport provides some of the most detalled analysis of transmission clash fre-
quency dynamics to-date, However, details of the computation methods used for sys-
tem coupling (except for torstonal) and casing response are not included. It provides

good tracking of the flow of clash frequency encrgy from the source to ultimate points
of radiation,
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Laskin, I,, Orceutt, Iy K. and Shipley, E, E., "Analysis of Noise Generated by UH-1
Helicopter Transmission”, USAAVLIABS Technical Report 68-41, June 1968,

Purpose

I'he purp«m was to devielop effective technology for the computation of helicopter
searbox vperating noise and to apnly the derived technology to an analysis and evalua-
tin uf the UH-1 helicopter main transmissfon,

summury

In this report, two basic programs which were developed for the prediction of
gearbox noise at clash frequencies are desceribed,. The first program consists of a
torsional (Holzer) analysis of the system taking the compliance of mating gears into
aceount.  The second program determines the excitation introduced into the system
at the various meshing points based on the geometry of the system, including the
various types of error occuring in afrcraft quality gears., Noise is determined em-
pirically, equating clash frequency torque oscillations with nolse generated,

Comparison With Similar Papers

This study forms the basis for the analysis of gearbox noise carried cut in sev-
eral follow-on programs including those reported by Badgley and Hxv'tma.n2 Badgley
and Laskind, and Sternfeld, et alo,

Evaluation of Puper

The work required to predict transmission noise ia prohibitive, considering the
poor results attained in forecasting absolute levels. However, the technique, if it
can be made to work, is helpful in tdentifying possible torsional resonances at up to
clash trequencles, The complete lack of consideration of lateral bending of compo-
nerts and dynamic component mounting impedances eliminates one very important - = -
part of the overzll problen: from any constderation, ~ '
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Pery, R. J,, Henderson, He R and Hiltor, D, A., “Results of the Flight Noise
Meourament ngr.rn tising A standard and Modified SH-3A l!ellmpter". NASA
‘Jechateal Note D-7340, Drnecember 1973, '

Pu se

This Technical Note reports the noise characteristics of a standard SH-3A heli-
copter and a versior modified for Jower noise generation,

Sunimary

This report presents hover external noise narrow band spectra £’ ..~irg tail rotor
pearhox noise level of 55 dB at 750 Hz and at a lateral distance of L¢ ( <y ead 270
degrees azimuth at 1V foot hover, Power to the gearbox {s approxmately 2JuU horse-
power at this condition,

S ﬁLQmpax:tson_meSimudppapuﬂg_ e —

This work was performed as part of the =ame general effort as reported in Refer-
ences T and 8,

Evaluation of Paper

This report contains far-ficld test rotor gearbox nolse useful for estimating pur-
puses, '
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Sehlegel, R, G, oand Mard, K, ()... "Transmission Nolse Control - Approaches in

Helicopter Desisn', ASME Paper 67-DE-53, May 1967,

i’ui}mso

This cifort was conducted to define a number of methods which may be em-
pluyed to reduce the level of dlash frequency noise generated by transmissions,

Summurr

This report provides design criteria for several schemes proven to be useful in
vedecing transmission noise emission In helicopter and other transmissions. Tables
duscribe the degree of noise reduction available through the employment of each of

these mea.sures,

Conmparison With Similur Papers

This report covers a broad spectrum of pogsible gear noise reduction measuras,
some of which are treated in more detail {n other reporta. -

Evaluation of Paper

General guidelines are presented for low noise gear design. The only apecific
tecnnique detafled is that of phasing planetary system gear clash for cancellation in
the ring and sun gears.
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v, *-- halter, Jooamd Spencer, R, "An Investigation of Helicopter Trans-
Gt .n \nl -« l( +uetfon by Vibr: wion Absorbe Lers and Damping', USAAMPDL 'I'( th-
ol N'l;)ff o..-n] CAngfust 1072,

Puigose

The purpose of this iy aas e terine the trinsmission nore reduction po-
tentiad of dy wnae sear vibration abeorbers aad gear damping by testing in a helicopter
traasmmlsslion, '

‘U"] N n‘t

Soise redud tions attuned were as Ligh as 3 4B fur some of the scelicmes tested,
if caover, these reductions were localin nearly all cascs, resulting in little or no
chuange in the total porse and vibiration output of the transmission system. Further
tudpes are called for to identify the reasons for this result in terms of casing

g

CUSpODSEL, o

Comprrfron With Ssimilar Papers

This is an application of the gear aotse .mal)sis techniyues of References 1 and 3
to -( “luction ot clishareguency .md nofse,

Fyaduatlen ot Paper

The report shoas thist some notsé reductions are attalnable via cnergy absorbing
systems,  However, the relatlvily small reductions achieved indicate that the total
dynamic system behavior must be hetter understood IF stgnificant reductions in net
nofse radlation are to be achieved via the techniques evaluated.

-
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Subjective Reaction Capsule Summaries

Adcuck, B, D, and Ollerhead, J, B,, "Effective Perceived Noise Level Evaluated for
SToil aad Other Airerart Sounds"”, FAA-NO-70-5, May 1870,

Pucpose

The author's intention was to determine the ability of the Effective Percuived
Noise Level (EPNL) and other scales to predict the responses of subjects to the sounds
of a variety of alreraft, including those powered by turbofan, turbojet, piston and tur-
boprop prupulsion systems,

Summ ary

Testing indicated that the difterences between the various rating scales are typi-
cally of the same order as the vxperimental error incurred in performing the tests,
It i suggested that future efiort be directedt 1o explaining the deficiencles of the vari-
ous rating systems which cause them to yicld substantial differences tctwcen the
rati-d snd judged noisiness of the varfous clag ses of afrcraft.

Comparison With Similar Papers _ -

The conclusions generally agree with others (e.g., References 1, 2, 5, 6 and 1))
that dBA is a reasnnable compromise unit for quantifying helicopter noise annoyance, )

Evaluation of Paper

The most significant result from this study is that all of the rating schemes
tested attained similar standard deviations about their regression lines, indicating
similar accuracy tor forecasting the subjective annoyance- of the STOL and CTOL
sounds tested. The rating scales evaluated were: PNL, PNLT, LL(S), LL(Z),
SPL{A),-SPL(B), SPL(C), SPL(M), and CASPL, Hence, for turbofan, turbojet, ind
propeller driven STOL afrcraft, any of the above ratings is cquatly good (or bad) at
predicting subjective reaction from the community,




SnViIous y Ionprct Characterizatbon of Noise Including Implications of Idcntff)‘lng

_ CACTen e Levels uf Curiulative Noise cxposure”, Environmental Protection
A Arerit Airport Nobse Study Report NTID 73,4, July 27, 1973,

l"ln" i~
etV S,

[ Le purpose of this notse study was to determine the merits and shortcomings of
methurds to characterize tue {npact of nofse of present or proposed afvport. aireraft
nperations on the public kealth and welfare, determine which methad is most suitable

“tor a-bastion by the Federal Goverament, and determine the implications of igsuing
Feaderal revulations establishing a standard method for characterizing the noise from

_uareratt airport operitions and of specdfying maximum p('rmissxblc levels for the pro-
tects of thw public health wnd velfure;

v

Summary
v t—pt el

This report proposes the use of Ly, for the okjective evalwmmmem

noisey It recommends a level of Ly = 60 as realistic and acceptable for control of

hearing loss, speech communication, annoyance and general health, It recommends
lowering of the allowable level by from 2 to 5 dB for environments where pure tones
are hnown to be present. The constituents of Ly are glven, including a single event

parameter called Sound Exposure Level which is applicable to a aingle aircraft pas-
suages ' '

Compari{son With Similar Papers

This document forms a strong, wetl supported case for-the use of the roccom-
mended community nofse criteria, It forms the basla for the studies reported by
Hinterkeaser and Sternfeld!Y and Munch and Klng which were almed specifically
at the helicopter application,

Evaluation of Paper . )

The ceport forms an excellent case for the adoption of I.gy = 60 as the ultimate
goal for the norse environment,  However, it docs not take fully into account the
realitics of the current nofse environment where this limit is commonly exceedsd and
wiwere 1ts {mposition would be meaningless and would tmpose scvere Himitations dn
many segments of the husiness community, It ncknowledges that the proposed goal

shntd he subject to a rehedule for implementation but does not detatl such a schedule
or teierim poaly,
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Cox, C, R., "Helicopter Noise Reduction and its Effects on Operations", Paper No
352, Proceadingy - 25th Arnerican Helicopter Society Forum, May 1959,

Purpose

To present the factors that influence the reduction of helicopter noise and disct!
their effect on helicopter design and operation.

Summag

This paper compares helicopter noise with other types of environmental noise,
Indicates that certain flight conditions are asscciated with above-normal levels of
noise generation by certain types of rators, and presents trends of the variation of
rotor noise with several eperating and design parameters.

Comparison With Similar Papers

Noise parametric trends presented agree generally with those of the remafnder

the literature, Flight conditions generating higher than average noise levels are
covered in more detaii in Reference 15,

Evaluation of Paper

-

This paper uses only Percetved Noise Level as an {ndicator of kelicopter annoy-
ance and deals only with the 3000-pound, two-bladed, single-rotor helicopter,

123




mz¢‘¢\. P I,

-,
5
e =

e ws

Edve, P. M., Chambers, R. M. and Hubbard, H, H., "Evaluation of Mezsures of

- Aircraf. Noise", Proceedings of NASA Aircraft Safety and Operating Problems Con-

ference, NASA SP-270, Volume 1, 1971,

Pu 0SC

This report discusses the atatus of development of measurement units to properly
represent human responses to aircraft noise,

Summary

This paper identifles various ways in which aircraft noise affects people including
annoyance, speech interference, etc. It summarizes subjective testing procedures,.
types of rating units, peak versus effective measures of noise impact, and references
the relevant studies performed up to the date of ihe report.

Comparison With Similar Papers

None,

Evaluation of Paper

This is a summary of the atate of the art in measurment of human response to
noise in 1971, Quantitative data is not presented,
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Fidell, S. and Pearsons, K. S., "Study of the Audibility of Iinpuleive Sounds", NASA
CR-1394, May 1570,

Purpose

This study was conducted to perform cxperimems to investigate the effect of
phase, duration, intersignal interval, repetition, and frequency on the perceived
noisiness of impulsive signals,

Summary

Six experiments were performed in an ancchoic chamber to investigate the effects
of phLysical parameters on impulsive noise subjective noisiness. Five transient wave-
forms (not repetitive) were used for testing. It was found that: the phase spectrum of
an impulsive signal is irrelevant in establishing its perceived noisiness, the ear's
sensitivity to nvisiness of impulsive signals resembles an energy summation process
for which no specliic time constant was found, and tte common correction contours
(such as dBA, dBN, and PNL) may undercorrect in the low frequency regions.

Evaluation of Paper

The work presented is not necessarily applicable to repetitive impulsive noise
such as that from a helicopter. The psychoacoustic consequences of these results,
which were performed for siagle transient impulse noises, are not substantiated for -
repetitive impulses,




Halwee, D, R., "Flight Operations to Minimize Notse"”, Vertifiite (Ame=ican Heil -
copter society), February 1971,

Purtnose
e —

To determine the flight conditions which cause high nolse levels in a medium
transport helicopter,

Swumary

A Bell 205 clasa helicopter was flown through an extensive flight program ¢o iden-
tify the flight reqimes whicn generated blade slap noise. These regimes are presented
in the form of an erea to be avoided on a plot of airspeed versus rate of climb or rate
of deacent. There were four categories of blade siap identified: intermittent slap,
cnntinuous slap, loud slap, and maximum slap. It was found that tha areas generating
the higher blade slap levels can be avolded by making pilots aware of thom and alter-
ing their flight techniques uppropriately. Reductions of Perceived Noise Level oa the
order of 10 PNdB were attained by using the modified flight profile,

Comparison With Similar Papers

This paper aupplements the work on trajectory effects in which may be fouad in
Reterences 9, 10, 11, 13 and 14,

Evsluation of Paper

This paper prcvides u clesr indication of the importance of hiade slap in doend-
nating helicopter noir¢ levels when it occurs, Since PNL was used in evalusting the
1clative annoyance of the helicopter with and without blade slap, the actual subjeciive

difference to obgervers is probably much greater than the msssured difference ia-
dicates,
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Heoker, M. Ho L. and Keyter, K. D., "Comparisons Between Subjective Ratings of
Aireraft Noise and Various Subjective Measures', FAA NO-648-33, April 1968,

Purpose

This study was undertaken to evaluate various est:blished and proposed cbjective
methods of mieasuring aircrail noise relative to their ability to predict subjective
ratings of the acc«ptability of noise produced by present-day commercial aricraft,

Sum.mary *

Paired comparison tests were perforined using tape recorded flyovers of several
types of aircraft during take-off and landing operations. Objective measures were -
computed for the level of each sound and for a comparison (reference) sound for each
aircraft operation. The relative accuracy with which the objective measures pre-
dicted the subjective ratings was expressed in terms of the variance in the computed
values of each objective measure. The smallest variance was associated with a
measure that takes into account the spectral propertics of a given flyover for its en-
tire duration and also the presence of pure tones or other narrow-band energy con-
centrations.

Comparison With Simjlar Papers

The data suggests that A-weighted SPL is a practical compromise to rate air-
craft noise annoyance. The results presented herein are consistent with those of
Pearsonsl, Sternfeld, et al5, Ollerhead®, Adcock?, and Munch and King!l,

Evaluation of Paper

The paper ,indicates that, for maximum or peak values, a weighted Sound Pres-

sure Level (SPL) is as good or better than the Perceived Noise Level (PNL), which

requires a calculation rather than simply a direct readout. A tone correction seems
to improve correlation as does a duration correction (an integrated duration correc-
tion is preferable). It appears that the use of a tone correction with diminished
welghting below 500 Hz and an integrated duration correction applied to any one of
several basic human hearing response weighting functions results in a relatively
accurate objective noise rating scale, Attempts to "fine tune" a rating scale from

~ this ligt of requirements seem to constantly run into the law of diminishing returns

in terms of reduced standard deviation betwcen objective and subjective measure-
ments of noise. Impulsive noise is not treated at all here nor is any low frequency
helicopter type rotational noise,
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Hinterkeuser, E. G, and Sternfeld, H., "'Subjective Response to Synthesized Flight
Nuise of Several Types ot V' STOL Aircraft”, NASA CR-1118, August 1968,

PuxI)_ust'

To evaluate subjective response to the tar-field noise characteristics of several
types of V/STOL aircratt sized to carry 60 passengers over a 500 mile range,

Su mmary

The acoustical signatures of several V/STOL ajreraft were analytically predicled,
and tape recordings synthesizing these sounds prepared, Test subjects rated these
sounds on a PNL basis against et sounds, The various V/STOL configurations are

rated against one another for terminal and cruise operation with the results varying
for cach type of operation,

Comparison With 3imilar Papers

This papur does not provide as much information on the validity of the various

rating scheme.; as do other references, It rates types of V/STOL aircraft for rela-
tive noise gencration,

Evaluation of Pap(.:r

All comparisons were made on the basis of PNL and rated against jet noise.

Evaluations were made in an untreated room where the reproduction of low frequency
rotor noise, particularly blade slap, may not be good,
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Hinterkeuser, E, G, and Sternfeld, H,, "Civil Helicopter Noise Assessment Study -
Boeing Vertol Model 347", NASA CR-~132520, May 1974.

Pumosg

To forecast the certification and community noise acceptance criteria for heli-
copters in the 1975-1985 time period. To determine the noise reductions required on
the Boeing-Vertol 347 helicopter to meet these criteria and the means of achicving
" them,

Summarx

The certification limit recommended is 95 Effective Percelved Noise Level deci-
bels (EPNdB) at points located 500 feet to each side of the touchdown/takeoff pofnt and
1000 feet from this point directly under the approach and departure flight path, Com-
munity acceptance would be measured as Equivalent Noise Level (Legh based on dBA,
with separate limits for day and night operations, Modiiications required to the model
347 helicopter to meet these requirements Include: new blade tips, rotor blade geom-
etry modifications, increased fuselage length, and engine silencing.

Comparison With Similar Papers
This 18 a parallel study to that reported by Munch and Kihgu with basic differ-
ence only in the recommendation for use of EPNL over dBA in rating basic helicopter

noise,

Evaluation of Paper

This was a comprehensive study which considered many current systems of rating
aircraft and community noise annoyance. It concludes that the A-weighted sound
. pressure level provides the best means to denote acceptable community noise by al-
lowing the helicopter to generate a time average nolse level equal to the nofse level
in the community without the helicopter in cases where the community ambient nolze
is greater than the allowed Leq levels of 60 and 50 for day and right, respectively.
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Leserton, Jo W., VHelicopter Noise - Are Existing Methods Adequate for Rating
Annovance or Loudness?”, Journal of The American Helicopter Soclety, April 1974,

PJI“.)«L\'('

To establish the validity of using Perceived Noise Level (PNL) or A-weighted
sound pressure level (dBA) for rating the effects of helicopter noise on listeners,

Summary
This work demonstrates that the exdstence of blade slap or tail rotor whine in a
helicopter nojse spectrum makes the rating measures far from accurate, The paper |

recommends that a new approach to the rating of helicopter roise be developed.

Comparison With Similar Papers

It is possible that a biadd slap nofse rating factor could be called for in this paper.

Evaluation of Paper

This paper inakes a good case for the ln.lccuracy of conventional nolae rating
schemes in dealing with spectra containing impulsive noise,
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Munch, C, L., "Prediction of V/STOL Noise for Application to Community Noise
Exposure”, Department of Transportation Report No. DOT-TSC-0ST-73-19, May
1073,

Puipose

The objective of this program was to develop a computer program for the predic-
tion of Effective Perceived Noise Level (EPNL), tone corrected Perceived Noise
Level (PNLT), and the A-weighted sound pressure level (dBA) of a V/STOL vehicle
as it flies along a prescribed takeoff, crujse, and landing flight path,

Summury

The objectives described above are achleved. Procedures used to predict noise
radiation by helicopter rotors, propellers, turboshaft engines, lift and cruise fans,
and jets arc described in detall, A program and users' guide are furnished. Impul-
sive type rotor noise from helicopters is not treated, nor is noise from deflected jets,
augmentor wings, blown flaps, and other high-lft devices for which deﬁnitive predic-
tion methods were not yet avallable.

Comparison With Similar Papers

This {8 a good program to evaluate operational and design change impact on noise
levels of a variety of afrcraft,

Evaluation of Paper

Thia report shows excellent correlation for turboshaft powered helicopter and
turboprop STOL cases whick were the only ones checked., It is considered a very
useful program for providing aircraft nolse input to V/STOL port planning studies,
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Musch, Co Loand King, R, J., "Community Aceeptance of Helicopter Notse: Criteria
ant Application, NASA CR-132430, 1974, '

Puiper v

To detine eriteria for noise of civil helicopters to make their operations accept-

ihic to the commuaity neighboring terminals and light paths ard to evaluate a current”

seneration eivil transport helicopter against this criterion to determine the operating
conditions, terminal area requirements; and avoustical modifications aecessary for
compliance,

summary

The eriterion found to be compatible with communaties was the Day-Night Nolse
Level (L at a constant lesel of 60 dBA for ambients up to 5+ dBA and an "impact
to ambient” of 2 dBA tor ambicnts above this level, This criterion was found to be in
accordance with multinationa) aircraft noide regulated levels, with state regulations,
and with community noise ordinances in existence at the time, It was determined that
the unmoditicd helicopter met the criterfon in cruise flight at typical alt.tudes, but
modifications to the main and tail rotors and the engines wel'e necessary for terminal
area operations to attain realistic land area requirements,

Comparison With Similar Papers

This is the best case made for use of dBA and Lpy in evaluating atrcraft notse
and community impact, The study s parailel to that of Reference 10,

Evaluation of Paper

This was a comprehenisve study which considered most current systems of rating
aircraft and community noise annoyance, It corcludes-that the A-welghtea sound
pressure level provides the best combimation of accuracy and practicality for use in
rating community reaction to heifcopter nofse, It uses this number as the baefs for a
comprehensive eating scheme wideh combines the offacts of sound level, sound dura-
tion, ambiert noise level, time of day, number of flights, and the human hearing
responae. A unique criterion is also develuped to identity the presence of rotor blade
slap tn a helicopter noise signature and to quantify the effect.

132




vilerhead, J. B., "Acoustic Considerations in the Dcsign of a Quiet Helicopter',

Wile Luboratories Technical Report WR70-3,

Purpoese

The purpose of this study was tu relate certain helicopter desfgn and operation
parameters to the production of noise and its resultant aural detection,

Summarx

This paper reviews acoustic factors to be considered in the design of quiet heli-
copters and the basics of aural detection, discusses Lowson type methodology for
rotor noise prediction, and presents some trends for design and operation paramecters
to yield up to 20 to 1 reductions in aural detection distance relative to conventional
nelicopters designed with no regard to the aural detection problem.

Comparison With Similar Pupers

Although quantitative comparisons of annoyance versus aural detectability are
difficult to make, this'paper could supplement Referances 9, 10, and 13 in outlining
design practice for low noise generation in helicopters.

Eveluation of Paper

No uniqué information ts presented, but a good review of noise prediction and
aural detection prediction techniques {8 provided in this report.
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oilernead, Jo. B., "Scaling Aircraft Noise Perception”, Journai of Sound and Vibra-

tion, Volume 26, No. 3, 1974,

u pose

To perform extensive experimentation to deter.mine the practical differences be-
tween mgrous alternative methods for caleulating the percelved levels of individual
aireratt lyover sounds, '

Sum.nary

One hundred and tweaty recorded sounds, including Jets, turboprops, piston afr-
criatty and helicopters were rated by a panel of subjects In a paired compurison test,
The results were analyzed to evaluate a number of noise rating procedures in terms
of their ability to accurately estimate both relative and absolute perceived noleiness
over a wider dynamic range (54-115 dB SPL) than had generally been used in previous
exneriments. The performances of the differeat scales were examined in detail for
different aireraft categories, and the merits of different band level summation proce-
dures, frequency welghting function, and duration correctione were invesatigated,

Comparison With Simllar Papers

This Is a short form of the author's report, Reference 4, This Is an extensive
study using better noise reproduction than most others.

Evaluation of Baper

Several conclusfons from this study are: perception of low frequency harmonic
sound (from helicopters particularly) needs further study as poor correlation was
attained; the influence of doppler shift on perceived noisiness s not conclustvely
know, a8 it seems important in laboratory simulations but not in actual aircraft fly-
avers; tone correctlons are not particularly beneficial below 500 Hz and ahould be
ignored in this range, three dB per doubling of the number of exposures {a accurate,
The data shows slight superiority of PNL and EPNL over dBA and EdBA (effective
A-weighted sound pressure level), Standard deviations. between subjective and
objective data were 4,6 and 3,5 for PNL and EPNL, respectively, and 4.9 and 4.2
for dBA and EdBA, respectively for helicopter notse. '
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Olivrhead, J. B, and Lowson, M. V,, "Problems of Helicopter Noise Estimation and

Reduction”, AIAA Puper No. 68-195, February 1969,

girﬁ)sc

To present a soluticn for the prediction of helicopter rotor rotational noise and
design charts for reduction of this type of noise.

summary

This paper presents a closed form solution for the prediction of helicopter rotor
rotatioaal nofse and design charts identifylng parametric changes for its reduction.
Noise reduction requirements are derived on the basis of aural detection of the heli- -
copter,

Comparison With Similar Papers

This paper discusses noise reduction as keyed to aural detection, as was done by
Ollerheadl2, Aural detection is generally controlled by rotor rotational noise in heli-
copters, This type of noise is also significant in annoyance in some cases.

Evaluation of Paper

This paper does not deal with the subjective evaluation of heliconcar noise as a
whole, However, it {8 useful in defining criteria for and the means to reduce rota-
tional noise at extremely large distances, where it is first detected aurally.
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Poearsons, Ko, "Noisiness Judgmenrts of delicopt -r Flyovers”, FAA DS-67-1,
Jandary 1967, ‘

Pu Loty

Tu determine the applicability of several objective rating measures in predicting
the subjuctive response to helicopter flyover nofse, '

?_U_li‘:_l_!‘nl!r\'

© Tests were conducted in which 21 college students judged the nofsiness of efght
recorded helicapter flyover notses versus a jet transport flyover noise and a shaped -
bad of nodsve Tests were conducted in an anechnle chamber using primar’iy the
*method of paired comparisons. The results inficate that the calculated Percefved
Nuise Level (PNL) is the best predictur of noisiness, followed closely by the N-welght -
cd sound pressure level (dBN) and the A-weighted sound pressure level (dBA). Dura-
tion and purc-tone corrections applied to the calculated PNL did not Improve the pre-
diction accuracy of this measure, '

Comparlson With Similar Papers

Thus werk was afmod solely at helicopter noise. The conclusions are similar to
tho:e of References 2, 5, &, 7 and 21, : '

Ev:iluation of Paper

This report indicates that dBA 18 approximately the same accuracy as PNL in
judging the subjective annoyance of hellcopter noise,
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Pearssns, K. S. and Bennett, R. L., "Handbook of Noise Hatings", NASA CR-2376,
Apri: 1974,
Purpose
To provide compilation, in 2 concise form, of information describing the multi-
tude of noise rating schemes which are in use today.
Summary
This book contains descriptions, title, unit, definition, applicable standards, pur-
pose, background, calculation method, and example of usage for rearly all current
_ noise rating schemes, Categories of rating schemes covered are: direct ratings of
sound level (Sound Level Meter type weighting functions which are not amplitude vary-
ing), computed loudness and annoyance ratings (including those variants dealing with
tone, duration, and number of repetition corrections), communication interference
ratings, and community response ratings.
"\.\ . ’ . Comparison With Similar Papers
This report provides a su “mary of all of the noise rating schemes discussed and
evaluated in the papers sumnmar.zed in this section.
Evaluation of Paper
This is an excellent "single source" of material on all of the significant methods
of rating noise effects on mau.




Stepnic wski, W. 24, and Schmitz, F, l{. ,_'"Possibilities and Problems of Achieving
Community Noise Acceptance of VTOL", Intcrnational Courncil of the Aeronautical
Sciences, ICAS Paper 72-34, September 1372,

Purpose

The purpose of this study was to investigate the reduction of the acoustical annoy-~
ance of VTOL aircraft by reduction at the source through aircraft design and by flight
path management,

Summarx

This paper presents first a review of noise standards, Typical transport aviation
noise standards are shown which project 85 EPNAB by 1985, As current state-of-the-
art rotary wing VTOL transports indicate an annoyance level of approximately 95
EPNdB, this goal requires a 10 dB reduction in noise level, However, recent studies
have shown that a relative elevation of the noise level above that of the background
represents a very important criterion of the acoustic tolerance, The results of the
study indicate that up to 10 EPNdB above daytime background noise level will result
in essentially no reaction frorh the community, whereas a 20 EPNdAB increase will
cause widespread complaints. It is also pointed out that PNL or EPNL may not be
suitable for true indications of subjective reaction to the noise from different types of
aircraft, .

In the second part of the paper, the reduction of noise at the source is discussed,
Although an attractive overall criterion for assessing the penalties of noise reduction
is the direct operating cost, it is difficult to calculate and does not permit a direct
step-by-step evaluation. Thus, the authors present their results as weight and/or
performance penalty vs. noise reduction attainable, They present the major noise
sources, which are in order of decreasiug importance: blade slap, tail rotor rota-
tional noise, main rotor noise, turbine engine noise, and transmission noise. The
phenomenon and alleviation of each-source are discussed in turn, including a discus-
sion of the associated weight and performance penalties for noise reduction, Rotary
wing, tilt rotor, and lift fan concepts are discussed.

It is concluded that for two typical suburban communities, a reduction in noise
level at the source of about 10 PNdB is required for current state-of-the-art rotary
wing aircraft, and more than 20 PNdB for lift fan concepts, However, reducing the
rotor tip specd {the most powerful nolse reduction effect) for a 10 PNdB noise reduc-
tion will result in large weight and performance penalties, Flight trajectory manage-
ment has potential for reducing "footprint" area, but there are too many variables
(specified level of annoyance, whether buffcr strips are used, ambient noise level,
etc.) for general assessment of the benefits of this approach,
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Comarison With Similar Papers

This paper presents a general overview of the major nofse sources in Helicopters
and other VTCL aircraft and their alleviation, Other general noise source mechanisms
are discussed by Ollerhead!2, Cox13, and others, and this paper presents no new in-
formation in this area, The data from the Model 347 has been discussed elsewhere by
Hinterkeuser and Sternfeldl® as has the use of trajectory changes by the same
authorsld, o

Evaluation of Paper

This paper presents a good comprehensive review of the major noise sources in
VTOL aircraft and means for alleviating the noisce at the source and through take-off
and landing flight path optimization, Although essentially no new information is pre-
sented, it does give the reader a good overview of the VIOL aircraft noise picture.

The major clements in assessing the community acceptance of VTOL aircraft
operation are well presented. However, this paper would be strengthened if it ad-
dresaed the basic problem of assessing subjective reaction to very different noise
~ signatures (i.e., from rotary wings to tilt rotors to lift fans) using PNdB units,
which have been shown to be inadequate for helicopters in general, particularly
in the case where blade slap occursl"' ’




- Sternfeld, H., Hinterkeuser, E, ., Hackman, R. B. and Davis, J., "Acceptability
of VTOL Aircraft Noige Determined by Absolute Subjective Testing'', NASA CR-2043,
June 1972,

Purpose

To determine the relative subjective acceptability of two VTOL aircraft sounds
using absolute subjective testing methodology and to mvestiga..e the effects of the
application of noise criteria to VTOL aircraft,

Summary

A program was conducted in which test subjects evaluated the simulated sounds of
a helicopter, a tilt wing and a turbojet aircraft (used as a reference). Over 20,000
evaluations were made while the test subjects were enguged in work and leisure activ-
ities, The cffects of level, exposure time, distance and alrcraft design on subjective
acceptability were evaluated, It was found that the helicopter and tilt wing sounds had
1o be 4 to 5 PNdB lower than the reference sound to be judged equal in annoyance for
sounds 15 seconds in duration, It was also found that the effects of noise duration
decrease when durations exceeded 120 seconds and that good correlation was obtained
between subjective ratings and acoustical measurements of helicopter and tilt wing
VTOL sounds, Peak PNL, dBA, and dBC produced similar corielation,

Comparison With Similar Papers

The results presentcd in this paper correlate with those of References 1, 2, §,
7 and 11, _ , . -

Evaluation of Paper

This report indicates that PNL, dBA, and dBC produce similar results in pre-
dicting annoyance of VTOWL noise and that they all underpredict the annoyance relative
to subjective evaluation. :
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Wells, R, d., “Jury Ritings of Compiex Aireraft Noige Spectra Versus Calculated
Ratings", Acoustical Society of America, suth Meeting, November 1970,

Pu rposie

This paper presented the results of a study which had the objective of determining
the accuracy of several nolsc rating systems in predicting the annoyance of several
fixed wing aireratlt noisce spectra,

Summary

Engine nuise spectra (13 in ally were rejroduced inside an anechoic listening
facility and judged by a sound jury lor annoyance.  The inethod of adjustment proce-
dure was uscd by the subjects o set e test sound relative to a constant jet noise type
reference sound, The objective noise rating .acasures tested were: PNLT, ANL
{Annoyance level), PNL, dBA, dBB, dBC, and dBD. It is coacluded that the ANL
seems to rate actual engine noisc spectra better than any of the other measures con-
sidered in the study, % is alsc concluded that the close agreement between resulte
obtained with the two paraliel methods of analysis (i.e., electrical signal analysis
versus analysis of the acoustic signal in the test chamber) indicates that, with suffi-

cient ciare, precise electrical analysis can be made and may actually be better where
questions of tane correction 1oe invoived.

Comparison With Similar Papers

The ANL parameter has not attained general usage as have the PNL and spectrum
weighting functivns ¢valuated in References 1, 2, 5, 6, 7, 10, 11, 16 and 17,

Evaluation of Paper

Duration was not one ol *the fuctor 3 considered in this study, Only the spectrum
welghting functions and pure tofies were used as variables, Only (wo of the_sevei
rating scales yiclded stacdard deviations out or ire with the rest, These were dBC
and #BB, Of the remainder, ANL nroduced the lowest stundard deviation (1.17). It
appears that the add-d complexity of computing the values of PNLT, ANL, and PHL
are not worth the extra trouble considering the similar correlation attained with the
simple weighted functions dBA and dBD, It also appears that dBA would be preferable
from the point of view of availability on sound level meters and analysis cquipmert.
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